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Abstract

Agricultural activities are a constant source of residual biomass that does not usually have
an added value during the harvesting activities or throughout the raw material processing
industry, which affect the environment where these activities are carried out. Residual
biomass from the livestock sector (manure) and the agricultural sector (transient and
permanent crops) has a high pollutant related to biodegradable organic matter. Colombian
economy must evolve to tackle an exit from oil. Biofuels are then an alternative to diminish
the dependence in the fossil fuels industry. Additionally, it has been shown that the use of
biofuels decreases the negative environmental impact, thus making biorefineries viable.
Using waste from agriculture as a main source for bioenergy recovery can contribute to the

problem of treating and valorizing them.

The objective of this PhD thesis is to assess the energy recovery potential of three residual
biomasses produced in Colombia (coffee mucilage, cocoa mucilage, and swine manure), and
to contribute to the development of sustainable biorefineries based on the treatment and
valorization of these three residual biomasses. The chosen processes to recover energy from
these wastes are the biological processes of anaerobic co-digestion (AD) or dark fermentation
(DF). However, the exploitations of these processes are limited by the efficiency of the use of
the substrates and the economic recovery of the initial investments. For this reason, it is more
striking to complete the conversion with the design of a refinery that takes advantage of the
products and byproducts in a complete way. The methodology approach for the biorefinery
schemes construction was based on the bibliographic review for processes refining and the
development of a super structure. Followed by the process selection according to the input
requirements (stream conditions). Process simulation, PINCH analysis evaluation and life
cycle analysis were used as evaluation tools for the finally proposed schemes, with methane

as a reference, hydrogen and methanol are targeted.

Due to the territorial heterogeny of available substrate, modeling of those processes is
done locally, then aggregates at a national scale. The rough potential for the country is then
evaluated to 155 ktoe. Overall, biogas production performances of AD and DF processes
improve by increasing coffee mucilage/swine manure and/or cocoa mucilage/swine manure

ratios of the feed, and by increasing organic load from 2 to 26 gCOD-I'X. The results also
\Y
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indicate that the local availability of different types of residual biomass represents the most
influential parameter in assessing the energy recovery potential in Colombia. Subsequently, a
Life Cycle Assessment along with an evaluation of the energy balance establish the
sustainability of the proposed schemes. The results show energy efficiencies between 37%
and 55%, above all it is shown that the total energy supply of the biorefineries is possible
with the products obtained and additionally digestate rich in useful elements for the
agricultural processes are produced. According to the LCA, the strongest environmental
impact is caused on the damage to ecosystems. Overall, the environmental impact of
methane, hydrogen and methanol per kg produced are equal or lower than current processes
when the schemes are designed including energy integration methodologies and PINCH
analysis. Furthermore, it shows the importance of energy and mass integration to increase
energy efficiencies and decrease environmental impacts on biorefinery schemes. Efficiencies
are quite closed whatever the final product chose, nevertheless CO, emission are strongly

decreases when methanol production is considered.

Keywords: Biorefinery, Biomass, Anaerobic Digestion, Dark fermentation, Simulation.
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GENERAL INTRODUCTION

Nowadays, the development of engineering has been forced to use its efforts and
knowledge in the fulfillment of the Sustainable Development Objectives (SDG) proposed by
the United Nation in 2015, One of the topics of interest has been energy generation and
consumption due to the fact that between 1990 and 2018 the total primary energy supply and
total CO2 emissions have increased by 63%, and although the population has increased
significantly, the ratio has not been the same, increasing CO2 emissions per capita by 14%.
Only in 2018 the final worldwide energy consumption was almost 25,000 Mtoe. One of the
alternatives is the development and implementation of alternative energies and although the
supply of these has increased in recent years, the gap between renewable energies and the
supply of non-renewable energies continues to increase annually. However, Colombia's
energy exploitation and production currently consists of 93% of primary resources of fossil
origin, approximately 4% of hydropower and 3% of biomass, according to the Colombian
energy balance (BECO) for 20202. Diversification in the energy matrix has motivated
government entities to generate alternative energy projects, including solar, wind, hydro, and
the use of residual biomass.

Worldwide, it is estimated that up to one third of food for human consumption is
discarded, generating waste from the cultivation of the raw material to its commercialization.
In recent years, awareness of re-utilization of these residual biomasses has increased in
different areas due to the low cost, high availability, and the need to reduce the impact that
they can cause to the environment. Several technologies can be applied to recover energy
and/or materials from residual biomasses, including biological (e.g. anaerobic digestion,
fermentation) and thermochemical (e.g. gasification, pyrolysis, combustion) processes.
Selection of the most suitable valorization process primarily depends on the production
amount and on the composition of the residual biomasses. Residual biomass generation
depends mainly on the position of each country with respect to average income, gross

domestic product, and population consumption, since these influence the amount and type of

1 https://lwww.undp.org/sustainable-development-goals
2 https://www1.upme.gov.co/InformacionCifras/Paginas/BalanceEnergetico.aspx
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consumption. In countries such as Colombia, Ecuador, Paraguay, India, Mexico, and Panama,
residual biomass is generated mainly from agricultural activities, due to the high economic
activity in this sector. According to National Administrative Department of Statistics of 2020
(DANE), agricultural sector has increased by 6.8% compared to the previous year. This 6.8%
growth is mainly due to the increase of specific activities such as fishing and aquaculture
(31.5%), crops (8.6%), livestock (7.1%), and forestry and timber extraction (2.6%).

The objective of this PhD thesis is to assess the energy recovery potential of three residual
biomasses produced in Colombia (coffee mucilage, cocoa mucilage, and swine manure), and
to contribute to the development of sustainable biorefineries based on the treatment and
valorization of these three residual biomasses. The chosen processes to recover energy from
these wastes are the biological processes of anaerobic co-digestion or dark fermentation.
However, the exploitations of these processes are limited by the efficiency of the use of the
substrates and the economic recovery of the initial investments. For this reason, it is more
striking to complete the conversion with the design of a refinery that takes advantage of the
products and byproducts in a complete way. With methane as a reference, hydrogen and
methanol are targeted.

Residual biomass such as cocoa and coffee mucilage have increased their production in
recent years in all departments of Colombia, particularly coffee since it is one of the main
economic activities. Therefore, their energy valorization potential is investigated in this
study. In addition, cocoa and coffee mucilage usually present a high content of carbohydrates,
which are suitable substrates for bioconversion processes that contribute to biogas generation.
This study also considers another type of residual biomass, swine manure, which is also part
of the increase in the agricultural sector. Swine manure usually presents a high alkalinity and
high and protein contents that stabilize the operational conditions of the bioprocesses such as
the carbon-nitrogen ratio and pH, this when it is used in co-digestion processes with other

types or residual biomasses.

This work is linked to the project "Evaluation of routes for the use of residual biomass
under the biorefinery scheme”, funded by the Ministry of Science, Technology and
Innovation of Colombia (COLCIENCIAS) through the call for proposals 745-2016. This
COLCIENCIAS project aims to strengthen the development of Colombian agriculture
through the design of biorefinery schemes that aim to maximize the residual biomass
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valorization from the Colombian industry, being the biogas production the main product of

the treatment.

This PhD thesis is organized in four chapters. Chapter | presents the state of the art on the
development of three agricultural sectors (coffee, cocoa, and pig farming) in Colombia, the
development of biological and thermochemical processes, and the design, implementation,
and assessment of biorefinery scheme. Chapter Il presents the materials and the
methodologies used for the development of the simulation models, for the energy potential
evaluation, and for the environmental and energy assessment of the different biorefinery
schemes that were investigated. Chapter 111 presents the results of the development of
biological models to simulate biogas production by anaerobic digestion and dark
fermentation, as well as the biogas production potential by anaerobic digestion and dark
fermentation of the available amounts of residual biomasses, this at the local departmental
scale and at the national scale in Colombia. Then, Chapter IV presents an energy,
environmental, and life cycle assessment analysis of the application of three different
biorefinery schemes to the Colombian Department of Santander, thus according to its local
biomass availability. The first biorefinery scheme that was investigated involves the
production of biogas by anaerobic digestion and dark fermentation, followed by biogas
purification by a biofilter. The second biorefinery scheme involves the production of biogas
by anaerobic digestion and dark fermentation, followed by methane reforming to hydrogen
gas. The third biorefinery scheme involves the production of biogas by anaerobic digestion
and dark fermentation, followed by methane reforming to methanol. Finally, the document

presents the general conclusions, the list of references and annexes.
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1.BIOMASS STATE OF THE ART

The literature identifies different types of biomass according to the different sources
and/or production sectors. Their different composition hinders the replicability of the
processes used for treatment and/or valorization, thus varying the final efficiencies.
Moreover, the amount of residual biomass and the lack of studies and developments have
made landfill the best biomass treatment option for developing countries in recent years.
Although different categorizations are reported (Figure 1), they can be divided into forest
products (wood, logging residues, trees, shrubs, sawdust, barks, roots, etc.), bio-renewable
waste (agricultural waste, crop waste, urban wood, municipal and household solids), energy
crops (grasses, starch, forage, oilseed, etc.), aquatic plants (algae, reed and rushes), food
waste (grains, oil crops), sugar crops (sugar cane, molasses, sorghum), landfill, organic
industrial waste, algae and mosses, and kelps and lichens. This variety puts biomass in fourth

place as an energy resource worldwide (Demirbas, 2010).

Among these different biomass types, solid biomasses such as wood and municipal waste
have long been used as a heat source through combustion. Animal biomass waste is excellent
for biogas production, while solid forestry biomass waste is converted into liquid fuels such
as ethanol and biodiesel (Kumar and Dixit, 2021). Also, the worldwide production of
lignocellulose biomass is estimated as 1010 million tons. The lignocellulose materials
(LCMs) include hardwoods, softwoods, residues from agricultural and forest activity as well
as energy crops. LCMs demonstrate several advantages, namely, their lower price in
comparison to that of traditional agricultural feedstock’s, not requiring arable land and

fertilizers to grow, and not competing with food and feed sectors (Morais et al., 2015).
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Figure 1 Different types of biomass from daily activities (Energy Information Administration (EIA), 2020).
Reproduced from The National Energy Education Project (public domain).

Colombia is highly dependent on the hydrocarbon sector for the supply of energy and
chemicals for industry. However, and in spite of its growth?®, the current situation shows an
industry affected by: hydrocarbon prices, limiting production activities, the associated
environmental impacts, and the processing requirements due to the decrease in the quality of
the extracted hydrocarbons. Despite this, hydrocarbons continue to be the primary energy
carriers used regardless of the country's efforts to produce biofuels. For example, according
to the 2012 UPME report?, the national exploitation and production of primary energy
resources was based on 46% coal and 38% oil, and according to the Colombian energy
balance (BECO) in 2020, the extraction of primary energy was mainly composed of oil
(40.6%), coal (33.1%) and natural gas (16.7%). The use of biofuels in blending with fossil
fuels has contributed to the reduction of environmental impact. The government currently
allows blends of 8% bioethanol and 10% biodiesel®. On the other hand, the alternative of
second-generation biofuels, based on the use of residual biomass, has been poorly developed.
Although the production of organic waste in Colombia has been a latent problem due to the
fact that agricultural activities are a fundamental part of the country's economy, the

production of organic waste has been a major problem (DANE, 2020).

3 http://lwww.sipg.gov.co/sipg/Home/Sectores/tabid/105/language/es%ADES/Default.aspx
4 https://www1.upme.gov.co/InformesGestion/Informe_gestion_2012.pdf
5 http://www.fedebiocombustibles.com/
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1.1 Agriculture Colombian context

Colombian agriculture plays an important role in the economy's development, as it is the
main source of income for rural areas, which account for 20% of the population. In addition,
the percentage share of Colombian agriculture in the Gross Domestic Product (GDP) was
6.3% between 2011 and 2015. However, the globalization, Free Trade Agreements (FTAS),
technological innovations, taxation and market restrictions have significantly slowed down
agriculture. Colombia, being a developing country, has a lack of studies and developments in
its agricultural processes, which generates two impacts. The first is that the production
process costs are very high and therefore the products are not competitive at an international
level. The second is the environmental impact generated by the processes due to the lack of
rigorous waste treatment. One of the biggest problems is that due to the country's
infrastructure it is not easy to access the entire territory to educate, develop and recover

products and waste.

The generation of waste can be analyzed from three fundamental components:
agricultural, livestock and organic waste from transportation, handling, and consumption of
food. The amount of agricultural waste generated was around 1376 ton/day, the livestock
sector (poultry, bovine and swine) produced an estimated 5166 ton/day and organic waste
from market places, food supply centers and pruning of green areas generated an average of
344 ton/day (Humberto Escalante Hernandez et al., 2011; Valderrama, 2013). Regarding the
treatment of organic waste in Colombia until 2013, no major progress had been made in
terms of integrated waste management due to the fact that the use and recovery of these
wastes is deficient. On average, 65% of the organic waste generated is taken together with
municipal solid waste (MSW) to a final disposal in landfills, leaving aside the
implementation of techniques for the utilization of waste generated in the country. Some of
the treatments used for the recovery of organic waste are composting where 49% of organic
waste is used, 17% of waste is incinerated for thermochemical recovery, agronomic recovery

with a share of 16%, vermiculture with a use of 13% and recycling with a use of 5%.

Despite weaknesses in technical and process development, since 2010, in Colombia, the
National Administrative Department of Statistics (DANE) has reported an increase in

different agro-industrial activities, which has improved the income and social benefits of the
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national economy. According to DANE data (2018), coffee production increased from 0.64 to
0.86 Mton, cocoa production from 34.9 to 101 kton, and pork production from 0.23 to 0.41
Mton between 2011 and 2018 (Figure 2). In addition, according to recent figures from the
Ministry of Agriculture, agricultural and agro-industrial exports grew 3.6% in September
2020. Just in September, sectoral exports reached a growth of 22%, marked by coffee, which
compared to the same month of 2019, exported US$ 50 million more. This results in an
increased production of residual biomass from these agro-industrial sectors (e.g. coffee and
cocoa mucilage, and swine manure), residual biomass that requires treatment processes for

biological stabilization and/or final disposal, which represent an over cost for the agro-

industry.
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Figure 2 Colombian agro-industry production history. (A) Total production per year. (B) Relative production per
year. Coffee and cocoa: Dry grains for sale. *Pork: Pork meat. Adapted from (DANE, 2020; “Fedecacao -
Federacion Nacional de Cacaoteros,” 2020; “Federacion Nacional de cafeteros,” 2020).

The largest agricultural production is located in the Colombian massif, i. e., the region of

the Andes mountain range, coffee crops are one of them. The Andean region (Center and

8
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Southwest of the country) produces more than 800 thousand tons of coffee per year produced
by three harvests. Table 1 shows that departments such as Tolima and Huila have increased
their production between 50 and 150% equaling the production of the department with the
highest production (Antioguia). Cocoa production is concentrated in the northeastern part of
the country, mainly in the departments of Santander and Arauca, producing 50% of annual
production (> 40 thousand tons). The department of Antioguia again stands out for its
production, with 10% of the national production. Production in the rest of the country is
homogeneously distributed, with Casanare being the department with the lowest production
(78 tons/year). The departments of Atlantico, Archipielago de San Andres, Vichada,
Amazonas, Guainia, and Vaupes do not report any production. The department of Choco
began reporting coffee and cocoa production as of 2018. Pig farming has developed mainly in
the department of Antoquia, with 33% of the pig heads (according to the census of heads of
pigs per year). The remaining 67% is evenly distributed in the rest of the country, with an
average of 147,000 heads per year per department. The department of Vichada shows the
lowest pig production (5351 heads per year according to the 2017 report).

Table 1 Annual agricultural production according to DANE 2017 report by activity

Department Cocoa Coffee Swine heads
Production production heads/yr
(ton/yr) ton/yr
Antioquia 6073 195594 1733529
Arauca 9132 0 60400
Atlantico 0 0 156692
Bolivar 1248 208 109995
Boyaca 3889 6343 180082
Caldas 1079 102725 140193
Caqueta 368 1972 62655
Casanare 84 488 62642
Cauca 1288 76274 99679
Cesar 1867 3445 62230
Cérdoba 6 0 367737
Cundinamarca 1201 14805 484888
Huila 4160 99387 140380
La Guajira 188 19 36129
Magdalena 900 15643 212130
Meta 2026 185 223237
Narifio 113 29251 141986
Norte de Santander 5039 9353 80213
Putumayo 447 0 30967
Quindio 0 22184 68578
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Risaralda 36 66528 131529

Santander 28474 54203 92600

Sucre 3 10 213137

Tolima 3333 56468 77913

Valle del Cauca 178 75639 310392

Vichada 11 1 5351
1.1.1 Coffee

With an average annual production of 5.9 Mtons, coffee is one of the most marketed
beverages in the world. It is mainly farmed in tropical areas, in particular in Brazil, and is
consumed mainly in Europe and in the United States. Arabica (Coffee Arabica) and Robusta
(Coffee Canephora) are the two varieties which are traded the most at an international level.
Avrabica fetches higher prices, due to its more favorable taste characteristics, and it makes up
61% of the world’s production (C. von Enden and Calvert, 2010).

Colombia has the most extensive coffee production in the World, after Brazil, Vietnam
and Indonesia in 2020°. From this crop the coffee mucilage can be separated by mechanical
demucilagination of the ripe harvested beans using less water than the traditional separation
process. Figure 3 below shows the content of chemical compounds in fresh (wet) coffee
mucilage, obtained mechanically with 1.6 L of water per minute according to a study carried
out by the National Coffee Research Center CENICAFE’.

B Minimum
m Average
1 @ Maximum
2
0.43 0.93
3
43 0.12 0,17 0,12
o | mil | e
Ash Proteins Lipids Carbohydrates  Acids (Lactic) Alcochol (Ethanol)

Figure 3 Coffee mucilage chemical composition. Wet basis (Puerta-Quintero and Rios-Arias, 2011).

6 https://federaciondecafeteros.org/
7 https://www.cenicafe.org/
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According to CENICAFE data, fresh mucilage has an average a water content of 89.1%.
This indicates that it is a very wet fermentation substrate compared to other fermentation
feedstock such as coffee pulp and sugarcane, which usually show a water content of 74.8-
76.7% and 73 - 76%, respectively. After water, the main component of coffee mucilage is
carbohydrate (average content of 8.55%). Neu et al. (2016) show in their study the
characterization of two batches of Colombian coffee mucilage where the high content of
sugars (Table 2) as well as the high water content (between 85-91%) are highlighted (Neu et
al., 2016). Other sources stated a more detailed composition (w/w) of 84.2% water, 8.9%
protein, 2.5% reducing sugars, 1.6% non-reducing sugars and 1.0% pectin (Clifford, 2012).
Considering the above, it can be concluded that coffee mucilage is a residue rich in
carbohydrates that can been used as organic substrate for biogas production, by fermentation
and/or anaerobic digestion processes.

Table 2 Characterization of dry matter (DM), organic fraction of dry matter (o0DM) and Kjeldahl-nitrogen (Kjeldahl-

N), glucose, galactose/fructose/xylose (gal/fru/xyl), sucrose, lactic acid, phosphate (PO43"), ammonium (NHs*)
and sulphate (SO4%) concentrations of mucilage substrates A and B (Neu et al., 2016).

Substrate DM oDM Kjeldahl-N  Glucose Galffru/x Sucrose Lacticacid PO* NH,* SO,*
[%, wiw]  [%, wiw] [gL*] [gL*1  ylgL*l [gL*] [gL*] [gL*] [oL*]1 [gL*]
75 94.1 0.8 215 27.8 10.8 N.D 0.06 0.05 0.99

B 6.2 96.4 0.9 21.7 28.2 31 2.9 0.06 0.02 0.14

The coffee beans have to undergo several processing steps in order to remove the outer
parts of the seed, i.e. skin (exopart), pulp (mesocarp), the mucilage layer and the endocarpal
parchment (Figure 4). Coffee wastes are usually converted into pellets, which have a high
Lower Heat Value (LHV = 18 MJ-Kg'TS) and consequentially represent a very interesting
source of renewable energy. The most important characteristics of coffee pellets are their
Total Solid (TS) amount of about 90% w/w and high content of organic matter (Battista et al.,
2016).

11



Chapter I State of the art

Figure 4 Anatomy of a coffee bean. 1- Bean (endosperm); 2-Silver skin (spermoderm); 3-Parchment
(hull/fendocarp); 4-Mucilage Pulp (mesocarp); 5-Outer skin (pericarp/exocarp) (“Federacion Nacional de
cafeteros,” 2020)

Coffee crops typically have a main harvest period and a secondary harvest period with
lower production. For this reason, it is important to highlight that although the total available
residual biomass is known throughout the year, its availability varies over time. In the
literature, most of the studies that have investigated coffee residue valorization by anaerobic
digestion have worked with pulp or wastewater from the washing process of the fermentation
stage, all have been directed towards the production of methane. Dinsdale et al. (1996) found
that the mesophilic (30 — 40 °C) condition achieved a lipid removal of 87%, while the highest
hemicellulose removal was achieved for the thermophilic (50 — 60 °C) condition (64%). Both
temperature ranges reported a volatile solids removal of 58%. However, the composition of
methane in the biogas was 65 - 70% under mesophilic and 64% under thermophilic
conditions. The percentage of methane is due to the fact that in the bioprocess, CO2 and H>
are also produced, where H> corresponds to the remaining percentage in the biogas produced
by the fermentation and/or homoacetogenesis reactions (Dinsdale et al., 1996). According to
Chanakya and De Alwis (2004), methane production from coffee waste may vary from 0.25
to 0.5 m3-kg*COD or substrate (Chanakya and De Alwis, 2004). Moreover, recent studies
have found hydrogen potential production (77.6 mL H2-g*COD) comparable with other
substrates of interest such as vinasse and residues of the palm oil process (Hernandez et al.,
2014).
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1.1.2 Cocoa

The fruit of the cocoa tree grows in Central and South America and in West Africa
(Torres-Moreno et al., 2015). In Colombia the National Cacao Federation (FEDECACAOQ?)
estimates that it will have reached a total area planted of approximately 155,000 hectares,
with a production growth close to 26% being foreseen. Moreover, in 2017 in Colombia,
60535 tons of cocoa were produced reaching 6.6% more compared to the previous year. This
indicates that it is urgent to propose concrete solutions to the management and recovery of
waste coming from this sector, once it constitutes the main source of income for some 52,000
peasant families that derive their sustenance from it®. Cocoa residues have been
fundamentally valued through the integration in the food chain of animal farms, nevertheless,
information about evaluations of this raw material in the bioenergy industry are scarce
(Aregheore, 2002; Donkoh et al., 1991; Lopez, 2013).

The cocoa bean constitutes one third (33%) of the fruit weight, leaving in the back of 67%
of the fruit as cocoa pod husk (CPH) as a waste by-product (Figure 5). In different words, ten
lots of moist CPH are generated for every ton of dry cocoa beans, thereby representing a
critical disposal hassle and an underexploited resource. The pod has been defined as an herbal
laminated cloth such as 3 highly extraordinary layers: epicarp, mesocarp and endocarp (outer,

center, and internal pericarp, respectively).

8 https://www.fedecacao.com.co/
9 https://www.finagro.com.co/
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Figure 5 The cocoa fruit structures and wastes* (Campos-Vega et al., 2018).

The endocarp and mesocarp are degraded during the dehydration process of the cocoa
bean, they are currently used as fertilizer. However, the mucilage can be recovered through
the valorization of its components. The epicarp, mesocarp and endocarp had been analyzed
for the chemical composition and compared to the entire cocoa pod husk and it is composed
by a high share of ash (47% CPH), hemicellulose (50%), and minerals (K, Ca and P) (41—
66%) predominated withinside the epicarp; fiber (44-48%) and cellulose (53%) withinside
the mesocarp; protein (50%), crude fat (50%) and pectin (59%) withinside the endocarp. The
epicarp changed into the maximum restricting part of CPH withinside the feeding trial,
possibly because of the adversarial inhibitory impact of lignin and pectin on CPH usage in

broiler diets (Campos-Vega et al., 2018).

Nigam and Singh (2014) show in their study that cocoa pulp is composed of a higher
percentage of water and that the second representative compound is mono- and disaccharides
(Table 3).
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Table 3 Composition of fresh pulp from cocoa (Nigam and Singh, 2014)

Component Fresh weight of pulp (%)

Water 82 -86

Mono- and disaccharides 11-13

Plant cell-wall polymers 15-2.8
Proteins, peptides, and amino acids 0.64-0.74
Fat 0.35-0.75
Citrate 029-13

Trace metals, vitamins, ethanol, etc Trace

Martinez et al. (2012) show a rigorous characterization of cocoa mucilage from two
different locations in Ecuador (Table 4). The study again highlights the content of
carbohydrates, which is higher than 67 g/100 g of dry matter) (Martinez et al., 2012). The
high content in carbohydrates indicates that, in general, cocoa and cocoa residues are good
substrate candidates for ethanol and/or biogas production by fermentation processes (Cinar et
al., 2021; Nigam and Singh, 2014).

Table 4 Chemical composition of the different cocoa co-products (cocoa pod husks, cocoa bean shell, cocoa
mucilage) (Mean + SD) (Martinez et al., 2012).

Cocoa mucilage Cone - Ecuador Taura - Ecuador

Protein? 5.47£0.12 5.56 £0.10
Ash? 751+0.14 7.68 +0.18

Fat? 1.92 +0.06 1.91+0.04
Carbohydrates? 68.35+0.16 67.99+0.14
Moisture® 9.64+£0.13 9.27+0.17

a: g/100 g dry matter; b: g/100 g

1.1.3 Pig farming

The livestock sector in Colombia represents 76% of total agricultural activities, where
40% is the production of cattle, 40% of poultry, 10% of pigs and 10% of other activities. The
large amount of residual biomass and the deficiency in its treatment can affect water bodies,
soil and air in different ways. The country has a swine population of 5'327,460 animals,
distributed in 234,883 farms (DANE, 2020). These animals are located mainly in the
departments of Antioquia (32.5%), Cundinamarca (9.2%), Cordoba (6.9%), Valle del Cauca
(5.8%), Meta (4.2%), Sucre and Magdalena (4%), where 66.7% of the national population is

concentrated.
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The pork production technification has allowed progress in the search for controls to
improve the environmental aspect. As a result, the farms have different alternatives for the
disposal, treatment and use of waste from pig farms. Some of them are irrigation systems of
plots for the recovery of soils, composting and vermicomposting processes to produce
organic fertilizer, and the reuse of the organic fraction for cattle and fish feed. The
implementation of treatment processes to treat and valorize pig farm effluents includes also
the use of lagoons (aerobicand/or anaerobic) to remove pathogens, and anaerobic digestion
processes to recover biogas.

Animal manure has several environmental implications due to its disposal. These
implications have prompted Government to search for techniques that may lead to
“sustainable animal farming”. Towards this transition, solutions that might help to convert
manure into value-added marketable merchandise sound green and caring. As a
biodegradable product, manure must now no longer be disposed of in landfills because it
includes full-size degrees of nutrients and pathogens. Any unsuitable control of this precious
waste can contaminate soil, air and water and additionally motive dangerous microbial build-
up within side the environment. Among the best manure management practices which also
contribute to sustainability is anaerobic digestion through which, simultaneous waste

treatment and bio-energy production could be achieved (Neshat et al., 2017).

Some authors show the advantages and techniques for the treatment of the swine manure
focused on biogas production (Astals et al., 2015, 2011; Neshat et al., 2017; Wang et al.,
2018; Ye et al., 2013). Swine manure has a methane generation potential per volatile solid
(VS) of 0.3 - 0.33 L-g VS. Part of this production can focus on obtaining biohydrogen (Hz)
during the first stages of degradation, taking advantage of the higher energy content of this
vector per unit mass. The hydrogen volume fraction in the biogas produced during the
degradation path is 0.26 — 0.33, which is equivalent to a theoretical output of 0.086 L-g 1 SV.
However, at the end of the process the fraction of hydrogen is less, between 0.01 to 0.1, while
the fraction of methane increases between 0.54 to 0.7 1°. The previous results found by
Hernandez and Rodriguez (2013) during the evaluation of the operating parameters such as
pH and retention time, were around 61.2 and 141.7 mL Hz / g SV respectively (Hernandez

and Rodriguez, 2013). This production was comparable with other investigations that have

10 https://www.porkcolombia.co/wp-content/uploads/2018/07/GUIA-AMBIENTAL-PORCICOLA-opt.pdf
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investigated H production potentials of complex organic wastes such as organic fraction of
municipal solid waste and/or sewage sludge (Kim et al., 2004a, p.; Lay et al., 1999; Shin et
al., 2004; Valdez-Vazquez et al., 2005).

Swine manure is composed of 45% urine and 55% feces, and this mixture usually
increases the water content above 80%. This aspect, added to the presence of microorganisms
and nutrients, causes spontaneous fermentation processes when the sample is not preserved
(refrigeration). This residue has a high heterogeneity in the different physicochemical
parameters: chemical oxygen demand (COD), total Kjeldahl nitrogen (NTK) and sulfides
(Hansen et al., 1999). In contrast to mucilage’s, swine manure has been studied and its
characterization has been published in different studies and databases (Phyllis2, 2020; Shen
et al., 2020; Wu et al., 2020; Zhang et al., 2021). Table 5 shows the summary (average,
maximum, and minimum values) of the swine manure characterization reported in the
literature and in the database. Swine manure has a high water content (greater than 90%). In
addition, from the CHONS analysis, more than 0.5 wt% in dry material is from sulphur, an
important inhibitor element for digestion and fermentation process. Furthermore, the values
of calorific value are reported and can be compared with those calculated in models or
simulations. Although the characterizations are published for the same country (Netherlands)
they show great variety, most likely due to the feeding conditions, soil and age of the animals
whose manure was analyzed. One of the elementary characterizations is highlighted (Sample
#1084 ) which reports the percentage (wt% dry) of cellulose 16.6, lignin 1.6, protein 15.1 and
total ash + biochemical 33.3. Also Wu et al. (2020) show values of 19.6 wt% hemicellulose,
12.1 wt% cellulose, 8.2 wt% lignin, 2.3 wt% crude lipids and 14.4 wt% crude protein (Wu et
al., 2020).
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Table 5 Swine manure characterization summary. Proximate analysis, ultimate analysis (macromolecules) and
heating value (Phyllis2, 2020; Shen et al., 2020; Wu et al., 2020; Zhang et al., 2021).

Average Star.1da'1r Max  Min
Desviation

Moisture content? wit% 47.06 34.43 92.1 109

Ash content? wit% 11.15 5.34 22.3 2.8
Volatile matter? wit% 35.26 21.31 584  4.05
Fixed carbon? wit% 8.71 8.23 19.12 1.05
Carbon® wit% 39.31 4.81 457 31.04
Hydrogen® wit% 4.77 1.06 6.45 1.72
Oxygen® wit% 25.69 15.81 50.63 3.45
Nitrogen® wit% 2.19 0.19 279 044
Sulphur® wt% 0.54 0.30 094 0.36
Net calorific value (LHV)® MJ/kg  15.87 2.68 17.86 12.83
Gross calorific value (HHV)® MJ/kg  15.82 2.86 17.84 13.79
HHVMilne® MJ/kg  15.86 1.36 17.19 1447

a As received, the material in its original form (included ash and moisture); ® The dry material

(including ash)

1.2 Residual biomass availability

The following sections present an overview on coffee, cocoa and pig production in
Colombia. Among the 26 Colombian departments considered in this study, 17 report coffee
production more than twice higher than cocoa production (DANE, 2020). Only 7 departments
(Bolivar, Cérdoba, La Guajira, Meta, Arauca, Putumayo, and Vichada) show higher cocoa
production than coffee production, and their total coffee production amounts are relatively
low (< 210 tons of coffee/year) compared to the other departments (> 2000 tons of
coffee/year). According to DANE data (2017), the departments of Huila, Cauca, Tolima,
Caldas, and Antioquia generates 73% of the Colombian coffee production and they are
therefore considered as the main Colombian coffee region. Additionally, their coffee
production is more than 15 times higher than their cocoa production, thus indicating a much

lower availability of cocoa mucilage rather than coffee mucilage (Figure 6).
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Figure 6 Coffee and cocoa production in 2017 (dried grains for sale)

Table 6 summarizes the coffee mucilage (CFM), cocoa mucilage (CCM), and swine

manure (SM) availability data for 26 Colombian departments in 2017. Overall, the data

indicates that CFM production dominates over CCM production in the center and south of the

Andean region (Antioquia, Huila, Tolima, Caldas, Risaralda, Quindio), in the Pacific region

(Choco, Valle del Cauca, Narifio, Cauca), and more generally in the south-west of Colombia,

whereas CCM production dominates over CFM production in the Orinoquia region (Arauca,

Casanare, Meta, Vichada), in the Caribbean region (Atlantico, Bolivar, Cordoba, Sucre, La

Guajira Cesar, Magdalena), in the north of the Andean region (Boyaca, Norte de Santander,

Cundinamarca, Santander), and more generally in the north-east of Colombia. The Amazon
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region does not show significant productions of CFM and CCM, with the only exception of

the department of Caqueta.

Table 6 Total available amounts of CFM, CCM, and SM (wet mass) in 2017.

Department CFM CCM SM Ratio
(ton) (ton) (ton) SM/total®
Antioquia 12790 959.5 1084000 0.987
Arauca N.A2 1443 37770 0.963
Atlantico N.A?2 N.A. 97990 1.000
Bolivar 13.58 197.1 68790 0.997
Boyaca 414.8 614.4 112600 0.991
Caldas 6718 170.5 87670 0.927
Caqueta 128.9 58.10 39190 0.995
Casanare 31.90 13.19 39180 0.999
Cauca 4988 203.5 62340 0.923
Cesar 225.3 295.0 38920 0.987
Cordoba N.A2 0.980 229900 1.000
Cundinamarca 968.2 189.7 303300 0.996
Huila 6499 657.3 87790 0.925
La Guajira 1.240 29.74 22600 0.999
Magdalena 1023 142.2 132700 0.991
Meta 12.07 320.2 139600 0.998
Narifio 1913 17.90 88790 0.979
Norte de Santander 611.7 796.1 50170 0.973
Putumayo N.A2 70.57 19370 0.996
Quindio 1451 N.A. 42890 0.967
Risaralda 4351 5.680 82260 0.950
Santander 3545 4499 57910 0.878
Sucre 0.640 0.550 133300 1.000
Tolima 3693 526.6 48730 0.920
Valle del Cauca 4946 28.18 194100 0.975
Vichada 0.070 1.750 3347 0.999

2 N.A. = not available data and/or no production reported.
b Mass ratio of available SM over the sum of available CFM, CCM, and SM.

SM availability per department in 2017 varies from 3347 ton (Vichada) to 1084000 ton
(Antioquia). The mass ratio of available SM over the sum of available CFM, CCM, and SM
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(SM/total) varies from 0.878 (Santander) to 1.000 (Atlantico), thus indicating a very larger
availability of SM compared to CFM and CCM for all the departments (Figure 7).
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Figure 7 Colombia's available biomass distribution in 2017(A) Cocoa mucilage availability. (B) Coffee mucilage
availability. (C) Swine manure availability (DANE, 2020).

1.3 Barriers to the development of biomass

valorization processes

The use of residual biomass to produce second-generation biofuels has the advantage of
the amount of feedstock available and, compared to first-generation biofuels, does not
compete with food commaodities. However, currently the biomass valorization processes have
technical barriers to overcome. Indeed, the environmental cost-benefit analysis of the
valorization processes is still weak due to the variability of the feedstock material, even with
a high value of oil, the second-generation biofuels are still not cost competitive in the market,
the development of biofuels still require further research and development of the processes.
In conclusion, the valorization of residual biomass has technical, economic, capacity, safety,

and governmental policy development barriers.

Recent studies show the importance of biochemical processes such as composting,
vermicomposting, anaerobic digestion, and landfilling. Varjani et al. (2021) show that
bioprocesses such as anaerobic digestion present less operational issues, less maintenance and
low cost compared to the others biochemical conversion processes (composting,

vermicomposting, and landfilling). However, the disadvantages are the high energy
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requirement, the generation of unused by-products and the narrow range of temperature
control (Varjani et al., 2021). Residual biomasses such as those from agriculture rich in
carbohydrates have been exploited in bioprocesses, specifically in fermentation and digestion.
While the application of agricultural biomass rich in lignin ranges from the generation of
biofuels by processes such as gasification or pyrolysis to the production of chemicals, pulp,
paper, and pharmaceuticals. Although there are studies in the literature on process
optimization and improvement, recent studies pay attention on the integration of
hydrothermal, thermochemical, physicochemical and bioprocesses to take the advantages of

each treatment and increase the efficiency of biomass valorization.

There is no clear candidate for the best valorization route between biochemical and
thermochemical processes, one of the reasons why recent studies focus on the development of
their integration in biorefinery processes (Demirbas, 2010). Facilities that integrate biomass
conversion processes and equipment to processed into plastics, chemical, fuel, heat, and
power, as well as high-value components, for example essential oil drugs, or fibers, can be

recovered as a preprocessing step with the remaining materials processed downstream.
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2.BIOREFINERY STATE OF THE ART

Biorefineries are defined as a process (plant, concept, industrial processes) that is
sustainable, as they seek to maximize economic costs, minimize environmental impact,
reduce social aspects, replace fossil fuels, and close biomass processing cycles, thus by
transformation, fractionation, biological and/or thermochemical conversion, separation and
recovery of energy and non-energy resources that can be viable in the market, considering
volume and price (IEA, 2021)*.

The industrial revolution was brought to maturity by the development of combustion
engines and the subsequent development of the fossil fuel and chemical industries. There is
no turning back to the primitive way of life in the past. However, fossil energy and chemical
sources are not unlimited. There is a critical need to return to current industry and human
civilization in a sustainable path, and to continue to provide for human needs and
requirements even with decreasing fossil reserves (S. Liu et al., 2012). Thus, the key is to
develop biorefinery systems that efficiently convert biomass into a variety of products by
means of flexible, efficient and zero-waste processes (Santamaria-Fernandez et al., 2017).
According to this, renewable energy sources are expected to play an important role in the
supply of the future energy demand. In the quest for sustainable alternatives, the industry is
experiencing a steady growth in the production of bio-based fuels and chemicals that are

developing the emerging concept of biorefining (Geraili and Romagnoli, 2015).

The Brundtland report (NGO Committee on Education, 1987)2 sparked the interest in
sustainability by stating that “sustainable development is development that meets the needs of
the present without compromising the ability of future generations to meet their own needs”
(Arifin and Chien, 2008). The interpretation of sustainability remains a debatable subject
even if definitions as the one presented above are widely accepted. This is largely related to:

11 https://task42.ieabioenergy.com/
12 https://sustainabledevelopment.un.org/content/documents/5987our-common-future.pdf
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(1) The fact that environmental and economic aspects are quantitative, while social

sustainability is often measured in qualitative terms.

(2) The flexibility of the sustainability concept, which is often reduced to subjective
interpretations derived from the norms and values of individuals who seek to

implement it (Palmeros Parada et al., 2017).

The biorefinery concept for biomass has been proposed in the literature as a fuel
generation alternative, replacing fossil fuel sources through the biological or chemical
conversion of different types of biomasses (organic residues, crops, etc.) into a broad plethora
of bio-based products, such as fuels, chemicals, power and heat, among other (Banerjee et al.,
2013; Gargalo et al., 2017).

A biorefinery should produce a spectrum of marketable products in order to maximize its
economic sustainability and to aim for “zero waste”. A variety of different biorefinery
configurations are being develop (Gargalo et al., 2017; Katakojwala and Mohan, 2021;
Rajesh Banu et al., 2020a, 2020b). Biorefinery may be configured around a large volume
product to maximize economies scales and to allow the successful utilization of all inputs
with the integration of process operation. The processes that are linked in a biorefinery are
the production of liquid or gaseous biofuels (bioprocesses or thermochemical processes),
separation processes, purification or synthesis of new compounds. In all cases, biorefineries
seek to adjust to the local context, waste minimization and energy integration to increase the
production and energy efficiency of the biorefinery. The following sections (2.1 to 2.4) define
the processes reported in the literature that are possible to integrate in the design of a
biorefinery. In addition, results of Goffé and Ferrasse (2019) indicate that biomass conversion
may achieve values between 70 and 80% of energy efficiency through the production of
ethanol, syngas, methanol, and methane (Goffé and Ferrasse, 2019).

1.4 Bioprocesses

Bioprocesses have recently revolutionized the industry, as they are shown as an alternative
chemical production process that presents energy efficiency, pollutant emissions decrease and
the use of waste adding value to the already installed processes. However, many bioprocesses
have the disadvantage of high production costs, challenging that the research towards the
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optimization and development of bioprocesses is promoting. Figure 8 shows the block
diagram of the bioprocesses (fermentation and anaerobic digestion) and the parameters of

importance in the operation.
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Figure 8 Bioprocesses general diagram (Garritano et al., 2018; Karki et al., 2021)

As shown in the Figure 8, the input to the process (waste, water, and microorganisms) is
low cost, this is the first advantage of bioprocesses. The second advantage is that the process

has few operational drawbacks. Finally, it does not require constant maintenance.

However, the disadvantages, which are of great weight, require further study of the
bioprocesses. Among the disadvantages, the high energy requirements, because the
bioprocesses are often carried out between 35 and 55 °C, and additionally the residence times
required to achieve the expected yields of bioconversion are usually long (15 - 35 days).
Moreover, non-useful by-products are produced, and furthermore the range of temperature
and pH control often is very narrow (Varjani et al., 2021). In bioprocesses, different types of
gaseous (methane, hydrogen) and liquid (ethanol) biofuels can be obtained, which require
separation and purification treatments for their use. As by-products it is possible to recover
essential components (amino acids, volatile fatty acids, and nutrients) from the liquid and

solid phases, but this also require separation and purification treatments.

1.4.1 Anaerobic digestion

Anaerobic digestion is characterized by reaction wherein biogas is produced from
biodegradable materials under anaerobic condition. Composition of the produced biogas

depends on the utilized substrate and digestion conditions. Biogas is mostly comprised of
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methane (CHa) and carbon dioxide (COz), with minor amounts of other gases including
nitrogen (N2), hydrogen (Hz), hydrogen sulfide (H2S), ammonia (NHs) and water vapor
(H20). The production of biogas occurs through the activity of various microorganisms in
four bioconversion steps: hydrolysis, acidogenesis, acetogenesis (also called fermentation)
and methanogenesis (Inc et al., 2002; Neshat et al., 2017; Taherzadeh and Karimi, 2008). The
process is dependent on the interaction between the diverse microorganisms that can carry
out the four bioconversion steps. Figure 9 depicts a simplified go with the drift of the 4

digestion steps defined below.

Organic Waste

Carbohydrates Protein Lipids

Long chain fatty

Amino acids and sugars :
acids

Intermediate acids

Acetate Hydrogen and Carbon Dioxide

Biogas
Figure 9 The simplified scheme of pathways in anaerobic digestion (Meegoda et al., 2018).

Anaerobic digestion can serve as an alternative to manure disposal in the pig farming,
however, the low carbon to nitrogen (C/N) ratio in animal manures cannot fully satisfy the
anaerobic digestion requirements. The environmental parameters to be controlled refer to
conditions that must be maintained or ensured for the development of the process. Astals et
al. (2018) reported that pH, total ammonia nitrogen (TAN) concentration, and temperature,
can affect each other unintentionally. That is, pH can be affected by the other two factors. In
addition, the factors can impact the concentration of volatile fatty acids (VFA), which may
affect the process yield and methane production. So far, no rigorous study has been found on
the relationship between these parameters and how they can affect digestion performance
through their effect on the balance between NH3z and NH4* (Astals et al., 2018). Below, the
list of the main parameters affecting anaerobic digestion performances (Meegoda et al.,

2018).
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pH: it may affect the conversion pathways of organic substrates during anaerobic
processes. Several authors have indicated highest biogas production performances when
pH is maintained close to neutrality. Recent authors demonstrate the increase in ethanol,
VFA, and methane production when a pH of 7 is maintained in the process (Logan et al.,
2021; Zhou et al., 2021).

Alkalinity: it ensures buffer capacity. An alkalinity higher than 1.5 g/l CaCOs is

recommended to avoid acidification.

Redox potential: with recommended values below -350 mV, which usually indicates

anoxic reducing media

Nutrients and micronutrients: appropriate concentrations of nutrients (phosphorus,
nitrogen, potassium, calcium, etc.) and micronutrients (iron, zinc, nickel, manganese, etc.)
are required in the medium to ensure the growth of microorganisms and the synthesis of

the enzymes.

Toxicants and inhibitors: they can kill microorganisms and/or inhibit enzyme and
microorganism activities. They concentration must be the minimum possible
(O’Callaghan, 2016).

Temperature: anaerobic digester can be operated in the psychrophilic (room temperature,
10 — 30 °C), mesophilic (30 - 40 °C) or thermophilic (50 - 60 °C) ranges. Growth and
reaction rates increase as the temperature range increases, but so does sensitivity to some
inhibitors, such as ammonia. In the thermophilic range, higher rates of pathogen

destruction are ensured.

Agitation: depending on the type of reactor, the necessary energy level must be
transferred to the system to favor the transfer of substrate to each population or aggregate

of bacteria, as well as homogenizing to maintain low average concentrations of inhibitors.

Retention time. This is the quotient between the volume and the treatment flow rate, i.e.,
the average residence time of the influent in the reactor, subjected to the action of
microorganisms. One of the variables to be maximized in the optimization of anaerobic

digestion is the methane production yield. The results of the Zhang et al., 2007 and Babaee
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et al., 2011 studies show that 80% of the methane is produced in the first 10 days of the
process, showing production yields between 128 and 140 (mL-VS™) at 50 °C. Dhar et al.,
2016 shows that there is a constant minimum methane production after 27 days of
digestion at 50 °C. Awasthi et al., 2018, on the other hand, reports an optimum retention
time of 30 days (Awasthi et al., 2018; Bab&aelig et al., 2011; Dhar et al., 2016; Zhang et
al., 2007). Qu et al., 2021 shows in his study that the methane production yield follows a
model fitted to the Gompertz function that tends to be constant after day 25 when
performed at 36 °C (Qu et al., 2021).

Organic loading rate (OLR). It is the amount of organic matter introduced per unit of
volume and time. Low values imply low concentration in the influent and/or high retention
time. An increase in OLR implies a reduction in gas production per unit of organic matter
introduced. An optimal technical/economic value for each facility and waste to be treated.
Dhar et al., 2016 shows the influence of OLR on methane production, using values
between 5.1 and 15.2 g CODs-L* obtaining the best performance with the highest organic
load. On the contrary, Babaee et al., 2011 in its study of anaerobic digestion from
vegetables shows that the methane production yield decreases with increasing OLR,
obtaining the highest yields at 1.4 kg VS-m=3d? (Bab&aelig et al., 2011; Dhar et al., 2016).

1.4.2 Anaerobic Co-digestion

Anaerobic co-digestion is the simultaneous anaerobic digestion of two or more substrates,

characterized by being a technology in which a mixture of biodegradable organic day

substrates or various types of raw materials, of different origin and composition is applied to

increase the production of biogas, allowing greater efficiencies of the process, a more cost

effective way to balance alkalinity and nutrients (C/N ratio and macro-and micronutrients),

and to reduced inhibitors/toxic compounds accumulation so that increase biogas production
(Abouelenien et al., 2010; Alatriste-Mondragén et al., 2006; Lar et al., 2010).

Although there is few research on co-digestion of ternary agricultural wastes, there are

several research that report biogas production when co-digestion is employed for animal

manure and food waste, some of which are listed in the table below (Table 7).
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Table 7 Studies where it is demonstrated the increasing of the biogas production in Co-digestion process

Author

Substrate

Remarks

(Zhu et al., 2008)

Municipal food waste

and sewage sludge

Higher Bio-hydrogen production
250 mL Hp:g* VS

(Sharmaet al., 2013)

Poultry litter and thin

stillage

Higher Biogas and methane production/Percentage methane in biogas 63.5%
Co-digestion of poultry litter and thin stillage may improve the energy economy

of both ethanol production and thermophilic digestion.

(X. Liuetal., 2012)

Municipal biomass waste

and dewatered sewage

Higher Biogas production

A maximum methane production rate of 2.94 m3-(m®.d)*

sludge
(Astals et al., 2011) Swine  manure and | Higher Methane production
glycerin 215 mL CH,-gt COD

(Rivero et al., 2014)

mixed sewage sludge and

Higher Hydrogen and methane production

Fonoll etal., 2015; Ye et
al., 2013)

crude glycerol from | The maximun production rate was 0.03 LH,-g™* CODr or
biodiesel industry 0.2 LH,-g™* VSrand 0.29 LCH,-g™ CODr or 1.48 LCH4-g ™t VSr
(Alvarez et al, 2010; | Kitchen waste, swine | Higher Biogas production

manure, and rice straw

321 L CH4-kg™* COD

Increments of the methane production between 110% and 180%, depending on
the co-substrates biodegradability.

Volatile fatty acids concentration raised from 0.07 to 1.70 g-L*

(Ebner et al., 2016)

Food waste: Dairy

manure

Dilution of inhibitory compounds such as VFA
Bio-methane potentials (BMP) ranged from 165 to 496 mL CH,-g* VS (13414
m® CH4-t%)

(Mendieta et al., 2020)

Crop residues: Sugarcane

scum

Higher Specific methane yield, Volatile fatty acids degradation, and VS removal
Methane yield was increased by 30.2% and 5.9% compared to substrates in
mono-digestion.

The maximum methane yield of 0.276 Nm?® CH4-kg ™ VSadded.

Overall, it is shown that co-digestion shows higher methane and hydrogen production

yields than mono-digestion or digestion. In addition, it can be generally concluded that it is

feasible to integrate organic waste treatment solutions for several companies at the same time.

In all cases the yield is greater than 100 mL-g* VS hydrogen or methane, which exceeds the

digestion yields. Hence to conduct an effective anaerobic digestion, there should be another

carbon-rich substrate to be co-digested with manure to compensate its carbon deficiency and

improve its characteristics for anaerobic digestion (Neshat et al., 2017)

Anaerobic co-digestion is a promising method for waste valorization and aid recovery,

even as selling financial and environmental sustainability. However, similar studies ought to

cognizance on growing new techniques to analyze the effect of mixing complicated

feedstocks and quantify special hydrolysis rates. By improving mathematical models it is
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expected to predict the multitude of interactions, analyze the dynamics of the microbial

community and the related pathways in substrate degradation (Karki et al., 2021).

1.4.3 Dark fermentation

Dark fermentation is carried out by fermentative hydrogen-producing microorganisms,
such as facultative anaerobes and obligate anaerobes (Barca et al., 2016). The possibility of
using several types of renewable biomass (including organic waste), the wide range of
operational temperature and pressure conditions, and the high biohydrogen production rates,
make dark fermentation an attractive option for biohydrogen production. For dark
fermentation processes, the choice of substrate plays an important role, as well as, process
parameters and environmental factors including metabolic pathways, pH, temperature,
organic loading rates, microbial competition, by-products, availability of macronutrients and
micronutrients, either in terms of maximizing the biohydrogen yield or in the economy of the
process. Moreover, the biohydrogen potential (BHP) mainly depends on the substrate
composition in terms of lipids, proteins and most essentially on the carbohydrate content
present in soluble form (Elbeshbishy et al., 2017; Ghimire et al., 2015b).

Figure 10 shows the process carried out by the microorganisms, where it can be seen that
hydrogen is the main fermentation product that can be used for bioenergy generation.
However, dark fermentation is a process that generates residue rich in by-products such as
volatile fatty acids (VFAS), ethanol, and nutrients that can be used as raw material in other
processes. The fermentation process can be defined with the first three processes of anaerobic
digestion (hydrolysis, acetogenesis, and acidogenesis), during these processes, the objective
is to eliminate methanogenic bacteria to avoid hydrogen consumption. This is possible by the
pretreatment of the microorganism inoculum or by establishing a hostile environment for
methanogens in the reactor. There are several types of pretreatments that can be adopted to
select hydrogen producing bacteria rather than hydrogen consuming archaea, such as thermal
or acidic shock treatments of the inoculum that favor the survive of sporulation hydrogen
production bacteria. Sulfate-reducing bacteria (SRB) are capable of capturing the hydrogen
produced in dark fermentation (Chen et al., 2021). The literature identifies that inorganic
compounds such as heavy metal ions, light metal ions, ammonia, sulfate, and hydrogen gas

even are inhibitors of the dark fermentation process. Many of these components are present in
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the waste biomass to be treated and are often difficult to remove by traditional pretreatment
processes. For this reason, the evaluation of the initial composition of the biomass is another

fundamental parameter for bioprocessing optimization (Chen et al., 2021).
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Figure 10 Dark fermentation process (Rajesh Banu et al., 2020a)

Soares et al. (2020) shows the results of 38 studies of hydrogen production from
lignocellulosic biomass. Yields vary significantly depending on the biomass used. When
straw rice is used, the results show hydrogen production yields between 1.89-4.38 mL H,.g*
biomass and around 28 mL H.g™ VS, while for rice husk and rice bran the yields range
between 266.4-476 mL H..g™* biomass. The process is mainly dependent on the carbohydrate
content of biomass, bioavailability, and biodegradation rate (Soares et al., 2020). Recent
authors show that the process can be carried out at a pH between 5.0 and 7.9 and between 30
and 55 °C, this using anaerobic mixed inoculums from pretreated sludge. Moreover, these
conditions seek to preferably produce AFVs as the main source for biorefineries. Indeed,
regarding experimental and simulation studies the dark fermentation process has yet low
yields compared to the theoretical ones (50% yield due to the accumulation of Hz-scavenging

reactions which consume the desired Hy) (Sekoai et al., 2021).

Likewise, Lukajtis et al. (2018) have investigated the effect of various operative
conditions on hydrogen production yields from compounds such as glucose and sucrose.
Their hydrogen production yields range between 1.42 - 4 mol Hz.mol* glucose and 1.8-6 mol

H2.mol* sucrose. The operational conditions were between 5.5-7.2 pH and 26 - 60 °C. The
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conclusion of the study shows that the process presents energetic advantages due to its
independence to light which reduces the energetic requirement. However, it is necessary to
continue optimizing the process by maximizing hydrogen production and reducing the
production of other by-products when the main interest is hydrogen. It should also be noticed
that other added value by-products can be recovered from the effluents of dark fermentation,
such as organic acids, 1,3-propanediol and ethanol. In addition, hydrogen production liquid
waste (HPLW) could be applied as feedstock for the production of methane, lipids,
bioplastics and electricity. HPLW could also be used in a photofermentation system,
generating more Hz in a hybrid process (Lukajtis et al., 2018; Sekoai et al., 2021; Soares et
al., 2020).

The intense agro-industrial activities provide a wide range of organic by-products and
waste biomass such as manure, fruits and vegetables waste, slaughterhouse waste, olive mill
waste. These complex wastes rich in carbohydrates, proteins or lignocellulosic biomass could
be valuable feedstock sources for bio-energy production. Dark fermentation processes can be
set up in order to valorize these wastes by recovering biohydrogen. However, literature data
on BHP of these agro-industrial complex waste are scarce and reported only in a few studies
(Ghimire et al., 2015b; Goncalves et al., 2014; Guo et al., 2014).

1.4.4 Bioprocess simulation models

The study and development of kinetic models in bioprocesses are important to understand
the dynamic behaviors and to optimize the operational conditions. Several models have been
proposed in the literature for digestion, co-digestion and fermentation processes (Bai et al.,
2015; D. Lietal., 2021; H. Li et al., 2020; Penumathsa et al., 2008, p. 1; Sun et al., 2021).
The models classification can be divided into two types: dynamic or non-dynamic models
and white-box, grey-box, or black-box models. The dynamic and non-dynamic models are
described by ordinary differential equation (ODE) models and describe behaviors over time.
The dynamic ones show continuous predictions in time and are simulated by the
discrimination of the difference equations, while the non-dynamic ones only predict time-
independent variables. The difference between white, grey, and black-box models is based on
the amount of a priori information included. While white-box models are deductive and use a

priori information to describe the biochemical reactions that occur during digestion, black-
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box, or data-driven models, link directly to the output without including any prior knowledge
of the physical and chemical reactions that occur. Grey-box or mechanistic-inspired models
are those in which the parameters have a physical interpretation but are adjustable, e.g., by a
parameter estimation procedure. This is usually the result of an approximation or
simplification of the described process. Because bioprocesses are of high complexity, most
dynamic models are of this type. Mathematical models of bioprocesses involve a large
number of variables and dynamic equations for the components included. This is due to the
wide variety of carbohydrates, proteins and amino acids, fats, long chain fatty acids (LCFA),
volatile fatty acids (VFA), alcohols, esters, and aldehydes that are typically involved in the
bioconversion processes. In addition, in many cases, parameters that influence the behavior
of the bioprocess must be added (e.g. pH, temperature and others). For this reason, the best
and most developed models are grey-box models.

Andrews and Pearson developed the first model focused on the anaerobic digestion
process in 1965, where the digestion substrate was assumed to consist of dissolved organic
substances, and the model contemplates the reactions of the acidogenesis and acetoclastic
methanogenesis stages. However, the complexity of compounds found in biomasses has led
to the development of new generally applicable models that consider effects on reactions, e.g.
NHs, NH2*, NO2", NO3™ inhibition highly contained in animal manure, pH modulation, long-
chain fatty acids (LCFA) inhibition, Hz inhibition/regulation. In order to consolidate the
developed models and obtain the best convergence, in 2002 the 'IWA Task Group on
Mathematical Modelling of Anaerobic Digestion Processes' developed the Anaerobic
Digestion Model No. 1 (ADM1) which provided the necessary basis for the development of
new validated models (Batstone et al., 2002; Donoso-Bravo et al., 2011).

ADM Model and updates

The International Water Association's Anaerobic Digestion Model No. 1 (ADM1) is a
widely used model, which describes the equations assuming perfect mixtures and the
components are expressed as a function of the chemical oxygen demand (COD) (kg COD-m"
%). The model includes biochemical and physicochemical processes and is divided into five
stages as shown in Figure 11. The first stage describes the disintegration of extracellular

compounds into carbohydrates, lipids, proteins, and inters. The second stage describes the
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enzymatic process of hydrolysis where simple molecules such as monosaccharides and long
chain fatty acids (LCFA) are obtained. The third stage describes the process of acidogenesis
or fermentation, where compounds react to form hydrogen, acetate and volatile fatty acids
(VFA). In stage four, acetogenesis is carried out, which involves the reaction of VFA to
acetate. Finally, stage five models the acetoclastic and hydrogenotrophic methanogenesis.
The model considers first-order kinetics of biochemical processes and biomass death. In
addition, it adds inhibition with respect to pH, hydrogen production in acetogenesis, free
amino in stage five, as well as inhibition due to the presence of CO2, HCOs", NHs, NH4". The
ADM1 model has been validated in bioprocesses for the bioprocess simulation of organic
wastes such as animal manure (Astals et al., 2011; H. Li et al., 2020; Page et al., 2008),
agricultural wastes (Antonopoulou et al., 2012; Gali et al., 2009), municipal wastes, and
sludge, by modifying the composition and kinetics equations. The process modeling results

have allowed to improve the operations and thus the yields of the process regarding biogas

production.
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Figure 11 The reaction paths described in ADM1, with the following, microbial groups: 1 — Sugar degrades, 2-
Aminoacid degraders, 3 — LCFA degraders, 4 — Propionic acid degraders, 5 — Butyric and valeric acid degraders,
6 — Acetoclastic methanogens , and 7 — Hydrogenotrophic methanogens
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Among the applications of the ADM1 model, the simulation of hydrogen fermentation and
process optimization are also reported (Peiris et al., 2006; Penumathsa et al., 2008; Zaher et
al., 2009). The widely use and application of the ADM1 model in methane and hydrogen
production simulation validates the model selection for the startup of the biorefinery to be
simulated. The minimal errors observed between the model and the experimental data allow
validating its use in the current research works. However, it is important to highlight that
authors such as Abbassi-Guendouz et al. (2012) have shown that the model in processes such
as digestion are sensitive to the amount of total solids (TS) in the initial blend and therefore
the model cannot be applied directly to blends with TS<10% (Abbassi-Guendouz et al.,
2012). On the contrary, Pastor-Poquet et al. (2018) shows a new ADM1-based model
developed to simulate the solids and reactor mass/volume dynamics of homogenized high-
solids anaerobic digestion (HS-AD) reactor. This model was validated with experimental
data, highlighting that the model suggested a 5 - 15% difference between the simulated and
experimental TS and VS contents. due to the initial drying process at 105 °C which results in
errors during experimental measurements due to the loss of volatile compounds such as NH3,
VFA and CO; (Pastor-Poquet et al., 2018).

The main objective in the model adaptations has been to simplify the model for a specific
substrate application or for its application in simulation and prediction. Table 8 shows some

of the modifications and improvements that have been published on the ADM1 model.

Table 8 Extensions, modifications, and adaptations of ADM1 model

Authors ADM1 Extension/adaptation Application
(Batstone et al., 2002)  CaCOs;. precipitation Various.
(Batstone et al., 2003)  Acetogenesis of isovalerate. Protein rich substrate.

(Fedorovich et al., Sulphate to H2S reduction by oxidising propionate, acetate, butyrate/valerate  Sulphate rich substrate.
2003) and hydrogen oxidising biomass.
(Parker and Wu, Methoxylated aromatic compounds, methyl mercaptan, dimethylsulphide  Sulphur rich substrate.
2006) conversion into hydrogen sulphide (microbial).

Metal sulphide precipitation.
(Tugtas et al., 2006) Oxidation of nitrate to nitrite, nitric oxide, nitrous oxide and nitrogen by  Various.

propionate and butyrate/valerate degraders.

Non-competitive inhibition by nitrogen oxides.

(Rodriguez et al, pH and hydrogen dependence of carbohydrate fermentation stoichiometry. Various.

2006)

(Peiris et al., 2006) Lactate and ethanol as intermediates. Bio-hydrogen production
(Fountoulakis et al.,, Degradation of di-ethylhexyl phtalate (sorptionedesorption based kinetics). Sludge.

2006)
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(Kleerebezem  and
van Loosdrecht,
2006)

(de Gracia et al.,
2009; Wett et al,
2006, p. 1)

(Shimada et al., 2007)

(Myint et al., 2007)

(Yasui et al., 2008)
(Penumathsa et al.,
2008)

(Fezzani and Cheikh,
2008)

(Zaher et al., 2009)

(Ramirez et al., 2009)

(Fezzani and Cheikh,
2009)
(Palatsi et al., 2010)

(Bollon et al., 2011)
(Mairet et al., 2011)
(Esposito et al., 2011)
(Hierholtzer
Akunna, 2012)
(Zhang et al., 2015)

and

(Flores-Alsina et al.,
2016)
(Frunzo et al., 2019)

(Sun et al., 2021)

Powered expression for hydrogen inhibition of acetogenesis and hydrogen

consumption in methanogenesis.

Distinction between particulate and dead biomass.

Inclusion of inert decay products.

Storage of reserve polymers by microorganisms.

Particulate and soluble cellulose and hemicellulose.

Hydrolysis kinetics considering surface colonization and biodegradation.
Substrate classification on degradation properties.

Variable stoichiometry according to Rodriguez et al. Lactate degradation
(microbial).

Inhibition of acetogenic methanogenesis by total VFA.

Cyanide hydrolysis and uptake.

Cyanide inhibition of acetogenes.

Classification into cyanide resistant and non-resistant methanogenes.

Contois kinetics for disintegration and hydrolysis, Hill function for ammonia
inhibition

Particulate and soluble phenols.

Degradation by hydrolysis (1st) and acidogenesis (Haldane).

LCFA uptake (Haldane).

LCFA inhibition of acetogenes and hydrogenotrophic methanogens (non
competitive) or via adsorption-based inhibition.

Lumping of disintegration, hydrolysis and acidogenesis.

Contois Kinetics for hydrolysis.

Surface-based kinetics for hydrolysis.

Sodium as an extra variable. Non-competitive inhibition of sodium on
acetoclastic methanogens.

Effects of calcium and magnesium ions

Effects of inorganic components

Extended with P, S and Fe biological and physico-chemical reactions.

Consideration of biochemical, physicochemical, sorption, complexation and
precipitation equations.
Extension of syngasbiomethanation

Gas-liquid mass tranfer, inhibition equations of CO and H,

Various.

Various.

Digestion with rapid
changing conditions.
Particulate containing

cellulose and hemicellulose.
Sludge.

Bio-hydrogen production.
Various.

Cyanide containing wastes.
Can be generalised to other
toxics.

Sludge.

Phenol rich substrate.

Lipid rich substrate.

Dry digestion.

Particulate waste.

Particulate waste.

Sodium rich substrate.
Various

Various

Various

Various

Since the beginning of the AMD1 model modifications with the study of Batstone and

Keller in 2002, great interest has been shown in the recovery and precipitation of additional

compounds that complement the use of bioprocesses. Recent works such as Méller and

Miller (2012) shown that approximately 65.5 million cubic meters of digestate are obtained

from bioprocesses in Germany, show the interest of the same (wet or dry) in its specific use
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as fertilizer for its composition and nutrients such as: N, S and P in their organic/inorganic
and soluble/insoluble forms (Mdller and Miiller, 2012).

Overall, the variations between 2002 and 2013 have been focused on the generations of
inhibition extensions. While in recent years, extensions have been developed from the three

processes involved:

- Biochemical processes: release of metal ions, sulfur (S), and phosphorus (P) during
hydrolysis of complex organic matter, and their uptake during biological conversion
processes; inhibition and stimulation effects of trace elements on methanogenesis

reactions.

- Chemical processes: precipitation processes of metal ions taking into account the
association/dissociation processes of carbonate, phosphate and sulfide species;
complexation reactions of metal and soluble components; metal sorption on particulate

components, e.g. inert and microbial biomasses.

- Physical processes: liquid-gas transfer of hydrogen sulfide.

Advantages and disadvantages

Although the model attempts to be adapted and eventually simplified for specific
applications, its original format is often used where detailed characterization of the biomass is
required, which make difficult industrial replicability. (Weinrich and Nelles, 2021) show a
simplified model of 4 processes, 10 components and 11 parameters compared with the
original ADM model (19 biochemical and 9 chemical processes, 24 components and 52
parameters). These simplifications have made it possible to apply the model in simulation
processes for some wastes (corn, swine manure, algae). Therefore, it is possible to work in

the future on the sizing and optimization of the design and operation.

The second disadvantage is related to the microbial communities; their complexity makes
the models highly sensitive, modifying the yields according to the dominant communities,
thus in particular in the hydrolysis stage where approximately 12 genera are active. It is
believed that future developments will be focused on the mathematical relationship and

behavior of microbial communities (diversity and activities), reducing the error between
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model and experimental results. One of the advantages is that the description of the
bioprocesses by stages allows to study the production yield of the different compounds,

specifically optimizing the production of the compound of greatest interest.

1.5 Thermochemical processes

Thermochemical conversion approach is one of the green modes to transform biomass into
biofuel. This method is more effective in comparison to biochemical path because of its
flexibility in dealing with diverse kinds of biomass and it's also one of the direct, fast, and
easy routes of conversion methods. In this procedure, thermal decomposition of natural
matters happens at very high temperature in which biomass decomposes, among other, in bio-
oils and biogases. Thermochemical conversion are subdivided into 5 different processes
which include direct combustion, torrefaction, pyrolysis, gasification, and hydrothermal
treatment, as referred to in Figure 12 (Alhazmi and Loy, 2021; Das et al., 2021).

rd ™
Thermochemical

Method
Direct Combustion Gasification Hydrothermal Pyrolysis Torrefaction
- S S S
Conventional Hydrothermal Fast Pyrolysis Conventiona
Gasification carbonisation (HTC) yroly Torrefaction
Supercritical Water Hydrothermal Slow Pvrolvsis Oxidative
Gasification (SWG) Liquefaction (HTL) yroly Torrefaction

Hydrothermal Catalytic Pyrolysis Microwave
Gasification (HTG) v yroly Torrefaction

~~ Ve )

Microwave Pyrolysis Wet Torrefaction

e ~ e

Figure 12 Schematic layout of thermochemical process and its classifications

Thermochemical processes consider classical pathways such as incineration or

combustion. They mainly produce heat, water, and unused gases such as CO2 and other gases
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(nitrogen oxides, acetaldehyde, carbon monoxide, etc.) depending on the reactant and
combustion quality. These processes can be used to generate steam for industry or electricity
via turbines and cogeneration technologies. However, these processes are non-material
recovery routes. Pyrolysis and gasification of solid fuels are considered the most attractive
thermochemical processes for energy recovery from various wastes. This is because these
technologies offer high yields for renewable energy production and conversely low carbon
production as well as improved waste management techniques (Faraji and Saidi, 2021; Goffé
and Ferrasse, 2019).

Although thermochemical processes are options for the production of biofuels from waste
biomass, some authors have studied the disadvantages of biomass when used in these
processes. One of the main factors they mention as a disadvantage is the high-water content
as, among other, it reduces the heating value and requires energy intensive drying steps.
Table 9 shows the disadvantages and main challenges to be met when using biomass in

thermochemical processes.

Table 9 Disadvantages of biomass feedstock used for thermochemical conversion (Dai et al., 2019).

Biomass characteristics Main challenges

High water content Reduce the heating value
Require energy intensive drying step
Reduce the efficiency of the conversion process
Increase storage and transportation costs
Increase risks of biological degradation
Increase corrosion because of condensation of water in flue gas
Low bulk and energy density Increase storage and transportation costs
Require high feeding capacity
Poor grindability Increase grinding energy
Hygroscopic nature Up-take moisture during storage
Increase risks of biological degradation
High oxygen content Reduce the number of C-H bonds
Reduce the heating value and energy density
Reduce the thermal stability
High alkali metal content Cause ash-related problems

Heterogeneity Wide variation in properties
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1.5.1 Direct combustion

About 90% of the total energy from biomass is obtained by direct combustion of different
types of biomass at high temperatures (800-1000 °C). The essential requirement for this
process is that the moisture content of the biomass should be less than 50%. These
combustion plants can produce between 20 and 50 MWe with an efficiency of 25-30%.
During combustion, biomass is converted into carbon dioxide, water, steam, and heat.
Generally, the combustion process is carried out in combustion chambers and the thermal
energy produced is about 20 MJ/kg on average. The advancements in fluidized bed systems
and gas cleaning have increased the power generation capacity of these plants to 50-80 MWe
with electrical efficiency of 30-40% (Alhazmi and Loy, 2021).

1.5.2 Gasification

In the last decade, a renaissance of gasification technology has begun. Gasification is one
of the established thermochemical conversion methods that converts biomass into gaseous
fuels. The carbonaceous material in the biomass is converted into synthesis gases (syngas).
H», CO, CO2 and CHg, are the primary gases produced during the gasification process with
other combustible gases such as C2Hs, C2Hs, C3Hes, etc. (Das et al., 2021). Figure 13 shows a

schematic layout of the different gasification processes.
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Figure 13 Schematic layout of gasification processes.

Recent studies have investigated the gasification efficiency when solid digestate is used in
gasification processes. In particular, Guo et al. (2021) presents an energy efficiency between
49 to0 66.9% of an anaerobic digestion followed by gasification of the solid phase. However,
the efficiency equation only considers the input and output mass, assuming that the entire
energy consumption of the process comes only from the process. It also takes into account the
calorific value of the biogas (Hz2, CO, CHa) and also of by-products such as C2Ha, C2Hs, C3Hs
and CsHs (Guo et al., 2021). However, the study shows that the integration of bioprocesses
followed by gasification can solve the problem of digestate valorization and transfer the high
cost of raw materials currently involved in biomass gasification. It is shown that efficiency is
closely linked to the digestate drying process, which can also be related to seasonal and

regional factors.

1.5.3 Pyrolysis

Pyrolysis involves the decomposition of biomass in the temperature range of 350 to 550
°C, which can be extended up to 700 °C in the absence of air. The high temperature of this

process allows the volatile components of the biomass to vaporize. These vapors are then
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condensed at high pressure to form liquid fuel. The liquid fuel/bio-oil, essentially a dark
brown liquid with high viscosity and low calorific value, produced in this process can be used
directly for static heating or electricity generation. Its chemical composition is quite broad
and mainly includes acids, alcohols, aldehydes, phenols, and oligomers.

The main advantage of this bio-oil is that it can be stored and transported directly without
the need for further purification. In addition to the bio-oil, the process also produces biochar,
biogas, and other useful chemicals (Alhazmi and Loy, 2021). Figure 14 shows the detail of
the types of pyrolysis that can be performed, which change depending on the temperature
range, type of reactor used and, consequently, the difference in the concentration and
efficiency of the products and by-products.
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Figure 14 Schematic layout of pyrolysis processes (Das et al., 2021).

The high content of phenolic compounds in bio-oil can be directly used for phenolic resin
synthesis. Therefore, selective production of desired products in bio-oil has been extensively
studied because of its remarkable potential as an alternative to petrochemical resources.
However, complications arise because the complex compounds, high water content and high

acidity type of biomass feedstock significantly affect product quality. In addition, biomass
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feedstock has disadvantages, including strong hydrophilicity, low energy density,
geographical ubiquity, and low bulk density, which may cause high cost during biomass

conversion and may limit the development of biomass conversion (Dai et al., 2019).

1.5.1 Subcritical hydrothermal treatment

Subcritical hydrothermal processes remove, deconstruct, and transform organic solid
wastes into valuable resources. Four types of hydrothermal processes are found in the
literature, of which three are non-oxidative (HTH = hydrothermal hydrolysis, HTC =
hydrothermal carbonization, and HTL = hydrothermal liquefaction), and one is oxidative
(WO = wet oxidation).

The HTH process is mainly run at 120 to 200 °C and 20-150 bar in nitrogen presence. One
of the products of interest in HTH are natural fertilizers and products such as acetic acid,
butyric acid, methanol, nitrogen, and phosphorus. Additionally, it shows 70-80% reductions

in total suspended solids.

The HTC process is carried out at 150 - 300 °C and 13 - 70 bar and it converts biomass
into hydrochar, process water, and gaseous products. The HTL process has been studied for
the production of bio-oil and hydrochar from biomass, thus obtaining products and by-
products with HHV calorific value of 36.7 and 4.58 MJ-kg* respectively. HTL operates
between 150-350 °C and 50-250 bar and its main products are crude oil, sugars, amino acids
and fatty acids (Munir et al., 2018). Wet oxidation (WO) operates at 150 - 300 °C and 20-150
bar. Its products of interest are high carbon content polymer, organic acids, nitrogen, and

phosphorus. The process is carried out in the presence of oxygen.

Hydrothermal processes have recently been used for mineral recovery. Zhang et al. (2020)
shows recovery of phosphorus (P) with efficiencies up to 88.85% when the process is carried
out at temperatures between 60-180 °C and residence time between 15 - 45 min (Zhang et al.,
2020). Hydrothermal treatments may require a large energy input and the addition of catalysts
or solvents. Recent studies have focused their efforts on operational optimization,
demonstrating the relationship and importance of temperature and residence time in
hydrothermal processes and the kinetics of their reactions modifying the products and yields

according to the product of interest (Ruiz et al., 2021).
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1.5.2 Advantages and disadvantages of thermochemical
processes

The advantages of thermochemical processes have been demonstrated when they are part
of the pretreatment of biomass before bioprocessing or as the main process in biorefineries.
Thermochemical process facilities allow easy configuration, and easy heat transfer depending
on the reactor design (e.g. PyRoss reactor, plasma reactor and microwave reactor for
pyrolysis). Yields are between 35 to 70 wt% for bio-oil and 13 to 22.5 wt% for gas when the
inlet are lignocellulose biomass. Gasification, on the other hand, has the advantage of high
mass conversion yield and energy efficiency, thus producing biogas compositions with CO»
percentages between 5 and 30 %v/v (Elgarahy et al., 2021; Seo et al., 2022). Thermochemical
processes have a great development of studies, only in 2020 there are twice as many articles
on thermochemical processes (combustion, gasification, pyrolysis) compared to bioprocesses
(anaerobic digestion and fermentation). Studies show how to improve their efficiency or
optimize the operation according to the product of interest (Elgarahy et al., 2021). For
example, Tan et al. (2017) concluded that the bio-oil produced by fast pyrolysis at lower
temperature (250 °C) produces more alcohols, while the bio-oil produced at higher

temperature (650 °C) contains more aromatics and carbonyls (Tan et al., 2017).

Despite this, there are not many studies that present thermochemical processes (pyrolysis,
gasification, and combustion) as processes for the valorization of biomass after bioprocessing
(e.g. digestate). Currently, conventional management strategies for the solid phase include
thermochemical processes and although they show increases of up to 25% in biogas
production, their energy efficiency in some cases is equal or lower, due to the fact that these
processes require a process of phase separation and dehydration of the solid, generating
additional energy consumption in the process (Cesaro, 2021). On in contrast, hydrothermal
processes have been the recent focus of research in the integration with bioprocesses and
digestate valorization. Wang and Lee, 2021 present a review on 18 studies between 2017-
2020 where nutrients are recovered from digestate by hydrothermal treatments. They indicate
high recovery potential for nitrogen (up to 66.6%) and phosphorus (up to 87.6%) recovery,

mainly by hydrothermal conversion of nitrogen and phosphorus contained in the biomass,
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and followed by nutrient precipitation as struvite and/or calcium phosphate (Wang and Lee,
2021).

1.6 Gas separation and recovery

Gas separation and recovery processes are necessary to avoid deterioration of equipment
and piping, environmental contamination, and process cost overruns. Considering that the
gases of interest are methane (CH4) and hydrogen (H2), the separation processes are focused
on the removal of H2S, CO2, CO, NHz and H20. The separation of CH4 and Hz is realized
depending on the use of these gases, since sometimes it is convenient to leave the mixture of

the two gases, which is used as hythane.

There are many conventional physicochemical methods (e.g., direct oxidation, ozone
oxidation, liquid redox, and adsorption processes) for removing pollutants. However, these
methods have many problems such as:

- High initial investment cost.
- High energy requirement.
- The formation of secondary pollutants.

To overcome the problems associated with physical-chemical methods, continuous
research is being conducted on biological methods (e.g., bioreactors). Even if in most cases,
they are not suitable for commercial use due to low conversion or elimination capacities and
inhibitory effects at high removal gases concentrations, the use of biofilters has been accepted

as a suitable alternative to conventional methods for treating gases emissions.

1.6.1 Bio-filters

The high concentration of H>S (about 1000-2000 ppmv) in raw biogas forms extremely
corrosive acids that attack the biogas-fueled equipment and the metallic accessories of biogas
technology. The efficient operation of a biofilter depends on the selection of a suitable
packing material that has high porosity, good water retention capacity, and the ability to

retain the microbial community on the selected support medium. Recent studies have shown
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some advantages (e.g., low cost, ease of manufacture, waste management) of adding biochar
as a medium to biofilters. Biochar refers to the solid material obtained by thermal conversion
of organic wastes in the absence of oxygen, e.g., pyrolysis. It is used as a sorbent to remove a
variety of pollutants due to its properties such as high pore size distribution, large surface
area and good ion exchange capacity. The properties of biochar depend on the type of
feedstock, the process residence time (10 min to several hours) and the pyrolysis temperature,

the heating rate (generally a few degrees min).

Recent authors have reported the efficiency of biofilters on the biogas generated from
anaerobic digestion. They have obtained results of H,S removal between 19 to 33 g/m®-h
(greater than 99%) and methane gas concentration greater than 97%. The experiments have
been carried out in periods between 80 s and 94 days with operating conditions of 54 °C and
a pH of 8 (Das et al., 2019; Porté et al., 2019).

1.6.2 Water scrubber

The process works by flowing the gas through a water sprinkler. The gases to be removed
are absorbed in the water (Figure 15). Recent authors report the effectiveness of the process
obtaining methane gas with a concentration between 95 and 99% and losses between 2 to 5%
of CHa. Also, studies have been carried out on its operational (from 14 for 100 m®h
biomethane to 9.1 for 500 m3/h biomethane) and investment costs (From 10100 euros for 100
mq/h of biomethane to 3500 euros for 500 m*/h of biomethane). In addition, energy
consumptions between 0.26 and 0.97 kWh/Nm? have been reported (Benizri et al., 2019;
Chen et al., 2015; Noorain et al., 2019; Ullah Khan et al., 2017).
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Figure 15 Water scrubber, also called gas scrubbing or wet scrubber process diagram.

High pressure water scrubbing is the most commercially feasible technology for biogas
purification due to its simplicity and performance reliability. However, the disadvantage of
this technology is the electricity cost. Therefore, water scrubbing at near atmospheric
pressure are proposed, which requires lower specific electricity consumption. Water
scrubbing at atmospheric pressure is limited to very small plants and is usually not offered by
commercial suppliers because a higher liquid-to-biogas flow ratio is required. In addition,

high purification efficiency is difficult to achieve.
Overall, water scrubber use benefits are:

e Prevent a variety of pollutants from entering the air through the exhaust (from

sulfur to acid gases that contribute to acid rain.

e The units are quite robust and can tolerate a wide range of temperatures, making

them ideal for operation in almost any environment.

On the other hand, its disadvantages are related to the maintenance that must be frequent,

the equipment being susceptible to corrosion.

1.6.3 Pressure swing adsorption

The pressure swing adsorption (PSA) process is currently used in the industry for different

applications, among which are:

e Gas drying.
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e Solvent vapor recovery.
e Fractionation of air.

e Production of hydrogen from steam methane reformers (SMRs) and petroleum
refinery offgases.

e Separation of carbon dioxide and methane from landfill gas.
e Carbon monoxide-hydrogen separation.

e Normal isoparaffin separation.

e Alcohol dehydration.

The main objective of the PSA downstream of bioprocesses is the separation of biogas (H2
and/or CH4) from CO.. Due to its different applications, its design has been studied and
optimized. Recent studies show recovery efficiencies greater than 98% and final gas
concentration flow rates from 95 to 99% (Chen et al., 2015; Klein et al., 2018; Ullah Khan et
al., 2017). It is important to highlight that different studies specify the need for previous
desulfurization processes. The operational conditions of the process studied are temperature
between 3 °C to 38 °C and pressure between 101325 to 3040000 Pa. Authors such as (Ullah
Khan et al., 2017) report losses of the main biogas (CH4) up to 4% and consumptions
between 0.24 - 0.6 KWh/Nm?,

1.6.4 Reforming to H

Hydrogen production is a process that becomes interesting in the study of biorefineries not
only because of the hydrogen heating value (its value is higher than that of other gases, such
as methane), but also because from a sustainability point of view it is a process that
contributes to the consumption of carbon dioxide, reducing emissions to the atmosphere.
However, one of the current problems with the process is the carbon monoxide (CO)
production as a gaseous by-product, which must be integrated into the biorefinery process. In
addition, the feed inlet conditions must be clean of H.S (Ullah Khan et al., 2017).
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Different authors discuss the two best known reforming processes, steam methane
reforming (SMR) and dry methane reforming (DMR). SMR s the process where endothermic
oxidation-reduction reactions of methane are made in presence of water for the hydrogen and
carbon monoxide production. Generally, the tendency for carbon formation will increase with
decreasing H2O/CH4 and CO/CHa ratios of the feed gas and increasing temperature. On the
other hand, DMR is only performed in the presence of carbon dioxide. Although the two are
related, in their production they are differentiated by the difference in the H/C ratio. High
conversions require high temperatures, due to the endothermic nature of the DMR reaction.
Methane conversion is additionally increased slightly by operating with excess CO2. This will
also influence the H2/CO ratio of the product, which drops with excess CO> due to a larger
amount of CO (Mortensen and Dybkjeer, 2015; Rezaei and Dzuryk, 2019).

The SMR process can be operated at temperatures between 600 °C and 1500 °C and
pressures between 2 to 40 MPa, operational conditions that are related to methane conversion
efficiency, energy efficiency and H2/CO ratio in the output stream. Despite the high
temperatures and pressures, different authors report energy efficiencies between 60 to 90%

and methane conversions up to 95%.

1.6.5 Methanol synthesis

Methanol has a variety of industrial applications. Its most frequent use is as a feedstock for
the production of methyl t-butyl ether (MTBE), which is a gasoline additive. It is also used in
the production of formaldehyde, acetic acid, chloromethanes, methyl methacrylate,
methylamines, dimethyl terephthalate and as a solvent or antifreeze in aerosol paints and

coatings.

Methanol is a potential substitute for petroleum. It can be used directly as a fuel replacing
gasoline in gasoline-diesel blends. Methanol has greater potential for use compared to other
conventional fuels because it produces less ozone, lower emissions of pollutants, particularly
benzene and polycyclic aromatic hydrocarbons and sulfur compounds, and has low vapor
emissions. It can also be used in the production of biodiesel. Furthermore, methanol is used in
Colombia as a raw material for the manufacture of biodiesel, made from natural and
biodegradable elements such as vegetable oils (palm oil), a fuel that has tripled its demand in

the last three years. Reports presented by the Colombian Ministry of Mines and Energy show
49



Chapter I State of the art

that the installed plants require 108.65 kg of methanol for each ton of biodiesel produced,
most of which is currently imported (fedebiocombustibles - COL, 2021; MinMinas - COL,
2021).

Currently, all methanol produced worldwide is synthesized by a catalytic process from
carbon monoxide and hydrogen. In addition to CO> capture, methanol synthesis eliminates
the need to compress or liquefy CH4 for transport impacting economic evaluations. This
reaction uses high temperatures and pressures and pressures, which requires large and
complex industrial reactors. The most widely used industrial processes are those developed
by Lurgi Corp. and Imperial Chemical Industries Ltd. (ICI), using any of the three feedstocks
(natural gas, liquid hydrocarbon mixture or coal). Based on the ICI, reaction between gas
phase CO2 and H, as raw materials, occurs over a Cu/ZnO/Al.Os catalyst under the adiabatic
process (Lee et al., 2020; Lundgren et al., 2013; Puig-Gamero et al., 2018).

The two factors outlined above show methanol synthesis as a promising technology that
provides for the production of a necessary feedstock and the reduction of greenhouse gas
(CO2) emissions. Figure 16 shows a general diagram of the methanol synthesis unit, in which
conversions of up to 25% CO> have been reported and methanol as the main product can be

obtained with 99% purity with lower stage numbers in a distillation tower.

comp

=y

Figure 16 Schematic diagram of the methanol synthesis unit (Nami et al., 2019).

As shown in Figure 16, the process has Hz and CO> as input and methanol and water as
output, the process shows CO. capture by direct synthesis which according to the study by

Nami et al. (2019) shows greater efficiency and economic benefits compared to the indirect
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method which generates additional CO as the resulting gas in addition to water. Recirculation
in the system ensures that CO> emissions to the environment are minimized. In addition, the
process does not have high energy demands. In other words, the objective of the process, in
addition to generating methanol as a product of interest, is to minimize the environmental
impact of greenhouse gas (CO.) emissions. The methanol synthesis studies show the
variation of conversion, process efficiency and costs as a function of factors such as
temperature, Ho/COz ratio, and pressure. The study of Le et al. (2020) presents the sensitivity
analysis of the process from the simulation performed in Aspen Hysys, thus showing that the
process is highly affected by pressure and H2/CO ratio rather than temperature. Figure 17
shows the efficiency and cost results reported in the study. Figure 17A-B shows the yields
obtained by Lee et al, 2020 as a function of pressure, temperature, and H2/CO ratio where
the methanol production yield varies between 10 and 35%. Figure 17-C-D shows the results
of the techno-economic study as a function of plant capacity and methanol generation ratio as
a new product. These properties are important for the optimization of the model as they have
been validated experimentally. Furthermore, it is evident that the higher methanol conversion
represents the higher CO> conversion.

Generally, the study shows the technical, economic, and environmental feasibility of CO>
hydrogenation for methanol synthesis in the indirect method. By means of the sensitivity

analysis, the optimum yield points of the process are shown.
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Figure 17 Renewable methanol synthesis from renewable Hz and captured CO2. Techno-economic analysis was
performed for renewable methanol synthesis (A) Effect of the operating pressure on the methanol (MeOH) yield
in the temperature range of 473-573 K at a fixed H2/CO: ratio of 3 for a recycled MeOH synthesis process. (B)
Effect of the H2/CO2 ratio on the methanol (MeOH) yield (left side) and CO2 conversion (right side) for the
recycled process at 493 K and 100 bar. (C) Unit MeOH production costs according to the MeOH production
capacity. (D) Effect of the Hz production cost and CO2 tax-credit on the unit MeOH production cost at different
MeOH production capacities of 0.27 and 100 TPD. (Lee et al., 2020)

1.7 Separation and recovery of liquids and

solids

In bioprocesses, the degradation of matter is generally presented, depending on the process
and operational conditions, the main biofuel is obtained, as well as by-products of interest.
Different studies have shown that the liquid and solid phase can have an additional
valorization process. Initially, thermochemical processes such as those explained in section
1.5 are proposed. In addition to thermochemical processes and searching the optimal
conditions of the biomass, it is necessary to take into account processes such as precipitation,

decantation, dehydration centrifuges, liquid-liquid extractions and even the use of by-
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products through the production of new products such as the production of

polyhydroxyalkanoates (PHA) and polyhydroxybutyric acid (PHB).

1.7.1 Precipitation

Precipitation is the most common unit operation in downstream processing. Although it is
difficult to give a definitive statistic, it is estimated that more than 80% of downstream
processes have at least one precipitation stage. Because of its different objectives,
precipitation is carried out in different ways.

Amorphous precipitation is usually carried out without specific control of super saturation
(i.e., the difference between the actual concentration and the equilibrium concentration of the
biomolecule), and thus without control of the nucleation rate (i.e., the rate of formation of
new crystal particles). The solid phase formed by precipitation results from the formation of
nuclei that grow into small primary crystals (0.1-10 mm) that agglomerate (not always in
large sizes) and thus may contain impurities trapped in the final particles. The first attempt to
systematize a theory of protein solubility (and of the effect of salts on it) was presented by
Hofmeister in a series of papers between the 1880s and 1890s. Since then, a comprehensive
theory of precipitation has been sought, with relative success: although many aspects of
precipitation have been elucidated, the need to take into account the peculiarities of
biomolecules and precipitating agents has become a matter of interest. No single general
theory has been developed and it is doubtful that one will ever be developed. Even colloidal-
type theories, which have been quite successful, are currently in question, since they cannot

explain many experimentally observed phenomena (de Alcantara Pessoda Filho et al., 2019).

Physicochemical methods include chemical precipitation, Larraagoiti Kuri et al. (2017)
show that he effectiveness of all the method, however, relies on to a total solid level of 0.5-
3.0% (Larragoiti-Kuri et al., 2017). Several studies reported the technical and economic
feasibility of recovering nutrients via struvite (NHsMgPO4-6H20) precipitation from
wastewater treatment plants. Effluents from the AD plants treating nutrient-rich waste
streams such as swine and poultry manure could be an ideal substrate for recovering nutrients
via struvite precipitation (Hernandez et al., 2018; Sawatdeenarunat et al., 2016). The
precipitation stage is important in the effluent or digestate of bioprocesses for better

utilization of the solid and liquid phases. It has been shown that in precipitation up to 90% of
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the phosphorus present is found in the sludge, which makes it an important by-product due to
its abundance. Finally, the precipitation of by-products such as struvite has been shown to

decrease pathogenic populations (Ma et al., 2018).

Struvite is a macronutrient compound produced by chemical precipitation at an alkaline
pH with an optimum amount of ammonium, phosphorus, and magnesium. This process
transfers nutrients from the liquid phase to the solid phase, producing struvite, which can be
used as a slow-release fertilizer struvite recovery can be successfully integrated into the
composting process to improve the agronomic value of composting. In addition, struvite
precipitation would reduce the amount of sludge that needs to be removed from wastewater
treatment plants. Several matrices were studied to investigate struvite formation, such as
urban wastewater, swine wastewater, chicken wastewater, cattle wastewater, human urine,
and digested sludge. As a result, these effluents could be used for struvite recovery, achieving
high struvite crystallization and precipitation efficiency (Ochoa et al., 2021). Processes such
as integrated hydrothermal carbonization (HTC), acid leaching and activation process to
recover up to 94.3% phosphorus from digestate use hydrothermal process and struvite
precipitation by hydrothermal process at 60 ~ 180 °C for 15 ~ 45 min coupled with H20. and
HCI leaching to achieve 88.2% phosphorus recovery (Wang and Lee, 2021).

1.7.2 Liquid-liquid extraction

Liquid-liquid extraction is a purification technique used in workup to separate compounds
based on their relative solubilities in two immiscible solvents. The extraction technique can
be used to purify compounds or to separate mixtures of compounds, such as when isolating a
product from a reaction mixture (known as extractive workup). It also finds application in the

isolation of natural products, as in the extraction of caffeine from tea leaves.

The principles of liquid-liquid extraction in flow-through are based on immiscibility of the
organic and aqueous phases and liquid pressure. This is both the total system pressure and the

cross-membrane pressure applied in the separator part of the apparatus.

Figure 18 shows the process diagram of the liquid-liquid extraction. The process can be
carried out at standard temperature and pressure, with and without agitation, factors that

affect the separation performance. The liquid-liquid extraction process has been proposed in
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the construction of biorefineries and biomass treatment for the recovery of volatile fatty
acids. Volatile fatty acids are a subgroup of fatty acids with carbon chains of less than six

carbons.
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Figure 18 Liquid-liquid extraction and solvent recovery flow diagram.

Their volatility is due to their short carbon chain, in contrast to long-chain fatty acids,

which are solid at room temperature. The short-chain fatty acids are:
- Formic acid
- Acetic acid
- Propionic acid
- Butyric acid
- Isobutyric acid

- Valeric acid

2-Methylbutanoic acid

In hydrolysis, complex organic polymers in organic waste are broken down into simpler

organic monomers by enzymes excreted from microorganisms. Subsequently, in the
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acidogenic stage, these monomers are fermented by the acidogens conventionally, VFAs are
produced chemically from petroleum-derived compounds. petroleum-derived compounds.
These chemical processes are energy intensive and have a negative impact on the
environment, so their biological production is gaining immense interest (Singhania et al.,
2013). In particular, it has been shown that in processes such as dark fermentation, the
digestate in the liquid and solid phase has a composition of interested VFAS, so its extraction
is often studied. VFAs are also used as raw material for the production of
polyhydroxyalkanoates (PHAS) and polyhydroxybutyrate (PHB).

1.7.3 PHA/PHB fermentation

Polyhydroxyalkanoates (PHAS) are natural polymers produced by bacteria and used as a
nutrient reservoir. PHAS have attracted the attention of the scientific community due to their
strong tendency to be biodegradable, their physical and mechanical properties, comparable to
those of petroleum-derived plastics (these polymers have properties ranging from rigid and
brittle to rubber-like plastics) and for being produced from renewable resources. PHAs are a
family of optically active biological polyesters with (R)-3HA monomer units. The 3-
hydroxyalkanoate acids are all in the R configuration due to the stereospecificity of the

polymeric enzyme, PHA synthetase.

There is a wide range of applicability for PHAs, and they can be classified into two main

groups:
- Biodegradable disposable packaging
- Pharmaceutical area

Each area takes advantage of mechanical properties and low production costs. There is
also an area of research in bioprocesses where research work is carried out with PHA and

mixtures with natural materials such as natural rubber or latex.

Polyhydroxybutyrate (PHB) is the first known member of this family, it has mechanical
properties like polypropylene with the added advantage of biodegradability. However, it is
not currently a material that can displace polypropylene, as its price difference is very large.
From the biotechnological point of view, PHB is interesting because it has properties similar
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to those of propylene and polyethylene, so this compound can be used as a raw material in the

industry, replacing materials with a long degradation time (Dinesh et al., 2020).

The first processes developed for the production of PHA with microorganisms were
carried out through fermentation processes using the bacterium Ralstonia eutropha, which is
capable of producing PHB from glucose, or Polyhydroxybutyrate-Valerate (PHBV) from
glucose and propionate, substrates whose high cost affected the final price of the polymer

obtained (Yoneyama et al., 2015).

Bacteria of the genus Azotobacter come from the azotobacteraceae family, these are
Gram-negative bacteria that live in soils and fresh water, in fact they can also grow in low
oxygen concentrations and reproduce by binary fission and use sugars, alcohols and organic
salts to grow. Azotobacter Vinelandii is a bacterium that thanks to its metabolic and genetic
capabilities (several copies of its chromosome) has been of great study. It produces two
polymers of industrial use in the absence of nitrogen sources, both are alginate and PHB.
PHB can be produced by combining various substrates under different growth conditions
including aerobic/anaerobic, temperature, pH and submerged/solid state fermentation (Figure
19). Many researchers presented relevant substrate to produce PHB such as renewable

resources (eg. starch, cellulose, sucrose) (Elbeshbishy et al., 2017).
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Figure 19 Conversion of biomass to polyhydroxybutyrate (Elbeshbishy et al., 2017)

1.8 Biorefinery design

In recent years, there has been increasing research into bioprocesses and thermochemical
processes to replace petrochemicals as an option for biofuel production. However, the costs
and the mass and energy efficiencies are still lower than those of petroleum-based refineries

(Amoah et al., 2019). For this reason, the concept of biorefinery has been developed in recent
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years. According to the International Energy Agency (IEA) Bioenergy Task 42, a biorefinery
is defined as "A sustainable processing of biomass into a spectrum of marketable products
and energy" (IEA, 2021). A biorefinery is a facility that comprises a series of processes that
incorporate technological conversions and bioprocesses to produce biofuels. Its main
objective is the integration of processes and the maximization of the utilization of residual
biomass. The input to a biorefinery is somewhat heterogeneous, i.e., it can range from
material with complex molecules such as lipids and proteins to simple sugars, volatile fatty
acids, and others. This leads to a wide variety of biorefinery models. Maximizing biomass
recovery is not the only challenge of biorefineries. In recent years’ models have been
developed that add objective functions such as maximizing energy yield and reducing
atmospheric emissions, introducing the sustainable biorefinery concept, integrating the
process in circular economy studies (also: Bioeconomy and circular bioeconomy) (Klein et
al., 2018; Moncada et al., 2013; Sy et al., 2018).

There are different models of biorefinery design proposed in the literature (Bao et al.,
2011; Kelloway and Daoutidis, 2014; Moncada et al., 2013; Posada et al., 2013; Santibariez-
Aguilar et al., 2016). However, Moncada B. et al. (2016) design can be classified according

to three design points:
- Superstructures and conceptual design.
- Optimization.
- Combination of the two previous ones.

The biorefinery design process continues to be a challenge for research and development
since there are a large number of alternatives that vary according to: the type of biomass
available, technologies, products of interest, policies, laws and other elements (Moncada B. et
al., 2016). For this reason, the biorefineries reported by different authors present a specific
case study applied to a country, a certain type of biomass and with the interest of a specific
product. For example, in the case of South American countries such as Colombia and Brazil,
or in Indonesia, there may be ten times more possibilities than in Europe when dealing with

lignocellulosic material, so the problem centers on what type of technology to opt for, what
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product is of interest and how to combine lignocellulosic biomass with other types of waste
biomasses (Bioenergy IEA, Task 40, 2006, p. 40; Fallot et al., 2009).

1.8.1 Conceptual design

In process engineering, several authors have applied this strategy to the design of various
chemical plants, but rarely to biorefineries. In general, feedstocks and products are selected
based on availability, market needs, and hierarchy and sequence, among other factors. In
other words, by applying basic process design rules. However, there are some limitations
depending on applications and uses. For example, higher value-added products have the
highest priority over bulk products such as energy. These include functional foods,

metabolites, etc.

However, it is very important to satisfy each of the sectors and to induce more
sophisticated technological schemes to use the best feedstocks and their composition and to
make the necessary integrations between the different generations of biorefineries. The
concept involves three types of analysis, technical, economic, and ecological, and two types
of integration, mass, and energy.

Generally, biorefinery design is based on single experimental processes that are described
in the literature and have shown the best performance. This methodology is usually based on
process synthesis using process simulation software. Additional optimization steps are

needed before the detailed design is developed (Moncada B. et al., 2016).

Figure 20 shows a biorefinery superstructure focused on the maximum utilization of the
raw material (spent coffee grounds) presented by Rajesh Banu et al. (2020b). In the
conceptual design the bioprocesses and thermal processes are individually integrated with
separation processes and extraction of by-products. Overall, the valorization of biomass in
different processes is studied. As an advantage, it is evident that coffee residues have
potential for biological and thermochemical processes. However, the integration of processes
and the valorization of the digestate after the bioprocesses is not shown. Moreover, in
anaerobic digestion only biogas is shown as a product of interest, while in the other processes
there is bio-oil, biodiesel, bioethanol, biogas, and the use of residues such as fermentation

residues that are used for anaerobic digestion or the production of fuel pellets.
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Two points of this study are highlighted. The first is the feasibility of using coffee residues
in bioprocesses or thermochemical processes. Anaerobic digestion in a direct way for the
biogas production. The second is the combination of bio-products through the sequence of
hydrolysis, fermentation and anaerobic digestion approached to the production of bioethanol,

fuel pellets and biogas where the biomass valorization can be increased.
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Figure 20 The various integrated biorefinery routes of biofuel production (BP- Biorefinery process; RS —
Residues; BF- Biofuel; CP- Co products)(Rajesh Banu et al., 2020b)

As aresult, Figure 21 presents the different routes optimized for the case study biorefinery
that optimizes the production of biopolymers, caffeine, bio-sorbents, biochar, carbon
material, and antioxidants. In the process it is shown that the first stage of the bioprocess is of
great interest for obtaining by-products such as PHA and carotenoid, however this must be
accompanied by dehydration processes of the solids and time control in the bioprocess to
ensure only reach the hydrolysis phase. On the other hand, the solid phase (biochar) is shown
as a product of interest as activated carbon. The routes shown, although they perform an
integration of processes, do not show the interest towards the optimization of energy

efficiency.
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Figure 21 The various integrated biorefinery routes of value added products recovery (Rajesh Banu et al., 2020b)

On the other hand, Surendra et al. (2015) presents in its review a superstructure based on
anaerobic digestion as the main bioprocess (Figure 22), the study shows the different routes
that can have the biogas, the digestate (liquid and solid phase), integrating processes such as
algae production, thermochemical processes, separation, extraction, and synthesis of new
products. The review concludes by showing the complexity of the technical-economic and

environmental analysis to guarantee the viability of the biorefineries.
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Figure 22 Schematic of an AD-based biorefinery for producing biofuels and biobased products (Surendra et al.,
2015).

Similarly, Bastidas-Oyanedel et al. (2015) presented a review of biorefineries applied to
dark fermentation and the different possible routes of products and by-products (Figure 23).
The study concludes by showing that the dark fermentation biorefinery presents a high
flexibility in the different downstream processing options, considering the composition of its
residues. Furthermore, the products of dark fermentation can be purified and/or use as
platform chemicals in subsequent (bio)process to produce fuels, fine chemicals, and bio-
syngas. These features make dark fermentation a core bioprocess in the biorefinery concept.
The studies in Figures 22 and 23 show the possible routes to be followed theoretically after
anaerobic digestion and fermentation. As an advantage it is shown that the products and
residues can be utilized in multiple ways. However, the theoretical studies do not show
technical-economic and environmental analyses that show the viability of the routes for the
by-products.
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Figure 23 Dark fermentation as a core bioprocess in the bio-society (Bastidas-Oyanedel et al., 2015)

1.8.2 Optimization

The methodological approach to biorefinery design based on the concept of optimization
considers a follow-up of the chemical species, connecting the different streams with the
available processing technologies, and using potential configurations of interest.
Optimization is developed through the formulation of mathematical models (e.g., linear, and
non-linear mixed integer programming models MIP - MINLP) and their objective is to
maximize the yield or economic potential depending on constraints such as process models,
species distribution and flows with respect to conversion technologies and techno-economic
data. This methodology takes a set of feedstocks and products that achieve multi-objectives
when synthesized (e.g., minimum production cost, maximum yield) using several processing
technologies (conversion routes). The optimization-focused conceptual design procedure

attempts to make a quick sweep of numerous alternatives to generate a conceptual design of
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the main biorefinery components, integrate technologies, and lay the foundation for a detailed

techno-economic analysis (Moncada B. et al., 2016).

Bao et al. (2011) presents three case studies in which this methodology is applied. The
first case considers obtaining a maximum yield for bio-gasoline production from cellulosic
biomass by choosing a technology pathway that maximizes gasoline yield based on the
idealistic case of assuming the maximum theoretical yield for each technology block. In the
second case, the level of complexity is increased by taking two biomass feedstocks and
including conversion and yield data. The third and last case studies the minimum recovery

period of the process in economic terms as an optimization objective (Bao et al., 2011).

The solution of these cases demonstrates the effectiveness and applicability of the
developed approach and illustrates its ability to generate a wide range of pathways that
achieve the same objective but vary significantly in their components and interconnections.
However, this approach may provide solutions with difficulties of application at the industrial
level (considering mature and only scientifically preliminary technologies). For example,
Gong and You (2015) consider an example of an integrated superstructure capable of
producing biodiesel, hydrogen, propylene glycol, glycerol-tert-butyl ether, and poly-3-
hydroxybutyrate from microalgae (Gong and You, 2015). The superstructure considers
alternative technologies and equipment, such as gasification technologies, refrigeration
options, hydrogen production sources and Fischer-Tropsch synthesis catalysts (Gong and
You, 2014a, 2014b). The economic objective is measured by net present value (NPV), and

the environmental concern is measured using global warming potential (GWP).

1.8.3 Biorefinery development

Based on the processes studied during the literature review and the biorefinery conceptual
construction method, a biorefinery superstructure is proposed for the treatment of the biomass
under study (cocoa mucilage, coffee mucilage, and swine manure). Figure 24 divides the
super structure into 9 steps (feeding, bioprocesses, separation of solids and liquids,
thermochemical processes, separation and improvement of biogas, physicochemical
processes, generation of new products, potential products and finally their uses). In the case
of the superstructure presented, the pretreatment processes are not exposed, which are

exposed by authors such as Clauser et al. (2021) indicating the initial phase of the
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bioprocesses (hydrolysis and acidogenesis) as pretreatment of the substrate. However, when
comparing the said superstructure, all the proposed phases are identified from the feeding to
the uses for a fermentation process, which the authors identify as purification, conversion,
and concentration and which are shown by means of recovery, purification, and concentration
processes to obtain xylitol, formic acid, levulinic acid, furfural, and others. In this case,
thermochemical processes for fermentation residues are not contemplated and in its results an
analysis is made considering technical factors, economic analysis, and economic strategies to
improve the production costs, finding results of viability of the schemes. On the other hand,
the scheme presented is in agreement with those presented by Clauser et al. (2021) showing
the frequency with which recent biorefinery schemes start with the dark fermentation process
in substrates rich in carbohydrates and starch. The short time of the dark fermentation process
implies small reactors generating ease of operation in the other equipment, as well as giving
priority to the generation of hydrogen, a gas with higher calorific value. Authors such as
Alibardi et al. (2020) and Moncada B. et al. (2016) show that after simple processes such as
dark fermentation, the recovery of VFASs to produce PHA/PHB and PLA is feasible. As well,
when digestion processes are operated after fermentation, it is more viable to recover

nutrients and generate compost for agriculture.

In this context, the superstructure presented in Figure 24 generates viable connections
following main studies and recommendation (Alibardi et al., 2020; Clauser et al., 2021,
Moncada B. et al., 2016).

The superstructure gives a general idea of the different possible routes. Therefore, the first
biorefinery scheme focuses on the results obtained in the evaluation of energetic potential for
the dark fermentation followed by anaerobic digestion process (ADF). Processes P, Q and R
of the Figure 24 show the treatment and separation of biogas that allow to bring it to the
quality (purity) of use for energy production or its sale as fuel. Regarding the digestate (solids
and liquid), the current simulation considers all the compounds in liquid phase and the
percentage of water exceeds 90% in all cases. Considering that most of the authors perform
nutrient recovery and compost generation processes, these processes (Processes E and H,
Figure 24) were selected in the biorefinery for the environmental assessment. On the
simulation of the schemes, the treatment of gases was prioritized as the main product, since

they are a direct source of energy for the agroindustry, which currently consumes 1% of the
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country's final electricity consumption per year (IEA, 2020). The following two schemes are
based on the possible combinations that the superstructure shows for biogas (Production of
by-products, W, X and Z, Figure 24).

The conceptually proposed superstructure for the biorefinery is consistent with the
processes proposed by Rajesh Banu et al. (2020b) who proposes bioprocessing (AD and DF)
as well as thermochemical processes for the core design for coffee grounds waste. However,
in the scheme there are no flow relationships between the processes. Unlike the process of the
same author, which is based on the routes for the generation of added value that has as its
main objective the production of other products such as PHA, carotenoid, activated carbon,
among others. One of the most similar superstructure schemes is the one presented by
Surendra et al., 2015 where it presents AD followed by bioprocesses such as: enzymatic,
algae and the integration of thermochemical processes. Comparing the schemes shows that
the superstructure of Surendra et al. (2015) broadens the working range of thermochemical
allowing to obtain products such as butanol, lignosulfonate. The rest of the by-products are
considered. It is evident that in the literature the exclusive recovery of methane in digestion
processes is found more frequently, omitting the percentage of hydrogen generated.
Furthermore, there are no proposals for processes such as ADF in biorefinery superstructure

schemes.
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1.9 Techno-economical evaluation

The sustainable evaluation is complemented by the techno-economic evaluation of the
processes whose main objective is to demonstrate the economic viability of the proposed
schemes. For the realization of the technical-economic evaluation it is necessary to calculate

the capital cost and the operational cost.

The capital cost is the value of initial investment, part of the sizing of the equipment to
calculate their prices including transportation factors, nationalization taxes, installation, and
others. Depending on the stage of engineering, the equipment is considered in the capital cost
and thus its percentage error with respect to the real value. The equipment presented in recent
studies include tanks, transport equipment (pumps), compressors, instrumentation,

installation, piping, insulation, electrical installation and civil adequacy.

The operational cost is the related price per unit of working time of the plant (e.g., $/day)
and it relates all the constant costs and, according to the plant design stage, the margin of
error. The operational costs presented are raw materials, service or utility requirements
(water, steam, electricity, fuels, refrigerants, chemical consumption), human resources, waste

disposal, and transportation (Seider et al., 2008).

Depending on the stage (analysis or engineering), certain costs are assumed in the
evaluation, and their values are calculated with databases (e.g., SuperPro, Aspen Plus),
national and international cost reports, heuristic equations, cost equations (with tax factors,
annual increment, etc.), articles or past processes in the industry. Recent studies show the
economic viability of biorefineries by calculating the Net Present Value (NPV), Internal Rate
of Return (IRR) and Payback Period (PBP). Those indexes are calculated by means of a
sensitivity analysis or the study of production over time between 5 and 10 years (Arora et al.,
2018; Demichelis et al., 2018; Sy et al., 2018).

1.9.1 Environmental assessment

Environmental analysis can be developed following Life Cycle Assessment (LCA)
methodology, where potential environmental impacts are quantified and identified from the
beginning to the end of a process. The system boundaries can be considered from any

segment of the product chain [Gate-to-Gate, Cradle-to- Gate, Cradle-to-Grave, Cradle-to-
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Cradle] to include various stages like biomass cultivation, transport, processing of biomass
and products manufacture in biorefinery, transport of products to the consumers, customer

use of the products, and product disposal to the environment.

The LCA is carried out in four phases: identification of the objective and scope, which
establishes the reason for the study, its application and who it is aimed at. It should be noted
that the LCA can have different scopes depending on the stages of the life cycle to be
analyzed, as summarized by the following points.

e The door-to-door LCA, which includes only the stages of the production process
followed to obtain the final product.

e The cradle-to-grave LCA, which considers, in addition to the stages of the

production process, the extraction and preparation of raw materials.

e The door-to-grave LCA, which includes the production process of the product, the

extraction and preparation of raw materials.

e The cradle-to-grave LCA, which covers the production process of the product and

its subsequent final disposal.

e The cradle-to-grave LCA, which studies the extraction and transport of raw

materials, the production, distribution and use of the product and its final disposal.

e The cradle-to-cradle LCA, which, in addition to the stages mentioned above, takes
into consideration the reintroduction of the product in the same production cycle or

in another.

The next stage is the inventory analysis, in which the input and output streams of the
production process are identified and quantified. Subsequently, in the impact assessment, the
results of the inventory analysis are used to determine the contribution of the production
process to each impact category. Finally, the interpretation of results is carried out in which
conclusions and recommendations are made according to the objectives and scope of the
study to enable decision making. Although studies of energy production from waste biomass
have been developed under the LCA approach, there is very little information associated with

the potential environmental impacts of biohydrogen synthesis following the FO route.
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The development of the LCA depends on the method selected for the assessment, as it
allows the results to be compared between schemes, with other studies or with processes
already in place. For example, the selection of site-specific methods was beneficial for
assessment from the perspective of regional characteristics, while the choice of generic site-
specific methods was conducive to assessment in relation to the full range of negative
impacts. In some assessment methods, environmental or social mechanisms are used to relate
so-called intermediate impact categories to final impacts or damages. For example, CO>
emissions can be used directly as a stand-alone indicator of environmental performance, but
they can also be counted together with other emissions as greenhouse impacts through their
global warming potential (midpoint level). In addition, global warming impacts can be
assessed as human health damages (endpoint level) through mechanisms related to, for
example, changes in disease incidence and population displacement. In addition, some
impacts cannot be quantified or are best described by qualitative characteristics, particularly
when impacts on society are involved. In these cases, indicators of a qualitative nature can be
used to relate the project to impact categories through a semi-qualitative analysis, for
example using scales from 1 to 10 (Katakojwala and Mohan, 2021). One of the methods that

has been used in the evaluation of biorefineries in recent years is described below.

1.9.2 Life cycle impact assessment

ReCiPe is an impact assessment (LCIA) method in an LCA. In Life Cycle Impact
Assessment (LCIA), emissions and resource removals are translated into a limited number of

environmental impact scores using so-called characterization factors.

There are two common methods for deriving characterization factors, namely at midpoint

level and at endpoint level. ReCiPe calculates:
- 18 midpoint indicators
- 3 endpoint indicators

Midpoint indicators focus on individual environmental problems, for example climate
change or acidification. Endpoint indicators show environmental impacts at three higher
levels of aggregation, namely 1) effect on human health, 2) biodiversity and 3) resource
scarcity. Converting midpoints to endpoints simplifies the interpretation of the LCIA results.

However, with each aggregation step, uncertainty in the results increases.
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The Figure 25 shows an overview of the structure of ReCiPe where the relationship

between LCI parameters (left), midpoint indicator (middle) and endpoint indicator (right) in
ReCiPe 2016 is explained (National Institute for Public Health and the Environment, 2021).
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Figure 25 Overview of structure ReCiPe (National Institute for Public Health and the Environment, 2021).
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3.CONCLUSIONS

Within the context of a continuous increase in energy demand worldwide, the economic
and environmental problems generated using of fossil fuels are more and more important.
Therefore, biomass is shown as a viable and sustainable alternative for energy generation. In
addition to the generation of biofuels, biomass processes can provide raw materials for new
processes and the production of by-products that will add value to the design of biorefineries.
As an example, the production of methanol, volatile fatty acids, biopolymer among others
could be mentioned. The study of biomass treatment is still a subject of debate due to the
energy and production yields finally obtained, generating new challenges in the optimization
of bioprocesses and thermochemical processes. At least, waste treatment support for the
growth of agro-industry.

In the Colombian context, coffee, cocoa, and swine manure are part of the growing agro-
industrial activities. Currently, almost all the residual biomass from the above-mentioned
wastes is used for composting or incineration processes. However, the literature shows the
interest in the use of coffee and cocoa due to their high carbohydrate content (> 60% w/w
dry) and pig manure, due to the amount available for biogas production in bioprocess and
thermochemical process. The bioprocess, anaerobic digestion and dark fermentation, studies
have focused on improving methane and hydrogen production yields by experimentally
adjusting operating time, initial organic load, temperature, and inoculum. The best results are
obtained at neutral pH, between 10 and 20 days of dark fermentation processes and between
20 and 30 days of anaerobic digestion. Recent authors have presented a relationship between
pH and C/N ratio with respect to biogas production yield, showing that at lower C/N (9 to 12)
production yields are close for all pHs while at C/N ratios between 15 and 17 better yields are
obtained at pH = 11 or 12. Above all, in all studies a high relationship is found with biomass
composition, especially with carbohydrate content. The development of mathematical models
of bioprocesses has been based on the ADM1 model and its recent modifications that have
allowed to adjust the biogas production estimations in anaerobic digestion and dark
fermentation validating the results with the yield value of biogas, CH4 or H2 production and
their respective experimentally measured values. By contrast, thermochemical processes, by

their nature, are simpler to simulate since their modeling depends on the reactions, Kinetics
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involved and operational conditions. It reports not only production yields but also energy
yields and energy integration showing energy efficiencies greater than 60% are one of the
most viable processes for biomass. In particular, hydrothermal processes that allow high
water content are the current focus of study for the optimization, such as pretreatment of

biomass or treatment of digestate resulting from bioprocesses.

Although bioprocesses and thermochemical processes are well developed in the literature,
they are still a source of development. Nowadays, studies are looking for the bioprocess and
thermochemical processes integration to maximize biogas and energy production yields.
Literature reviews present the possibility of generating biorefineries as optimal valorization
processes of residual biomass. However, there is no rigorous study that studies the yields and
production and energy efficiencies of such integrations. Moreover, there is no complete study
in the literature of the three biomasses available for Colombia and their possible mixtures.
Therefore, a list of 23 bioprocesses, thermochemical, separation and production processes
that valorize biomass is presented. Furthermore, it is shown that the use of the digestate for its
valorization is related to the quality (water concentration); high water concentrations have
generated deficiencies in the digestate valorization processes related to the dehydration
process. Considering that of the three biomasses, swine manure is the one that is present in
the majority, it is concluded that the final digestate will have a high-water content, which
makes it not very viable for thermochemical processes. Thus, this work is focused on energy
optimization by obtaining biogas (CH4, H2 and CO) via biological processes (anaerobic
digestion, AD, and dark fermentation, DF) and reducing CO2 emissions (Processes B, C, E,
H, P, Q, R, X, Z from Figure 24). Based on the mentioned above and looking for viable
alternatives to the treatment of biomass, aims are to use the technological tools for the study
of biorefinery designs that integrate the bioprocesses with the separation, reforming, and

synthesis technologies for new by-products.

The study requires the experimental study and the development of simulation models of
the bioprocesses (AD and DF), simulations that are validated with the experimental results
and calculations of theoretical maximums. Based on the simulation results and the
availability of residual biomass, it is necessary to calculate the energy potential of the
biomasses studied in the whole Colombian territory and the energy efficiencies of the
bioprocesses designed in series, in order to present the best treatment proposal. Following the

previous results and in a conceptual way, three biorefinery schemes are presented that seek
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the maximum use of biomass, however, to guarantee the optimal design of the processes, 4
different scenarios are presented for each scheme that integrate plant design and energy
integration heuristics. For the evaluation of the biorefineries, an energy analysis is performed,
based on the results of the process simulation. The sustainability of the biorefineries is
evaluated using the life cycle analysis method. From the study, a methodology for the design
and evaluation of biorefineries as sustainable alternatives for the treatment of biomass and
generation of biofuels is shown. Methodology and simulation designs that can be applied in
the biorefinery field to different case studies.
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1.INTRODUCTION

Recent studies and biorefinery approaches for biomass valorization have focused on
reported yields for the different bioprocesses and thermochemical processes. However,
rigorous studies of production and energy efficiencies to justify the biorefinery design models
are not found in the literature. Therefore, experimental processes and/or simulation models

must be developed in biorefinery schemes to evaluate them technically and environmentally.

The validation of the mathematical models from the experimental perspective is
particularly necessary for bioprocesses, since process yields depend on the characterization of
the residual biomass. Therefore, this chapter presents materials, and methods for the
experimental development of anaerobic digestion and dark fermentation for the treatment of
blends of the three biomasses under study (coffee mucilage, cocoa mucilage, and swine
manure), followed by the implementation of the ADM1 mathematical model in simulation,
the validation of the model, and the study of Colombia's energy potential from the

bioprocesses.

Following the development and optimization of the bioprocesses, the materials, and
methods for the development of the simulation of the separation, reforming, and synthesis
processes that allow the valorization of the biogas obtained from the bioprocesses and the
formulation of biorefinery schemes are presented. The process integration approach focuses
on the biorefinery optimization, increasing the biogas production and minimizing the impact
produced by the greenhouse gas emissions. For the evaluation, the steps of mass yield
analysis, life cycle assessment, pinch analysis and energy yield are detailed at the end of this

Chapter.
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2.EXPERIMENTAL SET-UP OF THE
BIO-PROCESS

This first section of Chapter Il describes the experimental design for the hydrogen and
methane production from the dark fermentation (DF) and anaerobic digestion (AD)
processes. The experiments were carried out at Colombian Universities (Universidad EAN,
Universidad Cooperativa de Colombia and Universidad Santo Tomas). Swine manure was
collected directly from the pig sheds of the Marengo agricultural center of the National
University of Colombia. Pig farms usually wash the sheds, obtaining a liquid residual
biomass, so the manure was worked in dilution for the study. The coffee mucilage was
collected after the process of coffee grinding and before preserving it in the freezer, it was
sieved to remove large particles, leaving only the soluble phase. The cocoa mucilage, on the
other hand, was extracted directly from the fruit through a manual operation and then
preserved frozen. These last two residues, due to their high sugar content, required a strictly

low temperature to be maintained throughout the collection and treatment process.

1.10 Experimental design

The design was proposed considering the volume of H» as dependent variable for dark
fermentation, and the volume of CH4 as dependent variable for anaerobic digestion. The
independent variables proposed for the two biological processes were the coffee mucilage to
cocoa mucilage ratio (CFM:CCM), the carbon to nitrogen ratio (C/N), and the substrate
concentration (gCOD/L) of each blend, all evaluated at three levels, low (denoted as -1),
midpoint or medium (denoted as 0) and high (denoted as +1). In the ratio of substrates, coffee
and cocoa mucilage prevailed as carbon sources, while swine manure was the nitrogen
source. The chemical oxygen demand concentration was used to study the response to low,
medium, and high concentration blends. Finally, the C/N ratio sought to associate the
response to the stability of the process, the most typical values reported are between 20-30
C/N (Carotenuto et al., 2020), given that high carbon and/or nitrogen contents can affect the
dynamics of the microorganisms. The experiments were carried out in triplicate and in cases
where operational problems or uncertainty in the results were encountered, the experiments

were repeated.
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A Box-Behnken design (Table 10), based on the three independent parameters already
mentioned above, was used to determine the number of blends for the comparative
experiments: (i) the dried mass ratio between CFM and CCM (CFM:CCM ratio), (ii) the
mass ratio of C to N (C/N ratio), and (iii) the total organic load. For each parameter, three
levels were considered: the CFM:CCM ratios were 3:1, 1:1, and 1:3; the C/N ratios were 25,
35, and 45; and the organic loads, based on chemical oxygen demand (COD), were 2, 5, and
8 gCOD-I"t. SM was used as N rich substrate to set the C/N ratio of each blend. Then,
distilled water was added to set the COD concentrations of each blend.

Table 10 Total organic loads, CFM:CCM dried mass ratios, and C/N mass ratios of the different blends used for
laboratory experiments of AD and DF.

Organic load Substrates ratio

Blend C/N ratio
gCoD-I* CFM:CCM
1 2 3:1 35
2 2 1:3 35
3 8 3:1 35
4 8 1:3 35
5 5 31 25
6 5 1:3 25
7 5 3:1 45
8 5 1:3 45
9 2 1:1 25
10 8 1:1 25
11 2 1:1 45
12 8 1:1 45
13 5 1:1 35

The experiments were carried out in a thermostatized bath with a temperature control
system and a volume displacement system for the measurement of biogas (methane and/or
hydrogen) from each mixture, using a NaOH solution (pH > 10) as a CO> trap. The
experiments were carried out in 250 mL bottles with a total working volume of 200 mL
(Figure 26).
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The inoculum originally used was from a mixed culture of the anaerobic wastewater
treatment plant of the Alpina company, in this type of culture there are both hydrogen-
consuming and hydrogen-producing microorganisms. For this reason, the inoculum was heat
pretreated (90°C at 30 min, followed by cooling with ice) to eliminate hydrogen consuming
microorganisms such as methanogenic archaea, which are unable to sporulate at high
temperature conditions. The inoculum used for each bottle was 20.62 ml and distilled water
was used to complete the total working volume. However, as the inoculum came from a
bioreactor. Two reactors, hereafter referred to as "blanks", containing a dilution of the
inoculum were set up and the production of methane and hydrogen was monitored. The
biogas produced from each blank reactor was subtracted from each of the experimental
reactors. Assuming that it corresponded to methane or hydrogen production according to the
process (AD or DF respectively).

The bottles were placed on a thermostable plate under mesophilic conditions (35°C) and a
buffer solution (10 ml) was added to maintain the pH condition of 5.5 for dark fermentation.

All bottles were sealed with rubber and silicone stoppers.

Temperature controlled bath
Bioreactors (3)
Bottles with 0.5 M NaOH ™ g
Biogas collection bottles

““ﬁ | i

Figure 26 Experimental set-up of AD and DF bioprocesses for methane and hydrogen production with volume
displacement and biogas collection (Ochoa et al., 2021; Rangel et al., 2021).

-l A\ s

The duration of the tests was between 10 and 20 days for AD, and between 5 and 12 days
for DF experiments following the optimum production yield value reported in the literature.
(Gao et al., 2021; Qi et al., 2021; Qu et al., 2021). The experimental biogas yields (mL CHs-g
COD and mL Hz-g COD for AD and DF, respectively) were calculated based on the
cumulated volume of biogas produced from each experiment. All the tests were performed in

triplicate and average biogas yields were determined for each experimental condition.
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The residual biomasses selected for this study were coffee mucilage (CFM), cocoa
mucilage (CCM) and swine manure (SM), which are related to the most relevant agro-
industrial activities in Colombia. Methanogenic granulated sludge was obtained from the
Alpina S.A. sewage plant in Sopo, Cundinamarca (Colombia) and used as inoculum. Cocoa
mucilage was collected from a medium-scale farm during the processing of the fruit into
cocoa beans. Swine manure was obtained from the Centro de Investigacion Agricola
Marengo (C.A.M.) of the Universidad Nacional de Colombia located in Mosquera -
Cundinamarca and coffee mucilage was collected during the mechanical demucilagination
process in a farm located in Cundinamarca. These residues were studied as a substrate. The
biogas was collected continuously in the collection system (Tedlar® bags). The system

allowed to maintain pH and temperature conditions before its analysis.

1.11 Analytical methods

1.11.1 Biomass characterization

The biomass characterization was carried out partially in the research group's laboratory,
while another part of the biomass was sent to a private laboratory to obtain the results of its
characterization. It is important to note that characterization was not carried out for all the
tests performed. In order to use the simulation, it was necessary to perform an initial

characterization of the biomass at the beginning of each experiment.

Total volatile solids (TVS) and total organic load (COD) of the samples were determined
by standard methods (APHA 2005). Total carbohydrate (glucose and xylose), cellulose,
hemicellulose, lignin, and protein were determined by high performance liquid
chromatography (HPLC), by using a chromatographer Agilent Model 1200 (Agilent
Technology, USA). Total organic carbon (C) was determined by the Walkley Black titration
method according to the Colombian technical norm NTC 5167 (2003). Total organic nitrogen
(N) and total organic sulfur (S) were determined after acid digestion according to the
Kjeldahl method and to the barium sulfate precipitation method, respectively. Then, oxygen

(O) and hydrogen (H) contents were estimated stoichiometrically.
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1.11.2 Gas analysis

As the experiments were set up with a biogas collection system (Tedlar® bags). One litter
from a NaOH solution 1M (pH > 10) was used as carbon dioxide gas (CO>) trap and,
therefore, it is assumed that the displaced gas only corresponds to CH4 in AD process and H»

in DF process.

1.12 Experimental Biogas production yields

The daily biogas volume measurement allowed to obtain the total volume of biogas
produced at the end of the experiment. In the two processes, for the thirteen proposed blends,

the volume of biogas was measured with respect to the initial organic load.

For the anaerobic digestion process, the total methane production was measured, following
the equation (Eq. 1), where ml CHa is the volume of methane produced per unit of volume
(ml) and the chemical oxygen demand (COD) the total organic content of the blend per unit
of volume (g COD).

Yield,, = % Eq. 1

For the dark fermentation process, the total hydrogen production was measured, following
the equation (Eq. 2), where ml Hz is the volume of hydrogen produced per unit of volume
(ml) and COD the total organic content of the blend per unit of volume (g COD).

Yieldyr = ;"Cl:;i Eq. 2
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3.SIMULATION MODEL
DEVELOPMENT AND EVALUATION

1.13.1 Components and properties specifications

The simulation includes 63 components (Table 11) of which 60 are declared as

conventional components and only 3 as pseudocomponents (proteins, insoluble proteins, and

inert components). The physicochemical properties among the compounds were calculated

with the Soave-Redlich-Kwong method (SRK-based method). Additionally, properties were

calculated with the NRTL and IDEAL methods. The process simulation to evaluate the mass

and energy balance was carried out in the simulation software Aspen Plus V11. In all cases

the simulation compounds were only considered in liquid and gas phases.

Table 11 Selected components specifications

Component Componen
1D Component name Alias tiD Component name Alias
1 WATER WATER H20 32 PROLINE PROLINE C5HINO2-N8
HYDROG
2 GLYCEROL  GLYCEROL C3H803 33 EN HYDROGEN H2
METHAN
3 OLEIC-AC OLEIC-ACID C18H3402 34 E METHANE CH4
4 DEXTROSE DEXTROSE C6H1206 35 INDOLE INDOLE C8H7N
FROMAM
5 ACETI-AC ACETIC-ACID C2H402-1 36 ID FORMAMIDE CH3NO
HYDROGEN-
6 PROPI-01 PROPIONIC-ACID C3H602-1 37 H2S SULFIDE H2S
METHYL-
7 1ISOBU-01 ISOBUTYRIC-ACID C4H802-4 38 CH4s MERCAPTAN CH4S
8 ISOVA-01 ISOVALERIC-ACID C5H1002-D3 39 BENZENE BENZENE C6H6
9 H+ H+ H+ 40 PHENOL PHENOL C6H60
10 OH- OH- OH- 41 H2CO3 CARBONIC-ACID H2CO3
11 NH3 AMMONIA H3N 42 HCO3- HCO3- HCO3-
12 NH4+ NH4+ NH4+ 43 CO03-2 CO3-- C03-2
13 CO2 CARBON-DIOXIDE CO2 44 HS- HS- HS-
ETHYL- CELLULO
14 C5H7NO2 CYANOACETATE C5H7NO2 45 S CELLULOSE CELLULOSE
15 ARGININE ARGININE C6H14N402- 46 HEMECE GLUTARIC-ACID C5H804
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16

17

18

19

20

21
22

23

24
25

26

27

28

29

30

31

HISTIDIN

LYSINE

TYROSINE

TRYPTOPH

PHENYLAL

CYSTEINE
METHIONI

THREONIN

SERINE
LEUCINE

ISOLEUCI

VALINE

GLUTAMIC

ASPARTIC

GLYCINE

ALANINE

HISTIDINE-E-2

LYSINE

TYROSINE

TRYPTOPHAN

L-PHENYLALANINE

CYSTEINE-E-2
METHIONINE

THREONINE

SERINE
LEUCINE

ISOLEUCINE

VALINE

L-GLUTAMIC-ACID

ASPARTIC-ACID

GLYCINE

ALANINE

N2
C6H8N302-E

C6H14N202

C9H11NO3

C11H12N202

C9H11NO2

C3H6NO2S-E
C5H11NO2S

C4HONO3

C3H7NO3
C6H13NO2

C6H13NO2-1

C5H11INO2

C5HINO4

C4H7TNO4

C2H5NO2-D1

C3H7NO2

47

48

49

50

51

52
53

54

55
56

57

58

59

60

61

62

63
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LL
GLUCOSE
TRIOLEI
N
TRIPALM
PALM

SN-1--01

SN-1--02
XYLOSE
FURFURA
L
LINOLEI
C
STARCH
ETHANO
L
PROTEIN
*

INS-
PROT*
ACETATE
INERT*
CARBO-
01
METHA-
01

DEXTROSE

TRIOLEIN
TRIPALMITIN
1-HEXADECANOL
SN-1-PALMITO-2-
OLEIN
SN-1-PALMITO-2-
LINOLEIN
D-XYLOSE

FURFURAL

LINOLEIC-ACID
CELLULOSE

ETHANOL

CH3COO-

CARBON-
MONOXIDE

METHANOL

C6H1206

C57H10406
C51H9806
C16H340

C37H7005-1

C37H6805-1
C5H1005

C5H402

C18H3202
CELLULOSE

C2H60-2
C13H2507N3
S
C4.39H8NO2.
1

CH3COO-
INERT

Co

CH40

* Pseudocomponent

The pseudo components were calculated with the ASPEN property’s method with the

following properties (Table 12):

Table 12 Pseudocomponents properties included in Aspen Plus

Component Average NBP (K)  Gravity Density (kg/cum) Molecular weight
PROTEIN 343.15 1430 367.42
INS-PROT 343.15 1430 116.3949
INERT 1000 3000 100

1.13.2 Anaerobic digestion and dark fermentation

A maximum of three units were used in Aspen Plus to simulate all stages of the biological

processes (Figure 27). The first unit is a stoichiometric reactor (RStoic) that simulates the

hydrolysis stage for both the AD and DF processes. It calculates the mass flows for

carbohydrates, proteins, and fats based on the hydrolysis reactions and fractional conversions

(Table 13) (Rajendran et al., 2014).
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Table 13 Hydrolysis reaction included in AD and DF simulations

Fractional conversion

No. Compound Hydrolysis reaction of reactants
L Cellulose (CeH1005)n + Hy0 = n CgHy406 0.4+ 0.2
2 Cellulose CeHy1o0s + H,0 > 2C,Hg0 + 2C0, 05+ 0.1
3 Hemicellulose CsHgO, + H,0 = 2.5C,H,0, 05+ 0.2
4 Hemicellulose CsHgO, + H,0 = C5H;(05 05+0.1
5 Protein Cy3H505N5S + 6H,0 — 6.5C0, + 6.5CH, + 3H3N + H,S 0.6 +0.3
7 Tripalmate Cs1HogOg + 8.436H,0 — 4C3Hg0;3 + 2.43C15Hz40 0.6 +0.3
Carbohydrates Proteins Fats Water
v
RStoic g RStoic g Anaerobic digestion
Hydrolysis Hydrolysis
[ ] Dark fermentation
CSTR : CSTR
Amino-acid :
degradation i F | eortran code
] Amino-acid
Acidogenesis degradation
Ftn RStoic Based on reactants
Acetogenesis Fermentation fractional conversion
: Scale 0.0-1.0
Methanogenesis D
' CSTR Based on kinetics
RStoic gy reaction and operational
Hom oacetogenesis conditions (Time
retention and Phase
Y + volume fraction)
Y h 4
Biogas Digestate

Figure 27 Block diagram of simulated processes in Aspen Plus

The second unit is a continuous stirred tank reactor (CSTR) for both the AD and DF
processes. The CSTR was selected following the most common operating mode of AD and
DF reactors in the literature (Adarme et al., 2017; Barca et al., 2015; Neshat et al., 2017;
Rajesh Banu et al., 2020b). The CSTR simulates the processes of amino acid degradation,

acidogenesis, acetogenesis and methanogenesis for AD, and amino acid degradation and
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fermentation for DF (Figure 27 Block diagram of simulated processes in Aspen Plus). A set
of 42 reactions was used to describe the main metabolic pathways associated with the
bioconversions for the AD and DF processes (Rajendran et al., 2014). The compounds for the
amino acid degradation, acidogenic, acetogenic, methanogenic, and fermentation reactions
included in the simulation models for AD and DF processes come from the feed substrates
and/or from the hydrolysis stage. Table 14 shows the kinetic reactions supposed to follow
first-order kinetics (Angelidaki et al., 1999). Simulations were performed according to the
process simulation model (PSM) proposed by (Rajendran et al., 2014).
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Table 14 Amino acid degradation, acidogenic, acetogenic, methanogenic, and fermentation reactions included in
the simulation models for AD and DF processes (The enumeration of the reactions continues from the hydrolysis
reactions, Table 13).

Rxn Compound Stoichiometry Pre- AD DF
No. exponential
factor
[=]s*
Amino acid degradation reactions
8 Glycine C,HsNO, + H, » C,H,0, + NH;4 1.28%107°2 X X
9 Threonine C4HsNO3 + H2 - C,H,0, + 0.5 C4,HgO, + NH; 1.28%107°2 X X
10 Histidine C¢HgN30, +4 H,0 + 0.5H2 — CH3NO + C,H,0, + 1.28 % 10702 X X
0.5 C4HgO, + 2 NH; + CO,
11 Arginine Ce¢H14N,0 + 3H,0 +H2 - 0.5 C,H,0, + 0.5C3Hg0, +  1.28 10702 X X
0.5 C5H100, + 4 H3N + CO,
12 Proline CsHgNO, + H,0 + H, = 0.5 C;H,0 + 0.5 C3Hg0, + 1.28 % 10702 X X
0.5 CsH100, + H3N
13 Methionine C5H;1NO,S + 2 H,0 — C3Hg0, + CO, + HsN + H, + 1.28 % 10702 X X
CH,S
14 Serine C3H,NO3 + H,0 - C,H,0, + H3N + CO, + H, 1.28 % 10702 X X
15 Threonine C4HoNO3 + H,0 - C3HgO0, + H3N + H, + CO, 1.28 x 10792 X X
16 Aspartic acid C,H,NO4 + 2 H,0 - C;H,0, + H3N+ 2 CO, + 2 H, 1.28 % 10702 X X
17 Glutamicacid  CsH¢NO,4 + H,0 - C,H,0, + 0.5 C,HgO, + H3N + CO, 1.28 % 10702 X X
18 Glutamic acid ~ CsHgNO4 + 2 H,0 - 2 C,H,40, + H3N + CO, + H, 1.28+107°2 X X
19 Histidine C¢HgN30, + 5 H,0 - CH3NO + 2 C,H,0, + 2 H3N + 1.28 % 10702 X X
CO, +0.5H,
20 Arginine C¢H14N,O, + 6 H,0 » 2 C,H,0, + 4 H3N 4+ 2 CO, + 1.28 10702 X X
3H,
21 Lysine C¢H14N,0, + 2 H,0 - C,H,0, + C,HgO, + 2 H3N 1.28 % 10702 X X
22 Leucine C¢H13NO;, + 2 H,0 » C5Hy00, + H3N 4+ CO, + 2 H, 1.28 10792 X X
23 Isoleucine Ce¢H13NO, + 2 H,0 — CgHy g0, + H3N + CO, + 2 H, 1.28 x 10792 X X
24 Valine CsH;;NO, + 2 H,0 — C,HgO, + H3 + CO, + 2 H, 1.28 % 10702 X X
25 Phenyalanine ~ CgH;;NO; + 2 H,0 — C¢Hg + C,H,0, + H3N + CO, + 1.28 % 10702 X X
H,
26 Tyrosine CoH11NO3z + 2 H,0 - C¢HgO + C,H,0, + H3N + CO, + 1.28 x 10792 X X
H,
27 Typtophan Cy1H;,N,0, + 2 H,0 - CgH,N + C,H,0, + H3N + 1.28+107°2 X X
CO, +H,
28 Glycine C,HsNO, + 0,5 H,0 - 0.75 C,H,0, + H3N + 0.5 CO, 1.28 * 10792 X X
29 Alanine C3H,NO, + 2 H,0 - C,H,0, + H3N 4+ CO, + 2 H, 1.28 * 10792 X X
30 Cysteine C3HgNO,S + 2 H,0 — C,H,0, + H3N 4+ CO, + 0.5 H;, + 1.28 10702 X X
H,S
Acidogenic reactions
31 Dextrose C¢H1,06 +0.1115 H3N — 0.1115 CsH,NO, + 9.54 % 10703 X
0.744 C;H,0, + 0.5 C3H¢0, + 0.4409 C,Hg0, +
0.6909 CO, + 1.0254 H,0
32 Glycerol C3HgO3 + 0.4071 H3N + 0.0291 CO, + 0.0005 H, — 1.01 % 10702 X
0.04071 C5H,NO, + 0.94185 C3H¢0, + 1.09308 H,0
Acetogenic reactions
33 Propionic acid  C3Hg0, + 0.06198 H; + 0.314336 H,0 — 1.95%10797 X
0.06198 C5H,NO, + 0.9345 C,H,0, + 0.660412 CH, +
0.160688 CO, + 0.00055 H,
34 Isobutyric 4HgO, + 0.0653 H3 + 0.8038 H,0 + 0.0006 H, + 5.88 x 10796 X
acid 0.5543 CO, — 0.0653 CsH,NO, + 1.8909 C,H,0, +
0.446 CH,
35 Isovaleric CsH100, + 0.0653 H3N + 0.5543 CO, + 0.8044 H,0 — 3.01 10708 X
acid 0.0653 CsH,NO, + 0.8912 C,H,0, + C3Hg0, +
0.4454 CH, + 0.0006 H,
36 Linoleic acid C1gH3,0, + 15.356 H,0 + 0.482 CO, + 0.1701 H3N — 3.64 x 10712 X
0.1701 CsH,NO, + 9.02 C,H,0, + 10.0723 H,
Methanogenic reactions
37 Acetic acid C,H,40, + 0.022 H3N - 0.022 CsH;NO, + 0.945 CH, + 2.39 %1073 X
0.066 H,0 + 0.945 CO,
38 Hydrogen 14.4976 H, + 3.8334 CO, + 0.0836 H3N — 2.39 %1073 X

0.0836 CsH;NO, + 3.4154 CH, + 7.4996 H,0
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Fermentation reactions

39 Dextrose
40 Dextrose
41 Dextrose

CeHy,06 + 2H, O - 2CH; COOH + 4H, + 2C0, 2 %1002 X
CeH;,04 — CH3CH,CH,COOH + 2H, + 2C0, 210702 X
C¢Hy,04 — 2CH;CH,0H + 2C0, 2 %1002 X

PSM model is based on the ADM1, and it includes ammonia inhibition on the calculations

of the kinetic constants for the conversion reactions, thus according to the anaerobic model of

Angelidaki et al. (1993 and 1999). The model also takes into account variables such as pH

and temperature to the calculations of the kinetic constants by correlation functions, as

presented by previous studies (Serrano, 2010; Siegrist et al., 1993; Vavilin et al., 1994). All

these correlation functions were developed through calculator blocks available in Aspen Plus.
Each calculator block had a FORTRAN code to determine the kinetic constants of the

conversion reactions. In addition, for DF process a calculator block was integrated in the

model to establish the restriction of hydrogen gas production yield from carbohydrates within

the values 1 to 4 mol Hz-mol hexose™, where 4 is the maximum stoichiometric yield
(Alexandropoulou et al., 2018).

Table 15 Kinetics rate equations from Angelidaki’'s model are mixed with the extra kinetic equations from AMD1
in order to find the most complete kinetic expression.

Conversion Ec. # Kinetic equation Reaction No.
Acidogenic
1 1
glucose Ec.1 U= e (T) <1+ " ) ( LT ) <1 TLEFA] ) F(pH) 31
[(c6H1005),] VT-NHg] KlLCFA

degrading step:

Lypolytic step:
Ec. 2
Amino-acid
. Ec.3
degrading step:
LCFA acetogenic
Ec. 4
step:
VFA
ropionate,
(prop Ec.5
butyrate
acetogenic step:
Aceticlastic
methanogenic Ec.6
step:
Hydrogen
ydrog Ec. 7
utilizing step:
pH effect: Ec. 8
Ec.9

B = Hmax(T)| £

B = P (T) ( ) ( T > <1+ TLCFA] ) F(pH) 32
[GTO} [T—NH3 KiLcFa

) F(pH) 8-30

33, 36

B = Minax(T) 34,35

B = Pinax(T) ( [LCFA] K:LCFA)( Ks,NH3 ) F(pH)
Kz LCFA  [LCFA] [1 NH3]
1 1 1
F(pH)
Ks, [HAc] [LCFA]
( [A] ) ( [T ZZ3]> <1+K1 HAc> (1 Kl LEFA) <1+K,::4T)>

p=p (T)( )( : ) ; ( )F(pH) 37
max Ks(T) Ky, [LCFA]
1+[HAC] 1+ [T x:s] 1+:£7:,’,3,]3 1+ KiLcFa

1= Py (T) ( KS(T))

[He]

1+2+100-5®K1~PKp)
FpH) = £ o soweeom

Lower and upper inhibition [ADM1]

_ 2
L))
pH >pHy, |l =1
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Types of  Free ammonia and hydrogen inhibition
inhibition: Non competitive inhibition;

Secondary substrate inhibition (5-12):

“Where: S is the substrate for insoluble carbohydrates or for the insoluble proteins; k is the reaction rate; Rs is the substrate utilization rate; pmax(T) is the
temperature-dependent maxim specific growth rate; Ki is the half-saturation constant; Ks, NHs is the half saturation constant for total ammonia; [T-NHs] is the
total ammonia concentration; Ki denotes inhibition constants. F(pH) is the pH growth-modulating function.” Kinetic rate calculation [green Angelidaki’s model

and blue ADM1]
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Group pmax EA Ks m*? Ksnns® K m*2 Kitcra  Kinz m*? pHLL  pHuL
(d) (I/mol)  (g/L) (o) (L) (o) (9L)
Glucose 51 -35616 0,5 0,025 0,05 5,0° - 55% 4%
acidogens 70 (glc)
Lipolytic 0,53 0,01 0,05 5,0° - 55% 4%
(GTO)
LCFA- 0,55 -21472 0,02 0 0,05 5,0¢ 5,0E- -25E-7 55* 4%
degraders 10 (ol.) 06
Amino-acid 6,38 -14143 0.3 0 - 55% 4%
degraders 70 (aa.)
Propionate 0,49 -18108 0,259 0,01 0,05 0,96 5,0° 1,0E- 3,25E-  55*  4*!
degraders 20 (HPr) (Hac) 05 7
Butyrate 0,67 -17043 0,176 0,01 0,05 0,72 5,0° 3,0E- 1E-6 55% 4%
degraders 30 (HBt) (Hac) 05
Valerate 0,69 -17043 0,175 0,01 0,05 0,40 5,0°¢ 3,0E- 1E-6 5,5%1 4!
degraders 30 (Val) (Hac) 05
Methanogen 0,60 -29136 0,120 75E-3 0,05 0,26 782E- 5,0° - 6 7
16 (Hac) (NH3) 3
Hydrogen 35 0 5,0E- 215E- - 5 6
utilizing step 05 6
(H2)

*1Are only low-pH inhibition.

*2 “m” is the temperature dependence constant of [KT=m*(T-35) +KT=35°C], its calculations are found in appendices as Activation energy calculations.
CNoncompetitive inhibition

YHaldane-type inhibition

¢Estimated from data published by Hashimoto et al., 1981; Hashimoto, 1983; Angelidaki and Ahring, 1993; Angelidaki and Ahring, 1994.

The third unit was developed and applied for the DF process to simulate the
homoacetogenic stage, which involves the consumption of hydrogen (H2) and carbon dioxide
(CO2) gas (Eg. 3) (Saady, 2013).

4H, + 2C0, - CH;COOH + 2H,0 AG® = -104.0 kd/mol Eq. 3

H> consumption by homoacetogenesis usually increases by increasing the mass transfer
limitation of H> from the liquid to the gas phase (Saady, 2013). In this study, the minimum
conversion rates reported in the literature (Saady, 2013) were considered to simulate low
mass transfer limitation conditions in the DF reactors. According to this, homoacetogenesis is
carried out in an Rstoic block with a conversion factor of 0.1 £ 0.1, as a function of the H>
and CO» composition of the biogas produced during the fermentation step. The methanogenic
stage controls the Hz concentration as H is consumed by hydrogentrophic methanogenesis
(pathway n° 38, Table 14). Therefore, the homoacetogenic stage is discarded for the AD

process.
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1.13.3 Process simulation

Simulation of the biological processes of AD and DF was performed in Aspen Plus V9
software, the Soave-Redlich-Kwong (SRK) method was chosen as it correlates and calculates
the mole fractions and activity coefficients. In addition, the SRK model is suitable for vapor-
liquid equilibrium (VLE) (Madeira et al., 2017b). The biogas production performances of
each substrates blend (Table 10) were further simulated at three different process schemes:
anaerobic digestion (AD), dark fermentation (DF) and dark fermentation followed by
anaerobic digestion (ADF). The main objective was to identify the most suitable blends and
process schemes, to produce biogas or a specific gas (CH4, Hz, CO2), using a comparative
simulation approach, thus taking into account relevant factors such as the C/N ratio and the
organic load of the feed. Indeed, previous studies have already shown that these factors may
significantly affect biogas production performance (Kovalovszki et al., 2017; Mosquera et al.,
2020; Xie et al., 2016; Zhang et al., 2014). All the simulations were performed at 35 °C and
0.1 Mpa, and according to hydraulic retention times of 20 and 10 days for AD and DF,
respectively.

For each simulation in Aspen Plus, the carbohydrates, proteins, fats, and water mass
fractions of the feed substrate were included in the reactor inlet stream. The volumetric
biogas production rates were calculated based on the mass amount of methane (CHa),
hydrogen (H2), and carbon dioxide (CO.), and on the density of each compound at standard
conditions (0.716 kg CHa-m3; and 0.09 kg H2-m3, at 25 °C and 0.1 Mpa). Then, the biogas

yields (mL biogas-g COD™) were calculated to assess the biogas production performance.

Finally, the validation of the AD and DF models was carried out by a graphic correlation
of CHa production yields for AD and H- production yields for DF (mL-g COD) simulated
and those resulted from batch laboratory tests that aimed at evaluating the biogas production
potential of different blends of CFM, CCM, and SM.

Valdif = Ysim Eq 4

Yexp

91



Chapter Il. Materials and Methods
Simulation Model Development and Evaluation

1.13.4 Assessment of energy recovery potential in
Colombia

The energy recovery potential in Colombia was based on residual biomass production data
of 26 departments (out of the 32 Colombian departments) according to the agricultural
production reports of the National Department of Statistics, the Colombian Institute of
Agriculture, and the National Pork Producers Association (DANE, 2020). A factor of 0.75
was used to estimate the CFM and CCM effectively available (Senol, 2019), thus assuming
25% of losses in their collection. In addition, the SM availability was calculated as the 75%
of the total SM from technical farms (ICA, 2018). Once the availability of CFM, CCM and
SM was established, the annual total was divided as daily flow and the ADF process was
simulated for each department. The inlet organic load of 26 gCOD-I"* was used as input value
for all the departments simulations based on the COD concentration of the substrates (Table
24, section 1.17) and their total available amounts for each department (Table 6).
Temperatures and heat duties, from the results of ADF simulations, were analyzed and
gathered to perform the heat integration procedure, according to the pinch method, thus
considering the minimum approach temperature Atmin of 3 °C. Heat transfer from the
effluents was integrated in the calculations by considering their cooling down to a
temperature of 25 °C (Abdou Alio et al., 2021).

For each department, the total daily masses of inlet substrate Msubstrate (CCM, CFM, SM)
(kg-day™), outlet biogas Mbpiogas (NH3, CO2, Hz, CHa, H2S) (kg-day™), and outlet digestate
Muigestate (Propionate, butyrate, ethanol, benzene, acetate, furfural, residual carbohydrates, and
proteins) (kg-day™), were calculated based on the results from simulations. Then, total input
power Pinput (MJ-day™?), substrate power Psubstrate (MJ-day™), biogas power Ppiogas (MI-day™?),
and digestate power Pgigestate (MJ-day™) were determined by equations (5-8), respectively,
where LHV is the related lower heating value (MJ/kg) and Pprocess (MJ-day™) represents the
energy flow required to heat the feedstock, since the ADM1 model does not show association
with the heat of reaction calculation and the ADF reactor energy data does not show
consistency with the bioprocesses (it does not take into account cell growth and other factors

that maintain the reactor temperature without additional energy requirements).

Eqg. 5

Pinput = Psubstrate + Pprocess

92



Chapter Il. Materials and Methods
Simulation Model Development and Evaluation

Psubstrate = Msypstrate LHVsubstrate Eq' 6
Pbiogas = Mbiogas ) LHVbiogas Eq. 7
Pdigestate = Mdigestate ) LHVdigestate Eq- 8

The energy recovery potentials E (toe) from biogas and digestate by ADF process were
calculated using equations (9) and (10), respectively, where d represents the days of the year
(365) and fe represent the conversion factor ton of oil equivalent per Joule (2.388°10
toe/MJ).

Ebiogas = Pbiogas d - fg Eqg.9
Edigestate = Pdigestate d- fg Eq. 10

The energy recovery yields for biogas (CH4 and H2) nbiogas (%), digestate ndigestate (%), and

total energy recovery nwta (%) were calculated by equation (11-13), respectively.

Noi — Ppiogas Eq 11
togas
9 Pinput
_ Paigestate Eq 12
77digestate' - p.
input
_ PriogastPdigestate Eq 13
Ntotal = P:
input

Finally, a sensitivity analysis of the ADF model was made to assess the effect of nine
different organic loads (from 2 to 26 gCOD-I) on the total energy recovery yields niota (%)
for the five departments with the highest production of coffee, cocoa, and pork (Antioquia,

Boyaca, Cundinamarca, Meta, and Santander).

1.14 Conceptual biorefinery design

As it was presented the conclusion from the theoretical study, shows a superstructure with
different possible routes for products and by-products, and from which it is possible to
optimize production for different biorefinery schemes. The purpose of the conceptual study
of the processes is to identify the treatment and evaluation trend for biogas and digestate

produced after the bioprocesses and the definition of the processes to be carried out in the

93



Chapter Il. Materials and Methods
Simulation Model Development and Evaluation

biorefinery schemes to be proposed as an alternative in the agroindustry applied to the
department of Santander. Indeed, the department of Santander presents two important
characteristics in the study. The first is that the current availability is close to one of the
blends proposed for laboratory validation, showing a balanced relationship between swine
manure and coffee and cocoa mucilage’s. The second is that it is the department with the

highest cocoa production and the highest coffee production growth.

Based on the two bioprocesses studied, the liquid and solid separation, thermochemical,
gas separation and purification, physicochemical, and synthesis or by-product production
processes were evaluated conceptually. For the theoretical construction the following
parameters were taken into account: operational conditions (temperature, pressure, time
retention, kinetics), feed composition and moisture conditions for each process (Maximum
water concentration requirement or substrate C/N ratio for bioprocesses, H.O/CHya in the
reforming), required pretreatments (Preheating, dehydration, compression), yields and

previous studies.

1.15 Biorefinery models

Three biorefinery processes were simulated, considering the production of biogas (CH4
and Hy) as the main product, the synthesis of a new product, and the use of the digestate after
the bioprocesses, this with the purpose of comparing the energy and environmental efficiency
as a new proposal for waste treatment in a region. As a first process, the use of anaerobic
digestion and dark fermentation bioprocesses followed by refining is always contemplated.
Thus, the processes are aimed at the maximum production of the same product from the same

starting biomass.
The proposed schemes were designed to satisfy the following aspects:

- Objectives of the initial project funded by Colciencias (FP44842-38-2017 - —
contract 038-2017): development of models based on energy, by-products, and

materials recovery.
- Needs of the sector: exported products, energy requirements and waste treatment.

- Theoretical energy and economic efficiency reported for the by-products
(digestate).
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As it will be calculated after, a digestate with a water percentage higher than 98% is
obtained. This value prevents its direct treatment in thermochemical processes that require
percentages lower than 30% (Achinas et al., 2017).

1.15.1 Simulation model by processes

Following the hierarchy presented by Moncada et al. (2016), the two bioprocesses that
develop the main reactions of the process are initially presented, followed by separation and
purification processes. In order to improve the process, the following recycling are taken into
account. Additionally, reforming and synthesis processes are included to culminate with
energetic integration processes and evaluation of the utilities and schemes as shown in Figure
28.

@

Figure 28 Technique hierarchies for process design

Biorefinery schemes include physicochemical and thermochemical refining processes. The
information used for each of the processes used for the simulation of the three schemes is

presented below.

Biofilter

As shown in the first chapter, biofilters have obtained viable efficiencies for the separation
of undesirable gases (H2S, NHz and CO>). The simulation of the biofilters was based on the

reported efficiencies, without taking into account the interaction of the molecules, in other
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words, only the separation efficiency and loss of the gas of interest was considered. The
biofilter was simulated with the Sep block which combines one inlet stream and separates it
into two or more outlet streams (Das et al., 2019; Porté et al., 2019). The operating conditions

are:
e Temperature: 327.15 K
e Pressure: 101325 Pa
e Split fraction: NH3z = 0.98; H.S = 0.98

Considering that biogas leaves the bioreactors at 308.15 K, a preheating up to 54 °C was
carried out before entering the biofilter. Separation by Sep block only requires the percentage
of separation, established by the suppliers or the literature, in the model it is not possible to
integrate the interactions between molecules or sizing factors for future economic
calculations. However, the advantage is that the literature reports the gas separation
efficiency and the percentage of losses of the gas of interest of the currently used

technologies, properties adequate to simulate the process.

Pressure swing adsorption

As shown in the literature, pressure swing adsorption (PSA) is a process that complements
biofilters by removing the CO2 and NHs. Moreover, PSA is highly efficient in the separation
of H> gas. The PSA process works at high pressures and approximately 308.15 K.
Accordingly, a compressor must be installed prior to the separation process. The Mcompr
unit was used as a two-stage isentropic compressor. The pressure of the last stage was set to
30 atm and the same pressure rate in each step. For the calculation of the heat capacity the
rigorous method was chosen according to the literature (Puig-Gamero et al., 2018).

Subsequently, three separation units were simulated with the Sep model in the Aspen

flowsheet. The operating conditions of each of them are presented as follows:

Separator 1: its function is to remove the hydrogen present in the current flow (Klein et al.,
2018; Manish and Banerjee, 2008).

- Temperature: 308.15 K
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- Pressure: 3039750 Pa
- Split fraction: H2 = 0.95

Separator 2: its function is the methane purification, additional gases (CO2, NHz, H>) are
removed (Chen et al., 2015; Puig-Gamero et al., 2018; Ullah Khan et al., 2017).

- Temperature: 308.15 K
- Pressure: 3039750 Pa
- Split fraction: NHz = 0.9; CO2 = 0.9; H2 = 0.05; CH4 (loses)=0.09

Separator 3: the last separator has the function of obtaining pure methane as the main

product. This separator assumes perfect separation of the available methane.
- Temperature: 308.15 K
- Pressure: 3039750 Pa
- Split fraction: CHs =1

Reforming to H;

The reforming process was carried out in an Rgibbs reactor using as reference the
equations (11-13), presented in chapter 15 from (Smith et al., 2007) and in Khoshnoodi and
Lim (1997).

CH, + H,0 - CO + 3H, AH,o = 206.2 kJ /mol Eq. 14
CH, + CO, - 2C0 + 2H, AH,oq = 247.9 kJ /mol Eg. 15
CO + H20 - COZ + Hz AH298 = _41 k]/m0l Eq 16

The operational conditions were:

- Temperature: 1073.15 K
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- Pressure: 3000000 Pa
- Maximum number of fluid phases: 2 (including vapor phase)

- Calculation option: restrict chemical equilibrium- specify temperature approach or

reaction extents

- Process products: Hz, CO, CO2, CH4 and H:

Methanol synthesis

The methanol synthesis process is carried out at high temperatures and pressures and
based on the process presented by Puig-Gamero et al. (2018). For this reason, prior to the
reactor it is necessary to include a heat exchanger that increases the system temperature and

stream pressure, then a compressor and finally the reactor.
The heat exchanger was simulated with the following operational conditions:
e Temperature: 250 °C (523.15 K)
e Pressure: 5066250 Pa

The compressor was simulated with an isentropic compressor model compressor that
generates a discharge pressure of 6079500 Pa and increases the temperature up to 284.44 °C
(557.59 K).

Finally, a REquil at 220 °C (493.15 K) and 5.066x10° Pa was used for the synthesis
reactions. The reactions were linked in a stoichiometric way, as well as the heat of reaction as
shown following the Eq. 17 to Eq. 19 (Lee et al., 2020).
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1.15.2 Sensitivity analysis

During the literature review process, it was identified that the H, reforming and methanol
synthesis reactors are sensitive to operating conditions (pressure and temperature). Moreover,
depending on the conditions, the hydrogen and methanol production, CO, consumption and
energy consumption for each of the equipment is calculated. Additionally, design heuristic
No. 7 states: for competing series or parallel reactions, adjust temperature, pressure, and
catalyst to obtain high yields of the desired products. For the initial chemical distribution,
assume that these conditions can be satisfied: obtain kinetic data and test this assumption
before developing a base case design. Then, in the simulation of the two processes it is
necessary to perform a sensitivity analysis to define the optimal conditions under which the
process will be carried out. Table 17 shows the input and output variables in the sensitivity
analysis of the H> reforming process and Table 18 shows the input and output variables in the
sensitivity analysis of the methanol synthesis process. The advantage of the sensitivity
analysis is that it allows to evaluate the optimal operational conditions for maximum
hydrogen and methanol production and minimum energy consumption therefore improving

the final technical evaluation of the proposed biorefinery schemes.

Table 17 Model analysis tool; Sensitivity, Reforming reactor variables

Input Variable Property Process Unit Start point End No. of
point points
1 Temperature Reforming reactor °C 800 1000 21
2 Pressure atm 2 30 21
Output Variable Property Process Unit
H, OUT Flow Reforming reactor I/day
coouT Flow outline I/day
R103ENER Net duty Reforming reactor MW
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Table 18 Model analysis tool; Sensitivity, Methanol synthesis reactor variables

Input Variable Property Process Unit  Startpoint  End No. of
point points
1 Temperature Methanol syntesis reactor °C 220 300 9
2 Pressure atm 50 100 11
Output Variable Property Process Unit
CO OUTRX Mole-Flow Methanol syntesis kmol/day
CO; OUTRX Mole-Flow reactor outline kmol/hr
Hz IN H> Mole-Flow Methanol syntesis kmol/hr
CO: IN CO2 Mole-Flow reactor inline kmol/hr
COIN CO Mole-Flow kmol/hr
METOL OUT METHANOL Mole-Flow All schema (Total kmol/hr
coouTt CO Mole-Flow production) kmol/hr
CO, OUT CO; Mole-Flow kmol/hr
H> PROD H> Mole-Flow kmol/hr
QE107 Net duty Methanol syntesis MW
reactor

The values of the sensitivity analysis allow to obtain the performance of carbon dioxide
consumption and carbon monoxide generation. These results allow to treat the data and to
compare with previous studies. The following equations (20 and 21) were used to calculate

the yields of CO, and CO conversion, respectively.

Yo = (CO, IN-CO, OUTRX)*100 Eqg. 20
€Oz €0, IN

Yoo = (CO IN-CO OUTRX)*100 Eq. 21
o~ COIN

1.15.3 Biorefinery schemes

In this section the three simulated schemes and the stream ratios in them are shown. The
operational properties of for each unit of process are described in Section 1.15.1. For all the
schemes presented below, the models in Aspen Plus are built for the bioprocess and gas
treatment section. The digestate treatment process was only considered theoretically for the
life cycle analysis. In other words, although digestate treatments are represented in the

diagrams, they were not simulated.
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Biorefinery scheme No. 1

The first scheme (scheme No. 1) aims at producing methane and hydrogen as products and
digestate (liquid phase) as by-product. It is composed of an initial mixer of biomass,
inoculum, and water, two main bioprocesses (DF, AD) followed by biogas purification and
digestate treatment (Figure 29). Following the design heuristic No. 5 “Do not purge valuable
species or species that are toxic and hazardous, even in small concentrations. Add separators
to recover valuable species. Add reactors to eliminate toxic and hazardous ” and the
recommendations of the literature that indicate not to purge or treat toxic or hazardous
species, even in low concentrations, the separation of pollutant gases was implemented in the
scheme No. 1 and it is directed to the production of biogas (H2 and CH4) (Seider et al., 2008).

—Gases—p>
Biogas Biogas
g » ”g , CH4
Purification
H2
Water——p»]
Biomass 1—»| DF AD
Biomass 2—P» Mixer | Dark P Anaerobic
Biomass 3 Fermentation Digestion
Waste water——p»
Digestate
» g Sluge—————p

treatment

Figure 29 First biorefinery scheme. Bioprocess units, separation of initial products and by-products (Biorefinery
No.1).

Figure 30 shows the block diagram of the biorefinery scheme No. 1. To complement the
energetic process, exchangers and compressors that lead to the operational conditions of each
process are included. The biogas treatment process consists of a biofilter (S101) that removes
the corrosive and highly polluting gases (H2S and NHa) and then includes three PSA
separators that separate and purify H> and CHs. The digestate treatment process consists of a
decanter followed by a centrifuge to remove the water from the solids that will be treated as

nutrient-rich sludge for fertilizer production.
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Water

Figure 30 Block diagram of the first biorefinery scheme (Biorefinery No.1).

Biorefinery scheme No. 2

The second global simulation scheme is represented in Figure 31 and aims at the
production of hydrogen as the main product and nutrient-rich sludge for fertilizer production
as a by-product. The hydrogen is realized from a reforming of the methane obtained after
anaerobic digestion. Biorefinery scheme No. 2 applies design heuristic #4 which states:

Introduce liquid or vapor purge streams to provide exits for species that:
- Enter the process as impurities in the feed
- Produced by irreversible side-reactions

The actions before are recommended when these species are in trace quantities and/or are

difficult to separate from the other chemicals.

Taking into account that prior to reforming there is already a gas separation process that in
the literature reports high technology and efficiency, the hydrogen generated is recirculated to
the biogas purification process in order to improve the purity of the hydrogen obtained at the

end of the biorefinery in scheme No. 2.
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Figure 31 Second biorefinery scheme. Bioprocess units, hydrogen production (Biorefinery No.2).

Dark fermentation, anaerobic digestion, biogas purification and digestate treatment

process is simulated in the same way as the biorefinery scheme No. 1. For the reforming

process, a reactor with a methane and water mixture is used, as described in the literature (see

section 1.15.1 in page 97). Additionally, a separator is included to dehydrate the reactor

effluent. The gas obtained is recirculated to the biogas treatment system and the wastewater

exits the process. For the reforming process it is required to add water to the reforming

reactor. The amount of water used is calculated by a DS-1 design specifier based on the

theoretical ratios (Table 19).

Table 19 Design specification DS-1.

Variable Definition

CH4 Mole-Flow Stream=21 Substream=MIXED
Component=METHANE Units=kmol/hr

H-O Mole-Flow Stream=21 Substream=MIXED

Component=WATER Units=kmol/hr

Specifications

Manipulated variable

Spec: H>O/CH4
Target. 3
Tolerance: 0.5

Manipulated variable limits

Lower: 18

Type:
Stream:

Substream: Component:

Units:

Mole-Flow
Water2
Mixed
Water
kmol/hr
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Upper: 55

Figure 32 shows the block diagram including the processes and heat and work streams of

scheme No. 2.

H2S
H2S-NH: NH3

E107

N H2. H2

co2
J GAS-RES»

E106 5%

CFM ——{"M101
coM——1 E10
oM . Y Blend

Water E103

ClOl
s101 smz S103 S104 S105
ICH4
19

=

Sludge

Figure 32 Block diagram of the second biorefinery scheme No. 2.

Biorefinery scheme No. 3

The main objective of scheme No. 3 is to reduce the gas emission in the atmosphere.
Recent studies have implemented methanol synthesis as the main by-product using Hz and
CO2 as production reagents. Although the literature reports low yields in the process, a
H2/CO; ratio at the reactor inlet is required to increase the performance of the reactor.
According to literature data, in this study the stoichiometric reactant ratio Ho/CO; equal to 4
was considered (Lee et al., 2020). Figure 33 shows the overall scheme No. 3 of the
biorefinery. In this scheme the separation process presented in scheme No. 2, the reforming
process presented in scheme No. 2 and the methanol synthesis process are contemplated.
Then, hydrogen and methanol are the products of interest, and the by-product is again the

sludge from the digestate, rich in nutrients for fertilizer production.
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Figure 33 Biorefinery scheme No.. 3. Bioprocess units, hydrogen production.

Scheme No 3 considers the following design heuristics for its simulation:

- Heuristic No. 2: Use an excess of one chemical reactant in a reaction operation to
completely consume a second valuable, toxic, or hazardous chemical reactant. In this

case, excess hydrogen is used for CO, consumption.

- Heuristic No. 4: For the implementation of the recirculation of toxic or unreacted

compounds due to low process conversion (CO>).

- Heuristic No. 5: In the treatment of biogas, the elimination of toxic and hazardous
products predominates.

- Heuristic No. 10: Attempt to condense vapor mixtures with cooling water. Then, use:
(No. 9) Separate liquid mixtures using distillation and stripping towers, and liquid-

liquid extractors, among similar operations.

According to the sensitivity analysis performed by Lee et al. (2020) the highest methanol
production and CO> conversion is produced at a Ho/CO> stoichiometric reactant ratio between
3 to 5 when the process is carried out at 493 K and 100 bar. For this reason, a design
specification block (Table 20) is included in the simulation which modifies the hydrogen
flow splitting ratio at the flow divider upstream of the methanol synthesis process, ensuring

that the amount of incoming hydrogen complies with the ratio.
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Variable Definition

H2 Mole-Flow Stream=29 Substream=MIXED
Component=HYDROGEN Units=kmol/hr

CO2 Mole-Flow Stream=29 Substream=MIXED

Component=C0O2 Units=kmol/hr

Specifications

Manipulated variable

Spec: H2/CO>
Target. 4
Tolerance: 1

Manipulated variable limits
Lower: 0.1
Upper: 0.9

Type:
Block:
Variable:
Sentence:
ID1:

Block-Var
M105
FLOW/FRAC
FLOW/FRAC
H2

As shown in Figure 34, the methanol synthesis process consists of a reactor where the

conversion of hydrogen to methanol is carried out by means of the reactions described in

section 1.15.1. To achieve the operational conditions, a heat exchanger and a compression

that guarantee temperature and pressure of the process are simulated prior to the reactor.

Subsequently, a separation is performed where part of the gas (CO2, CO and H) that does not

react in the process is recirculated. The final stream is a mixture of methanol and water.
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Figure 34 Block diagram of the third biorefinery scheme (Biorefinery No.3).
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Aspen Plus simulation flowsheets

Figure 35, 36 and Figure 37 show the flowsheets used for the simulation of the
biorefineries schemes No 1, 2 and 3, respectively. The flowsheets of the three biorefinery
schemes start with four feed streams: three of the residual biomass substrates characterized
with the mass fraction on a dry basis and one water stream. The mixture of the four streams
goes to a heat exchanger that increases the temperature from ambient to bioprocess
temperature (T=35 °C). The blend then goes to a duplicate block which is intended to give
the option to study the bioprocesses in parallel and in series. The biorefinery scheme No. 1
shows the three main stages of the biorefinery scheme No. 1 (DF, AD and biogas
purification), and which have the specificities given in this section. The biorefinery scheme
No. 2 adds the reforming process and includes the water input required for the process, as the
gas of interest in this process is hydrogen (Hz-A stream) is produced in a single stream as a
product of the biorefinery, the waste gases (CO, CO,) are blended into a final stream (GAS-
RES). The biorefinery scheme No. 3 uses the residual gases blended with a fraction of the
hydrogen in the M103 mixer to perform the methanol synthesis process added in the last
scheme. The Ho/CO:; ratio is given by specification block B6. Block B1 of the figures is
intended to select the input stream, in all cases the ADINPUT2 stream was taken which
corresponds to the liquid result of the fermentation. The simulations aim to obtain the mass
and energy balances to assess in a technical feasible way the performance of the proposed

processes.
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Figure 35 Aspen Plus flowsheet simulation of biorefinery scheme No. 1

109



Chapter Il. Materials and Methods
Simulation Model Development and Evaluation

Reforming

[ ]

s
GasREs

Figure 36 Aspen Plus flowsheet simulation of biorefinery scheme No. 2
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Figure 37 Aspen Plus flowsheet simulation of biorefinery scheme No. 3
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1.16 Biorefinery evaluation

The evaluation of the biorefinery schemes seeks to determine the feasibility of their
implementation. For this purpose, the results of the simulation performed in Aspen Plus
(mass and energy balance) of each scheme were taken and evaluated by means of the three
aspects described below. The case study for the evaluation was the department of Santander,

taking the total available biomass and an initial organic load ratio of 26 gCOD-I%.

1.16.1 Biogas mass yield

The simulation was carried out for three processes: anaerobic digestion (AD), dark
fermentation (DF) and a serial process starting with dark fermentation followed by anaerobic
digestion (ADF), thus to maximize the use of biomass for biogas production. Biogas
production is measured with respect to the initial organic load and was calculated according
to the equation (Eq. 22). The aspect seeks to determine which of the three schemes allows the

highest biogas production.

Nmass; = —L %100 Eq. 22

Mcop-inlet

Where Y indicates the conversion yield of compound i as a function of the organic load
entering the biorefinery, m; is the mass produced of compound i and mgop—_;ner 1S the
organic load entering the system. The analysis was performed for the main compounds of

each scheme as follows:

e Scheme No. 1: Hz, CH4, CO2 and digestate.

e Scheme No. 2: Hy, CO2, CO, and digestate.

e Scheme No. 3: Hz, CO2, CO, CH30OH, and digestate.

The study of the yields is carried out with the mass values on a dry basis.

1.16.2 Environmental assessment

The environmental evaluation of the schemes was carried out following the life cycle
assessment (LCA) methodology, through SimaPro 9.2 Faculty license software. LCA is a
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comprehensive method for assessing the environmental impacts of products and processes.
According to the standards of ISO, LCA is divided into four steps:

Step 1: goal and scope definition, system boundaries and functional unit (FU) of analysis
are described.

Step 2: life cycle inventory (LCI), material and energy inputs and their subsequent outputs

are established along the considered process chains.

Step 3: life cycle impact assessment (LCIA), the potential environmental impacts are
evaluated.

Step 4: the results are summarized, and conclusions are drawn in order to make

recommendations for improvements in the final interpretation step.

Step 1: Goal and scope definition, system boundaries and
functional unit (FU) of analysis are described.

The goal established in the present study was compares the environmental impact of
biogas and byproducts production through bioprocesses, biogas separation and purification,
reforming, and ethanol synthesis, following the case study (valorization of biomass available
in the department of Santander, Colombia). Therefore, LCls are collected for biogas (CHa,
H>) production by bioprocess (ADF), H. production by reforming, methanol production by
synthesis, production of digestate after bioprocesses and their treatment, as well as the supply

of services and biomass.

The system boundaries were defined by sub-processes. Table 21 describes the sub-
processes involved in each scheme, inputs, and outputs, considered in an attributional door-
to-door LCA. The functional unit (FU) was in all cases one (1) ton of the total biorefinery
production. Considering that each biorefinery has more than one product of interest, for the
FU (1 ton of product), a contribution was assigned to each product (H2, CH4, methanol and
digestate). The assignment was made according to the heat value contribution ratio at the
output biorefinery scheme. Considering that the main objective of the study is to compare the

biorefineries according to their energy yield.
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As shown in Table 21, in the environmental impact assessment inputs, the analysis only
considers swine manure. This is due to the fact that massive valorization technologies have
not been developed for coffee and cocoa mucilage, and therefore, CCM and CFM are not
found in the database as techno-sphere sources.

Table 21 Limit of processes studied in the LCA of each proposed biorefinery.

Scheme
NO. Process (Equipment according to PFD) Input Output
1 Bioprocess (ADF) CH,4
Hz recovery (S101 — S102) H>
CHys recovery (S103 — S104) Digestate
Digestate treatment (D101 — DC101) CO;
2 Bioprocess (ADF) Mass flow (Swine H>
H; recovery (S101 — S102 — S103 — S 104 — S105 — Manure) Digestate
R103 — S106) Water CO;
Digestate treatment (D101 — DC101) Heating
Cooling
3 Bioprocess (ADF) H:
H, recovery (S101 — S102 — S103 — S 104 — S105 — Methanol
R103 — S106) Cco
Methanol synthesis (R104 — S107 — S108) Digestate
Digestate treatment (D101 — DC101) CO2

Step 2: life cycle inventory (LCI), material and energy inputs
and their subsequent outputs are established along the
considered process chains.

The inventory, material and energy balance were based on the results obtained in the
Aspen Plus simulation, in order to obtain an analysis related to the availability of energy and
the values associated with Colombia. Below is the list of services and biomass related to the

software.

- Electrician, low voltage {CO}|Electrician, low voltage {CO}|Electrician, low voltage
{ROW}|Electrician, low voltage {CONSEC}/CONSEQ, s.
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- Heat, stream, a chemical industry {ROW?}|Heat market, stream, no chemical industry.
- Water, fully softened {RER} | Water market, fully softened | Conseq, s.

- Refrigerant R134a {GLO} | Market for refrigerant R134a {GLO} | Market for
refrigerant R134a {GLO}.

- Tap water {CO}|Tap water market {GLO} | Conseq, s.

Swine manure, swine, on the pig farm/RER MASS.

Considering that the heating and cooling services are different from those established by
Aspen, the pertinent conversions were made. In the case of electricity, the input is specified
in the energy consumption, and it is possible to use the one established in the simulation. In
the case of cooling water and refrigerant, the energy consumption and heat capacity of water
and R134a refrigerant (due to its frequent use in Colombia) were used to establish the
consumption of the services and indicate them in the software.

Step 3: life cycle impact assessment (LCIA), the potential

environmental impacts are evaluated.

In order to compare with the literature results, the ReciPe method was selected, which

presents the impact factors related to the Table 22.

Table 22 Impact categories reported with the ReciPe method in the LCA methodology

Impact category Unit
Global warming kg COz eq
Stratospheric ozone depletion kg CFC11 eq
Ionizing radiation kBq Co-60 eq
Ozone formation, Human health kg NOx eq
Fine particulate matter formation kg PM2.5 eq

Ozone formation, Terrestrial ecosystems kg NOx eq

Terrestrial acidification kg SOz eq
Freshwater eutrophication kg P eq
Marine eutrophication kg N eq
Terrestrial ecotoxicity kg 1,4-DCB
Freshwater ecotoxicity kg 1,4-DCB
Marine ecotoxicity kg 1,4-DCB
Human carcinogenic toxicity kg 1,4-DCB
Human non-carcinogenic toxicity kg 1,4-DCB
Land use mZ2a crop eq
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Mineral resource scarcity kg Cueq
Fossil resource scarcity kg oil eq
Water consumption m3

Step 4: the results are summarized and conclusions are drawn
to make recommendations for improvements in the final
interpretation step.

The evaluation was performed first on individual sections of each scheme and then
between biorefineries. Schemes No. 1 and 2 were then divided into four sub-processes and
scheme No. 3 into five sub-processes, and the percentage impact of each sub-process on the
refinery was compared for each scheme, to visualize the process with the highest

environmental demand or impact.

The final objective of the method is to compare the damage to human health, ecosystems,
and available resources among the three biorefining schemes. For the analysis, graphs of the
impact values in each section of the biorefinery schemes are plotted. The bar diagram allows
to evaluate the total result, and to compare where the greatest impacts of each scheme are
found, while the radial diagrams allow to compare the results between the schemes and to
give an answer about the feasibility of implementation, as well as to show weak points to

improve in the processes to reduce the generated impacts.

1.16.3 Pinch analysis

The PINCH method analyzes energy integration through the possible interaction between
hot streams or processes (which require heat dissipation) and cold streams (which require
heat inputs) with the objective of minimizing the process irreversibility’s. The objective is to
calculate hot/cold utility consumption, the analysis and target are performed with the
minimum temperature approach difference (PINCH point). This method allows to estimate

the minimum heat requirement (MER) for the process.

The heat flows data of the process was obtained from the simulation in Aspen Plus for the
three biorefinery schemes. The temperature interval diagram is done on the appropriate
temperature difference. Data are summarized to plot the cold composite curves for all
common cold streams and the hot composite curves for all hot streams. At the pinch point,

the temperature difference is fixed (ATmin = 3 °C). With the results of the PINCH analysis,
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the minimum heat requirements that allow to calculate the energy efficiency of the proposed

schemes are obtained.

PINCH evaluation scenarios

Three scenarios were analyzed for each biorefinery scheme where all the streams

produced were cooled to ambient temperature (25 °C), this to guarantee the total utilization of

the stream’s enthalpy.

Scenario 1. The first scenario is the biorefinery scheme obtained at the end of the

process model simulation, i.e., without any modification.

Scenario 2. The second scenario eliminates from the analysis the heat value
required for the CSTR reactors of the AD and DF processes. Although the
literature reports variable energy consumption of the bioprocesses, the
bioconversion models do not consider the dynamics of the process, which allows
maintaining the temperature through the equilibrium of the kinetics, the energy
exchange with the ambient temperature and the increase of the microorganisms.
Especially, heat transfer with the ambient temperature is important since in
Colombia the minimum and maximum average multiannual average temperatures
are between 20 and 32 °C parameter that allows to work the bioprocess without
extra-heating; moreover, current AD in small and medium scale at agroindustry

work at ambient temperatures.

Scenario 3. The third scenario eliminates from the analysis the heat value required
for the CSTR reactors of the AD and DF processes (as already considered for
scenario 2), and in addition it includes the combustion of a methane fraction
produced at the end of the ADF process. Since all three schemes require additional
heating power, the combustion of methane gas is aimed at supplying the
requirement of the process. Methane was chosen as the easiest gas to produce and
the one that is produced in the greatest quantity after the ADF process.
Additionally, the optimal percentage of combustion was calculated to balance
heating requirement of each biorefinery scheme. Indeed, burning methane decrease

process methane conversion and then final heat requirement.
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e Scenario 4. The third scenario (Considered only for schemes No. 2 and 3)

eliminates from the analysis the heat value required for the CSTR reactors of the

AD and DF processes (as already considered for scenario 2), and in addition it

includes the complete combustion of the process residual gases (CO and H>). Since

all three schemes require additional heating power, the combustion of residual gas

is aimed at supplying the requirement of the process. Residual gases were chosen

as the easiest gas to be burned and which does not change the amount of H2

production as the main product in schemes No. 2 and 3.

In scenario 3, methane combustion used an RStoic with methane inlet stream and an air

stream. The amount of the air stream was calculated automatically with a design specification

that guarantees the required oxygen for the available methane (Table 23). The reaction

equation (Eg. 23) was determined with 100% methane conversion efficiency and the

combustion operating conditions were 1673.15 K and 101325 Pa.

CH, + 20, > CO, + 2H,0

Eq. 23

Table 23 Design specification: Oxygen estimate required for total methane combustion

Variable Definition

CH4 Mole-Flow Stream=CH4-Burn Substream=MIXED
Component=METHANE Units=kmol/hr

0, Mole-Flow Stream=AIR Substream=MIXED

Component=0, Units=kmol/hr

Specifications

Manipulated variable

Spec: 02/CH4
Target. 2
Tolerance: 0.5

Manipulated variable limits
Lower: 1
Upper: 100

Type:
Stream:

Substream: Component:

Units:

Mole-Flow
AIR
Mixed

02

kmol/hr
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Energy analysis

The global energy efficiency ne (%) of the biorefineries follows the same methodology as
the assessment of potential energy recovery in Colombia for the ADF process proposed in

section 1.13.4. That is, efficiency is calculated with the equation below:

Poutput Fcga*LHVega+Fyo*LHVy,+Foo*LHVeo+F *LHV,
outpu x100 = CH4 CH4TFH2 H2TIco cotFMethanol methanolxloo Eq 24

Ne =

Pinput Fbiomass*LHVbiomass+Qheating

Where the P,y,¢py, refers to output power including the stream power (F; is the mass flow

kg-h™* and LHV; the lower heating value kJ-kg™), according to the products of interest for
each biorefinery scheme and the cooling target energy (kJ/h) obtained in the PINCH analysis.

The Pjypy¢ refers to the power from the biomass and the heating target energy from the

PINCH analysis

Recommended designs

The temperature difference analysis function is included directly in the Aspen Energy
software, using the network generated with the initial simulation, an analysis of costs, number
of heat exchangers, heating, and cooling costs, etc. was performed based on the minimum.
The design recommendation option was used with data selection on: flow, utilities,
economics data. As a restriction, a maximum of 10 branches per stream, a maximum of 10
alternative designs for each scheme were indicated and a minimum temperature difference
(ATmin) of 3 °C. Subsequently, an economic and energetic evaluation was carried out based
on the investment, operational costs and heating and cooling consumption presented for the

energy integration alternatives.
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4.CONCLUSION

Experimental data collected from the literature allows characterizing the residual biomass
and validating the carbohydrate content to optimize methane and hydrogen production in co-
digestion. Likewise, the experimental matrix is used to validate the production yield obtained
in the simulation models. It should be highlighted that the complexity of the model and the
volume of reaction equations in the bioprocesses may probably introduce uncertainties in the
results, since the model does not consider the selectivity, and especially the influence of the

inoculum used in the experimental model.

The conceptual design of biorefineries theoretically shows a great variety of processes.
The proposed processes look for the practical implementation for the application of
agroindustry and/or adaptation of the processes that have already been installed (especially
AD). For this reason, biogas treatment and greenhouse gas reduction processes are added to
improve the performance of the biorefineries, through separation, reforming, and synthesis

processes.

Finally, the use of the proposed schemes will be validated through mass yield, energy and
environmental analyses that allow to compare the processes with traditional processes for the
methane, hydrogen, and methanol production, as well as to evaluate the benefit of the
residual biomass treatment and valorization process. The life cycle assessment will allow
evaluating the impact of biogas treatment, reforming, and synthesis on human health,
ecosystems, and available resources through the presentation of the fourth step corresponding
to the potential environmental impact graphs. While the energy yield calculation allows
biorefinery schemes to compare energy production with traditional and thermochemical

processes to validate their feasibility.
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1.INTRODUCTION

The results of the entire work are presented in the following two chapters (e.g. Chapter 111
and Chapter 1V). The objectives of Chapter I, entitled “Potential energy recovery in
Colombia, bioprocesses evaluation”, are to validate the simulation of the bioprocesses, the
optimization of the bioprocesses by maximizing the biogas production, and the evaluation of
the energy potential from the simulation for each department of Colombia. As shown in the
literature, the availability of residual biomass in Colombia varies significantly by region.
Moreover, it has been shown that depending on the region, biomass characterization may
vary, most likely due to soil conditions, solar radiation, and animal feeding. To validate the
ADM1 model, experimental data, using different compositions related to the variation of the

three substrates studied are necessary.
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2.EXPERIMENTAL RESULTS

1.17 Biomass characterization

Table 24 shows the results obtained from the characterization of the three substrates
studied. The humidity of the coffee mucilage reports higher values than those found in the
literature, however it is close to that reported by previous studies (Puerta-Quintero and Rios-
Arias, 2011; Clifford, 2012). These differences may be due to the location of the sample
(department), to the maturity of the fruit and to the water added in the processing of the
coffee and in the mechanical de-mucilage. Regarding coffee, the values of carbohydrates
(86.21%) and ash (3.78%) are close to those reported by Puerta-Quintero and Rios-Arias
(2011) on a dry basis (81.4% w/w and 4.04% w/w respectively). On the contrary, the protein
value of the sample is lower than that reported by Clifford (2012), this may be due to the
characteristics of the soil where it is grown. In general, it is highlighted that in the results as
in the literature, the major composition of the dried coffee mucilage corresponds to

carbohydrates.

Regarding cocoa mucilage, the values of carbohydrates and protein are in the range
reported by Nigam and Singh (2014) and Martinez et al. (2012), regarding fats the value is
higher than the one reported by Nigam and Singh, 2014, but it is in the range reported by
Martinez et al., 2012, a study that relates values from South America and due to the
characteristics of the soil generate values close to one. The case of cocoa mucilage is
susceptible to the time and method of extraction since in the process fermentation reactions
are quickly generated. The ratio of volatile and total solids evidences the high
biodegradability of coffee mucilage and cocoa mucilage, since values close to one for this
ratio indicate a high content of organic matter susceptible to be transformed. The chemical
oxygen demand and total Kjeldahl nitrogen parameters are related to the working dilution.
However, the carbon-to-nitrogen ratio suggests hand in hand with the concentration of
reducing sugars, the high availability of carbon material available for fermentation towards
hydrogen production or the production of volatile fatty acids required for methane forming

reactions.
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Table 24 Composition of coffee mucilage, cocoa mucilage, and swine manure.

Coffee Mucilage Cocoa Mucilage Swine manure

Parameters
(CFM) (CCM) (SM)
C (Y%w/w)? 38.88 40.22 37.24
H (Yow/w)? 6.30 6.35 5.06
O (Y%ow/w)? 50.28 49.35 34.89
N (% wiw)? 0.72 0.72 4.08
S (Y%wiw)? 0.05 0.05 0.28
CIN 54 55.9 9.1
Protein (%ow/w)? 4.5 4.5 255
Fat (%w/w)? 0.23 1.32 6.08
Carbohydrates (Yow/w) @ 86.21 70.26 3.39
Lignin (%w/w)? 0.01 2.36 4.12
Hemicellulose (%ow/w) 2 2.63 12.04 35.14
Cellulose (Yow/w)? 2.88 6.19 7.19
Total volatiles solid (g'1) 53.7 79.8 19.6
Organic content (gCOD"1%) 27.4 32.8 26.2
NTK (mg1?) 230.4 387.9 1204
%FDN 8.79 24.51 67.21
%FDA 4.46 10.66 2212
%FDK 291 6.27 7.61
%Si02 0.032 0.076 0.42
%Ash 3.78 3.32 18.57
%TDN 84.718 80.378 72.356

aBased on dried mass

Regarding swine manure, in relation to the databases and articles consulted on elemental
analysis, it is evident that carbon, hydrogen and oxygen are close to the average values.
However, a lower value of nitrogen and sulfur is evidenced, which can be attributed to the
feeding of the pigs and the age of the pigs. Regarding the value of ashes, it is identified that
the value is within the range of the literature on the maximum value. Swine manure also has
one of the highest sulfur contents, a condition that would favor the activation of sulfate
reducing bacteria during the anaerobic processes. This could interfere mainly in dark

fermentation and hence in hydrogen production.

In relation to the use of blends, swine manure has a high nitrogen content that could

stabilize the anaerobic digestion process, but decreases the opportunity to generate hydrogen
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and methane depending on the C/N relation (Carotenuto et al., 2020; Dhar et al., 2016; Li et
al., 2015). The elemental value CHONS and the experimental data %FDA allow to calculate
the calorific value of the substrates and the digestible energy (energy in substrate that is
available to humans or animals through digestion and it is measured as the difference
between the gross energy content and the energy lost in feces) by means of the theoretical
equations (Eq. 25-27), where LHV is the Low Calorific Value and DE is the Digestible
Energy.

LHV = 0.001 = (348,35C + 938,70H — 108,000 + 62,80N + 104,655) (k//kg) Eq. 25
DE = TDN x 0.04409 x 4.184 (MJ /kg) Eq. 26
%TDN = 87.84 — (0.7 x FDA) Eq. 27

Table 25 Energy values of residual biomass

Coffee Mucilage Cocoa Mucilage Swine manure

Parameters
(CFM) (CC™M) (SM)
LHV (MJ/kg) 14.078 14.692 14.240
DE (MJ/kg) 15.628 14.828 13.348

The high energy digestibility of coffee and cocoa mucilage may be due to the low level of
neutral detergent fiber, hemicellulose and high in non-lignified or soluble carbohydrates that
are highly digestible, as well as the high digestibility of proteins, fats, and nitrogen free
extract. However, the difference with SM is not significant and its protein, cellulose and
nutrient content are various in processes such as dark fermentation and nutrient recovery,

processes that integrate the biorefinery design.

1.18 Experimental bio-process results

The important value in the experimental phase is the total biogas produced at the end of
the experimental time. Figure 38 shows the setups performed. In the evaluation of the
substrate mixtures, a slight difference in response time between anaerobic digestion and dark

fermentation can be seen (Table 26).
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Figure 38 Experimental set-up of AD and DF bioprocesses for methane and hydrogen production with volume
displacement and biogas collection.

In both cases the production rates vary over the time of the experiments, which is
associated with the complexity of the working substrates - actual substrates. All trials were
left for a period corresponding to the variation in biogas production being less than 10% of
the cumulative volume. Accordingly, the dark fermentation trials had an average duration of
8 days, while the anaerobic digestion trials took a maximum of 17 days. The production
dynamics show that no inhibition is generated in the process by the concentration levels

evaluated (The total results (raw material) are shown in Annex I).

Table 26 Experimental biogas average production - results.

Input AD Biogas output DF biogas output
RS Organic Metharlle % Hydrogfan %
Blend CCM:CEM conten_t C/N Production Deviation Days (d) Production Deviation Days (d)
(gcoD-I') (ml) (ml)
1 02:02 2 35 253,9 28% 14 108.16 22% 7
2 03:01 2 35 265,3 41% 16 108.52 35% 8
3 01:03 8 35 791,8 6% 17 283.87 15% 10
4 02:02 8 35 627,5 31% 16 180.32 29% 9
5 03:01 5 25 369,0 39% 17 83.38 39% 9
6 01:03 5 25 379,6 39% 15 97.20 44% 8
7 02:02 5 45 407,3 20% 17 100.06 32% 8
8 03:01 5 45 385,0 17% 14 84.20 36% 7
9 01:03 2 25 175,3 22% 14 73.07 12% 9
10 02:02 8 25 696,0 19% 15 226.43 16% 8
11 03:01 2 45 150,1 31% 17 102.55 36% 7
12 01:03 8 45 560,3 36% 16 234.73 28% 8
13 02:02 5 35 252,3 20% 14 149.94 38% 9

Biogas which was produced by the "blank” reactors was subtracted from the total volume
of each reactor. Based on the results of the three reactors of each blend, an average and
deviation was calculated. For example, the three reactors of blend No. 7 showed a total
experimental methane production of 1170, 1136 and 1289 ml CHa4. Methane production of
the " blank " reactor measured 791 ml of CH4. As a result, a total production of 379, 345 and
498 mL of CH4 was calculated for blend No. 7, resulting in an average of 407.3 mL of CH4

and a % deviation of 20%. For each of the 13 blends, the calculation process was the same.
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Since the results obtained in the “blank” reactors showed a great deal of variability, a second

error was introduced to the one given by the deviations of the three reactors of each mixture.

The Table 26 shows that when the initial concentration of the organic load is increased,
biogas production increases in both processes. In other words, concentration is a variable in
the determination of the experimental design. Mixtures with 8 gCOD 1"t produce up to twice as
much biogas. This supports the different sensitivity analyses reported in the literature in
relation to the concentration in digestion and fermentation mixtures, reporting concentrations
between 20 to 30 gCOD 1. On the other hand, the C/N ratio does not show a trend in the
results, since high methane and hydrogen productions are reported with the three C/N ratio
options proposed. In addition, with respect to the deviation of the data, it is shown that the
higher concentration cells show less deviation and behaved in a more stable manner during

the experimentation.

1.18.1 Experimental process mass yield

Regarding the production yield calculated with Eq. 22, it is generally observed that the
mixtures with the lowest concentrations (2 gCOD 1) generate the highest methane and
hydrogen production yield, while the lowest yield is found in the medium concentration
mixtures. The bioprocesses, in the experimentation, show that the mass yields increase as the
concentration of the organic load decreases (Figure 39A). When the initial organic load is
kept constant, it is evident that the hydrogen production yields do not vary significantly,
which indicates that the additional variables of the experimental design do not have a
significant influence. Figure 39B shows the opposite, when the C/N ratio is kept constant, the
methane production yield does not vary significantly (especially for the extreme points 25
and 45), indicating the impact of the other variables such as the initial organic load in the
anaerobic digestion process. The results show the influence of the initial C/N ratio on the

yield of H2 production in the DF in agreement with recent studies. (Argun et al., 2015).
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Figure 39 Experimental methane and hydrogen yields from AD and DF bioprocesses: (a) effect of different
organic loads of 2, 5 and 8 g.COD.I'}; (b) effect of different C/N ratios of 25, 35 and 45

Above all, the blends that show the best production and yield are those with more than
50% of coffee mucilage plus cocoa mucilage in the total blend. This shows the importance of
carbohydrates in the two bioprocesses presented as well as the importance to mix waste.
Although CFM and CCM appeared to be a problematic substrate for AD, due to lack of
nitrogen (N) and micronutrients, high tannin concentration and inhibition caused by VFA
accumulation, co-digestion with SM led to stabilization of the system, mainly because SM
provided the remainder (Kampioti et al., 2022).

1.19 Model validation

Figure 40 shows the correlation between simulated and experimental biogas production
yields for the different blends tested. Overall, the results show an average ratio between
simulated and experimental yields (Ysim/Yexp) 0f 0.74 + 0.20 for AD and 1.17 + 0.28 for DF
(average values * standard deviations), respectively, thus indicating a good general
agreement between the data.

With the only exceptions of blends 1 and 2, the ratio ysim/Yexp for AD varied from 0.66 to
1.07 (Figure 40A), thus indicating that the AD model gives a good estimation of CH4
production yields. The lowest differences were observed for blends 4, 6, 7, 8 and 13 (Ysim/Yexp
ratios of 0.84, 0.82, 0.89, 1.02 and 1.07, respectively), whereas the highest differences were
observed for blends 1, 2 and 9 (Ysim/Yexp ratios of 0.42, 0.45 and 0.53, respectively). The
results indicate that the differences between simulated and experimental data for AD increase
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by decreasing the organic loads and/or by increasing SM content of the blends. Higher
organic loads probably resulted in dominant organic compounds in the blends used for the
experiments, thus leading to more stable and more predictable conversion pathways.
Moreover, variability on the single substrate composition used for the different experiments,
especially for SM, may further explain the differences between simulated and experimental

yields.

With the only exceptions of blends 4, 7, and 12, the ratio Ysim/Yexp for DF varied from 0.77
to 1.28 (Figure 40B), thus confirming the validity of the DF model. The lowest differences
were observed for blends 3 and 6 (ysim/Yexp ratios of 1.03 and 1.06, respectively), whereas the
highest differences were observed for blends 4, 7, and 12 (ysim/Yexp ratios of 1.72, 1,94, and
1.43, respectively), thus indicating an overestimation of H> production yields compared to the
experimental data. The results of DF seem to indicate that the differences between simulated
and experimental yields increase by increasing the CCM and/or CFM loads of the blends.
Most probably, incomplete hydrolysis of complex carbohydrates (e.g. cellulose,
hemicellulose) may account for the lower experimental yields for blends at high loads of
CCM and/or CFM (blends 4 and 7, respectively).

The results suggest that variability on single substrate composition between the different
experiments and incomplete hydrolysis of carbohydrates may account for the differences
between simulated and experimental yields. However, the use of the same AD and DF
models for assessing biogas production potential from model substrates may overcome these
technical limits of laboratory experiments, thus allowing to compare energy recovery

potentials from different blends and different process schemes.
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Figure 40 Simulated and experimental biogas production yields: (A) anaerobic digestion (AD); (B) dark
fermentation (DF).

1.19.1 Experimental methane production analysis

The significant difference in the production yields for blends 1, 2, 3, 7, 9 and 10 required
an evaluation of the production trends for each blend and the comparison of the total
production versus the maximum theoretical values. Cumulative methane production values
measured in volume were modified to moles using the ideal gas equation (Eg. 28). Where P =
101325 (Pa), R = 8314.463 (Pa-L-mol™*-K™) and T=308.15 (K)

mol CH, = % Eq. 28

Figure 41 shows the methane production ratio as a function of moles of glucose. The
moles of glucose were calculated by assuming 94% of the gCOD and the ideal gas law was
used to calculate the moles of CH4. The variation of the experimental data (reactors and
replicates) is probably due to the heterogeneity of the substrates, and in particular with the
solids content. This heterogeneity was mainly observed in the case of cocoa: the cocoa
residues used to prepare the mixtures showed a strong heterogeneity in solids content.
Moreover, the characterization of the substrates was done only in the liquid phase, therefore,
most probably the blends richer in solids have a higher concentration of total COD than the
one shown for the cocoa blend. That may explain the higher than theoretical maximum

methane production values (mol CH4-mol glucose™ in the Figure 41).
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Figure 41 Experimental and simulated methane production compared to theoretical moles of glucose available in
the blends.

The cumulative methane production of all blends was analyzed, especially for blends 1, 2,
3, 7,9 and 10. Above all, it is shown that the two trends are related to the trends of: Type IlI:
Multiple substrates but can be simplified by three categories: easily degradable, slowly
degradable and intermediates (Figure 42A). Type IV: Multiple substrates with complex chain
of consumption by groups of microorganisms (Figure 42B) (Rakmak et al., 2019). The trend
reported by the results has been reported in the literature, however, within the 13 mixtures it
shows up to three types of functions in the production, most likely caused by the diversity of
the substrates and the times of realization of the tests. The literature shows that first order
models are usually used or under the gompertz function. However, as shown by the results on
a small scale, the behaviors are remarkably different, making it difficult to unite production to
the same function for all mixtures. Five of the six blends shows significant differences in the
methane production measurement increasing the standard deviations per blend. (Example:
Figure 42, Complete data: Annex I). The difference in trend types difficult the use of a single
mathematical function for the methane production, and thus a single production model can be
validated. Furthermore, the experimental design was designed between days 0 and 20, while
authors such as Bouaita et al. (2022) show that in mesophilic processes the stability of the

reactors is shown between the 20th and 30th days.
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Figure 42 Experimental accumulative methane production per day (A) Blend 2, (B) Blend 9.

Furthermore, as mentioned in the methodology, two reactors were run with the diluted
Alpina sludge in each set-up. Figure 43 shows that the cumulative methane production data
were completely different between the B1 and B2 reactors for the three experimental batches.
As mentioned in the methodology, the " blank " reactors were used to measure the cumulative
methane production, using a dilution of the inoculum, with which the same processes were
carried out. The difference between the methane production rates increases the complexity
with respect to the methane reduction over the value for the experimental designed reactors.
Overall, the methane production for the blank experimental reactors shows trends of type I11

and 1V, in agreement with the production trends from the experimental design reactors.
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Figure 43 Blank experimental reactor set-ups accumulative methane production (B1 AND B2) per day (A) Blends
1to 6, (B) Blends 7 to 12, (C) Blends 13 to 15.

A second problem was analyzed during the experiment relates to the CO. trap. During the
experimental work that the NaOH concentration (1M) and the volume amount (1 L) did not
work with 100% separation efficiency. A review of daily observations from the experiments
shows no bubbling during CO- capture on the NaOH trap, supporting the hypothesis. Based
on this hypothesis, the volume displaced represents the biogas produced, mainly composed of
CHas, Ho, and COa. Likewise, an attempt was made to improve the separation, but due to the
small size of the experiments, it was not possible to get a significant improvement. Also, both
numerical and experimental studies indicate that, besides CH4, H> is produced during
digestion, with NHs and H.S at lower concentrations. As a result of the lack of a measure of
the composition of the gas, errors in the accumulated value of methane production most
probably increased. A random test of the samples with the highest variation showed the
presence of CO> in the collection bags, by using the BIOGAS 5000® Landtec, which
measures gas composition and flow with repeatable accuracy, depending on the availability
of the material. Furthermore, it shows that the lack of technology for on-line biogas analysis

leads to weaknesses in the experimental results obtained. Considering that the anaerobic
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digestion process shows productions of 60% CHa4 and 40% CO, the volume of blends 1, 2, 3,
7,9 and 10 were assumed to be biogas and the CH4 production corresponds to 60% according
to what has been reported experimentally for AD (Awasthi et al., 2018; Babaee et al., 2011,
Bab&aelig et al., 2011; Dhar et al., 2016; Zhang et al., 2007). Approaching the final values to
the theoretical maximum and improving the correlation with respect to the simulation as
shown in Figure 44. Despite the fact that the correction is only made at points exceeding the
theoretical maximum, this does not guarantee that the mixtures uncorrected for these other
gases contain the same proportion of Hz, CO2 and other gases as the measured CH4
production. According to the results, the mathematical model meets the theoretical conditions

and is agreeable with the published production yield values.

I
o
5]

Q.
Fox

S

=] ml CH,g €OD
w w s &
¥ o8 5 5
8 & 8 &8

)
]
a

200

Simulated AD yield [
=
s

=
e U
5]

w
=

0 100 200 300 400 500
Experimental AD yield [=] ml CH,g COD"

Figure 44 Simulated and experimental CH4 in AD production yields. The total production of blends 1, 2, 3, 7,9
and 10 corresponds to 60% of the total reported, referring to methane production.
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3.BIOPROCESS SIMULATION

Figure 45 shows the simulated scheme for the initial biological processes. The
physicochemical properties among the compounds were calculated with the Soave-Redlich-
Kwong method (SRK-based method). Additionally, properties were calculated with the
NRTL and IDEAL methods. The process simulation to evaluate the mass and energy balance
was carried out in the simulation software Aspen Plus V11. In all cases the simulation

compounds were only considered in liquid and gas phases.

Since water is an important parameter in the ratio of the final mixture, the components
were always included on a dry basis and the additional water was added by means of the
additional current (WATER). The first exchanger (INTERCAM) heats the blend from
environment temperature to process temperature (35 °C). The duplicating modules - DUPL
(B4, B8, B9 and B2) generate a duplication of the current (composition and operating
conditions). Therefore, B4 allows to perform the processes in parallel with the same blend
composition and operational conditions (temperature and pressure). The three reactors
described in the methodology for the dark fermentation process are simulated in B3-1, DF
and HOMOACET, while the two anaerobic digestion reactors correspond to B3 and AD. The
B1 equipment fulfills the function of current selection, i.e., when the processes were
simulated in parallel, ADINPUT1 was taken as the input current, while when the processes
were simulated in series, ADINPUT2 was selected, corresponding to the liquid phase coming

out of the dark fermentation.

The simulation of the bioprocesses shows to be sensitive in the selection of the method of
calculation of the properties of the compounds. The teams show results in the SRK and
NRTL methods. It is important to highlight that although the kinetics and correlations show
production results similar to those reported by authors, due to the methods, part of the biogas
is deposited in the liquid phase. For this reason, two separators were included as shown in
Figure 45 (B12 and B15), separators that work with the ideal gas methods and allow
separating the entire biogas production. The analysis of the raw data was performed in two
phases. The first phase performs the validation of the model, comparing the mass yields with
the experimental yields and then a mass yield analysis of three bioprocess schemes was

performed.
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Figure 45 Bioprocess simulation scheme DF = Dark fermentation, AD = Anaerobic digestion.

1.20 Bioprocess optimization

1.20.1 Mass yield evaluation

The total biogas production yields and compositions obtained by the simulations of AD,
DF, and DF followed by AD (ADF) processes, for the different substrate blends (Table 10),

are summarized in Figure 46.

The biogas production yields for DF varied between 147 and 405 mL biogas'gCOD™, and
the Hz and CO; content of biogas varied between 65-70% and 30-35%, respectively (Figure
46C). These results are in good agreement with the theoretical compositions of biogas from
the fermentative pathways used for DF simulation (N° 39 and 40 Table 15 Kinetics rate
equations from Angelidaki’s model are mixed with the extra kinetic equations from AMDI1 in
order to find the most complete kinetic expression.) (Gomes et al., 2015). The lowest biogas
production yield for DF was observed for blend 9, where the dominant substrate is SM (more
than 80% based on total organic load) and COD concentration is 2 gCOD-1*%. Instead, the
highest biogas production yield for DF was observed for blend 7, where the dominant
substrate is CFM and COD concentration is 5 gCOD-I"%. These differences in biogas
production yields are probably primarily related to the different compositions of proteins,

fats, and carbohydrates considered for CFM and SM (Table 24). Higher carbohydrate content
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of CFM resulted to higher Hz production yields for blend 7, as carbohydrates represent the
most suitable substrate for DF (pathways n° 39 and 4 Table 15), whereas higher protein
content of SM resulted to lower C/N ratios that may inhibit DF as described by the ammonia
inhibition modules integrated in the model (Madeira et al., 2017; Serrano, 2011). These
results are in good agreement with the findings of previous experimental studies (Ghimire et
al., 2015a; Zhu et al., 2008), which have indicated that low C/N ratio and high concentration
of ammonium ion (NH4") inhibit H2 production during DF when SM is used as the only
substrate, with maximum production yields of 3,65 mL H2-VS™. Indeed, higher production
yields (from 68 to 652 mL H,-gCOD™) were obtained by co-fermentation of substrate blends
(e.g. swine manure, sewage sludge, food waste, agro-industrial waste) (Hernandez et al.,
2014; Kim et al., 2004b; Perera et al., 2012).

The biogas production yields for AD varied between 295 and 459 mL biogas'gCOD™, thus
showing a lower variability according to the different blends rather than DF. The CH4, CO>
and H. biogas components were 57-70%, 29-42%, and 0.3-0.4%, respectively (Figure 46B).
Higher yields of biogas production were observed for blends containing higher amounts of
CFM and CCM rather than SM. Overall, biogas production yields obtained by simulations
are within the ranges reported in the literature (61 - 650 mL CH4-gCOD™?). This large
variability on experimental yields is mainly attributed to the different organic substrates and
operating parameters (e.g. retention time, temperature, inoculum) between the different
studies (Astals et al., 2015; Garfi et al., 2011; Herndndez and Rodriguez, 2013). The blends
12 and 13, with equal CFM and CCM contents, showed the highest biogas yields (433 and
459 mL biogas'gCOD?, respectively) with the highest CH4 content (70% and 69%,
respectively). Therefore, they appear to be the most suitable blends for AD. These results are
consistent with the experimental results of Wang et al. (2018), who indicated that biogas
production performances of AD are significantly affected by the ratios of swine manure, corn

stove and cucumber residues in the co-digested mixture.

The biogas production yields for DF followed by AD (ADF) varied between 602 and 864
mL biogas'gCOD™, and the CHa4, CO>, and H2 content of biogas varied between 25-51%, 30-
35%, and 17-40%, respectively (Figure 46D). The highest total biogas production yields were
observed for blends 7 and 8 (863 and 864 mL biogas'gCOD™, respectively), where the CFM
and CCM are above 65% of the total organic load. Additionally, one of the substrates, CFM
or CCM, dominates over the others. The lowest yields (< 160 mL biogas'gCOD™) were

138



Chapter I11. Potential energy recovery in Colombia, bioprocesses evaluation

obtained for blends 5, 6, 9, and 10, where SM is greater than 80% over the total organic load.
However, despite the lowest biogas production yields, these blends also show the highest
CHa contents in biogas. This appears to confirm that SM is more suitable for CH4 than for H
production, most probably because it has a lower content in carbohydrates compared to the
other substrates. While blends with SM loads equal or lower than those of CFM and CCM
(blends 7, 8, 11, 12, and 13) generate biogas with CH4 and H> contents comprised between 28
and 40%. ADF showed higher yields of total biogas production compared to AD and DF, this
for all the substrate blends studied. As shown in Figure 46A, total biogas production yields
for ADF were 1.3 - 2.3 times higher than DF, and 1.5 - 2.4 times higher than AD, thus
indicating a greater conversion efficiency of organic substrate to biogas. This is coherent with
the assumptions of the ADM1 model that was used for the simulations, as organic products
from DF (e.g. volatile fatty acids) represent viable substrates for methanogenesis in the AD

process (Hernandez et al., 2014), thus increasing the total biogas production yields.

The results from simulations confirm the effectiveness of co-digestion of CFM, CCM, and
SM, in a two-step process of DF followed by AD compared to the single process steps. The
higher content in proteins, fats, and hemicellulose of SM supports the production of fatty
acids, amino acids, and carbohydrates by hydrolysis in the DF step (Table 15). These
byproducts are further converted and used as substrates for CH4 production by acidogenesis,
acetogenesis, and methanogenesis in the AD step (Table 15). Instead, the higher content in
carbohydrates of CFM and CCM conducted to the production of acetate and H by
fermentation in the DF step (Table 15), which are used as substrates for CH4 production by
acetotrophic and hydrogenotrophic methanogenesis in the AD step (pathways 37 and 38,
Table 15). Moreover, the simulation results indicate that different organic loads do not seem
to have a significant impact on production yields and biogas compositions for the different
blends and processes studied. This behavior was related to all blends and processes simulated
with the same stoichiometric ratios, considering retention times longer enough to achieve
conversion equilibrium, and without considering excess substrate inhibition. However,
despite showing the similar production yields, higher organic loads may give higher flow
rates of biogas production in real operating conditions, as more organic substrate is available

for biogas production per unit of time (Barca et al., 2015).

139



Chapter I11. Potential energy recovery in Colombia, bioprocesses evaluation

4

5 6 7 8 9 10 11 12 13
Blends  wpr mAD WADF

A
900

750
600
450
300
150

0

100%
80%
60%
40%
20%

0%

Yields
(ml biogas'gCOD1)

1 2 3 45 6 7 8 9 1011

Blends
CHs4 [EH2 [[OCO2

100%
80%
60%
40%
20%

0%

1 2 3 45 6 7 8 9 10 11 12 13

Blends
CHs HEH2 [C[OCO2

100% (0 0o oo
80%
60% R i 0B
a0% |-

20% |
0%

Composition (%v/v) U Composition (%v/v) O Composition (%v/v) w

1 2 3 4 5 6 7 8 9 10 11 12 13

Blends
CHs HH2 [COCO2

Figure 46 Simulations of AD, DF, and ADF processes for the different substrate blends: (A) Total biogas
production yields for AD, DF, and ADF; (B) Biogas composition for AD; (C) Biogas composition for DF; (D)
Biogas composition for ADF.

1.20.2 Effect of organic load on energy recovery yield

One of the impact factors on biogas production yields is the input load (Jiang et al., 2020).
Figure 47 shows the evolution of total energy recovery yield nwta (%) as a function of inlet
organic load for the five departments with the highest production of CFM, CCM, and SM

(Antioquia, Boyaca, Cundinamarca, Meta, and Santander). The nttal (%) values in Figure 47
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were obtained by comparative ADF simulations according to the CFM, CCM, and SM
production data in 2017. The results indicate that nwtal (%) increases from 52.1 - 60.6% to 68
- 75.9% by increasing inlet COD from 2 to 26 gCOD-I" for all the departments. This was
primarily related to the lower energy consumption for the initial heating of the feed, since the
higher the COD concentration, the lower the feed flow to be heated. However, the rate of
Neotal (%) iNcrease appears to decrease by increasing organic load, thus suggesting an optimal
inlet COD concentration to obtain higher nwta (%) while maintaining acceptable yields of
substrate conversion. Moreover, increasing the inlet COD concentration over the average
value of the available raw mixtures (26 gCOD-I™Y) would require a further energy
consumption (e.g., drying and membrane processes) that may affect the energy recovery
efficiency of the full process. Among the departments in Figure 47, the department of
Santander shows the highest ntta (%) for all the inlet COD concentrations. This was probably
because Santander has the highest ratios (CFM+CCM)/SM and C/N, thus resulting in higher

biogas production performances compared to the other departments.
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Figure 47 Total energy recovery yield as a function of inlet organic load: comparative ADF simulations according
to CFM, CCM, and SM production data in 2017 from Eq. 13
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1.21 Evaluation of energy recovery potential

In Colombia from ADF bioprocess

Table 27 summarizes the energy recovery potential (toe) from the biogas and digestate
obtained for each department based on production data of 2017, as well as the energy
recovery yields for biogas nbiogas (%), digestate ndigestate (%), and the total energy recovery
yields nwtal (%) (Eq. 11-13 section 1.13.4). The highest energy recovery potentials from
biogas were observed for the departments of Antioquia, Cérdoba, and Cundinamarca (48990,
10160, and 13460 toe, respectively), which are the departments with the highest cumulated
productions of CFM, CCM, and SM. Instead, the lowest energy recovery potentials from
biogas were observed for the departments with the lowest cumulated productions of CFM,
CCM, and SM (Putumayo and Vichada, 866 and 148 toe, respectively). According to the
energy consumption data in 2017 (IEA, 2020), the total energy recovery potential from the
biogas (151.6 ktoe) could supply up to 70% of the energy demand for agriculture/forestry
activities in Colombia (215 ktoe for 2017).

Table 27 Energy recovery potential from biogas and digestate, energy recovery yields for biogas and digestate,

and total energy recovery yields obtained by ADF simulation according to the total availability of CFM, CCM, and
SM in 2017 (inlet organic load 26 gCOD-I'%).

Department Energy recovery potential Energy recovery potential nbiogas  ndigestate ntotal

from biogas (toe) from digestate (toe) (%) (%) (%)
Antioquia 48990 1137 48.9 20.1 69.0
Arauca 1882 41 50.9 19.6 70.5
Atldntico 4325 102 48.3 20.2 68.6
Bolivar 3061 72 48.5 20.1 68.6
Boyaca 5093 118 48.9 20.1 69.0
Caldas 4391 94 514 19.5 70.9
Caqueta 1750 41 48.6 20.2 68.8
Casanare 1735 41 48.4 20.2 68.6
Cauca 3152 67 51.7 19.4 71.1
Cesar 1779 41 49.2 20.0 69.2
Cérdoba 10160 240 48.4 20.2 68.6
Cundinamarca 13460 317 48.4 20.2 68.6
Huila 4460 94 51.8 19.4 71.2
La Guajira 1003 24 485 20.2 68.7
Magdalena 5953 139 48.7 20.1 68.8
Meta 6216 146 48.5 20.2 68.7
Narino 4060 93 49.2 20.0 69.1
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Norte de 2377 50.0 22.2 72.2
Santander 53

Putumayo 866 20 48.6 20.2 68.8
Quindio 2003 45 49.7 19.9 69.6
Risaralda 3961 87 50.5 19.8 70.3
Santander 3468 66 555 18.7 74.2
Sucre 5895 139 48.4 20.2 68.6
Tolima 2500 52 52.0 19.4 714
Valle del Cauca 8950 204 494 20.0 69.4
Vichada 148 3 48.4 20.2 68.6

As shown in Table 27, the energy recovery yields for biogas nniogas (%) varied between
48.3 t0 55.5%. The highest nuiogas (%) were observed for the departments of Cauca, Huila,
Santander, and Tolima (51.7, 51.8, 55.5 and 52%, respectively), which are the departments
with the highest CCF/SM and/or CCM/SM production ratios. On the contrary, the
departments with lower CCF/SM and/or CCM/SM production ratios (Atlantico, Cérdoba,
Sucre, and Vichada) usually present lower energy recovery yields for biogas nbiogas (%) and
higher energy recovery yields for digestate ndigestate (%). This seems to confirm that although
SMis less effective than CFM and CCM in biogas production, it is more effective for
recovering other by-products from digestate (e.g. propionate, butyrate, ethanol, benzene,
acetate, and furfural). As shown in Table 27, the total energy recovery yields it (%), which
include biogas and digestate energy (Eg. 13 section 1.13.4), varied between 48.9% (Atlantico,
Sucre, and Vichada) to 55.5% (Santander). The results indicate higher total energy recovery
yields nwtal (%) for the departments with higher CCF/SM and/or CCM/SM production ratios,
thus confirming that CFM and CCM are more effective than SM for energy recovery by ADF
processes. However, it should be noted that, as this is a theoretical study on energy recovery
potential, it does not take into account factors such as seasonal fluctuations in agro-industrial
production and variability on substrate composition between the different production sites

due to breeding and cultivation methods, and to soil and climatic characteristics.

For each department, the potential recovery of biogas and digestate was evaluated by
comparative ADF simulations according to the total available amounts of CFM, CCM, and
SM in 2017, and considering for all the simulations an inlet COD concentration of 26 g
COD-1*. As shown in Table 28, the total mass of biogas recovered per department varied
from 307.6 ton (Vichada) to 102200 ton (Antioquia), whereas the total mass of digestate
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recovered per department varied from 146.3 ton (Vichada) to 47580 ton (Antioquia). The
main components of biogas were CO, and CHa, with an evaluated production potential
ranging between 176.6 - 58960 ton and 105.7 - 34950 ton, respectively, whereas the main
components of digestate were ethyl cianoacetate and propionate, with an evaluated

production potential ranging between 11.19 - 3693 ton and 10.08 - 3295 ton, respectively.
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Table 28 Total mass and main components of biogas and dried mass and main components of digestate obtained by ADF simulation according to the total availability of CFM,
CCM, and SM in 2017 (inlet organic load 26 gCOD-I%).

Department Mass of biogas ~ Main components of Mass of Main components of digestate
(ton) biogas digestate (ton)
CH4 H2 CO: Ethyl cianoacetate  Propionate Butyrate Ethanol Benzene Acetate Furfural
(ton) (ton) (ton) (ton) (ton) (ton) (ton) (ton) (ton) (ton)
Antioquia 102200 34950 1472 58960 47580 3693 3295 1458 927.0 387.6 370.3 2008
Arauca 3964 1334  63.47 2326 1719 140.2 116.8 54.34 35.17 13.73 13.91 72.25
Atlantico 8994 3093 125.2 5162 4280 327.4 296.7 129.6 82.74 34.90 33.15 181.0
Bolivar 6386 2183 91.69 3680 3012 2309 207.5 91.50 58.49 24.52 24.90 127.3
Boyaca 10640 3627 1559 6152 4954 383.4 342.4 1515 96.81 40.27 38.65 209.2
Caldas 9312 3094 156.5 5506 3915 324.3 269.4 127.2 78.91 31.76 32.06 163.4
Caqueta 3650 1247 52.51 2104 1717 132.0 119.1 52.27 33.35 14.00 13.09 72.60
Casanare 3616 1238 51.42 2081 1716 131.0 118.4 51.99 33.19 13.98 14.09 72.51
Cauca 6691 2220 1135 3962 2792 232.5 192.0 91.10 56.48 22.63 22.96 116.4
Cesar 3723 1266 55.29 2156 1717 133.7 118.8 52.76 33.71 13.95 13.00 72.49
Cérdoba 21130 7265  294.2 12130 10060 769.0 695.6 304.4 194.4 81.99 80.30 425.2
Cundinamarca 28070 9598 4023 16170 13250 1016 915.0 402.7 256.8 108.0 107.7 559.9
Huila 9447 3149 157.7 5583 3945 329.7 271.2 128.6 80.06 3191 31.84 164.6
La Guajira 2087 717.0 29.23 1199 989.5 75.89 68.55 30.01 19.17 8.063 7.684  41.84
Magdalena 12430 4242 180.6 7177 5815 448.6 402.9 177.6 113.1 47.38 4498 245.6
Meta 12960 4434 185.6 7467 6124 469.1 422.8 185.9 118.8 49.86 49.38 258.8
Narifio 8505 2886 127.4 4934 3899 304.7 269.8 120.5 76.27 31.76 30.62 164.3
Norte de Santander 5007 1682 79.48 2930 2227 177.4 155.4 69.55 44.52 18.05 11.15 94.06
Putumayo 1803 618.6 25.51 1037 849.8 65.44 58.79 25.84 16.52 6.915 6.617 3591
Quindio 4198 1424 63.45 2440 1892 150.1 130.8 59.10 37.22 15.40 15.06 79.54
Risaralda 8339 2809 131.2 4879 3655 295.1 250.5 116.0 72.54 29.69 31.94 153.0
Santander 7453 2425 1419 4514 2768 251.6 182.5 95.36 61.13 21.58 25.98 114.5
Sucre 12260 4215 170.7 7036 5833 446.2 404.4 176.6 112.8 47.56 4524  246.7
Tolima 5302 1763 89.61 3141 2195 184.4 149.5 71.87 44.76 17.71 19.49 91.41
Valle del Cauca 18730 6373  277.9 10850 8549 672.2 591.2 265.0 167.5 69.60 67.60 359.9
Vichada 307.6 105.7 4.293 176.6 146.3 11.19 10.08 4.429 2.829 1.192 1.217 6.181
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4.CONCLUSIONS

The results presented in this Chapter contribute to the development of AD and DF models
to assess biogas production performances from residual biomass. The characterization of the
residual biomass of the agroindustry allows the use of simulation tools to obtain production

potential and future technical-economic evaluations.

Specifically, to produce the bioprocesses in series (ADF), it was observed that the initial
DOC concentration and the C/N ratio are properties that contribute to the operational
optimization, since they showed a correlation with the hydrogen and methane production

yield, respectively.

The results indicate that the local availability of different types of residual biomass
represents the most influential parameter in assessing the energy recovery potential in
Colombia. For this reason, for the use of the model it is important the characterization of the
biomass and continuous mixtures, as well as the adjustment or variation in the conversion

fraction of the reactants in the hydrolysis reaction equation.

The optimization of the bioprocesses through the proposed design of bioprocesses in series
(ADF) and the minimization of the water content, increase the biogas production to more
than double and maximize the energy yield of the process, which helps to calculate the
maximum potential of the residual biomass according to its availability. The energy recovery
potential in Colombia for 2017 is 155.1 ktoe according to the local production amounts of
CFM, CCM, and SM. Overall, energy recovery yields improve by increasing CFM/SM
and/or CCM/SM ratios of the feed, and by increasing organic load from 2 to 26 gCOD-1™%.

The energy yield of bioprocesses must then be analyzed including the biogas treatment
processes. Especially for the need to remove sulfur, ammonia and CO2, minimum
requirement for the use of methane and hydrogen for heat and/or electricity generation.
Furthermore, to improve energy efficiency, processes such as reforming should be studied
that seek to produce hydrogen because its heating value is higher than that of methane.
Finally, in addition to the initial capture of waste gases, it is necessary to use them within the

process for the valorization or production of new products. For this reason, the
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implementation of new processes and their technical-environmental evaluation are sought to

visualize them as possible solutions for the Colombian agroindustry.
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Chapter IV. Biorefinery schemes evaluation

1.INTRODUCTION

This Chapter IV, entitled “Biorefinery schemes evaluation”, summarizes the main results
of the environmental and technical analysis of three biorefinery schemes for the production of
CHjs, H2, CO, methanol, and digestate, as products of interest for the valorization of swine
manure, coffee mucilage, and cocoa mucilage available in the department of Santander,
Colombia. The department of Santander presents the highest growth in the three
agroindustry’s studied, and it is also the largest cocoa producer, supplying a high amount of

carbohydrates according to the results shown in the previous chapter.

Having established the maximum biogas yield with the minimum water content and the
simulation of the bioprocesses in series (ADF) in the previous Chapter 111, the simulation
results are shown here when the separation, reforming and synthesis processes are added. The
Chapter IV seeks to complement the application of biomass valorization, which is why it
begins its study with the available yield for the total available biomass and the sensitivity
analysis of the reforming and synthesis processes that can be used in the production of the

biomass.
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2.CONCEPTUAL DESIGN OF
BIOREFINERY

1.22 Simulation of the biorefinery schemes

All three biorefinery schemes show simulation results consistent with the literature. In the
following sections, the results are analyzed from the mass and energy point of view. All raw

data of the simulated equipment can be found in Annex I.

1.22.1 Products mass yield

Table 29 shows the relevant mass production results for the three biorefinery schemes. For
the scheme No. 1, the biogas composition is within the range of those reported in the initial
validation of the bioprocesses (45% CHas, 23% H> and 32% COy). Also, it is highlighted
among the results that the biogas yields (175 mL H, gCOD-L™* and 378 mL CH4 gCOD-L™)
are in agreement with those reported with the blend No. 8 for the ADF process (Figure 42,
Chapter 111), which shows the importance of co-digestion. The variation with respect to the
other mixtures is most probably due to the influence of the C/N mass ratio (Santander case
study the C/N = 11), which is coherent with the results shown by Zheng et al. (2021) that
show that at C/N ratios below 12 the specific yield of methane is reduced by up to 80%.
Similar behaviors are already observed in the literature (Carotenuto et al., 2020; Zheng et al.,
2021).

Table 29 Biorefinery schemes mass production results and yields

Biorefiner .. Mass flow -m; Y; Nmass; (Eq 22)
Scheme y Product (i) (kg-d1) l (mL-gcoD?) (l%)
H:2 369 175 2
No. 1 CH4 5968 378 26
DIGESTATE 6170 n.a 29
H:2 2573 1224 11
No. 2 Cco 9004 337 39
DIGESTATE 6170 n.a 29
METHANOL 141 0.01 1
No. 3 H:2 1806 859 8
Cco 10561 396 45
DIGESTATE 6170 n.a 29
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The scheme No. 2 is based on the future demand of hydrogen for Colombia. The modal
distribution of transportation in Colombia is completely biased to the road mode, which is
responsible for the consumption of 88% of the total energy consumption in the transportation
activity. This makes it necessary not only to promote electro-mobility, but it is also essential
to ensure that other more efficient modes increase their participation in the energy matrix.
One of the demands of the Ministry of Science, Technology and Innovation is based on the
use of hydrogen as a fuel, thus showing its future demand. The biorefinery scheme No. 2
shows a significant increase in the production of hydrogen as the main compound. It
produces six times more in flow with respect to the previous scheme, obtaining yields of
1224 mL H,-gCOD™, values that have not been possible to obtain with bioprocesses alone. In
relation to the composition of the gases obtained, hydrogen represents more than 60%, which
shows higher yields of hydrogen production compared to other processes, such as
thermochemical processes (gasification and pyrolysis). This is attributed to the fact that it is
the integration of the biological processes and the reforming that generate the utilization of

the compounds for its production (Das et al., 2021; Puig-Gamero et al., 2021).

The latest scheme, biorefinery scheme No. 3, aims to reduce emissions into the
atmosphere by synthesizing methanol, as well as to fulfill the demand for methanol, a
compound that is currently imported into Colombia. The mass balance shows that more than
twice the proposed hydrogen is produced compared to the biorefinery scheme No. 1, while
the mass yield of methanol is only 1% (mass of methanol recovered per initial mass of COD).
The model used the minimum conversion rate presented by Lee et al. (2020). However, the
same author relates that the production cost increases significantly when less than 1.64 ton/d
is produced, which indicates that there would be an economic cost overrun in scheme No. 3.
As shown in Table 29, the conversion efficiency of the process from methane reforming to

methanol production is low and agrees with that presented by Surendra et al. (2015).

On the other hand, the CO2 production yield was evaluated since it is an important factor
for the environmental analysis. Table 30 shows the daily mass of CO> obtained in the process
and the yield with respect to the dry biomass flow. The yield range is between 36 to 62%
(mass of CO- produced per initial mass of COD). Above all, it shows the high production of
CO: that the bioprocesses have and that increases the reforming. Authors such as Niu, et al.

(2020) report reforming processes using CO: as a reaction source to reduce intrinsic impact.
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However, the use of metal catalysts such as Ni and Pt is required. While the SMR reforming
reactors using water, generate efficiencies with high conversions, energy efficiencies and

without the use of catalysts (Niu et al., 2020).

Table 30 Biorefinery schemes, CO2 mass production and yields

Biorefinery Mass flow - CO, Ycoz Nmasscoz (E422)  COze
scheme (kg-d-1) (mL-gCOD-1) (%) (kg-d-1)
No.1 12356 266 53 176332
No. 2 14413 311 62 30629
No. 3 8424 181 36 8967

According to Table 30, the biorefinery scheme with the lowest CO> production efficiency
is the No. 3, with a mass production yield of 36% (mass of CO- produced per unit of COD)
due to the consumption of CO- in the methanol synthesis. Also, the last column expresses the
mass per day of CO- equivalent (CO.¢) of the processes. This is a factor reported by Aspen
that considers the energy consumption of the simulated equipment (according to the assigned
service). As shown in Table 30, the biorefinery scheme with the lowest reported CO2e is
scheme No. 3. The COze of the biorefinery scheme No. 3 is equivalent to only 5% of the

scheme No. 1 and 29% of the scheme No. 2.

Carbon dioxide equivalent generation values are currently compared by mass quantity of
biogas or hydrogen generated. For the case of the biorefinery scheme No. 1, a value of 24.82
kgCO.e/Kggiogas (H2 + cH4) IS obtained. This value is very close to the values reported in the
pollution indicator of the natural gas vapor reforming process (25.05 kgCO-e/kgH>) and the
ethanol reforming process (21 kgCO2e/kgH?>), as described by Lora and Nascimento (2004).
Furthermore, according to the literature they are above the upper range of the indicator. On
the other hand, biorefinery schemes No. 2 and 3 show values of 11.90 and 11.01
kgCO2e/kgHo, respectively. These values are within the reported ranges for sustainable
reforming and hydrogen generation processes (from 3 to 20 kgCO2/kgH2) (Madeira et al.,
2021, 2017a; Motazedi et al., 2021). It is important to note that the CO.e values are highly
dependent on the utilities or heating services and that these values can be optimized under
varying utilities or energy integration designs. Above all, it is demonstrated that in the mass
balance of pollutant generation or pollution indicator, biorefinery schemes No. 2 and No. 3

are shown to be the most efficient and sustainable. Its indicators are below those known from
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traditional methods, demonstrating the feasibility of the designs (Lora and Nascimento,
2004).

1.22.2 Bioprocess sensitivity analysis

The sensitivity analysis on the bioprocesses obtained in Aspen Plus (Figure 48), shows
that the variation of water content in the biomass impacts the production of biogas in DF and
AD. In this case, it is shown that H> production increases with increasing the water content of
the inlet biomass feedstock for the DF and AD processes (Figure 48A and B). On the
contrary, CHg4 production decreases with increasing water content (Figure 48B). However, the
energy consumption increases significantly in both processes (Figure 48C), so that increasing
the amount of water decreases the total energy yield of the bioprocesses, as also demonstrated
in section 1.20.2. The sensitivity analysis allows to see the importance of dry bioprocess
studies (e.g., dry AD) on the energy consumption impact, which is one of the main weakness
of the bioprocesses as reported in the literature. Moreover, the sensitivity analysis highlights
the importance of the selection of the product of interest. That is, in schemes that have as a
priority the production of hydrogen, the design of water-abundant processes is very likely to
be of convenience. Indeed, depending on the water content of the biomass, it could be

possible to select the biorefinery scheme leading to one specific product (H2 or CHa).
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Figure 48 Sensitivity analysis of the bioprocesses, variation of initial water concentration. (A) Hydrogen
production in DF; (B) Methane and hydrogen production in AD; (C) Power consumption in DF and AD. Graphs
obtained in Aspen Plus.

1.22.3 Reforming sensitivity analysis

Figure 49 shows the results obtained when the pressure and temperature are varied in the
reactor that reforms CHs to Ho. Overall, the results indicate that the temperature has the
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greatest impact of power consumption and biogas production performance. Figure 49A shows
how the power consumption of the reforming reactor is directly proportional to temperature,
whereas pressure is a property that does not show large changes in the process. Regarding the
H> production (Figure 49B) at the process output (total production), its highest production is
obtained at a temperature of 800 °C, and it increases with pressure. Figure 49C and D, show
the yields at the process output, the H2/CO ratio takes theoretical results (Doassans-Carrere et
al., 2014), so it is convenient in the future to simulate processes with catalysis and add
restrictions that decrease the ratio, taking into account that at industrial level lower values are
replaced. The H2/CO- ratios are within the ranges reported in the literature, which are 0.25 for
steam CH4 reforming and 0.33 for partial oxidation of CH4 (Armor, 1999). The process also
shows that at higher temperatures not only decreases the production of H> but also increases
the production of CO2, which indicates a greater environmental impact.
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Figure 49 Sensitivity analysis of the CH4 reforming to Hz process: effect of temperature and pressure on (A)
power consumption; (B) Hz production; (C) H2/CO ratio; (D) effect on CO2/H2 ratio.
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1.22.4 Methanol synthesis sensitivity analysis

Figure 50 shows the results on the equilibrium methanol synthesis reactor when the
pressure and temperature are varied. Figure 50A shows that CH4 production varies
significantly as a function of pressure at low temperatures, especially below 520 K, a
variation that is also evident in the studies of Lee et al. (2020). Furthermore, the incremental
gap in production at high temperatures between the variation of pressures decreases. Above

all, it is identified that the highest production values occur near 500 K and at 100 atm.

The conversion of CO», on the other hand, increases as a function of temperature. Pressure
does not prove to be a property of great impact on CO2 conversion. The range of increase is
within the range reported in the literature. The simulation results by Kiss et al. (2016) and
results from Lee et al. (2020) reports a conversion of 17% at temperatures even lower than
those studied, but at higher pressures. However, it should be noticed that a study uses
catalysts for the optimization of the process (An et al., 2009; Kiss et al., 2016; Lee et al.,
2020, p. 2). Lee et al. (2020) shows the analysis at 50 atm and as a function of temperature,
these values tend to stabilize from 523 K, also in the same study reports the conversion of
CO: as a function of gas hourly space velocity (GHS)/h at 50 bar and 523 K reporting
conversions between 20 and 28% showing that the values found in the graph Figure 50B are

within the reported ranges of CO2 conversion.

Figure 50C shows the conversion of CO which varies between 8 and 11% lower values
than those presented by Puig-Gamero et al. (2018), most likely because the study performed
does not consider the reaction that relates the generation of CO (Eq 18), thus increasing the
CO output value and hence decreasing the CO conversion. Also, as shown in Puig-Gamero et
al. (2018) the use of recirculation of products and by-products increases methanol and CO

production, and it decreases CO2 emissions into the atmosphere.

Finally, Figure 50D shows the variation of reactor energy consumption as a function of
pressure and temperature. The highest energy consumption is obtained at the lowest
temperatures and pressures that were investigated in the sensitivity analysis. The results show

that between 520 and 540 K there is no major change in the energy consumption of the
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system when the pressure is varied, determining this as an optimal area of study for the

energy saving function.
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Figure 50 Sensitivity analysis of the methanol synthesis reactor, variation of results as a function of temperature
and pressure. (A) Variation in methanol production (kmol/h); (B) Variation in carbon dioxide consumption; (C)
Carbon monoxide generation; (D) Reactor power consumption (kW).
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1.23 Biorefinery scheme environmental and

energy analysis

1.23.1 Life cycle assessment (LCA)

The simulation results were plotted as a process flow diagram (PFD) with mass and
energy balances to allow easy reading for inclusion in the life cycle analysis software. Figure
51, Figure 52 and Figure 53, show the schemes used for the LCA analysis of the biorefinery

schemes No. 1, No. 2 and No. 3, respectively, obtained from the simulation.

All untreated data obtained in the life cycle analysis are presented in Annex IV for the
three biorefinery schemes. The analysis for each of them and their comparison with the
processes to produce the main products reported in the literature is presented in the following

sections.
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Figure 51 Process flow diagram of inputs and outputs (mass and energy flow) of the biorefinery scheme No. 1 used for the life cycle analysis. The power requirement heating (in
red lines) and cooling (in blue lines). Green flow lines show the products of interest (H2, CH4 and Methanol), purple and final black flow lines show the process residues.
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Figure 52 Process flow diagram of inputs and outputs (mass and energy flow) of the biorefinery scheme No. 2 used for the life cycle analysis. The power requirement heating (in
red lines) and cooling (in blue lines). Green flow lines show the products of interest (H2, CH4 and Methanol), purple and final black flow lines show the process residues.
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Figure 53 Process flow diagram of inputs and outputs (mass and energy flow) of the biorefinery scheme No. 3 used for the life cycle analysis. The power requirement heating (in
red lines) and cooling (in blue lines). Green flow lines show the products of interest (H2, CH4 and Methanol), purple and final black flow lines show the process residues.
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1.23.2 LCA - Biorefinery scheme No. 1

Figure 54 to shows the results obtained for the biorefinery scheme No. 1 scenario No. 2
when analyzing the LCA according to the ReCiPe midpoint from the bioprocess to the

byproducts separation and purification. The results show that:

e 8 Of the 18 impact categories analyzed, 14 show the highest impact on bioprocesses (>
60% of the total), followed by biogas treatment. The impact of bioprocesses corresponds
most probably to the use of energy in the heating and mixing of the initial blend. Most of
these categories are associated with damage to human health and the ecosystem.

e 8 out of 18 impact categories show minimal impact: Stratospheric ozone depletion
(2.26x10°2 kg CFC11 eq); Ozone formation, Human health (1.25x10% kg NOXx eq);
Ozone formation, Terrestrial ecosystems(1.28x10% kg NOx eq); Freshwater
eutrophication (1.53 kg P eq); Marine eutrophication (1.02x10°! kg 1,4-DCB); Land use
(3.80x10°* m2a crop eq); and Mineral resource scarcity (4.52 kg Cu eq).

e Four of the 18 categories analyzed, greatest impact is shown by: global warming, terrestrial
ecotoxicity, human non-carcinogenic toxicity, and fossil resource scarcity, with total
values for the biorefinery of 8.91x10% kg CO; eq., 2.90% kg 1,4-DCB, 2.79x10% kg 1,4-
DCB and 2.62x10% kg oil eq., respectively.

The high value of CH4 treatment in the terrestrial acidification is due to the ratio of
production to heating capacity. In biorefinery scheme No. 1, scenario No 2, the product of
greater quantity generated is CH4 requiring greater consumption in its treatment. However, its
heating capacity is lower than that of the second product (H2), thus generating greater impact
in its treatment. Above all, the analysis of the first biorefinery shows that the profile values
are equivalent to those presented by Lamnatou et al. (2019) and Surra et al. (2021), which
show the impact of bioprocesses, specifically anaerobic digestion in thermophilic processes.
With respect to Lamnatou et al. (2019), lower values of global warming and water use were
found (Lamnatou et al., 2019; Surra et al., 2021). In addition, in comparison with the analysis
of natural gas production, lower values on environmental impact are evidenced, probably
because the contributions generated in the extraction work and the use of chemicals for the
cleaning of the basin that are used in current fossil extraction processes are omitted. As well
as the emission of SO and NOx and particulate matter emitted in the combustion processes
for cogeneration in the service of the compressor stations or in the operation of the natural
gas extraction wells (Calderon Carrefio and Garay Benitez, 2020; “UPME,” 2020).
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Figure 54 Biorefinery scheme No. 1 scenario 2 results for the whole system in terms of bioprocess, digestate
treatment, H2 and CHa4 separation, and purification, based on ReCiPe midpoint with characterization. The results
are presented in different units, depending on the impact category (in Table 22, details about the units can be
found). (A) Total impact values, (B) Percentage of participation of the sub-processes in each impact category.

Figure 55 shows the life cycle assessment results for the biorefinery scheme No. 1,

scenario No. 3. Methane combustion for biorefinery consumption shows a significant

decrease in the biorefinery impacts. The load of impacts corresponds entirely to the treatment

and biogas separation, which most likely corresponds to the CO- final emissions.
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Figure 55 Biorefinery scheme No. 1 scenario 3 results for the whole system in terms of bioprocess, digestate
treatment, Hz2 and CH4 separation, and purification, based on ReCiPe midpoint with characterization. The results
are presented in different units, depending on the impact category (in Table 22, details about the units can be
found). (A) Total impact values, (B) Percentage of participation of the sub-processes in each impact category.

Figure 56 shows the total variation in the impact of biorefinery scheme No. 1 under
scenarios 2 and 3. The optimized combustion of methane for process energy generation,
according to the PINCH analysis to be presented in the next section. It shows a reduction
between 11% and 97% of 13 impact categories. Showing the environmental benefit of energy
integration of the processes. Five of the 18 categories increase with methane combustion:
lonizing radiation, Freshwater ecotoxicity, Marine ecotoxicity, Human non-carcinogenic
toxicity, and Mineral resource scarcity, increasing by 9%, 10%, 7%, 10%, and 102%
respectively obtained in the biorefinery scheme No. 1 scenario 2 most probably due to the

generation of flue gases in methane combustion.

165



Chapter 1V. Biorefinery schemes evaluation

Water consumption ™
Fossil resource scarcity B
Mineral resource scarcity
Land use
Human non-carcinogenic toxicity =
Human carcinogenic toxicity |
Marine ecotoxicity §
Freshwater ecotoxicity |
Terrestrial ecotoxicity
Marine eutraphication
Freshwater eutrophication
Terrestrial acidification
Ozone formation, Terrestrial ecosystems
Fine particulate matter formation |
Ozone formation, Human health
lonizing radiation |

Impact Category

Stratospheric ozone depletion

Global warming

0 5000 10000 15000 20000 25000 30000 35000
reCiPe midpoint with characterisation
A W Scenario 2 M Scenario 3

‘Water consumption

Fossil resource scarcity
Mineral resource scarcity
Land use

Human non-carcinogenic toxicity
Human carcinagenic toxicity
Marine ecotoxicity
Freshwater ecotoxicity
Terrestrial ecotoxicity
Marine eutrophication
Freshwater eutrophication
Terrestrial acidification

Impact Category

Ozone formation, Terrestrial ecosystems
Fine particulate matter formation

Ozone formation, Human health
lonizing radiation

Stratospheric ozone depletion

Global warming

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

reCiPe midpoint with characterisation

B W Scenario 2 W Scenario 3

Figure 56 Biorefinery scheme No. 1 scenario 2 and 3 results for the whole system, based on ReCiPe midpoint
with characterization. The results are presented in different units, depending on the impact category (in Table 22,
details about the units can be found). (A) Total impact values, (B) Impact percentage per scenario.

As shown in Figure 57, the impact decreases in scenarios 2 and 3 are mostly shown per kg
of H2, decreasing by more than 50% when energy integration is carried out through methane
combustion. In contrast, the evaluation per kg of CH4 shows that scenario 3 results in the
same impact in factors such as global warming and in 5 of the 18 environmental categories
the increases. Terrestrial ecotoxicity shows a decrease of less than 50%. Overall, the figure
shows that energy integration strongly benefits the biohydrogen production. Scenario 3
values for CH4 and H2 production show reduced impact values compared to those presented

in the last studies (Postels et al., 2016).
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Figure 57 Biorefinery scheme No. 1 results for the whole scenarios. The results are presented in different units,
depending on the impact category (in Table 22, details about the units can be found). (A) Total impact values per
1 Kg Hz, (B) Percentage of participation per 1 Kg Hz. (C) Total impact values per 1 Kg CHa, (D) Percentage of
participation per 1 Kg CHa.

Figure 58 shows that the ADF process and designed separation results in carbon footprint

values for methane production are equal to or lower than those reported by the ecoinvent

database at the global data, for scenarios 2 and 3 of the biorefinery scheme No. 1. In addition,

the water consumption impact factor can be significantly reduced with respect to those

reported in the current market. However, factors such as acidification and ecotoxicity are

major and need to be addressed on their hot spot to improve the environmental analysis of

methane from ADF processes.
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Figure 58 Main categories for the evaluation of biorefinery schemes per kg CH4 (Commonly generated product).
(A) Global Warming (GWP); (B) Terrestrial ecotoxicity; (C) Water consumption; (D) Terrestrial acidification.

1.23.3 LCA - Biorefinery scheme No. 2

Figure 59 — 58 shows the results obtained for the biorefinery scheme No. 2 scenarios 2, 3
and 4 respectively according to the ReCiPe midpoint for the production of H> as the main
compound and digestate as a by-product. The biorefinery is divided into 3 sub-processes,
including bioprocesses, digestate treatment, and H> treatment and production. The Figure 56

shows that:

e 17 of the 18 categories analyzed are mostly affected by the reforming process. Most
probably because the reforming process impacts with high water use to meet the methane
reaction ratio, in addition to the energy consumption for the operational conditions
(temperature and pressure).

e The freshwater eutrophication category (due to the discharge of nutrients into soil or into
freshwater bodies, and the subsequent rise in phosphorus) shows equivalent values
between reforming and bioprocessing. Associated with the consumption of water in the
reforming and that is finally discharged.

e 4 of the 18 categories show a significant impact: global warming, terrestrial ecotoxicity,
human non-carcinogenic toxicity, and fossil resource scarcity, with total values for the
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biorefinery of 4.6x10% kg CO> eq., 1.27x10% kg 1,4-DCB, 1.46x10% kg 1,4-DCB and
1.41x10% kg oil eq., respectively.

e The reforming process for obtaining Hz shows an increase in all categories with respect to
the previously proposed scheme, which is directly attributed to the high CO2 generation
and water consumption. This difference is in agreement with the one presented by Hajjaji
et al. (2016). However, recent studies show that in general, reforming has significantly
lower values in the categories of global warming, acidification and levelized cost
compared to the traditional processes of H. production (Hajjaji et al., 2016; Valente et al.,
2021).
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Figure 59 Biorefinery scheme No. 2 scenario 2 results for the whole system in terms of bioprocess, digestate
treatment, Hz reforming, separation, and purification, based on ReCiPe midpoint with characterization. The
results are presented in different units, depending on the impact category (in Table 22, details about the units can
be found). (A) Total impact values, (B) Percentage of participation of the sub-processes in each impact category.
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Figure 60 and 58 shows the results obtained for scenario 3 when an optimal percentage of
methane is burned for the energy generation required for the system. The contribution in the
sub-processes is notably modified in the bioprocesses and digestate treatment, reducing them
to less than 10%, especially in water consumption where the contribution of the bioprocesses

is reduced from 90% to less than 1%.
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Figure 60 Biorefinery scheme No. 2 scenario 3 results for the whole system in terms of bioprocess, digestate
treatment, Hz reforming, separation, and purification, based on ReCiPe midpoint with characterization. The
results are presented in different units, depending on the impact category (in Table 22, details about the units can
be found). (A) Total impact values, (B) Percentage of participation of the sub-processes in each impact category.
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Figure 61 Biorefinery scheme No. 2 scenario 4 results for the whole system in terms of bioprocess, digestate
treatment, Hz reforming, separation, and purification, based on ReCiPe midpoint with characterization. The
results are presented in different units, depending on the impact category (in Table 22, details about the units can
be found). (A) Total impact values, (B) Percentage of participation of the sub-processes in each impact category.
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Figures 59 and 60 show that the impact on the 18 categories is significantly reduced with
energy integration for the system and per kg of Ha. It is highlighted that by burning the waste
gases of the system (scenario 4) the environmental impacts increase discarding the scheme at
the environmental level. Scenarios 3 and 4 show values in the impact factors lower than 10
per kg H2, which are in accordance with those reported by the latest technologies for

hydrogen production (Ji and Wang, 2021; G. Li et al., 2020).
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Figure 62 Biorefinery scheme No. 2 scenario 3 results for the whole system in terms of bioprocess, digestate
treatment, Hz reforming, separation, and purification, based on ReCiPe midpoint with characterization. The
results are presented in different units, depending on the impact category (in Table 22, details about the units can
be found). (A) Total impact values, (B) Percentage of participation of the sub-processes in each impact category.
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Figure 63 Biorefinery scheme No. 2 results for the whole system, based on ReCiPe midpoint with

characterization. The results are presented

in different units, depending on the impact category (in Table 22,

details about the units can be found). (A) Total impact values per Kg Hz, (B) Percentage of participation of the
scenarios in each impact category.

1.23.4 LCA - Biorefinery scheme No. 3

Figure 64-63 shows the results obtained for the biorefinery scheme No. 3 scenario 2, 3 and

4 respectively according to ReCiPe midpoint for the production of hydrogen, methanol, and

digestate. The biorefinery is divided into four sub-processes, including bioprocesses,

digestate treatment, hydrogen product
61 shows that:

17 of the 18 categories are highly

ion and separation, and methanol synthesis. The Figure

impacted by the methanol synthesis process with respect

to the other 3. Most likely due to the operational conditions of the process. The freshwater
eutrophication category again shows equivalent impacts with the bioprocess.

18 categories show equivalent

In the 18 categories, the lowest impact is shown by the digestate treatment. And 9 of the

impact percentages between the bioprocess and the

hydrogen production and separation, showing the environmental efficiency of the design

compared to the case of biorefine

ry scheme No. 2.
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e 4 of the 18 categories show a significant impact: global warming, terrestrial ecotoxicity,
human non-carcinogenic toxicity and fossil resource scarcity with total values for the
biorefinery of 6.46x10% kg CO- eq., 1.71x10% kg 1,4-DCB, 2.79x10° kg 1,4-DCB and
2.00x10% kg oil eq. respectively.

The values obtained are in agreement with those presented by recent authors, where it is
shown that the use of the methanol synthesis process increases the impact with respect to
reforming by a very low percentage, but additionally that the percentage is allocated to the
synthesis, showing significant reduction in the bioprocesses and the reforming process
(Lundgren et al., 2013; Reno et al., 2011; Wu et al., 2021). As in the case of Wu et al. (2021),

the greatest impact is generated on human health.
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Figure 64 Biorefinery scheme No. 3 scenario 2 results for the whole system in terms of bioprocess, digestate
treatment, Hz reforming, separation, and purification, methanol synthesis based on ReCiPe midpoint with
characterization. The results are presented in different units, depending on the impact category (in Table 22,
details about the units can be found). (A) Total impact values, (B) Percentage of participation of the sub-
processes in each impact category.
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Scenarios 3 and 4 show a significant reduction in the 18 impact categories, especially in

the ADF and digestion treatment sub-process, where in both cases, the contribution to the

total impact generated is reduced by less than 1%. Above all, the greatest impact is attributed

to gas treatment, reforming and methanol synthesis as shown in Figures 62 and 63.
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Figure 65 Biorefinery scheme No. 3 scenario 3 results for the whole system in terms of bioprocess, digestate
treatment, Hz reforming, separation, and purification, methanol synthesis based on ReCiPe midpoint with
characterization. The results are presented in different units, depending on the impact category (in Table 22,
details about the units can be found). (A) Total impact values, (B) Percentage of participation of the sub-

processes in each impact category.
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Figure 66 Biorefinery scheme No. 3 scenario 4 results for the whole system in terms of bioprocess, digestate
treatment, Hz reforming, separation, and purification, methanol synthesis based on ReCiPe midpoint with
characterization. The results are presented in different units, depending on the impact category (in Table 22,
details about the units can be found). (A) Total impact values, (B) Percentage of participation of the sub-
processes in each impact category.
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Figure 64 shows the comparison in the impact factors for biorefinery scheme No. 3 when
energy integration techniques are applied. Above all, it is highlighted that the combustion of a
part of the methane, or waste gases, significantly reduces the impact of the process. However,
it is evident that the burning of waste gases (scenario 4) brings with it an increase compared

to the burning of a portion of methane (scenario 3).
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Figure 67 Biorefinery scheme No. 3 scenario 3 results for the whole system in terms of bioprocess, digestate
treatment, Hz reforming, separation, and purification, methanol synthesis based on ReCiPe midpoint with
characterization. The results are presented in different units, depending on the impact category (in Table 22,
details about the units can be found). (A) Total impact values, (B) Percentage of participation of the sub-
processes in each impact category.
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For the study of the two main compounds, per kg of methanol and per kg of H2, in all
cases scenario 4 shows to be the most favorable for the product, showing a significant
reduction in the 18 impact factors and obtaining values equal to or better than the

technologies presented in the literature.

Figure 68 Biorefinery scheme No. 3 scenarios 2, 3 and 4 results for the whole system based on ReCiPe midpoint
with characterization. The results are presented in different units, depending on the impact category (in Table 22,
details about the units can be found). (A) Total impact values per 1 Kg Hz, (B) Percentage of participation per 1
Kg Hz. (C) Total impact values per 1 Kg Methanol, (D) Percentage of participation per 1 Kg Methanol.

Methanol cannot be compared between refineries, since scheme No. 3 only produces the
compound. However, comparisons of the four most representative factors with the LCA
ecoinvent database (Global warming, water consumption, Terrestial acidification and
Terrestial ecotoxicity) show that the only factor that benefits with respect to that currently
reported by the ecoinvent database is water consumption (market for methanol, from biomass
7.82 m3/kg methanol). Nevertheless, factors such as global warming (market for methanol
generated from biomass is 0.66 CO2/kg methanol, and market for methanol is 0.3 CO2/kg
methanol) increase significantly, which implies improvements in technology selection. In
addition, benefits can also be seen in fine particulate matter formation, ozone formation, and

terrestrial ecosystems.
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1.23.5 Life cycle assessment discussion

Figure 66 shows the comparison of the three biorefinery schemes, taking as a value the
scenario with the lowest environmental impact, especially showing that all the factors
increase when including processes in the biorefinery, being the biorefinery scheme No. 3 the
one with the highest impact, most probably due to the power requirements, water
consumption for reforming and the generation of combustion gases (CO- emissions) resulting
from energy integration. The first difference on the low impact categories is shown in the
three categories associated with ecotoxicity (referring to the emission of substances such as
heavy metals that can affect the system) that directly influence the quality of ecosystems. The
impact is attributed to the energy and service used to maintain the operational conditions of
the reforming and methanol synthesis. Additionally, it is shown that biorefinery schemes No.
2 and No. 3 also increase the human toxicity factor with the category of ionizing radiation.
lonizing radiation is an impact category in LCA related to the damage to human health and
ecosystems that is linked to the emissions of radionuclides throughout a product or building

life cycle. This is most probably due to the use of nuclear power for electricity.

The greatest impact on climate change is shown in the global warming category. Climate
change can be defined as the change in global temperature caused by the greenhouse effect
that the release of "greenhouse gases™ by human activity creates. The increase over the
category is most likely due to the additional processes with higher CO> generation and
electricity use. The three additional categories are associated with ecotoxicity and human
toxicity. Overall, it is shown that the impact of biorefinery scheme No. 1 is presented in a
homogeneous manner, while biorefineries No. 2 and No. 3 have a greater impact on specific

categories that can be optimized to improve the life cycle analysis of the products obtained.
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Figure 69 Total impact assessment for biorefinery schemes No. 1, No. 2 and No. 3 based on ReCiPe midpoint
with characterization. The results are presented in different units, depending on the impact category (in Table 22,
details about the units can be found).

Figure 67 shows the comparison of the three biorefinery schemes after energy integration.
Above all, it is shown that in the three cases the greatest impact is found in the damage to
ecosystems (figure 67D), followed by the damage to human health. Regarding human
health, figure 67A shows that the greatest impact is found in the increase in diseases and
malnutrition, most likely due to the generation of particles and post-combustion emissions,
as well as the generation of gases such as NH3 and H2;S. The factors with the greatest
impact on the damage to ecosystems correspond to the damage to freshwater species and
the damage to terrestial species, most probably due to the requirement of water for the
transformation or cooling processes, as well as the occupation of land and emission of
material. particulate. Finally, regarding the damage to available resources, once again the
impact is generated by the increase in malnutrition, most likely, as mentioned above, due to
the use of water as a natural resource.
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Figure 70 Total impact assessment for biorefinery schemes No. 1, No. 2 and No. 3 based on ReCiPe midpoint
with characterization. The results are presented in different units, depending on the impact category (in Table 22,
details about the units can be found). F1: Increase in respiratory disease, F2: Increase in various types of cancer,

F3: Increase in other diseases/causes, F4: Increase in malnutrition, F5: Damage to freshwater species, F6:
Damage to terrestrial species, F7: Damage to marine species, F8: Increase in other diseases/causes, F9:
Increase in malnutrition.

Although the overall results show that the No. 1 biorefinery schemes are those that
generate overall lower impacts, and that energy integration is shown to be a process that
reduces the evaluation categories in LCA, an LCA is comparable when the product and
functional unit are the same. Figure 68 compares all schemes and scenarios for the major
impact categories. Global warming refers to the anthropogenic addition of greenhouse gases
into the atmosphere (e.g. CO2, CH4 and N20), i.e. it directly characterizes the direct impact

on climate change.

Figure 68A shows that energy integration produces a significant reduction in global
warming. However, per unit of Hz production, the change is not significant when part of the
product or residual gases are used for the scheme's own energy consumption. And that
biorefinery schemes No. 1 and 2 can generate the same global warming impact. A similar
behavior is shows in the results of terrestrial ecotoxicity which represents the influences of
toxic substances on terrestrial ecosystems (Figure 68B). Although the gases combustion
produces a higher amount of COg, their use has a lower impact than the use of energy from
the Colombian grid, considering that the Colombian grid is mostly based on the use of oil and
coal.
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In the case of water consumption, Figure 68C shows that the development of energy
integration mostly reduces the category in the three cases, and it could be said that the mass
integration and high technology selection in the biorefineries construction will exclude this
category from the selection, since their result does not show significant changes for the three

schemes.

Finally, acidification is caused by pollutants that have the capacity to form H* - ions in the
ecosystem (air, soil, surface water, ground water). The ReciPe method expresses acidification
in kg SO2-Eq and Figure 68D shows it for the three biorefineries per 1 kg Hz. The figure also
shows that the energy integration for schemes No. 2 and 3 increase the category value, most
probably due to the emissions produced in the gas combustion, which shows that the use of
biogas in the process versus the generation of H; increases the acidification process, the
category may improve using alternative energies (e.g., solar, wind, etc.). Overall, the global
warming per kg Hz of Scheme No.1 Scenario 3 is close to that reported by the Ecoinvent
database for the market for hydrogen, gaseous (Global) (1.57 kg CO2/kg H2) and for factors
such as water consumption the impact of Scheme No.1 Scenario 3 is 60% of that currently

reported for the market for hydrogen, gaseous (Global).
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1.23.6 Pinch analysis

Before analyzing the energy integration for the scenarios proposed in each biorefinery
scheme, the minimum temperature range for the three biorefineries was evaluated. Studies of
pinch analysis between 3 to 10 °C are found in the literature. Figure 72 shows the analysis of
the scheme with different temperature gap (ATmin) for biorefinery scheme No. 1. In all the
targets studied, a significant change is between 5 to 7 °C. Above all, it is shown in Figure
72A that the heat and cold service requirement increases as the temperature gap increases,

directly impacting the operational cost of the No. 1 biorefinery scheme.
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Figure 72 Analysis of consumption and costs as a function of the variation of ATmin, biorefinery scheme No. 1. (A)
Variation of heat transfer, (B) Variation of total heat exchanger area, (C) Variation of capital and operating cost,
(D) Change in total cost.

Figure 73 shows the cost and energy consumption analysis for the biorefinery scheme No.
2. As shown in Figure 73A the lowest energy consumption is obtained when the pinch
analysis is performed at a ATmin 0f 3 °C while the lowest area is obtained when the analysis is
performed at a ATmin 0f 10 °C (Figure 73B). In particular, the cost trend (Figure 73C and D)
changes from a ATmin 0f 6 °C onwards. In case an economic optimization is required, it is
recommended to use values lower than ATmin 0f 9 °C. Between 3 to 9 °C in the biorefinery

scheme No. 2, the energy requirement (heat and cold) increases as a function of temperature,
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which impacts the operational cost of the process. However, the capital cost is not affected in

this temperature gap.
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Figure 73 Analysis of consumption and costs as a function of the variation of ATmin, biorefinery scheme No. 2. (A)
Variation of heat transfer, (B) Variation of total heat exchanger area, (C) Variation of capital and operating cost,
(D) Change in total cost.

The profit and cost behavior of biorefinery scheme No. 3 is the same as that obtained for
scheme No. 2. Figure 74 shows the analysis of the optimization objective when performing
heat exchange networks for biorefinery scheme No. 3 showing that the ATmin Optimum is
3°C.
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Figure 74 Analysis of consumption and costs as a function of the variation of ATmin, biorefinery scheme No. 3. (A)
Variation of heat transfer, (B) Variation of total heat exchanger area, (C) Variation of capital and operating cost,
(D) Change in total cost.

1.23.7 Pinch analysis - Biorefinery Scheme No. 1

Figure 75 shows the pinch analysis for biorefinery scheme No. 1. Fernandez-Polanco and
Tatsumi, 2016, in his study shows a digestion process of 19 days at 35 °C where the
anaerobic digestion process requires constant heating and can consume up to 44% of the
energy contained in the biogas produced. The optimization of the study seeks to decrease the
use of the energy produced by the thermal hydrolysis pretreatment. Figure 57A shows the
energy requirements for the hydrolysis reactors and the anaerobic digestion reactors.
However, the energy required for the CSTR reactors only considers the volume and kinetics
of the reactions without taking into account sludge recirculation and energy required for
micro bacterial growth, which results in values of theoretical consumption that are far from
those encounter in the industry (Fernandez-Polanco and Tatsumi, 2016). For this reason,
CSTR reactors are eliminated for the pinch analysis to energetically evaluate the

thermochemical processes.
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The minimum required heat (MER) is decreased by 94% when the heat required for the
CSTR reactors of the ADF process is removed (MER difference between Figure 75A and B),
increasing the efficiency of the process. According to the MER in Figure 75B, methane
combustion is required (8.15 x10° (kJ-h™)). Figure 75C shows that combustion of 7.5% of
methane balances the process. The total energy consumed by the CSTR reactor is equivalent
to the theoretical value of the kinetics of the reactions for amino acid degradation,
acidogenesis, methanogenesis, and fermentation. Moreover, if the theoretical value were
considered, it would be necessary to use 98% of the methane produced, a value that does not
represent the one measured in the installed processes (between 20 to 30% for AD alone). As
shown in Qi et al. (2021) and Y. Li et al. (2021), the energy yield of the process is a function
of the ambient temperature, showing that for the transport, pretreatment (mixing and
preheating) and digestion process between 17 to 32% of the methane produced is required,
being the transport one of the most demanding of energy consumption. The model proposed
in this case optimizes the biomass pretreatment and final biogas treatment requirements (Y.
Lietal, 2021; Qi et al., 2021).
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Figure 75 Pinch analysis. The hot (red) and cold (blue) composite curves for the simulation of biorefinery scheme
No. 1. The gas temperature is set at 3 °C, the area R indicates the overlap area and MER indicates the minimum
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heat requirement. (A) Scenario 1. (B) Scenario 2. (C) Scenario 3. (D) Grand composite curves obtained for the
three scenarios.

The report for the task 37 — Energy from Biogas of the IEA, shows that for ADF bioprocesses
the percentage of energy consumed (heat and electricity) over energy produced (heat and
electricity) is between 4 to 10%, which supports the value finally consumed in the scenario
No. 3 for the biorefinery scheme No. 1 and allows obtaining the total energy efficiency of the

proposed process of pretreatment, ADF and gas separation (Jerry Murphy et al., 2011).

1.23.8 Pinch analysis - Biorefinery Scheme No. 2

Figure 76 shows the pinch analysis for biorefinery scheme No. 2. The minimum required
heat (MER) is decreased by 70% when the heat required for the CSTR reactors of the ADF
process is removed (MER difference figure D), increasing the efficiency of the process.
According to the MER in Figure 76B, when 30% of the methane produced is burned, the
energy required for the entire process of 5.17 x10° (kJ-h?) is produced. The value does not
correspond to a linear function since methane consumption impacts the hydrogen reforming
production, water consumption, and the energy consumption of the reforming process, which
is the second process with the highest energy consumption in the biorefinery scheme No. 2.
The total energy requirement of biorefinery scheme No. 2 is six times higher than that of
biorefinery scheme No. 1. Figure 76D shows the grand composite curves of the scenario for
biorefinery scheme No. 2, where it is shown that the combustion of 30% of the methane is
sufficient to cover the energy consumption of the pretreatment, gas separation and hydrogen
reforming. Then the additional 23% of methane required is used for the reforming process.
However, as shown by the high energy demand of the reforming process, further studies are
required to optimize energy consumption and to prove the benefits of the application of the
process and CO» capture from the biogas obtained. Cvetkovi¢ et al. (2021) show that the
reforming process followed by AD has a negative LCA balance. However, they report a total
energy efficiency of the AD and reforming process of 61%, thus concluding that it is
important to take into account the additional environmental factors surrounding the process to
support the viability of the process. According to Masoudi Soltani et al. (2021), the efficiency
of the production and separation process has high theoretical yields when the CO> capture
processes are studied in detail (Cvetkovi¢ et al., 2021; Masoudi Soltani et al., 2021). Faheem

et al. (2021) in his study shows that depending on the reforming process from methane, the
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energy yield can be negative or positive, obtaining energy yields up to 45% showing the

process feasibility even with its energy consumption (Faheem et al., 2021).
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Figure 76 Pinch analysis. The hot (red) and cold (blue) composite curves for the simulation of biorefinery scheme
No. 2. The gas temperature is set at 3 °C, the area R indicates the overlap area and MER indicates the minimum
heat requirement. (A) Scenario 2. (B) Scenario 3. (C) Scenario 4. (D) Grand composite curves obtained for the
four scenarios.

1.23.9 Pinch analysis - Biorefinery Scheme No. 3

Figure 77 shows the pinch analysis for biorefinery scheme No. 3. The minimum required
heat (MER) is decreased by 67% when the heat required for the CSTR reactors of the ADF
process is removed (MER difference Figure D), increasing the efficiency of the process.
Regarding the total energy demand of the biorefinery scheme, it increases 10% with relation
to the biorefinery scheme No. 2, which does not mean a significant change as it was shown
between the biorefinery schemes No. 1 and No. 2. The total requirement of 5.2x10° (kJ-ht)
as shown in Figure 77B is mainly for the reforming process. According to the MER in Figure
77B the 30% combustion of the methane produced in the bioprocesses provides the energy
required for the entire biorefinery scheme No. 3. This does not significantly impact the H>

production as the main product of the biorefinery schemes No. 2 and 3, since it corresponds
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to the same value of methane consumed in the biorefinery scheme No. 2. Figure 77D shows
the grand composites curves for scenarios 1, 2, 3 and 4 of the biorefinery scheme No. 3,
where again the impact of the theoretical CSTR reactors and the low consumption of the
methanol synthesis process is shown. Harris et al. (2021) and Nassirpour and Khademi
(2020) show that, due to the low energy consumption of methanol synthesis in the process,
energy Yyields between 40 and 60% can be obtained. Furthermore, the environmental benefits
are representative due to the CO> consumption (Harris et al., 2021; Nassirpour and Khademi,
2020).
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Figure 77 Pinch analysis. The hot (red) and cold (blue) composite curves for the simulation of biorefinery scheme
No. 3. The gas temperature is set at 3 °C, the area R indicates the overlap area and MER indicates the minimum
heat requirement. (A) Scenario 2. (B) Scenario 3. (C) Scenario 4. (D) Grand composite curves obtained for the
four scenarios.

190



Chapter IV. Biorefinery schemes evaluation

1.23.10 Energy yield

Table 31 shows the energy efficiency results of each proposed biorefinery schemes and for

each pinch analysis scenario.

Scenario 1 - initial biorefinery schemes. Higher energy efficiency for scenario 1
are obtained when biogas is produced, followed by reforming, and obtaining
hydrogen as the main product (Biorefinery scheme No. 2 and No. 3). These results
are in agreement with previous studies in the literature that have proposed refining
as a complement to the biorefinery processes (Jung et al., 2021; Zhao et al., 2020).
Manish and Banerjee (2008) show an energy efficiency for hydrogen production
by dark fermentation of 9.6%, but energy efficiency increases up to 64% when
integrating hydrogen reforming from methane (Manish and Banerjee, 2008). In the
same study, energy efficiency is considered when processes are carried out in
series (dark fermentation, photofermentation, and anaerobic digestion), reporting
efficiency values between 25% and 27%. According to these data, the proposed
biorefinery scheme No. 1, 2, and 3 seem to give better efficiency than that reported

in the literature.

Scenario 2 — ADF heating removed. The energy required for the CSTR reactors of

the ADF process is removed in the scenario 2. This increased the energy efficiency
in the three biorefinery schemes, validating that the digestion and fermentation
processes require a fairly high heat demand (Kongjan et al., 2011; Patterson et al.,
2011; Willquist et al., 2012). Results show equal energy efficiencies (nc 52%) for
biorefinery schemes No 1 and 2. These energy conversion efficiency values are
consistent with those reported by Meng et al. (2017), Li et al. (2018) and
Ariunbaatar et al. (2014) of 48%, 53% and 58% respectively. However, they are
below the efficiency reported by Yue et al. (2020) of 71% and 78% for ADF
processes. It should be noticed that for all of these studies, no process energy
consumption was taken into account (Ariunbaatar et al., 2014; Li et al., 2018;
Meng et al., 2017; Yue et al., 2020).

Scenario 3 - ADF heating removed and CH4 burned. This scenario proposes the

energy sustainability of the process through the combustion of CHa4. Table 31
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shows that above all the biorefinery schemes decrease their efficiency when CHa
combustion is considered. The highest decrease is shown in the biorefinery
schemes No. 2 and 3, most probably because the amount of available methane is
much lower than in scheme No. 1, and much less heat can be recovered by its

burning, thus decreasing the global energy efficiency.

e Scenario 4 - ADF heating removed and Residual gases burned. This scenario

proposes the energy sustainability of the process through the combustion of
residual gases. Table 31 shows that above all the biorefinery schemes decrease
their efficiency when residual gases combustion is considered. The highest
decrease is shown in the biorefinery schemes No. 2 , most probably because the
amount of available hydrogen is much higher than in scheme No. 3, due to the
methanol synthesis.

Table 31 Biorefinery schemes energy yields according to the biomass available for Santander in 2017.

Production, Qcooling and Qneating are results of the simulation in Aspen Plus, nc calculated according to equation
Eq. 24 section 1.16.3

CH4 Producti

. Biorefinery Main o Qcooling QHeating
Scenario scheme blg;:)e d products (k;)-r:l-l) M6 (%) MJ-d1)  (M]J-d)
1 - Initial No. 1 n.a CH4 5969 37 29098 314308

biorefinery Hz 369
schemes No. 2 n.a H2 2573 38 26580 411527
Cco 9005
No. 3 n.a H>* 2513 41 16313 416879
co 13730
Methanol 198
2 - ADF No. 1 n.a CH4 5969 52 29098 19556
heating Hz 369
removed No. 2 n.a H> 2573 52 29184 124020
Cco 9005
No. 3 n.a H>* 2513 55 16313 135921
co 13730
Methanol 198
3-ADF No. 1 7.5 CH4 3818 50 26209 0
heating Hz 369
removed and No. 2 30 H2 1913 47 57564 0
CH4 burned (6{0) 6301
No. 3 30 H>* 1806 50 21999 0
co 10562
Methanol 141
4 - ADF No. 2 n.a H> 2352 50 63904
re;l‘sszg‘i g No3 na Hy' 1673 47 53556
! Cco 6965

residual gas
burned
* Includes hydrogen in the residue gas stream.

Methanol 231,162

n.a = not apply
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As shown in Table 31, the lowest energy efficiencies were observed for scenario 1 for all
the biorefinery schemes. This is coherent by the fact that scenarios 2 and 3 do not consider
energy consumption for heating ADF reactors. Overall, in scenarios 2 and 3, the value of heat
for cooling are consistent with value needed to maintain ADF reactors at operating

temperature for all the biorefinery schemes that were studied.

Also, the results in Table 31 appears to confirm that the integration of the bioprocesses to
the reforming processes can lead to an increase in energy yield compared to that reported for
the stand-alone ADF processes, as already highlighted by previous studies in the literature
that have investigated hydrogen production by steam reforming (Bruni et al., 2019).
Moreover, previous studies have also indicated that use of different substrates (alone or in co-
digestion) can strongly affect energy efficiencies. Luongo Malave’ et al. (2015) show energy
efficiency values between 10% and 40% when using the coffee seed skin, and between 35%
and 95% when using glucose as a feedstock for the methane and hydrogen production, this
without considering the energy process consumption. Their study also shows that the high
lignocellulose content is not suitable for the digestion process, as it may decrease the energy
yields (Luongo Malave’ et al., 2015).

Above all, it is shown that, even with optimization, the bioprocesses still show lower
energy efficiencies than the thermochemical ones that present overall yields for hydrogen and
methane production higher than 60% (Ondze et al., 2018). Biorefinery scheme No. 2 shows
the highest energy efficiency, most probably due to the hydrogen heat value and showing
hydrogen production is the most energy efficient, the implementation of hydrogen production

in waste treatment shows to be the most efficient way to use biogas (Madeira et al., 2017b).
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3.CONCLUSIONS

The results of Chapter IV confirm that biofuel production from alternative renewable
sources such as agro-industrial wastes may represent a sustainable way to overcome the

shortage of natural deposits of fossil carbon.

In this Chapter 1V, three different biorefinery schemes (No. 1, 2, and 3) were simulated,
based on experimental data end using modules developed in the previous Chapters Il and 11,
and their results contribute to the environmental study, to the life cycle assessment (LCA),
and to the energy analysis of the biorefinery processes applied to the production of biogas
and/or methanol from residual biomass. The results indicate the feasibility of biorefinery
plant installation for the Colombian department of Santander, thus according to LCA, energy

analysis, and environmental data.

Biorefinery scheme No. 1 (which focuses on biogas production by ADF process followed
by biogas purification in biofilter) showed the lowest environmental impacts, as well as the
lowest energy yields (between 37% and 50%). Whereas the highest energy yields were shown
by biorefinery scheme No. 3 (between 41% and 55%), which focuses in the production of
hydrogen as the main product and methanol as a by-product. However, biorefinery scheme
No. 3 shows the highest impact in the life cycle analysis, most likely associated with the
impact on the energy required for reforming. Overall, the environmental impacts observed in

this study are primarily related to the consumption of electrical energy and the use of steam.
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4. GENERAL CONCLUSIONS AND
PERSPECTIVES

This study confirms that biofuel production from residual biomass may represent a
sustainable way to overcome the shortage of natural deposits of fossil carbon, and it
contributes to develop biorefinery schemes for the energy valorization of Colombian agro-
industrial wastes. Three different residual biomasses produced in Colombia were considered
in this study, coffee mucilage (CFM), cocoa mucilage (CCM), and swine manure (SM),
based on their availability, heating value, and the annual increase production. According to
the literature, anaerobic digestion is currently the second most applied bioprocess in
Colombia for CFM, CCM, and SW treatment, after composting.

The main objective of this PhD was to evaluate the most suitable biorefinery scheme to
recover energy from CFM, CCF and SM by anaerobic digestion (AD) and/or dark
fermentation (DF) bioprocesses in Colombia, followed by biological and/or thermochemical
processes of biogas purification and/or refining. The ratio of the biogas production yield from
bioprocesses with the residual biomass composition and the availability in each Colombian
department, makes it a challenge to compare biorefinery schemes with the valorization
processes proposed in the literature. Moreover, for the treatment of the bioprocess output
streams (biogas and digestate), the literature review showed several possible thermochemical,
separation, and reaction processes. These thermochemical processes of biogas
separation/purification and digestate valorization are not considered in the design of the
current biorefinery in Colombia, because of their complexity and the requirement in
proposing simply and applicable solutions. Several previous studies on bioprocesses and
biorefinery schemes with residual biomasses from the same agroindustry have been revised.
In the literature, it was not found a technical evaluation study of production yields, energy,
and environmental impact to determine which is the most suitable process for the blends of
CFM, CCM, and SM.

The results of this study also contribute to the development of AD and DF models to

assess biogas production performances from residual biomass. First, AD and DF experiments
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were performed at laboratory scale in batch reactors, and the experimental methane and
hydrogen production yields were determined for 13 different blends of locally available CCF,
CFM, and SM in Colombia. Then, AD and DF models were developed from the ADM1
model, and then they were validated by comparing the simulated to the experimental biogas
production data. Overall, the results indicated a good agreement between simulated (between
300-490 ml CH4-gCOD™ and 100-260 ml H.-gCOD) and experimental yields (between
250-680 ml CH4-gCOD™ and 70-280 ml H,-gCOD™). The differences between simulated and
experimental data were primarily attributed to substrate-composition variability (especially
SM) as well as the incomplete hydrolysis processes in real experiments. Indeed, simulation
results for AD and DF processes can get over these technical limits of laboratory experiments
and compare the energy recovery potentials of different mixtures and different process

schemes.

Before to evaluate the energy recovery potential for different Colombian departments, a
series of simulations were performed to investigate the biogas production performances of
three different process schemes, anaerobic digestion alone (AD), dark fermentation alone
(DF), and dark fermentation followed by anaerobic digestion (ADF). The results have shown
that the biogas production is more than doubled for ADF rather than AD and DF processes.
Moreover, the percentage of carbon dioxide in the biogas from ADF does not increase.

Then, the developed ADF simulation process was employed to evaluate the energy
recovery potential in each department of Colombia, according to their local availability of
CFM, CCM, and SM. The results indicate a total energy recovery potential in Colombia of
155.1 ktoe according to the local production amounts of CFM, CCM, and SM in 2017.
Overall, energy recovery yields improve by increasing CFM/SM and/or CCM/SM ratios of
the feed, and by increasing organic load from 2 to 26 gCOD-1"%. The results also indicate that
the local availability of different types of residual biomass represents the most influential
parameter in assessing the energy recovery potential in Colombia. The Andean region has the
highest energy production potential, most likely due to its high production of coffee and
cocoa, justifying the contribution of carbohydrates, the main compound of mucilage, in co-

digestion.

In order to propose feasible, clean, and highly valorized processes, thermodynamic models

were used to simulate the processes of gas separation and purification, hydrogen production
196



General conclusion and perspectives

from methane reforming and methanol synthesis from hydrogen and carbon dioxide.
Biorefinery scheme No. 1 (biogas production by ADF followed by biogas purification by
biofilters) showed the lowest environmental impacts, as well as the lowest energy yields
(between 37% and 50%). Whereas the highest energy yields were shown by biorefinery
scheme No. 3 (between 41% and 55%), which involves refining processes to produce
hydrogen as the main product and methanol as a by-product. However, biorefinery scheme
No. 3 shows the highest impact in the life cycle analysis, most likely associated with the
impact on the energy required for reforming. Even though energy efficiencies are lower than
the thermochemical valorization efficiencies of biomass valorization (> 60%), the use of
biorefinery schemes are shown to be an option applicable to the Colombian industry. This
especially when many of the farms have already implemented anaerobic digestion and can be
optimized with the proposed processes for the treatment of biogas and digestate.

The biorefinery schemes were also evaluated with a PINCH analysis where it was shown
that the mathematical models used to simulate biological processes still have weaknesses in
the energy estimation, since they do not consider recirculation of sludge, biomass growth,
heat transfer from the atmosphere and other reactions that decrease the energy requirement. It
is therefore proposed for future research to work on the adjustment of the biological models
according to the full energy demand. However, for the PINCH analysis when the noise of the
bioprocesses is eliminated, it is shown that the biorefinery schemes require between 7.5% and
30% of the methane produced to produce the heat required in the separation, purification,
reforming, and methanol synthesis processes. These values are in agreement with those
reported in the literature (between 4% and 35%), and they are in accord to the proposition of

way energy self-sustainable biorefinery schemes.

The study of biorefineries has increased significantly in recent years at both the
experimental and technological levels. Especially, the development of mathematical models
has allowed its technical and environmental assessment. The presented study allowed to have
a first approach to the development of the Colombian agroindustry and the use of the wastes
for the same utilization of the industry. The current models show that it is possible to recover
from residual biomass more energy than that required for the agricultural industry. The great
contribution of this work is centered in the development of the three biorefinery schemes that

can be replicated in the 32 departments of Colombia, and even more using different types of
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residual biomass. On the other hand, the proposed models generate less environmental impact
in relation to the current energy matrix of Colombia, which is currently linked to the high
consumption of fossil fuels. Also, the study initiating energy integration shows the
development progress that is possible in the biorefineries, since one of the impact factors on
the processes is reflected in the energy consumption related to their operating conditions,

especially temperatures and working volumes.

It should be also noticed that, during the last 5 years, pork breeding, coffee, and cocoa
production activities have largely increased in Colombia (DANE, 2020). This suggests an
interesting potential market of SM, CFM, and CCM valorization as organic substrates for
biogas production. However, the fluctuation in production of these residual biomasses may
represent a weakness for perspective evaluations, and therefore a regular updating of inlet
data for the models is recommended to better follow future production dynamics. Moreover,
most of the coffee, cocoa, and pork production activities are located in rural areas, and,
currently, more than 20% of transport roads in Colombia are without pavement (DANE,
2020). This may significantly hinder the collection of co-substrates from different production
areas, and it may also generate supplementary transport costs. The bioprocess simulation
approach developed in this study may be followed to evaluate energy recovery potential from
other types of locally available substrates (IEA, 2020), thus showing a flexibility of
adaptation to local contexts. Furthermore, the integration of thermochemical (e.g.
gasification, pyrolysis, hydrothermal liquefaction) and separation (e.g. membrane, extraction,
distillation) processes may allow the recovery of further by-products (e.g. nutrients, biochar,
amino acids, organic acids) from the effluents of AD and DF processes (Arora et al., 2018;
Cebreiros et al., 2017; Rajesh Banu et al., 2020b; Uddin et al., 2021). Therefore, an accurate
life cycle analysis (LCA), integrating energy balances and operating costs for each unit of the
process, would be required to identify the best design, location, and size of the biorefinery

plants in Colombia.

Several perspectives are identified for the development of biorefineries in Colombia.
Currently, a more accurate economical evaluation of the proposed schemes is under progress,
this to evaluate the applicability of the biorefinery schemes according to the availability of
residual biomasses in the different Colombian departments. In addition, current research

projects in Colombia are related to the implementation of pilot scale experiments, this to
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evaluate the applicability of the biorefinery schemes at the full agro-industrial scale. The
results of this study have generated great interest in the Colombian industry, which led to the
application and generation of new research projects that aim at investigating the energy
recovery potential from different organic wastes of the department of Santander.
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Annexes

. UNTREATED EXPERIMENTAL
RESULTS

Table 32 Methane production in the anaerobic digestion process and hydrogen production in the dark
fermentation, in the experimental step.

AD DF
Total Total Total Total
Blend methane Days Blend hydrogen Days Blend hydrogen Days Blend hydrogen Days
production (d) production (d) production (d) production (d)
(ml) (ml) (ml) (ml)

M1 333.20 15 Cl 94.5 9 C6 79.00 8 C10 214.00 8
M1 227.00 16 C1 84.00 7 C6 101.50 8 C10 187.00 7
M1 201.50 10 C1 112.00 6 C6 74.00 7 C10 211.00 8
M2 178.50 17 C1 118.50 6 C6 102.00 6 C10 287.00 8
M2 229.00 14 C1l 84.50 6 C6 87.00 6 C10 191.00 7
M2 388.50 17 C1 143.00 8 C6 91.33 6 C10 265.00 8
M3 753.00 16 C1 96.00 6 C6 174.00 10 C10 230.00 9
M3 783.50 17 Cl 82.00 7 C6 98.00 10 C11 168.00 8
M3 839.00 17 C1 121.50 9 C6 151.00 8 C11 61.50 7
M4 604.00 16 C1 145.60 9 C6 174.90 10 Cl1 62.00 7
M4 444.50 14 Cc2 91.50 8 C6 81.00 9 C11 117.00 6
M4 834.00 17 Cc2 115.50 10 C6 50.00 10 C11 126.50 6
M5 264.00 16 Cc2 96.00 10 C6 61.00 11 C11 75.50 6
M5 308.00 18 Cc2 61.00 5 C6 36.00 8 C11 93.00 7
M5 535.00 18 Cc2 91.00 6 c7 66.00 8 C11 163.00 6
M6 510.00 17 Cc2 82.67 6 Cc7 76.00 8 C11 101.00 6
M6 525.00 18 Cc2 204.00 8 Cc7 138.00 6 C11 75.20 9
M6 398.00 18 Cc2 82.00 6 c7 93.50 6 C11 85.30 11
M6 296.00 12 Cc2 138.00 8 c7 132.00 7 C12 327.00 8
M6 169.00 12 Cc2 117.65 8 Cc7 104.75 10 C12 200.00 6
M7 379.00 17 C2 114.35 8 Cc7 73.25 10 C12 236.00 7
M7 345.00 16 C3 247.00 8 Cc7 68.00 9 C12 329.00 8
M7 498.00 17 C3 331.00 10 Cc7 149.00 10 C12 241.00 9
M8 417.00 17 C3 296.00 10 C8 83.50 9 C12 168.50 8
M8 431.00 11 C3 302.00 11 C8 74.00 6 C12 228.00 9
M8 429.00 17 C3 220.00 11 C8 105.00 8 C12 132.80 9
M8 374.00 12 C3 307.20 12 C8 63.00 6 C12 250.30 11
M8 274.00 12 C4 158.00 8 C8 70.00 6 C13 185.00 8
M9 220.00 16 Cc4 109.67 8 C8 53.00 5 C13 84.00 7
M9 146.00 14 C4 121.00 C8 96.00 6 C13 105.50 6
M9 160.00 12 Cc4 218.00 10 C8 52.00 6 C13 218.00 9
M10 561.00 15 C4 147.00 10 C8 66.60 7 C13 221.50 10
M10 708.00 17 Cc4 229.00 9 C8 94.85 9 C13 177.50 9
M10 819.00 14 C4 244.13 11 C8 101.80 8 C13 109.50 11
M11 125.40 17 C4 215.80 9 C8 112.00 10 C13 99.30 10
M11 122.00 16 C5 62.25 7 C8 159.00 8 C13 211.00 9

221




M11 203.00 17
M12 351.00 15
M12 753.00 17
M12 577.00 16
M13 278.00 14
M13 306.00 19
M13 286.00 14
M13 208.00 12
M13 209.00 12
M14 324.00 20
M14 196.00 16
M14 293.00 19
M15 391.00 20
M15 278.00 18
M15 335.00 19

C5
C5
C5
C5
C5
C5
C5

55.25
78.00
73.00
119.75
146.50
72.00
60.30

10
10
10

Annexes

C8 48.00 10 C13 168.00 10
C9 64.25 8 C13 70.00 9
C9 63.00 6 Cl4 179.00 8
C9 78.00 6 C14 174.00 8
C9 71.50 10 Cl4 232.00 8
C9 90.00 10 C14 201.00 11
C9 71.00 10 Cl4 203.00 10
C9 72.60 10 C14 196.55 12
C9 74.20 11 Cl4 193.00 12
C15 238.00 10
C15 185.00 10
C15 105.50 9
C15 221.50 11
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Table 33 Input values of initial load (biomass) for sensitivity analysis in five representative departments of

Colombia.
ton COD/yr kg/d MJ/kg MJ/d
Dry biomass

Cocoa mucilage Coffee mucilage  Swine manure input LHYV Biomass Biomass energy
Antioquia 325.875 2,184.506 150,381.585 338,812.787 33.028 11,190,175.261
Boyaca 208.663 70.846 15,621.900 35,248.881 33.025 1,164,109.799
Cundinama
rca 64.436 165.352 42,063.459 93,526.544 33.222 3,107,096.924
Meta 108.736 2.062 19,365.545 43,072.703 33.224 1,431,040.094
Santander 1,527.908 605.367 8,032.940 23,385.140 29.842 697,854.946
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Table 34 Calculation of biogas, residue and total energy yield for the ADF process as a function of the variation of the initial load concentration.

Mj/d kg/d MJ/kg Mj/d kg/d MJ/kg Mj/d
g COD/L Heat process B(l(;)rgya]s Bi‘(l:g‘;s f:lz%;; RF;:;;W Rel;l;l(;/ue IZ?IS;S;; TOTAL INPUT  TOTAL OUTPUT n_gas n_residue n_total Difference

2 66670261.351 280872.998 19.983 5612638.724 130189.074 17.714 2306184.927 77,860,436.61 7,918,823.65 7.21% 2.96% 10%
5 26719523.402  281024.489 20.007 5622380.123 129960.935 17.710 2301597.490 37,909,698.66 7,923,977.61 14.83% 6.07% 21% 10.7%
- 8 16709328.198 280874.581 20.024 5624309.233 129965.415 17.709 2301537.345 27,899,503.46 7,925,846.58 20.16% 8.25% 28% 7.5%
'g 11 12155344.714 280672.387 20.041 5624922.293 130010.686 17.708 2302251.274 23,345,519.98 7,927,173.57 24.09% 9.86% 34% 5.5%
S 14 9570844.085 280377.167 20.056 5623183.442 130149.962 17.707 2304517.560 20,761,019.35 7,927,701.00 27.09% 11.10% 38% 4.2%
= 17 7891848.481 280234.748 20.070 5624299.301 130155.061 17.707 2304629.702 19,082,023.74 7,928,929.00 29.47% 12.08% 142% 3.4%
< 20 6714615.063 280153.383 20.070 5622673.023 130225.216 17.706 2305767.049 17,904,790.32 7,928,440.07 31.40% 12.88% 44% 2.7%
23 5845912.468 280033.923 20.069 5619956.205 130338.303 17.705 2307591.485 17,036,087.73 7,927,547.69 32.99% 13.55% 47% 2.3%
26 5177372.916 279995.391 20.069 5619233.409 130368.314 17.704 2308104.335 16,367,548.18 7,927,337.74 34.33% 14.10% 48% 1.9%

2 6934291.271 29206.190 19.989 583816.212 13556.530 17.698 239918.510 8,098,401.07 823,734.72 7.21% 2.96% 10%
5 2773743.433 29238.965 20.001 584808.868 13528.636 17.693 239368.891 3,937,853.23 824,177.76 14.85% 6.08% 21% 10.8%
8 1735802.078 29232.492 20.007 584846.390 13531.378 17.692 239397.515 2,899,911.88 824,243.91 20.17% 8.26% 28% 7.5%
] 11 1265789.339 29186.730 20.047 585092.189 13537.696 17.692 239503.884 2,429,899.14 824,596.07 24.08% 9.86% 34% 5.5%
% 14 975907.593 29211.227 20.017 584723.896 13541.904 17.690 239561.733 2,140,017.39 824,285.63 27.32% 11.19% 39% 4.6%
) 17 801714.646 29194.161 20.021 584495.570 13553.643 17.689 239751.576 1,965,824.44 824,247.15 29.73% 12.20% 142% 3.4%
20 679822.718 29184.635 20.026 584457.650 13557.255 17.689 239812.028 1,843,932.52 824,269.68 31.70% 13.01% 45% 2.8%
23 589790.064 29171.688 20.031 584329.416 13564.533 17.688 239931.818 1,753,899.86 824,261.23 33.32% 13.68% 47% 2.3%
26 523435.388 29116.512 20.074 584498.618 13574.899 17.688 240112.372 1,687,545.19 824,610.99 34.64% 14.23% 49% 1.9%

2 18417529.142 77203.200 20.034 1546727.138 36323.488 17.705 643124.206 21,524,626.07 2,189,851.34 7.19% 2.99% 10%
5 7342577.995 77283.158 20.045 1549129.589 36258.382 17.701 641811.500 10,449,674.92 2,190,941.09 14.82% 6.14% 21% 10.8%
§ 8 4574457.116 77274.906 20.051 1549400.847 36258.029 17.700 641760.569 7,681,554.04 2,191,161.42 20.17% 8.35% 29% 7.6%
E 11 3308730.383 77251.505 20.055 1549288.776 36269.769 17.699 641936.411 6,415,827.31 2,191,225.19 24.15% 10.01% 34% 5.6%
8 14 2595068.133 77207.790 20.059 1548685.807 36301.057 17.697 642437.849 5,702,165.06 2,191,123.66 27.16% 11.27% 38% 4.3%
:E 17 2131731.154 77162.506 20.062 1548022.989 36333.882 17.696 642968.270 5,238,828.08 2,190,991.26 29.55% 12.27% 142% 3.4%
3 20 1816662.906 77024.373 20.114 1549241.427 36335.913 17.697 643039.210 4,923,759.83 2,192,280.64 31.46% 13.06% 45% 2.7%
23 1568055.087 77128.945 20.072 1548137.895 36338.319 17.696 643051.626 4,675,152.01 2,191,189.52 33.11% 13.75% 47% 2.3%
26 1383889.069 77086.863 20.075 1547537.875 36367.499 17.695 643525.678 4,490,985.99 2,191,063.55 34.46% 14.33% 49% 1.9%

2 8493551.599 35546.450 20.037 712260.121 16736.702 17.699 296227.651 9,924,591.69 1,008,487.77 7.18% 2.98% 10%
5 3385681.236 35583.409 20.048 713368.912 16706.638 17.695 295621.530 4,816,721.33 1,008,990.44 14.81% 6.14% 21% 10.8%
8 2103711.949 35579.624 20.053 713494.492 16706.461 17.694 295597.588 3,534,752.04 1,009,092.08 20.19% 8.36% 29% 7.6%
s 11 1525626.809 35568.545 20.058 713440.721 16712.024 17.693 295681.240 2,956,666.90 1,009,121.96 24.13% 10.00% 34% 5.6%
] 14 1195054.494 35548.813 20.062 713165.135 16726.255 17.691 295909.186 2,626,094.59 1,009,074.32 27.16% 11.27% 38% 4.3%
= 17 981685.537 35527.989 20.065 712859.758 16741.367 17.690 296153.323 2,412,725.63 1,009,013.08 29.55% 12.27% 42% 3.4%
20 832384.809 35524.446 20.071 712993.939 16737.948 17.690 296100.714 2,263,424.90 1,009,094.65 31.50% 13.08% 45% 2.8%
23 722019.575 35504.593 20.074 712707.696 16751.928 17.689 296327.998 2,153,059.67 1,009,035.69 33.10% 13.76% 47% 2.3%
26 637342.629 35484.489 20.077 712412.112 16766.153 17.688 296559.491 2,068,382.72 1,008,971.60 34.44% 14.34% 49% 1.9%

Continue...
Mj/d kg/d MJ/kg Mj/d kg/d M]/kg Mj/d
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g Heat Biogas LHV Biogas Residue LHV Residue TOTAL TOTAL n sas n_residu n_tota Differenc
COD/L process (dry) Biogas energy (dry) Resid energy INPUT OUTPUT -8 e 1 e
2 4423970.56  23385.137 19.139 447577.388 7643.867 17.856 136486.151  5121,82551  584,063.54 8.74%  2.66% 1%
5 1764663.74  20564.755 19.331 397530.909 7553.681 17.635 133205472  2,462,518.69  530,736.38 "L'/)” 5.41% 22% 10.1%
(
8 1104754.87  20477.545 19.450 398278.660 7557.359 17.635 133277725  1,802,609.82 531,556.39 22,;’9 7.39% 29% 7.9%
0
11 798462.085  20537.484 19.369 397796.792 7554.959 17.634 133220891  1,496,317.03 531,017.68 Z(ng 8.90% 35% 6.0%
ot 0
Q
E 14 626221265  20516.276 19.386 397734.682 7562.969 17.632 133352777  1,324,076.21 531,087.46 30,;’4 10.07%  40% 46%
S 0
g .
3 17 514854.600  20502.028 19.405 397842.170 7563.629 17.633 133368.024  1,212,709.55  531,210.19 ‘“f’ 11.00%  44% 3.7%
0
K
20 436962221  20484.904 19.423 397868.813 7567.502 17.633 133435.044  1,134817.17  531,303.86 3Jn‘/06 11.76%  47% 3.0%
0
e
23 379522118  20464.663 19.439 397808.189 7574.896 17.632 133558717  1,077,377.06  531,366.91 "@” 12.40%  49% 2.5%
0
g
26 335327.420  20444.512 19.455 397742.045 7582.409 17.631 133684769  1,033,182.37  531,426.81 3850 15940 51% 2.1%

%

225



1. RESULTS SUMMARY MODELS IN
ASPEN PLUS

Table 35 Heaters results summary - models, biorefinery No. 1

Name E101 E102
Property method SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES YES
Free-water phase properties method STEAM-TA STEAM-TA
Water solubility method 3 3

Specified pressure [Pa] 101325 101325
Specified temperature [C] 35 54

Specified vapor fraction
Specified heat duty [Watt]
EO Model components

Calculated pressure [N/sgm] 101325 101325
Calculated temperature [K] 308.15 327.15
Calculated vapor fraction 3.49883E-05 1
Calculated heat duty [Watt] 669840.547 7277.13686

Temperature change [K]

Degrees of superheating [K]

Degrees of subcooling [K]

Pressure-drop correlation parameter 2

Net duty [Watt] 669840.547 7277.13686
First liquid / total liquid

Total feed stream CO2e flow [kg/day] 176332.198

1
0
Total product stream CO2e flow [kg/day] 0 176332.198
Net stream CO2e production [kg/day] 0 0
Utility CO2e production [kg/day] 0 0
Total CO2e production [kg/day] 0 0
Utility usage
Utility cost
Utility ID

Table 36 Separators results summary - models, biorefinery No. 1

Name S1A S1B S101 S102 5103 S104
Property method SRK SRK SRK SRK SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes ~ YES YES YES YES YES YES
Free-water phase properties method STEAM-TA IDEAL STEAM-TA STEAM-TA STEAM-TA STEAM-TA
Water solubility method 3 3 3 3 3 3

Inlet flash pressure [Pa] 101325 0 101325 30 30 30

First outlet flash temperature [C] 35 35 38 35 35
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First outlet flash pressure [Pa] 101325 30 30
First outlet flash temperature change [K]

First outlet flash vapor fraction

First outlet flash temperature estimate [K]

First outlet flash pressure estimate [N/sqm] 30
Second outlet flash temperature [C] 35 35

Second outlet flash pressure [N/sgm]

Second outlet flash temperature change [K]

Second outlet flash vapor fraction

Second outlet flash temperature estimate [K]

Second outlet flash pressure estimate [N/sgm]

EO Model components

Heat duty [Watt] -1582139.94 -1620307.04 -5.38470628 -996.471679 -339.372308 -8.41475088
Total feed stream CO2e flow [kg/day] 3784.96572  172547.232 176332.198 176332.198 176332.198 150453.327
Total product stream CO2e flow [kg/day] 3784.96572  172547.232  176332.198 176332.198 176332.198 150453.327
Net stream CO2e production [kg/day] 0 0 0 0 0 0

Utility CO2e production [kg/day] 0 0 0 0 0 0

Total CO2e production [kg/day] 0 0 0 0 0 0

Utility usage

Utility cost

Utility ID

Table 37 Compressors results summary - models, biorefinery No. 1

Name C1
Property method SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES
Free-water phase properties method STEAM-TA
Water solubility method 3

Number of stages 2

Fix discharge pressure from last stage [atm] 30

Feed stream stage
Product stream stage
No. of performance maps

Number of curves

Outlet pressure [N/sgm] 3039750
Total work [Watt] 154900.006
Total cooling duty [Watt] -166306.744
Net work required [Watt] 154900.006
Net cooling duty [Watt] -166306.744
Total feed stream CO2e flow [kg/day] 176332.198
Total product stream CO2e flow [kg/day] 176332.198
Net stream CO2e production [kg/day] 0

Utility CO2e production [kg/day] 0

Total CO2e production [kg/day] 0

Table 38 Reactors Stoic results summary - models, biorefinery No. 1

Name R101-HOM R101-HY R102-HY
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Property method NRTL SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES YES YES
Free-water phase properties method STEAM-TA STEAM-TA STEAM-TA
Water solubility method 3 3 3

Specified pressure [Pa] 101325 102300 101325
Specified temperature [C] 35 35 35
Specified vapor fraction

Specified heat duty [Watt]

EO Model components

Outlet temperature [K] 308.15 308.15 308.15
Outlet pressure [N/sgm] 101325 102300 101325
Calculated heat duty [Watt] 1465.05681 44441.6812 -171237.329
Net heat duty [Watt] 1465.05681 444416812 -171237.329
Calculated vapor fraction 0.970430812 0.000455889 0.002589182
First liquid / total liquid 1 1 1

Total feed stream CO2e flow [kg/day] 766.701159 0 0

Total product stream CO2e flow [kg/day] 461.747453 532.89123 23153.2159
Net stream CO2e production [kg/day] -304.953706 532.89123 23153.2159
Utility CO2e production [kg/day] 0 0 0

Total CO2e production [kg/day] -304.953706 532.89123 23153.2159
Utility usage

Utility cost

Utility ID

Table 39 Reactors RCSTR results summary - models, biorefinery No. 1

Name R101-DF R102-AD

Property method IDEAL IDEAL

Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES YES

Free-water phase properties method IDEAL IDEAL

Water solubility method 3 3

Specified pressure [N/sgm] 101325 101325

Specified temperature [C] 35 35

Specified heat duty [Watt]

Reactor volume [cum]

Reactor residence time [day] 10 20

Phase volume [cum]

Phase volume frac 0.8 0.8

Phase residence time [day] 10 15

EO Model components

Outlet temperature [K] 308.15 308.15

Calculated heat duty [Watt] 1634116.21 1777362.62

Net heat duty [Watt] 1634116.21 1777362.62

Reactor volume [cum] 52990.7093 274900.832

Vapor phase volume [cum] 10598.1419 253603.107

Liquid phase volume [cum] 42392.5675 21297.7258

Liquid 1 phase volume
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Salt phase volume

Condensed phase volume [cum] 42392.5675 21297.7258
Reactor residence time [sec] 868973.154 1738418.9
Vapor phase residence time [sec] 218038.85 1738418.9
Condensed phase residence time [sec] 3425892.21 1738418.9
Total feed stream CO2e flow [kg/day] 532.89123 23153.2159
Total product stream CO2e flow [kg/day] 4089.91942 172547.232
Net stream CO2e production [kg/day] 3557.02819 149394.016
Utility CO2e production [kg/day] 0 0

Total CO2e production [kg/day] 3557.02819 149394.016
Utility usage

Utility cost

Utility ID

Table 40 Mixer results summary - models, biorefinery No. 1

Name B10 M101
Property method SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES YES
Free-water phase properties method STEAM-TA STEAM-TA
Water solubility method 3 3

Specified pressure [N/sgm] 0 100000
Temperature estimate [C] 35

EO Model components

Outlet temperature [K] 308.101101 296.584514
Calculated outlet pressure [N/sgm] 101325 100000
Vapor fraction 1 3.68728E-05
First liquid /Total liquid 1 1

Total feed stream CO2e flow [kg/day] 176332.198 0

Total product stream CO2e flow [kg/day] 176332.198 0

Net stream CO2e production [kg/day] 0 0

Table 41 Model specifications results summary - models, biorefinery No. 2

Name B6 RELACCIO
Specification H20/CH4 RELA
Specification target 3 3
Specification tolerance 0.5 1

Lower bound 20 298.15
Upper bound 55 308.15

Table 42 Mixer results summary - models, biorefinery No. 2

Name B3 B10 B18 MIX
Property method SRK SRK SRK SRK
Henry's component list ID

Electrolyte chemistry ID
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Use true species approach for electrolytesYES YES YES YES
Free-water phase properties method STEAM-TA STEAM-TASTEAM-TASTEAM-TA
Water solubility method 3 3 3 3

Specified pressure [atm] 30 0 101325 100000
Temperature estimate [K] 35 25

EO Model components

Outlet temperature [K] 486.891215 302.347087 289.449157 296.577108
Calculated outlet pressure [N/sqm] 3039750 101325 101325 100000
Vapor fraction 0.9107471071 1 3.72525E-05
First liquid /Total liquid 1 1 1 1

Total feed stream CO2e flow [kg/day]  147410.406 178039.514 30629.1084 0
Total product stream CO2e flow [kg/day]147410.406 178039.514 30629.1084 0
Net stream CO2e production [kg/day] 0 0 0 0

Table 43 Reactors CSTR results summary - models, biorefinery No. 2

Name AD DF
Property method IDEAL NRTL
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES YES
Free-water phase properties method IDEAL IDEAL
Water solubility method 3 3
Specified pressure [N/sgm] 101325 101325
Specified temperature [C] 35 35

Specified heat duty [Watt]

Reactor volume [cum]

Reactor residence time [day] 20 10

Phase volume [cum]

Phase volume frac 0.8 0.8

Phase residence time [day] 15 10

EO Model components

Outlet temperature [K] 308.15 308.15
Calculated heat duty [Watt] 1777109.03 1580652.43
Net heat duty [Watt] 1777109.03 1580652.43
Reactor volume [cum] 272655.797 52260.6779
Vapor phase volume [cum] 251485.568 10452.1356
Liquid phase volume [cum] 21170.2285 41808.5423

Liquid 1 phase volume

Salt phase volume

Condensed phase volume [cum] 21170.2285 41808.5423
Reactor residence time [sec] 1728019.92 863999.998
Vapor phase residence time [sec] 1728019.92 217232.754
Condensed phase residence time [sec] 1728019.92 3379292.65
Total feed stream CO2e flow [kg/day] 23153.1933 532.89123
Total product stream CO2e flow [kg/day] 172181.384 4089.91809
Net stream CO2e production [kg/day] 149028.191 3557.02686
Utility CO2e production [kg/day] 0 0

Total CO2e production [kg/day] 149028.191 3557.02686
Utility usage

Utility cost
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Table 44 Reactors RGibbs results summary - models, biorefinery No. 2

Name
Property method
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes

Free-water phase properties method
Water solubility method

Specified pressure [atm]

Specified temperature [C]

Specified heat duty [Watt]

EO Model components

Outlet temperature [K]

Outlet pressure [N/sqm]

Calculated heat duty [Watt]

Net heat duty [Watt]

Vapor fraction

Number of fluid phases

Maximum number of pure solids
Total feed stream CO2e flow [kg/day]

Total product stream CO2e flow [kg/day]

Net stream CO2e production [kg/day]
Utility CO2e production [kg/day]
Total CO2e production [kg/day]
Utility usage

Utility cost

Utility ID

R103
IDEAL

YES
STEAM-TA
3

2

800

1073.15
202650
1193941.68
1193941.68
1

1

0
147395.877
2025.62873
-145370.249
0
-145370.249

Table 45 Reactors RStoic results summary - models, biorefinery No. 2

Annexes

Name
Property method
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes

Free-water phase properties method
Water solubility method
Specified pressure [Pa]
Specified temperature [C]
Specified vapor fraction
Specified heat duty [Watt]
EO Model components
Outlet temperature [K]
Outlet pressure [N/sgm]
Calculated heat duty [Watt]
Net heat duty [Watt]
Calculated vapor fraction

First liquid / total liquid

HOMOACET
NRTL

YES
STEAM-TA
3

101325

35

308.15
101325
6140.50839
6140.50839
0.974837255
1

HYD-1A
SRK

YES
STEAM-TA
3

102300

35

308.15
102300
44440.3919
44440.3919
0.000455888
1

HYD-1B
SRK

YES
STEAM-TA
3

101325

35

308.15
101325
-171245.282
-171245.282
0.002588171
1
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Total feed stream CO2e flow [kg/day] 257.416504 0 0

Total product stream CO2e flow [kg/day] 0 532.89123 23153.1933
Net stream CO2e production [kg/day] -257.416504 532.89123 23153.1933
Utility CO2e production [kg/day] 0 0 0

Total CO2e production [kg/day] -257.416504 532.89123 23153.1933
Utility usage

Utility cost

Utility ID

Table 46 Compressors results summary - models, biorefinery No. 2

Name C101

Property method SRK

Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES

Free-water phase properties method STEAM-TA

Water solubility method 3

Number of stages 2

Fix discharge pressure from last stage [atm] 30

Feed stream stage

Product stream stage

No. of performance maps

Number of curves

Outlet pressure [N/sqm] 3039750

Total work [Watt] 436688.588

Total cooling duty [Watt] -456205.62

Net work required [Watt] 436688.588

Net cooling duty [Watt] -456205.62

Total feed stream CO2e flow [kg/day] 178039.514

Total product stream CO2e flow [kg/day] 178039.514

Net stream CO2e production [kg/day] 0

Utility CO2e production [kg/day] 0

Total CO2e production [kg/day] 0

Table 47 Valves results summary - models, biorefinery No. 2

Name B9 B12 B13 B14 B17
Property method SRK SRK SRK SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES YES YES YES YES
Free-water phase properties method STEAM-TA STEAM-TA STEAM-TA STEAM-TA STEAM-TA
Water solubility method 3 3 3 3 3
Specified outlet pressure [Pa] 101325 101325 101325 101325 101325

Specified pressure drop [N/sgm]
Valve operating specification: % operating
Valve operating specification: flow coef

Cv at 100% opening
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Valve pressure drop ratio factor
Valve pressure recovery factor

Valve inlet diameter [meter]

Calculation type ADIAB-FLASH ADIAB-FLASH ADIAB-FLASH ADIAB-FLASH ADIAB-FLASH

Valve pressure specification (design mode) P-OUT P-OUT
EO Model components

P-OUT

P-OUT

P-OUT

Valve pressure specification (rating mode) VAL-POSN VAL-POSN VAL-POSN VAL-POSN VAL-POSN
Calculated outlet pressure [N/sqm] 101325 101325 101325 101325 101325
Calculated pressure drop [N/sgm] 2938425 2938425 2938425 0 2938425
Calculated valve % operating

Checked outlet pressure

Cavitation index

Pressure drop ratio factor

Pressure recovery factor

Piping geometry factor 1 1 1 1 1

Total feed stream CO2e flow [kg/day] 0 27421.747 1426.96621 0 1780.39514
Total product stream CO2e flow [kg/day] 0 27421.747 1426.96621 0 1780.39514
Net stream CO2e production [kg/day] 0 0 0 0 0

Table 48 Heaters results summary - models, biorefinery No. 2

Name B5 E103 E104 E105 E106 E107 EXCH1
Property method SRK SRK SRK SRK SRK SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytesYES YES YES YES YES YES YES
Free-water phase properties method STEAM-TA STEAM-TA STEAM-TA STEAM-TA STEAM-TA STEAM-TASTEAM-TA
Water solubility method 3 3 3 3 3 3 3

Specified pressure [Pa] 101325 1 30 101325 101325 101325 101325
Specified temperature [C] 54 130 500 25 25 25 35
Specified vapor fraction

Specified heat duty [Watt]

EO Model components

Calculated pressure [N/sgm] 101325 100000 3000000 101325 101325 101325 101325
Calculated temperature [K] 327.15 403.15 773.15 298.15 298.15 298.15 308.15
Calculated vapor fraction 1 1 1 0.705295796 1 1 3.49909E-05
Calculated heat duty [Watt] 22060.9239 638804.824 263559.544 -996356.512 -605.074835 -5868.087 669841.873
Temperature change [K]

Degrees of superheating [K]

Degrees of subcooling [K]

Pressure-drop correlation parameter 2

Net duty [Watt] 22060.9239 638804.824 263559.544 -996356.512 -605.074835 -5868.087 669841.873
First liquid / total liquid 1

0

Total feed stream CO2e flow [kg/day]  178039.514 0

Total product stream CO2e flow [kg/day]178039.514 0

Net stream CO2e production [kg/day] 0 0 -14.5286379 0
Utility CO2e production [kg/day] 0 0 0

Total CO2e production [kg/day] 0 0 -14.5286379 0
Utility usage

147410.406 2025.62873
147395.877 2025.62873

o O O o o

o O O o o

1
0
0
0
0
0
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Utility cost
Utility ID

Table 49 Separators results summary - models, biorefinery No. 2

Name S1A SiB S101 S102 S103 S104 S105 S106
Property method SRK SRK SRK SRK SRK SRK SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES YES YES YES YES YES YES YES

Free-water phase properties method STEAM- IDEAL  STEAM- STEAM- STEAM- STEAM- STEAM- STEAM-
TA TA TA TA TA TA TA

Water solubility method 3 3 3 3 3 3 3 3

Inlet flash pressure [N/sgm] 0 0 101325 30 30 30 30 101325

First outlet flash temperature [C] 35 35 38 35 35

First outlet flash pressure [N/sqm] 30 30

First outlet flash temperature change [K]

First outlet flash vapor fraction

First outlet flash temperature estimate [K]

First outlet flash pressure estimate [N/sgm] 30

Second outlet flash temperature [C] 35 35

Second outlet flash pressure [N/sqm]

Second outlet flash temperature change

K]

Second outlet flash vapor fraction

Second outlet flash temperature estimate

K]

Second outlet flash pressure estimate

[N/sgm]

EO Model components

Heat duty [Watt] - - - - - - - -
1528886.451620278.9113.27022871650.22104771.594539319.15835381.516668721124.2234

Total feed stream CO2e flow [kg/day] 3832.50158172181.384178039.514178039.514178039.514176259.119148837.3722025.62873

Total product stream CO2e flow [kg/day] 3832.50158172181.384178039.514178039.514178039.514176259.119148837.3722025.62873

Net stream CO2e production [kg/day] 0 0 0 0 0 0 0 0
Utility CO2e production [kg/day] 0 0 0 0 0 0 0 0
Total CO2e production [kg/day] 0 0 0 0 0 0 0 0
Utility usage

Utility cost

Utility ID

Table 50 Heaters results summary - models, biorefinery No. 3

Name E101 E102 E103 E104 E105 E106 E107 E108
Property method SRK SRK SRK SRK SRK SRK SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach forYES YES YES YES YES YES YES YES
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electrolytes

Free-water phase properties method

Water solubility method
Specified pressure [Pa]
Specified temperature [C]
Specified vapor fraction
Specified heat duty [Watt]
EO Model components
Calculated pressure [N/sqm]
Calculated temperature [K]

Calculated vapor fraction

Calculated heat duty [Watt]

Temperature change [K]

Degrees of superheating [K]

Degrees of subcooling [K]
Pressure-drop correlation parameter
Net duty [Watt]

First liquid / total liquid
Total feed stream CO2e flow [kg/day]

Total product stream CO2e flow0

[kg/day]

Net stream CO2e production [kg/day]
Utility CO2e production [kg/day]
Total CO2e production [kg/day]
Utility usage

Utility cost

Utility ID

STEAM- STEAM- STEAM- STEAM- STEAM- STEAM- STEAM- STEAM-

TA TA TA TA TA TA TA TA

3 3 3 3 3 3 3 3

101325 101325 100000 3000000 101325 101325 5066250 101325

35 54 130 850 25 25 250 25

101325 101325 100000 3000000 101325 101325 5066250 101325

308.15 327.15 403.15 1123.15  298.15 298.15 523.15 298.15

3.49883E- 1 1 1 0.73810651 1 1 0.99662819

05 1 3

669840.547 211059.144638691.151574501.501 - - 443287.142-
1002555.41 613.687391 388060.167

2

669840.547 211059.144638691.151574501.501 - - 443287.142 -
1002555.41 613.687391 388060.167

1 1 1

0 492554.5280 163062.4521967.928 0O 35769.492829858.7094

492554.5280 163062.4521967.928 0 35769.492829858.7094

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0 0 0 0

Table 51 Separators results summary - models, biorefinery No. 3

Name S1A
Property method SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach forYES

electrolytes

Free-water phase properties method STEAM- IDEAL
TA

Water solubility method 3
Inlet flash pressure [N/sgm] 0

First outlet flash temperature [C] 35

First outlet flash pressure [N/sqm]
First outlet flash temperature
change [K]

First outlet flash vapor fraction

35

S1B
SRK

YES

S101 S102 S103 S104 S105
SRK SRK SRK SRK SRK

YES YES YES YES YES

TA TA TA TA TA

3 3 3 3 3

101325 30 30 30 30
38 35 35
30 30

S106 S107 S108
IDEAL SRK SRK

YES YES YES

STEAM- STEAM- STEAM- STEAM- STEAM- STEAM- STEAM- STEAM-

TA TA TA
3 3 3
101325 0 0
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First outlet flash temperature
estimate [K]

First outlet flash pressure estimate
[N/sqm]

Second outlet flash temperature [C] 35
Second outlet flash pressure [N/sgm]
Second outlet flash temperature
change [K]

Second outlet flash vapor fraction
Second outlet flash temperature
estimate [K]

Second outlet flash pressure estimate
[N/sgm]

EO Model components

Heat duty [Watt] -

35

30

1528826. 1514366. 5.354584 24068.90 18274.47 466.1975 798.8096 14647.04 59481.89 817.0867

57

3

Total feed stream CO2e flow3832.501 172151.0 492554.5 492554.5 492554.5 487628.9 193906.3 1967.928 29858.70 0

[kg/day] 58

Total product stream CO2e flow3832.501 172151.0 492554.5 492554.5 492554.5 487628.9 193906.3 1967.928 29858.70 0

[kg/day] 58
Net stream CO2e production0
[kg/day]

Utility CO2e production [kg/day] 0
Total CO2e production [kg/day] 0
Utility usage

Utility cost

Utility ID

61 38 29 04
81 28 28 83
81 28 28 83
0 0 0 0
0

Table 52 Compressors A results summary - models, biorefinery No. 3

Name
Property method
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes

Free-water phase properties method
Water solubility method

Model Type

Specified discharge pressure [atm]
Specified pressure increase [N/sgm]
Specified pressure ratio

Specified power required [Watt]
Isentropic efficiency

Mechanical efficiency

Polytropic efficiency

EO Model components

Indicated horsepower [Watt]
Calculated brake horsepower [Watt]

C102
SRK

YES
STEAM-TA
3
ISENTROPIC
60

73063.9491
73063.9491
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Net work required [Watt]

Power loss [Watt]

Efficiency (polytropic / isentropic) used
Calculated discharge pressure [N/sqgm]
Calculated pressure change [N/sqm]
Calculated pressure ratio

Outlet temperature [K]

Isentropic outlet temperature [K]
Vapor fraction

Displacement

Volumetric efficiency

Head developed [J/kg]

Isentropic power requirement [Watt]
Inlet heat capacity ratio

Inlet volumetric flow rate [l/day]
Outlet volumetric flow rate [l/day]
Inlet compressibility factor

Outlet compressibility factor
Compressor percent above surge
Percent below stonewall

Surge volume flow rate

Stonewall volume flow rate

Shaft speed

Specific speed

Inlet Mach number

Total feed stream CO2e flow [kg/day]
Total product stream CO2e flow [kg/day]
Net stream CO2e production [kg/day]
Utility CO2e production [kg/day]
Total CO2e production [kg/day]
Utility usage

Utility cost

Utility ID

73063.9491
0

0.72
6079500
1013250
1.2
558.64595
548.681528
1

54740.7074
52606.0433
1.36216895
4797252.16
4282847.33
1.01926935
1.0225744

35769.4928
35769.4928
0
0
0

Table 53 Compressors B results summary - models, biorefinery No. 3

Name

Property method

Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes
Free-water phase properties method
Water solubility method

Number of stages

Fix discharge pressure from last stage [atm]
Feed stream stage

Product stream stage

No. of performance maps

Number of curves

C101
SRK

YES
STEAM-TA
3

2

30
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Outlet pressure [N/sgm] 3039750

Total work [Watt] 2243871.42

Total cooling duty [Watt] -2409958.66

Net work required [Watt] 2243871.42

Net cooling duty [Watt] -2409958.66

Total feed stream CO2e flow [kg/day] 492554.528

Total product stream CO2e flow [kg/day] 492554.528

Net stream CO2e production [kg/day] 0

Utility CO2e production [kg/day] 0

Total CO2e production [kg/day] 0

Table 54 Valves results summary - models, biorefinery No. 3

Name B9 B12 B14
Property method SRK SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES YES YES
Free-water phase properties method STEAM-TA STEAM-TA STEAM-TA
Water solubility method 3 3 3
Specified outlet pressure [atm] 1 101325 101325
Specified pressure drop [N/sqm]

Valve operating specification: % operating

Valve operating specification: flow coef

Cv at 100% opening

Valve pressure drop ratio factor

Valve pressure recovery factor

Valve inlet diameter [meter]

Calculation type ADIAB-FLASH ADIAB-FLASH ADIAB-FLASH
Valve pressure specification (design mode) P-OUT P-OUT P-OUT
EO Model components

Valve pressure specification (rating mode) VAL-POSN VAL-POSN VAL-POSN
Calculated outlet pressure [N/sqm] 101325 101325 101325
Calculated pressure drop [N/sgm] 4964925 2938425 0
Calculated valve % operating

Checked outlet pressure

Cavitation index

Pressure drop ratio factor

Pressure recovery factor

Piping geometry factor 1 1 1

Total feed stream CO2e flow [kg/day] 29858.7094 293722.583 0
Total product stream CO2e flow [kg/day] 29858.7094 293722.583 0

Net stream CO2e production [kg/day] 0 0 0
Table 55 Reactors RStoic results summary - models, biorefinery No. 3

Name R101-HOM R101-HY R102-HY
Property method NRTL SRK SRK
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Henry's component list ID
Electrolyte chemistry ID

Use true species approach for electrolytes

Free-water phase properties method
Water solubility method
Specified pressure [Pa]
Specified temperature [C]
Specified vapor fraction
Specified heat duty [Watt]
EO Model components
Outlet temperature [K]
Outlet pressure [N/sqm]
Calculated heat duty [Watt]
Net heat duty [Watt]
Calculated vapor fraction

First liquid / total liquid

Total feed stream CO2e flow [kg/day]
Total product stream CO2e flow [kg/day]
Net stream CO2e production [kg/day]

Utility CO2e production [kg/day]
Total CO2e production [kg/day]
Utility usage

Utility cost

Utility ID

YES YES
STEAM-TA STEAM-TA
3 3

101325 102300

35 35

308.15 308.15
101325 102300
6081.53775 44441.6812
6081.53775 44441.6812
0.974030688 0.000455889
1 1
257.416504 0

0 532.89123
-257.416504 532.89123

0 0
-257.416504 532.89123

YES
STEAM-TA
3

101325

35

308.15
101325
-171246.403
-171246.403
0.002588119
1

0
23153.1933
23153.1933
0
23153.1933

Table 56 Reactors REquil results summary - models, biorefinery No. 3

Name
Property method
Henry's component list 1D

Electrolyte chemistry ID

Use true species approach for electrolytes

Free-water phase properties method
Water solubility method

Specified pressure [atm]

Specified temperature [C]

Specified vapor fraction

Specified heat duty [Watt]

Products generation: molar extent [kmol/hr]

Temperature approach [C]
EO Model components
Outlet temperature [K]
Outlet pressure [N/sgm]
Calculated heat duty [Watt]
Net heat duty [Watt]

Calculated vapor fraction

Total feed stream CO2e flow [kg/day]
Total product stream CO2e flow [kg/day]
Net stream CO2e production [kg/day]

R104
SRK

YES
STEAM-TA
3

50

220

220

493.15
5066250
-79885.2597
-79885.2597
1
35769.4928
29858.7094
-5910.78344
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Utility CO2e production [kg/day]
Total CO2e production [kg/day]
Utility usage

Utility cost

Utility ID

0
-5910.78344

Table 57 Reactors RGibbs results summary - models, biorefinery No. 3

Name

Property method

Henry's component list ID
Electrolyte chemistry ID

Use true species approach for electrolytes
Free-water phase properties method
Water solubility method

Specified pressure [bar]

Specified temperature [C]

Specified heat duty [Watt]

EO Model components

Outlet temperature [K]

Outlet pressure [N/sqm]

Calculated heat duty [Watt]

Net heat duty [Watt]

Vapor fraction

Number of fluid phases

Maximum number of pure solids
Total feed stream CO2e flow [kg/day]
Total product stream CO2e flow [kg/day]
Net stream CO2e production [kg/day]
Utility CO2e production [kg/day]
Total CO2e production [kg/day]
Utility usage

Utility cost

Utility ID

R103
IDEAL

YES
STEAM-TA
3

30

800

1073.15
3000000
1005659.61
1005659.61
1

1

0
163062.452
1967.928
-161094.524
0
-161094.524

Table 58 Reactors CSTR results summary - models, biorefinery No. 3

Name

Property method

Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes
Free-water phase properties method
Water solubility method

Specified pressure [N/sgm]

Specified temperature [C]

Specified heat duty [Watt]

Reactor volume [cum]

R101-DF R102-AD
NRTL NRTL
YES YES
IDEAL IDEAL

3 3

101325 101325
35 35
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Reactor residence time [day] 10 20

Phase volume [cum]

Phase volume frac 0.8 0.8

Phase residence time [day] 10 15

EO Model components

Outlet temperature [K] 308.15 308.15

Calculated heat duty [Watt] 1580652.46 1671172.04

Net heat duty [Watt] 1580652.46 1671172.04

Reactor volume [cum] 52260.6519 232484.54

Vapor phase volume [cum] 10452.1304 211940.977

Liquid phase volume [cum] 41808.5216 20543.5629

Liquid 1 phase volume

Salt phase volume

Condensed phase volume [cum] 41808.5216 20543.5629

Reactor residence time [sec] 863999.569 1673428.04

Vapor phase residence time [sec] 217232.646 1673428.04

Condensed phase residence time [sec] 3379290.97 1673428.04

Total feed stream CO2e flow [kg/day] 532.89123 23153.1933

Total product stream CO2e flow [kg/day] 4089.91809 172151.081

Net stream CO2e production [kg/day] 3557.02686 148997.888

Utility CO2e production [kg/day] 0 0

Total CO2e production [kg/day] 3557.02686 148997.888

Utility usage

Utility cost

Utility ID

Table 59 Mixer results summary - models, biorefinery No. 3

Name B10 M102 M103 MIX
Property method SRK SRK SRK SRK
Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes YES YES YES YES
Free-water phase properties method STEAM-TA STEAM-TA STEAM-TA STEAM-TA
Water solubility method 3 3 3 3
Specified pressure [N/sgm] 0 30 30 100000
Temperature estimate [C] 35

EO Model components

Outlet temperature [K] 284.540447 485.212373 304.277152 296.584514
Calculated outlet pressure [N/sgm] 101325 3039750 3039750 100000
Vapor fraction 1 0.909341075 0.997444588 3.68728E-05
First liquid /Total liquid 1 1 1 1
Total feed stream CO2e flow [kg/day] 492575.191 163062.452 35769.4928 0
Total product stream CO2e flow [kg/day] 492554.528 163062.452 35769.4928 0

Net stream CO2e production [kg/day] -20.6628228 0 0 0
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Table 60 FSplit results summary - models, biorefinery No. 3

Annexes

Name

Property method

Henry's component list ID

Electrolyte chemistry ID

Use true species approach for electrolytes
Free-water phase properties method
Water solubility method

First outlet stream

First specified split fraction

First calculated split fraction

First actual volume flow [l/day]

First limit flow [kg/day]

First volume limit flow [I/day]

First cum limit flow [kg/day]

First cum volume limit flow [l/day]
First residual fraction

Second outlet stream

Second specified split fraction

EO Model components

Second calculated split fraction
Second actual volume flow [l/day]
Second limit flow [kg/day]

Second volume limit flow [I/day]
Second cum limit flow [kg/day]
Second cum volume limit flow [I/day]
Second residual fraction

Total feed stream CO2e flow [kg/day]
Total product stream CO2e flow [kg/day]
Net stream CO2e production [kg/day]

M104
SRK

YES
STEAM-TA
3

0.3

0.3

0.3

0.7

29858.7094
29858.7094
0

M105
SRK

YES
STEAM-TA
3

0.881422973

0.2
0.2

0.118577027

Table 61 Model specifications results summary - models, biorefinery No. 3

Name B2
Specification H20/CH4
Specification target 3
Specification tolerance 0.5
Lower bound 18

Upper bound 55

RELACCIO
RELA

3

1

298.15
308.15
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V. BIOREFINERY LCA RESULTS

Table 62 LCA SimaPro results . Biorefinery scheme No. 1

category impact Unit STREAMS

ADOUTLIQ L2 DF OUTGASAD 8 10 11 13 12 14 16

OUTGAS

Global warming kgCO2eq 5.62E+03 9.90E+04 2.03E+06 1.32E+04 2.06E+06 2.06E+06 2.06E+06 1.82E+06 2.48E+05 1.84E+06 1.84E+06
Stratospheric ozone depletion kg CFC11 eq 0.00119 0.0239 0.489 0.00278 0.496 0.496 0.496 0.437 0.0596 0.437 0.437
lonizing radiation kBq Co-60 eq57.7 9.10E+03 1.85E+05 1.35E+02 1.87E+05 1.87E+05 1.87E+05 1.64E+05 2.24E+04 1.64E+05 1.64E+05
Ozone formation, Human health kg NOxeq 7.22 118 2.43E+03 1.69E+01 2.46E+03 2.46E+03 2.46E+03 2.17E+03 296 2.17E+03 2.17E+03
Fine particulate matter formation kg PM2.5eq 5.57 345 7.03E+03 1.30E+01 7.11E+03 7.36E+04 7.36E+04 6.42E+03 8.76E+02 6.43E+03 6.43E+03
Ozone formation, Terrestrialkg NOxeq 7.4 121 2.49E+03 1.73E+01 2.53E+03 2.52E+03 2.53E+03 2.22E+03 303 2.22E+03 2.22E+03
ecosystems
Terrestrial acidification kgSO2eq 14.2 258 5.30E+03 3.32E+01 5.38E+03 5.49E+05 5.49E+05 6.08E+03 8.30E+02 6.11E+03 6.11E+03
Freshwater eutrophication kgPeq 0.757 90.4 1.84E+03 1.77E+00 1.85E+03 1.85E+03 1.86E+03 1.63E+03 223 1.63E+03 1.63E+03
Marine eutrophication kg N eq 0.0511 5.7 1.16E+02 0.12 117 117 117 103 14 103 103
Terrestrial ecotoxicity kg 1,4-DCB 2.00E+04 1.33E+05 2.79E+06 4.69E+04 2.86E+06 2.85E+06 2.86E+06 2.51E+06 3.43E+05 2.52E+06 2.52E+06
Freshwater ecotoxicity kg 1,4-DCB 53.1 8.27E+03 1.68E+05 1.24E+02 1.70E+05 1.69E+05 1.70E+05 1.49E+05 2.04E+04 1.49E+05 1.49E+05
Marine ecotoxicity kg 1,4-DCB 79.7 1.05E+04 2.13E+05 1.86E+02 2.15E+05 2.15E+05 2.15E+05 1.89E+05 2.58E+04 1.89E+05 1.89E+05
Human carcinogenic toxicity kg 1,4-DCB 57.7 4.68E+03 9.52E+04 1.35E+02 9.62E+04 9.62E+04 9.63E+04 8.47E+04 1.16E+04 8.47TE+04 8.47TE+04
Human non-carcinogenic toxicity kg 1,4-DCB 1.98E+03 1.42E+05 2.89E+06 4.63E+03 2.92E+06 2.92E+06 2.92E+06 2.57E+06 3.51E+05 2.57TE+06 2.57TE+06
Land use m2acropeq 36.4 1.54E+03 3.13E+04 8.51E+01 3.17E+04 3.17E+04 3.17E+04 2.79E+04 3.81E+03 2.79E+04 2.79E+04
Mineral resource scarcity kg Cu eq 2.63E+00 89.1 1.82E+03 6.15E+00 1.84E+03 1.84E+03 1.84E+03 1.62E+03 221 1.62E+03 1.62E+03
Fossil resource scarcity kg oil eq 1.62E+03 3.00E+04 6.15E+05 3.79E+03 6.25E+05 6.24E+05 6.25E+05 5.50E+05 7.50E+04 5.50E+05 5.50E+05
Water consumption m3 222 326 6.63E+03 5.20E+02 7.21E+03 7.16E+03 7.17E+03 6.35E+03 866 6.35E+03 6.35E+03
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Table 63 LCA SimaPro results . Biorefinery scheme No. 2

Category Impact Unit STREAMS

AD OouUTL2 DF AD 8 10 11 13 H2 H2 14 19

LIQ OUTGAS OUTGAS
Global warming kgCO2eq 5.62E+03  9.90E+04  2.05E+06  1.31E+04 1.44E+08 1.90E+08 1.90E+08 9.52E+07 9.52E+07 1.90E+08 1.68E+08  1.68E+08
Stratospheric ozone depletion kg CFC11 eq0.00119 0.0239 4.94E-01 2.77E-03 5.39E+03  7.11E+03  7.11E+03  3.57E+03  3.57E+03  7.15E+03  6.29E+03  6.29E+03
lonizing radiation kBgq Co-6057.7 9.10E+03  1.87E+05 1.35E+02  1.44E+06 1.80E+06 1.80E+06 9.03E+05 9.03E+05 1.81E+06 1.59E+06  1.59E+06

€q

Ozone formation, Human health kg NOxeq 7.22 118 2.45E+03  1.68E+01  1.53E+05 2.00E+05 2.00E+05 1.01E+05 1.01E+05 2.01E+05 1.77E+05  1.77E+05
Fine particulate matterkg PM2.5 eq 5.57 345 7.09E+03  1.30E+01  7.68E+04  9.77E+04  9.77E+04  4.91E+04  491E+04  9.82E+04  8.64E+04  8.64E+04
formation
Ozone formation, TerrestrialkgNOxeq 7.4 121 251E+03  1.73E+01  1.70E+05 2.23E+05 2.23E+05 1.12E+05 1.12E+05 2.24E+05 1.97E+05  1.97E+05
ecosystems
Terrestrial acidification kgSO2eq 14.2 258 5.35E+03 3.31E+01 1.83E+05 240E+05  2.40E+05 1.20E+05 1.20E+05  241E+05  2.12E+05  2.12E+05
Freshwater eutrophication kg P eq 0.757 90.4 1.85E+03  1.77E+00  3.31E+03  3.38E+03  3.38E+03  1.70E+03  1.70E+03  3.41E+03  2.98E+03  2.98E+03
Marine eutrophication kg N eq 0.0511 5.7 1.17E+02 1.19E-01 1.05E+03 1.32E+03 1.32E+03  6.65E+02 6.65E+02 1.33E+03 1.17E+03 1.17E+03
Terrestrial ecotoxicity kg 1,4-DCB 2.00E+04  1.33E+05 2.81E+06  4.67E+04 1.60E+08 2.10E+08  2.10E+08 1.05E+08 1.05E+08  2.11E+08 1.86E+08 1.86E+08
Freshwater ecotoxicity kg 1,4-DCB 53.1 8.27E+03  1.69E+05  1.24E+02 2.61E+06  3.35E+06  3.35E+06  1.68E+06  1.68E+06  3.37E+06  2.96E+06  2.96E+06
Marine ecotoxicity kg 1,4-DCB 79.7 1.05E+04  2.15E+05 1.86E+02  3.34E+06  4.30E+06  4.30E+06 2.16E+06  2.16E+06  4.32E+06  3.80E+06  3.80E+06
Human carcinogenic toxicity =~ kg 1,4-DCB 57.7 468E+03  9.61E+04  1.35E+02  1.50E+06  1.93E+06 1.93E+06 9.68E+05 9.68E+05 1.94E+06  1.70E+06  1.70E+06
Human non-carcinogenic toxicitykg 1,4-DCB 1.98E+03 1.42E+05 2.92E+06  4.61E+03 3.82E+07  4.88E+07  4.88E+07 2.45E+07 245E+07  4.91E+07 4.31E+07  4.31E+07
Land use mZ2acrop eq 36.4 154E+03  3.16E+04  8.48E+01  -3.77E+06 -4.99E+06 -4.99E+06 -2.51E+06 -2.51E+06 -5.01E+06 -4.41E+06 -4.41E+06
Mineral resource scarcity kg Cueq 2.63 89.1 1.83E+03  6.13E+00 1.76E+05 2.31E+05 2.31E+05 1.16E+05 1.16E+05 2.32E+05 2.04E+05  2.04E+05
Fossil resource scarcity kg oil eq 1.62E+03  3.00E+04  6.21E+05  3.78E+03  2.21E+07 2.88E+07 2.88E+07  1.45E+07 1.45E+07 2.89E+07 2.54E+07  2.54E+07
Water consumption m3 222 326 6.69E+03 5.19E+02 6.21E+05  8.15E+05  8.15E+05  4.10E+05  4.10E+05  8.19E+05  7.21E+05  7.21E+05
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Table 64 LCA SimaPro results

. Biorefinery scheme No. 3

Annexes

category impact Unit STREAMS
AD OUT LIQ DF OUTGAS AD OUTGAS 8 H2 12 13 27 12A METHANOL

Global warming kgCO2eq  5.62E+03 2.05E+06 1.31E+04 1.68E+08 1.36E+07 1.14E+08 1.01E+08 1.09E+08 9.99E+07 1.10E+08
Stratospheric ozone depletion kg CFC11eq 0.00119 4.94E-01 2.77E-03 6.30E+03 512 4.26E+03 3.78E+03 4.09E+03 3.75E+03 4.14E+03
lonizing radiation kBqg Co-60 eq 57.7 1.87E+05 1.35E+02 1.65E+06 1.29E+05 1.07E+06 9.50E+05 1.03E+06 9.44E+05 1.04E+06
Ozone formation, Human health kg NOx eq 7.22 2.45E+03 1.68E+01 1.78E+05 1.44E+04 1.20E+05 1.06E+05 1.15E+05 1.06E+05 1.17E+05
Fine particulate matter formation kgPM2.5eq 5.57 7.09E+03 1.30E+01 8.88E+04 7.01E+03 5.84E+04 5.17E+04 5.61E+04 5.14E+04 5.66E+04
Ozone formation, Terrestrialkg NOx eq 74 2.51E+03 1.73E+01 1.98E+05 1.60E+04 1.33E+05 1.18E+05 1.28E+05 1.17E+05 1.30E+05
ecosystems

Terrestrial acidification kg SO2 eq 14.2 5.35E+03 3.31E+01 2.13E+05 1.72E+04 1.43E+05 1.27E+05 1.38E+05 1.26E+05 1.39E+05
Freshwater eutrophication kg P eq 0.757 1.85E+03 1.77E+00 3.63E+03 239 1.99E+03 1.75E+03 1.91E+03 1.75E+03 1.91E+03
Marine eutrophication kg N eq 0.0511 1.17E+02 1.19E-01 1.21E+03 94.9 7.91E+02 700 759 6.96E+02 7.66E+02
Terrestrial ecotoxicity kg 1,4-DCB  2.00E+04 2.81E+06 4.67E+04 1.87E+08 1.51E+07 1.26E+08 1.11E+08 1.21E+08 1.11E+08 1.22E+08
Freshwater ecotoxicity kg 1,4-DCB 53.1 1.69E+05 1.24E+02 3.02E+06 2.40E+05 2.00E+06 1.78E+06 1.92E+06 1.76E+06 1.94E+06
Marine ecotoxicity kg 1,4-DCB  79.7 2.15E+05 1.86E+02 3.88E+06 3.09E+05 2.57E+06 2.28E+06 2.47E+06 2.26E+06 2.49E+06
Human carcinogenic toxicity kg 1,4-DCB 57.7 9.61E+04 1.35E+02 1.74E+06 1.38E+05 1.15E+06 1.02E+06 1.11E+06 1.01E+06 1.12E+06
Human non-carcinogenic toxicity kg 1,4-DCB  1.98E+03 2.92E+06 4.61E+03 4.42E+07 3.50E+06 2.92E+07 2.59E+07 2.80E+07 2.57E+07 2.83E+07
Land use m2acropeq 36.4 3.16E+04 8.48E+01 -4.40E+06 -3.59E+05 -2.99E+06 -2.65E+06 -2.87E+06 -2.63E+06 -2.90E+06
Mineral resource scarcity kg Cueq 2.63 1.83E+03 6.13E+00 2.05E+05 1.66E+04 1.38E+05 1.23E+05 1.33E+05 1.22E+05 1.34E+05
Fossil resource scarcity kg oil eq 1.62E+03 6.21E+05 3.78E+03 2.57E+07 2.07E+06 1.72E+07 1.53E+07 1.65E+07 1.52E+07 1.67E+07
Water consumption m3 222 6.69E+03 5.19E+02 7.24E+05 5.86E+04 4.88E+05 4.33E+05 4.69E+05 4.30E+05 4.74E+05
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