Life Cycle Assessment and Water Footprint of Diluent and Hydrogen Production via
Thermochemical Conversion of Algae Biomass

by

Edson Roberto Nogueira Junior

A thesis submitted in partial fulfillment of the requirements for the degree of

Master of Science

Department of Mechanical Engineering

University of Alberta

© Edson Roberto Nogueira Junior, 2018



Abstract

In recent years, the number of studies exploring the potential of using algae as biomass to
produce energy has grown, and biofuels produced from algae could be one of the main
alternative sources to fossil fuels in the future. The thermochemical conversion of biomass to
bioenergy has been deemed a promising route to produce algae-based products. This study was
conducted to evaluate the literature available on the LCA of the thermochemical conversion of
algae with a special interest in colder climates like Canada. The focus of the study is on
assessments of the life cycle water requirement for the conversion of algae biomass. The review
part focuses on the available literature on life cycle assessments of hydrothermal liquefaction,
pyrolysis, and gasification, which are the thermochemical conversion pathways explored in
depth so far, and on the water footprint related to the steps of the process. The key focus of the
study was to examine the life cycle water footprint of conversion of algae biomass to produce
diluent and hydrogen via thermochemical conversion. Overall, it takes into consideration two
methods of feedstock production: ponds and photobioreactors (PBRs); and four conversion
pathways: pyrolysis, hydrothermal liquefaction (HTL), gasification and hydrothermal
gasification (HTG). The results obtained confirm the high water requirement for algae
production and the necessity for recycling harvested water or adopt the use of alternative water
sources. To produce 1 kg of algae through ponds, 1564 L of water are required, and this number
decreases to 372 L when PBRs are used; however, the energy requirements for PBRs are much
higher than for ponds. From a final product perspective, gasification was the thermochemical
conversion method that required the highest amount of water per MJ produced (mainly due to its

low hydrogen yield), followed by pyrolysis and HTL. On the other hand, HTG presents the
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lowest water footprint mainly because a large amount of electricity generated as part of the
process compensates for the electricity used by the system. The performance for all pathways

can be improved through recycling channels.
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Chapter 1: Introduction

1.1 Background

Fossil fuels have been used on a large scale by mankind as a source of energy since the industrial
revolution. The main reason for this is because fossil fuels are plentiful, generally easy to obtain,
and reliable as an energy source [1]. However, increased coal, oil, and natural gas combustion
has led to the increase of greenhouse gases (GHGs) in the atmosphere, which causes climate
change [2]. The current global carbon dioxide concentration and its forecasted increase are
causes of concern. The potential environmental consequences of the increase are making policy
makers and industry experts turn their focus to sustainable sources of energy that could

potentially replace fossil fuels [3].

Materials such as biomass, which is rich in carbon, have been extensively considered as an
energy source to produce fuels and chemical products [4-7]. One application of interest for
biomass-based fuels is the production of transportation fuels, since they have similar or, in some
cases more attractive, properties than conventional gasoline and diesel [8]. Also, since the
biomass cultivation phase removes CO; from the atmosphere through the photosynthesis of the
biomass, the other processes that lead to the emissions of carbon into the environment render the
entire life cycle of biomass close to carbon neutral in many cases [9]. One biomass feedstock that
has proven to be promising in recent research studies and could potentially produce high yields

even in harsh climate conditions is algae [10].

Colder countries like Canada do not have large-scale algae production facilities due to long and
cold winters. Most algae-production facilities are located in the southern United States and Asia
[11, 12], since the lower latitudes offer a friendlier climate for the cultivation of algae through
ponds and in open air. An assessment of algae feedstock cultivation in the colder climate of
Alberta, Canada must take into consideration many factors, including the low average
temperature during the summer months, the dry conditions with little precipitation [13], and the

impossibility to cultivate biomass in open air for most of the year. That said, there is the



possibility of increasing the total production and the amount of time during the year in which
production is possible by two or three months using waste heat from nearby industries. Also, an
alternative consisting of closed systems which provide more control over the parameters of
operation and can have heating mechanisms, for example, would allow algae production all year.

Photobioreactors are currently being studied as this possible alternative [14, 15].

Biomass such as algae can be used as raw material not only for biofuels but also many types of
chemicals. Two of these chemicals are diluent and hydrogen, which have a vast array of
applications in industry such as in oil and gas, electronics, metallurgy, and in refineries
(hydrogen). In addition, both chemicals are greatly desired by the oil sands industry in Northern
Alberta. Diluent is commonly used in the oil sands to reduce the viscosity of bitumen [16] in
order to facilitate transportation. Hydrogen is used to convert the bitumen extracted in the oil

sands into crude oil [17].

There are studies of diluent generation through thermochemical conversion processes like
pyrolysis and hydrothermal liquefaction followed by the hydrotreating of other types of
feedstock [18, 19]. These methods would offer an alternative to the diluent currently used to
decrease the viscosity of bitumen extracted in the oil sands and produced from fossil fuels [20].
The majority of the current supply of diluent used in the oil sands is imported from the United

States.

Hydrogen can also be produced from other thermochemical conversion methods such as
gasification and hydrothermal gasification [21, 22]. A very versatile product, hydrogen can be
used for a variety of applications in many industries [23], and it is also of interest to the oil sands

industries, where it is used in upgrading bitumen to crude oil [24, 25].

Apart from the interest in GHG emissions and the energy return on investment (EROI) during
cultivation and in the conversion process of algae to biofuel, diluent, or hydrogen, water is also
directly and indirectly necessary in every step of the process [26, 27]. Since freshwater may be a
scarce resource, using it in an efficient way during the entire life cycle from algae production-to-

end use is of interest to reduce its environmental impact. It is also important to consider that in



colder climate like Canada and specifically Alberta (a western Canadian province), where the
climate is dry and winters are long and cold [13], water availability is a large concern in some
locations; therefore, this is an important constraint in biomass production and conversion
processes to guarantee a constant supply of algae and its products. Having a better understanding
of the process is fundamental so that water consumption can be mitigated when large-scale
facilities are built. It is also important that algae production does not take away water from the

supply necessary for agriculture and basic human needs.

There are studies on biofuel production from algae through thermochemical conversion
pathways, namely pyrolysis, hydrothermal liquefaction, and gasification [28-30]. These studies
were conducted based on different assumptions or parameters, such as algae species, experiments
at the lab scale, geographical location, etc. Studies on water use for algae cultivation are also
available, especially for ponds [31, 32]. However, these studies focus on the biomass cultivation
phase and not on the entire life cycle water footprint, which would include the thermochemical
conversion phase. Also, all these studies were done in the United States or the Far East. There is
no study published on the algae biomass life cycle water footprint to produce diluent and

hydrogen in colder climates such as Canada. This study is aimed at filling this gap in research.

1.2 Objectives of the study

The overall objective of this study is to assess the sustainability of the life cycle of algae-based

bio products with a focus on colder climate like Canada. The specific objectives are to:

e Identify thermochemical conversion pathways to produce biofuels, diluent, and

hydrogen from algae;

e Conduct a literature review on thermochemical conversion of algae to diluent and

hydrogen;

e Develop a framework to assess the water footprint for all stages of diluent and hydrogen

production from algae biomass for four conversion pathways, that can be applied to



algae biomass produced either through ponds or photobioreactors. The specific pathways
include:
o Pathway 1: The conversion of algae biomass to bio-oil through fast pyrolysis and
the further conversion of bio-oil to diluent.
o Pathway 2: The conversion of algae biomass to bio-crude through hydrothermal
liquefaction (HTL) and the further conversion of bio-crude to diluent.
o Pathway 3: The conversion of algae biomass to hydrogen through gasification via
the production and enrichment of syngas.
o Pathway 4: The conversion of algae biomass to hydrogen through hydrothermal

gasification (HTG) via the initial production and enrichment of syngas.

Develop the direct and indirect water footprint of the algae life cycle for the production

of diluent and hydrogen from the above mentioned pathways and production systems;

Compare the results of different cultivation methods and conversion pathways to identify

the variables that most affect results;

Study the effects of the input parameters on the life cycle water footprint of diluent and

hydrogen production from algae biomass through sensitivity and uncertainty analyses;

Develop recommendations for future studies based on research results.



1.3 Scope and limitations of the study

The life cycle assessment (LCA) of biomass conversion to biofuels normally involves the
following unit operations: harvesting and fertilization; transportation; thermochemical
conversion; the transportation of the intermediary product if necessary (such as bio-oil); and a
final process to produce biofuel (if needed). In Chapter 2, the results of a review of the GHG
emissions and net energy ratio are described. Data were compiled and presented based on a
functional unit of 1 MJ of biofuel produced. The GHGs considered in this study are mainly CO,,

CH,, water vapor, and N,O, but the results are given in equivalent weight of CO,.

For the calculation of the water footprint in Chapter 3, the unit operations mentioned above were
adopted, except in the transportation of biomass or product, since previous studies showed that
the water requirements for these units are negligible. Direct water consumption (such as
blowdown water, cooling water, etc.) and indirect water consumption (i.e., water to generate
electricity that is used in cultivation and conversion plants, fertilizer, etc.) are calculated for the
various unit operations so that the total water required in the processes can be computed. The
functional unit once more is 1 MJ of product (hydrogen or diluent). Chapter 3 takes into
consideration four thermochemical conversion pathways, with pyrolysis and HTL being used to

produce diluent and gasification and HTG to produce hydrogen.

Some indirect inputs were not considered in this study, for example water use during the
manufacturing of equipment used during the algae life cycle or the building of the plants
themselves. Also, some assumptions on the design and functioning of the system were necessary
to make the analysis possible, such as a constant rate of blowdown, equipment not presenting

any failure or leaks, and the average evaporation rate during the year.

1.4 Organization of the thesis

This thesis has four chapters, a table of contents, a list of tables, a list of figures, a list of

abbreviations, and references. Each chapter is independent and intended to be read separately.



The thesis is in paper-based format, with chapters 2 and 3 intended to be published as separate

papers. Due to the format of the thesis, there may be some repetition between chapters.

Chapter 2 reviews previous studies on the GHG emissions and fossil fuel energy required for
biofuel production from algae biomass through thermochemical conversion methods, namely
pyrolysis, hydrothermal liquefaction, and gasification. All available studies in the area were
compared in order to provide a good overview of what can be expected in terms of the
sustainability of a large-scale facility for algae production and conversion. A review on water
footprint studies in this topic was also done and aspects yet to be covered by future research were

discussed.

Chapter 3 provides a calculation of the water requirements for the production of algae biomass
via ponds and photobioreactors and algae’s consequent conversion to diluent or hydrogen via
four thermochemical conversion pathways: pyrolysis, HTL, gasification, and HTG. The water
requirement factors among feedstock production methods and different diluent and hydrogen
production pathways are then compared and analyzed. Both sensitivity and uncertainty analyses
were conducted to help understand which were the most influential variables and their

uncertainties on the results of this study.

Chapter 4 concludes the study with the presentation of the main results and a discussion of

recommendations for future research.



Chapter 2: A Review of the Life Cycle Analysis of the

Thermochemical Conversion of Algae1

Chapter 2 reviews the available literature on the life cycle assessment of biofuel produced
through the thermochemical conversion of algae, including what has been studied in terms of the
water footprint of the algae life cycle, a topic of interest also in Chapter 3. Moreover, it discusses
the gaps present in the current literature which may still be explored in more detail in future

research in this field.
2.1 Introduction

A large portion of the energy sector currently depends on oil and natural gas. This fact, combined
with the depletion of these resources in the next decades and the consequences of climate change,
mean that alternative forms of energy generation will become more important in the near future.
As fossil fuels are easily accessible and current prices are low, finding feasible alternative
methods is a great challenge, but a necessary one in order to avoid the environmental impacts

caused by the use of fossil fuels.

Of all the renewable energy generation methods, the use of biomass-derived products seems to
be particularly promising. Depending on geographical location and climate conditions, there can
be desirable influences on the crops being planted, which could improve production [33-35].
However, biomass production costs are still much higher than fossil fuel exploration [36, 37],
which makes it necessary to find more productive crops and more efficient production methods
to compete with fossil fuels in the market. One biomass feedstock that could be considered is
algae, which could replace the traditionally used corn, sugarcane, etc. Some initial studies on the
cultivation, harvesting, and conversion of algae into biofuel showed promising results [38-40],

and a more in-depth pursuit of the data seems worthwhile.

! This chapter is to be submitted for publication under the same title to Renewable & Sustainable Energy
Reviews.



When it comes to processing algal biomass into biofuel, there are two main paths available: lipid
extraction and thermochemical conversion, which uses heat and chemical processes to transform
the feedstock. A number of recent studies have shown that the lipid extraction conversion
methods currently available for algae are very energy intensive and cost ineffective in their
various steps [29, 41, 42], and therefore not likely to be efficient enough to compete with the
fossil fuels in the market. However, thermochemical conversion for algae has shown some
promising results, especially for processing through pyrolysis [43, 44] and hydrothermal
liquefaction [45, 46], which are the two most studied methods of thermochemical conversion for

algae at the present time.

A life cycle assessment (LCA) is a tool commonly used to verify the potential environmental
impacts of each step of the life cycle of a product or service (from production to disposal, or one
of the intermediate steps), and according to the International Organization for Standards (ISO)
14040 it has four main parts: a goal and scope definition; a life cycle inventory analysis; a life
cycle impact assessment; and the interpretation of the results [47, 48]. The goal and scope define
the objectives of the analysis, the functional unit adopted and the system boundaries for the cases
which will be considered; the life cycle inventory is where all the data necessary is gathered and
assumptions are made; the impact assessment is the part in which calculations are made
regarding the environmental impacts of the systems; and this is followed by an analysis of the

results.

For the case of algae used to produce biofuels via thermochemical conversion, there is scarcity of
studies dedicated to a thorough LCA overview of all thermochemical conversion methods. On
the other hand, the studies available on specific methods present significantly different results.
For example, pyrolysis is a method more often investigated from an LCA perspective [49], while
hydrothermal liquefaction (HTL) and gasification have only been studied on a preliminary basis.
An example of a more comprehensive case is the comparative study of the LCAs of pyrolysis
and HTL by Bennion et al. [50], who showed that HTL has lower GHG emissions and a higher

energy return on energy invested ratio than pyrolysis.



Because large-scale algae conversion facilities to biofuel are yet to be commercialized, it is
challenging to estimate the amount of fresh water needed in each stage of the entire chain of
production (also known as water footprint). However, data on algae cultivation are available in
the literature [51-53] and progress has been made on thermochemical conversion studies of this
type of biomass. Also, there is evidence that suggests that the production of algae requires a large
amount of freshwater [26, 54], and some publications point to the possibility of saltwater [55] or
recycled wastewater [56-58] being used. One possible solution being considered is the use of
alternative equipment rather than the currently used ponds for algae production. Photobioreactors,
for example, do not lose the water stored in them through evaporation, as the more traditional

ponds do [59].

With that background, this review paper focuses on both the LCA including water footprint

analysis of different routes of algae thermochemical conversion. The specific objectives are:

e To determine which method is the most environmentally friendly based on the most
literature taking into consideration the different functional units and system boundaries.

e To review the basic concepts of algae production and conversion currently applied in
research showing the difference in energy return on investment (EROI), which is defined
as the ratio of the energy obtained through biomass conversion and the amount of energy
input for the processes, between some thermochemical conversion pathways; and

e Identify the future of research needs in the area.
2.2 Biomass thermochemical conversion pathways

The term thermochemical conversion processes refers to a number of methods used to convert
renewable feedstocks into fuels and chemicals. These products may be obtained in the solid,
liquid or gaseous phases (and ultimately be further used to produce electricity, heat, or
chemicals). The thermochemical conversion of algae feedstock is broadly classified into
combustion, gasification/hydrothermal gasification, and pyrolysis/hydrothermal liquefaction, as

illustrated in Figure 2-1.
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Figure 2-1: Schematic of the three main methods of thermochemical conversion [60]
2.2.1 Available technologies

Broadly speaking, the thermochemical conversion processes of biomass to produce desired final
products (such as biodiesel, bio-oil, and hydrogen) from feedstock can occur through six
conventional conversion pathways: pyrolysis, gasification (with hydrothermal gasification as a
possible variation), combustion, co-firing, hydrothermal liquefaction (HTL), and carbonization
[61]. This paper focuses on three of these methods (pyrolysis, HTL, and gasification, all of
which are not being used in commercial scale) given the current state of the literature available

on thermochemical conversion using algae as biomass.

2.2.1.1 Pyrolysis

The pyrolysis of biomass is generally defined as the decomposition of biomass feedstock at a
moderate temperature (around 350-700 °C) and in the absence of oxygen. The products

generated include three phases: biochar in the solid state; bio-oil in the liquid state; and gases

10



such as methane, hydrogen, carbon monoxide and carbon dioxide. These products can be used as

energy sources and chemicals.

Pyrolysis is one of the most studied methods of thermochemical conversion, and there has been a
large number of published literature on the subject, including some with a special interest in
algae [43, 62, 63]. These studies suggest that algal biomass has some commercial potential

especially in terms of conversion to liquid.

The process is usually classified as slow, fast, or flash pyrolysis and the main differences
between them are temperature, particle size, residence time, and expected yield at the end of the

process (see Table 2-1).

Table 2-1: Different types of pyrolysis and their products considering various types of biomass

Technology  Solid residence = Heating Temperature Liquid Char Gas Ref

time (s) rate (K/s) (K) (%) (%) (%)
Conventional 450-550 0.1-1 550-950 30-50  30-60 15-30 [64, 65]
Fast 0.5-10 10-200 650-850 60-75 15-25 10-20 [64, 66]
Flash <0.5 >1000 1050-1300 60-70  15-25  10-15 [64, 67]

Among the few studies on the thermochemical conversion of algae, some investigate the effects
of the use of catalysts during the pyrolysis process [68, 69], with the main conclusion that it is
possible to increase the amount of aromatics and high heating value while decreasing the acidity
of bio-oil. Babich et al. [69] also observed that when Na,COs3 was used as a catalyst, the total

liquid yield from pyrolysis decreased, while gas yield increased.

2.2.1.2 Gasification

Gasification is a form of pyrolysis that occurs at high temperatures (around 800 °C) and in the

presence of a very limited amount of oxygen and moisture (below 10%) and produces synthesis

11



gas (syngas). The main gases produced are CO, CHy4, and H,, with hydrogen in particular having
many applications in industry [70-72], but these gases can also be used as a source of heat or

electricity [73].

Biomass gasification has traditionally been used for cogeneration (the generation of both heat
and electricity), but recent studies have shown that a catalytic reaction in the gasification of algae
can help improve the production of hydrogen [21, 74]. The equipment used in this process
usually consists of a fixed bed or fluidized bed gasifier, with some modifications being possible

[75].

Some other studies [76, 77] suggest that supercritical water gasification of algae at high
temperatures can increase the efficiency of the process and generate more hydrogen. Chakinala
et al. [76] show that complete gasification is possible if catalysts are added to the reaction.

However, further study on optimal operating conditions is necessary.

2.2.1.3 Hydrothermal liquefaction

Hydrothermal liquefaction (HTL) is a thermochemical conversion method that offers a critical
advantage over most other options: while the other methods require the input of almost
completely dry feedstock into the system (80-90%), HTL permits feedstock with higher moisture
content, which eliminates the drying stage usually found in other thermochemical process [78,
79]. The conversion from biomass to liquid happens at medium temperatures (280-370 °C) and
high pressures (10-25 MPa) and normally produces biocrude [80] and other by-products in all

three phases.

Over the last few years, many papers have been published on the HTL of algae, covering a broad
range of parameters (including the species used [81], the temperature, reaction time and pressure
[82], water density and biomass loading [83]) and offering concrete estimations for large scale

HTL plants.

It is important to note that in some HTL studies for different types of algae, some relatively high
amounts of oil yield, higher heating values (HHV) and energy balances were obtained. For

example, Dote et al. [84] used B. braunii and reached a 64% dry wt basis of oil, HHV of
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45.9MJ/kg, and a 6.67:1 energy output-input ratio at 300 °C, while Minowa et al. [85] used
Dunaliella tertiolecta and got 37% wt dry oil, 37.3MJ/kg, and an energy ratio of 2.94:1. Even
though the results were obtained through HTL, they are quite different from each other. This
could be due to the different species of algae used. The results also suggest that when algae
feedstock is considered as feedstock for thermochemical conversion, HTL might be a relatively
efficient method compared to others that are currently used, such as gasification and pyrolysis.
For example, Jena and Das [86] showed in their comparative study between hydrothermal
liquefaction and slow pyrolysis that HTL results in a higher bio-oil yield (with better quality in
terms of energy density and thermal stability), lower char yield, and a lower energy consumption

ratio.

In recent years, studies on possible improvements to HTL technology for algae processing have
been published, for example, the thorough review by Tian et al. [28] exploring many different
aspects of an algae biorefinery, including the differences between species of algae, operational

parameters of the refinery, and some critical principles of algae HTL reaction.

Another promising area seems to be the switching from batch to continuous process, as
investigated by Elliot et al. [87, 88]. Continuous process shows some promising results in

economic terms, but there are no facilities built using it, only models of limited size.

Lastly, Duan et al. [89] studied the effects of catalysts in the HTL of algae for six different
substances and concluded that in the absence of hydrogen it was possible to increase bio-crude
yield with all six, but the composition of the product and its heating values remained the same.
The reaction with high pressure hydrogen did not change the yield or heating values of the
product but suppressed the formation of gases with all catalysts. Also, the Ni catalyst produced a

crude oil with no traces of sulfur, both with or without hydrogen present in the reaction.

2.2.2 End products

Thermochemical conversion technologies offer a variety of desirable products that can be used

by different sectors of industry, including biofuels and chemicals like hydrogen [75]. For
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example, the bio-oil produced from pyrolysis and HTL can be used as fuel oil or diesel in
equipment such as boilers, turbines, or engines to generate electricity. However, through the
hydroprocessing of the bio-oil (mainly in the presence of a catalyst), the resulting biofuel can be
used as fuel for vehicles [90]. Gasification can produce gases with high heating values that can
be used as fuel in vehicles [91]. It is also possible through thermochemical conversion to extract
many chemicals from the bio-oil, but this paper focusses primarily on a review of the available
studies on the LCA of thermochemical conversion pathways used to produce only biofuels from

algae.

2.3 Life cycle assessment analysis

Due to the adverse impact of climate change for the future of the world’s ecosystems, there has
been increasing interest in the production of environmentally friendly fuels. Products resulting
from biomass conversion processes generally help mitigate GHG emissions in industry. However,
a path to quantify these improvements is desired, and the LCA is a useful option to analyze

various impact categories in all steps of the life cycle of a product.

The system boundaries proposed here for the three thermochemical algae conversion methods
can be divided into two main parts: the first is biomass cultivation and transportation (if
necessary), and the second is conversion and upgrading to final products (again, only if required).
Given the availability of data, these two different parts have been well explored in the literature.
The available literature on LCAs of the thermochemical conversion of algae is on pyrolysis,

gasification, and hydrothermal liquefaction.

Several software packages can be used for a life cycle analysis. These include GREET
(Greenhouse gases, Regulated Emissions, and Energy use in Transportation), SimaPro,

GHGenius, TEAM (Tools for Environmental Analysis and Management), and others.

2.3.1 Feedstock

The algae species used in the conversion process is an important consideration in

thermochemical conversion [92]. Algae itself consists primarily of crude protein, crude lipid,
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carbohydrates, detergent fiber and lignin, but the concentration of these varies with algae species.
Higher amounts of protein, lipid, and carbohydrate and a lower amount of lignin are desirable,

since these conditions tend to maximize the bio-oil or bio-crude yield [93].

A number of species of algae have been tested for different thermochemical conversion
processes so that their characteristics can be better understood. For example, Chlorella vulgaris,
Scenedesmus, Spirulina platensis, Nannochloropsis sp., Dunaliella, Botryococus braunii were
tested for HTL and pyrolysis by a number of researchers [49, 81, 82, 84, 94, 95]. The algae types

and their characteristics are listed in Table 2-2.

Table 2-2: Algae species commonly studied and their properties

Algal Species Protein Carbohydrate Lipid Biomass Ref
(%) (%) (%) Productivity
(g/m*/day)

Botryococcus braunii 39.6 2.4 33.0 3.0 [96, 97]
Chlorella vulgaris 41.0 16.7 10.0 0.57-0.95 [96, 97]
Chlorella sp. 40.8 11.7 13.0 1.61-16.47/25 [51,97]
Spirulina platensis 42.3 11.0 11.0 1.5-14.5/24-51 [96, 97]
Scenedesmus sp. 34.5 27.7 6.6 2.43-13.52 [51,97]
Dunaliella salina 57.0 32.0 6.0 1.6-3.5/20-38 [97, 98]
Nannochloropsis sp. 32.7 8.9 12.3 1.9-5.3 [51,97]
Tetraselmis suecica 42.1 20.3 18.9 19 [97, 99]

One area of interest in algae production is the composition of the algae feedstock being
cultivated and the advantages it offers when different processing techniques are applied. Some
studies investigate desired genetic modifications of algae with the objective of maximizing the
production of biofuel or hydrogen [100, 101]. However, it is important to note that most studies
currently available focus primarily on improving algae composition by optimizing biofuel
production through transesterification [38, 101, 102]. This means producing feedstock with

higher lipid content and lower protein and carbohydrate contents. Weyer et al. [100] present a
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broader look at other aspects of algae-based biofuels, for example at solar radiance, oil density,
and biomass energy content. Another promising path involves the algae feedstock naturally
metabolizing and secreting biofuels and hydrogen, which could simplify the entire process and
consequently cut costs. This research, however, is still in its early stages and large-scale

production is not possible yet [102].

The cultivation method used to produce algae is of interest in studies of the environmental
impact and water footprint of biofuel and hydrogen production. The two most commonly used

methods of algae cultivation are ponds and photobioreactors (PBR).

Ponds can be classified into three main types: raceway, circular, and sloped (unstirred). These
systems have the advantage of being more viable from an economical perspective, and they are
easy to build and operate. However, they also have several disadvantages, for example, low
productivity, high rates of water evaporation, difficulty in adjusting for weather changes, and
contamination, among others [103]. Photobioreactors, on the other hand, are enclosed systems
that both allow for a relatively more controlled space (and so better manage issues as weather
and contamination) and offer high feedstock productivity. Some of the disadvantages are
possible gradients of pH, difficulty in scaling up, and the presence of excessive hydrodynamic
stress. PBRs can be classified into two main types: tubular and plate [103]. Ugwu et al. [34]
provide a good analysis of the best known PBR technology used for the mass production of algae,

while Lee [104] offers an in-depth comparison of the limitations and potentials of both methods.

2.3.2 System boundary framework

The LCA system boundaries for the thermochemical conversion of algae to bioenergy have two
main phases when the transportation and consumption of biofuel are omitted from the analysis.

These assumptions are commonly made by researchers studying bioenergy from biomass.

The first phase has two main steps: the cultivation of algae through open ponds or photo-
bioreactors (PBR), biomass pretreatment, consisting of dewatering (removal of excess water

until the solution is around 10-20wt% dry weight of algae) and drying; and its transportation to a
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nearby plant site, if necessary. Some of the main features of this stage are carbon sequestration,
the manufacturing and use of fertilizers and nutrients, the total water requirement of the process,
the energy requirement for heating and cooling of crops, and transportation from the storage site

to the plant site. The process is schematically represented in Figure 2-2.

Nutrients
and water

Cooling

Algae . Dry
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cultivation e 2o Blig biomass

Thermal Nutrient
energy recovery

Figure 2-2: Cultivation, harvesting, and pretreatment of algae

The transportation of algae to the processing plant may also be an important aspect of the system
boundary in case the cultivation and conversion of algae are not in the same location. It is
commonly assumed that there is no separation between the cultivation site and processing plant,

and such a set-up would reduce the total emissions generated.

The second part of the system boundary consists of biomass conversion and the upgrading of
products and co-products, like biocrude and biochar. The pretreatment that algae feedstock goes
through before conversion depends on which method of thermochemical conversion is intended
to be used. Characteristics like particle size and moisture content after drying depend on pre-
established requirements. Consequently, it can be said that different conversion technologies are

responsible for variations in environmental impact results. Considering the limited literature in
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this area, three thermochemical conversion technologies were analyzed: pyrolysis, gasification,
and hydrothermal liquefaction. The system boundary for HTL from cultivation to the end of
production is illustrated in Figure 2-3. The material selected to build the equipment that is used
in the facility always depends on operating conditions such as temperature, pressure, and volume

of biomass intake

Off gas

Off-gas Hydrogen

20wts dry
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Figure 2-3: Schematic of the generation of end products from algae using HTL
2.3.3 Goal and Scope

The goal is to compare environmental impacts in terms of GHG emissions and also the energy
balances as provided by recently published experimental studies, taking into consideration the
different species of algae used and possibly the experimental conditions. Comparisons are made
between the processes of pyrolysis, hydrothermal liquefaction, and gasification; other
thermochemical conversion pathways were not included here due to the lack of LCA data

currently available in the literature.
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2.3.4 The functional unit

The functional unit is a very important part of any LCA and must be clearly defined, since it is a
reference point used to make comparisons between the environmental impacts calculated in each
study. It is important that the functional unit chosen takes into consideration the goals and scope
of the analysis. In most of the reviewed literatures that focus on energy-based end products, a
functional unit of energy (e.g., 1 MJ, 1 kWh) is commonly used. For standardization, all results
shown here were converted to 1 MJ of energy produced, given that the system boundaries remain

the same for each thermochemical conversion process.

2.3.5 Environmental Impact Assessment

In an LCA, an environmental impact assessment is the main part of the analysis once the system
boundaries and the life cycle inventory of the product are determined. In this paper, the main
focus is to establish a point of comparison between the greenhouse gas emissions calculated or

measured in each study currently available in the literature.

Table 2-3 shows that results vary drastically between studies, even when the main factors (algae
species, processing method, internal conditions, etc.) remain the same. This might be because all
the experiments and calculations are highly idealized and involve many assumptions that can
cause discrepancies in the results. These errors may be corrected in the near future when full-

scale facilities are built.

Table 2-3: Results of the LCA for algae as given in different studies

Process Algae Species GHG Emissions EROI (if applicable)
(kg CO; equiv./MJ)

HTL
Bennion et al. [5S0]  Scenedesmus dimorphus -0.0114 0.81
Frank et al. [105] Chlorella protothecoides 0.0294 -
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Sills et al. [106] Marine algae (Dunaliella 0.05 -

salina)
Fortier et al. [107] Mixed algae species 0.0212 -
Liu et al. [108] Mixed algae species 0.030-0.055 0.32-1
Pyrolysis
Khoo et al. [109] Nannochloropsis sp. 1.26 -
Bennion et al. [50]  Scenedesmus dimorphus 0.210 0.44
Grierson et al. [30] Tetraselmis chui 0.960 -
Handler et al.[110] Nannochloropsis sp. 0.064-0.165 0.32-2.50
Gasification
Khoo et al. [109] Nannochloropsis sp. 1.30 -
Azadietal. [111] Mixed algae species 0.040-0.195 -

Generally speaking, HTL showed more promising results than the other methods investigated in
terms of GHG emissions. This could be due to a number of factors but is likely related to the fact
that HTL does not require any drying procedure after dewatering, while pyrolysis and
gasification do. Azadi et al. [111], for example, found that in the gasification production process,
the drying procedure could result in GHG emissions of 0.195 kg of CO,/MJ with thermal drying
or 0.04 kg of CO,/MJ with solar drying.

But even when different HTL studies are considered, there are great differences among them,
with Frank et al. [105] obtaining an environmental impact of 0.0294 of CO,/MJ while Sills et al.
[106] obtained an impact of 0.050kg of CO,/MJ.
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In the case of the indicator “energy return on investment” (EROI) (defined as energy output in
the form of the desired product divided by energy input), hydrothermal liquefaction also shows
more satisfactory results than other thermochemical conversion methods. Even though a few
studies investigated this factor, recent studies like one by Bennion et al. [50] show an EROI of
approximately 0.81 for HTL compared to around 0.43 for pyrolysis, with GHG emissions also
being smaller for HTL compared to pyrolysis (-0.0114kg of CO; ¢quiv/MJ vs 0.210kg of CO,
equiv/MJ).

Khoo et al. [109] explored more in-depth the emissions caused not only by the main product of
thermochemical conversion, which is bio-oil, but also the usual co-products, like biochar and gas,
and showed that gasification and pyrolysis have similar global warming impacts (GWPs)
attached to them. The differences in GHG emissions for various conversion pathways between

sources are illustrated in Figure 2-4.
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Figure 2-4: Comparison of GHG emissions results for different thermochemical conversion
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2.3.6 Comparison with fossil fuels

A comparison of the results obtained for algae with previous research on fossil fuels showed that
there is a notable difference in emissions for each. With algae, some studies showed a negative
net emission per functional unit (specifically in the case of HTL), while for gasoline the
emissions were around 0.090 kg CO, eq./MIJ for the life cycle of the fuel [112] and for diesel the
numbers were around 0.095 kg CO; equiv./MJ [113].

However, the EROIs of the fossil fuels show a great benefit when compared to the ones
estimated for algae due to the fact that they are well above 1. Even when considering that the
EROI decreased in recent years because of changes in locations and methods of petroleum

extraction, oil currently show an EROI of 5 [114].

2.4 Water footprint analysis

One very important aspect of the entire algae life cycle (from cultivation to fuel production) is
the process water requirement and the potential environmental impacts of high water use.
Starting with the cultivation phase, since algae needs water reservoirs in order to grow, the
amount of water required from the start is much higher for this feedstock than some of the
conventional raw materials used to produce biofuels. Clarens et al. [115] investigated the total
amount of water used during the entire life cycle of algae, corn, canola, and switchgrass, and

concluded that algae required at least four times more water than any of the feedstocks studied.

Yang et al. [26] compared in their study the water footprint in the algae life cycle in multiple
contexts: simple use of freshwater, consideration of the possibility of wastewater and saltwater
use in the process, and recycling options. In order to produce 1 kg of algae, 3726 kg of
freshwater were needed (In the United States, the water requirements for the production of
poplar, soybeans and sugarcane are 696 L/kg, 979 L/kg and 153 L/kg, respectively [116]).
However, the use of recycled water reduced this amount by 84%, and, if wastewater/seawater is
used, the reduction was 90%, which shows the feasibility of using this kind of feedstock for

bioenergy production. It is important to note that most studies consider methods of biomass
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conversion other than thermochemical conversion, and in this case Yang et al. provides an

analysis of lipid extraction.

Roberts et al. [117] considered the use of wastewater for the production of biocrude and biochar
via HTL. Theirs was the first study of wastewater-derived microalgae used for HTL. The
resulting biocrude yield was high (44.5% AFDW [ash free dry weight]) and of superior quality
compared to fertilized, monoculture microalgae. The co-product composition and energy content
showed improvements and could help provide a sustainable pathway for the production of

bioenergy from algae.

In the case of pyrolysis, Vargas and Silva et al. [63] recently explored the possibility of using
sewage water instead of freshwater in microalgae production and obtaining the subsequent
product via pyrolysis. They showed satisfactory results especially at a temperature of 500 °C
with 44% of the product in the liquid phase (bio-oil plus water), 45% in char, and 11% in gas.

Studies on the possibility of water recycling in the conversion process by having a closed loop
added to the system were conducted by Biller et al. [81]. In such cases, nutrients present in the
water would also be recycled during the process and reused in the cultivation phase. It was

concluded that through this recycling method, biocrude of good quality can be obtained.

2.5 Literature Gaps

From the literature available, vastly divergent results were found in the GHG emissions caused
by each thermochemical conversion method, the only exception being HTL. This is most likely
due to the theoretical methods used, which have many assumptions, or the use of lab-scale
models. Despite the fact that these models can be more realistic, they would not fully represent
large-scale projects (at the time of writing, no plant based on algae exists). Also, the LCA of
gasification has received little attention in studies conducted so far, and the two published papers
show significantly divergent results. Finally, data on hydrothermal gasification are not available

at this point.
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As more studies are conducted and interest in algae grows, more precise results are expected to
be published, offering a better picture of the total GHG emissions caused by the algae life cycle

from well to tank.

There is a noticeable gap in the literature on water consumption during the thermochemical
conversion phase, including possible means of recycling the water for use in the production
phase. Such research is important for this technology because of the high amount of water

needed in the entire life cycle of algae compared to other feedstock used as bioenergy sources.

There is more extensive research on water use for algae cultivation [31, 59], different separation
methods [118-120], and the potential for water recycling during the stages of production. The
cultivation phase is responsible for the bulk of water consumption during the life cycle and, as a

consequence, would be likely to offer more savings opportunities.

2.6 Conclusion

The available data on life cycle assessments of algae used as a bioenergy source through
thermochemical conversion are still in development but show some encouraging results for
future investigation. Large-scale conversion facilities have to be built so that the preliminary lab-
scale results can be tested. Also, other conversion methods, such as torrefaction, have not been

examined in depth from a LCA perspective.

From the literature review some gaps were noticed, in both the life cycle and water footprint
analyses of algal thermochemical conversion processes. These gaps should be addressed in a
short span of time, considering the increasing interest in the use of algae as biomass feedstock

and the relatively positive results obtained in the preliminary results discussed in this paper.

Even though the studies and technologies on algae as a biomass for the production of fuels and
chemicals are still in their initial stages, it is possible to conclude that this is a promising pathway
to be explored. There is a noticeable trend, as more information about algae being used as

feedstock is obtained, that shows comparable amounts of energy as produced by traditional fuel.

25



Also, as technologies improve and large-scale plants are built, there is a potential for savings in
the cost to install and operate new plants. This means that it is worthwhile at this point to study

in more detail possible production processes and conversion methods for algae.
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Chapter 3: Life Cycle Assessment of the Water Footprint to

Produce Diluent and Hydrogen from Algae Biomass’

Chapter 3 studies the water requirements to produce diluent and hydrogen from algae biomass
produced in ponds and photobioreactors and tries to predict realistic scenarios for production in
Alberta. In total, four thermochemical conversion pathways were considered: pyrolysis,

hydrothermal liquefaction, gasification and hydrothermal gasification.

3.1 Introduction

The necessity to assess the water consumption of the entire life cycle of a product is because
water is a scarce resource. It is expected that in a few decades societies will be challenged to
meet basic human needs in terms of access to water for large proportions of their population
[121]. Preserving natural habitats and systems is also very important, and the removal of
resources fundamental to these systems can be damaging [122]. For these reasons, it is important
that agriculture and industrial processes do not threaten access to water. In recent years, studies
have been conducted to measure the water footprint of many different crops [123, 124].
Furthermore, as algae cultivation becomes more common, it is also important to understand all
the effects on the environment so that informed decisions on the possibility and scale of

production can be made.

Over the last few decades, many different types of feedstocks have been studied as candidates for
biomass sources in bioenergy production [125, 126], and the different characteristics in each
offer a range of characteristics on the final product [91]. One feedstock that has attracted more
interest of late is algae biomass, mainly due to its unique properties and methods of production,

including via ponds and photobioreactors (PBRs) [34, 92, 127, 128].

% This chapter is to be submitted for publication under the same title to Water Research.
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One of the main resources required for algae production, and to a lesser extent its processing, is
water [129, 130]. Depending on the geographical location of the production facility, obtaining
the minimum amount of water necessary to produce the biomass can be challenging, and given
the high volume required for algae cultivation, the impact is generally considerable [131]. In an
attempt to reduce water use, a few authors considered the possibility of recycling the water used
during the algae life cycle [26] or cultivating a species of algae in wastewater from municipal

waste to reduce the high water requirement during cultivation [132].

One important consideration regarding water consumption during algae production is to
determine which cultivation method offers more advantages, the most commonly used and better
understood method of production of algae in ponds or the relatively new technology based on
use of photobioreactors (PBRs). Recent studies show that some types of PBRs can be

economically competitive with ponds [51, 59].

While there is a number of studies on the conversion of algae (through thermochemical processes
or transesterification) to produce biofuel [133, 134], there are none on the conversion of algae
biomass to diluent and a very few on production of hydrogen from algae through
thermochemical conversion. These are the two products of interest and in high demand by the oil

sands and chemical industries.

Diluent, broadly defined as a diluting agent, is a substance that is added to viscous fluid to
increase its flow. Diluents have a diverse range of applications, from the drug industry [135] to
the transportation of oil and bitumen [136, 137] extracted in the Canadian oil sands. Hydrogen is
also versatile and can be useful in applications by the chemical, metallurgical, glass and
electronics industries and has also seen an increase in interest from the petroleum refining sector,

especially for the refining of heavy oils that contain high amounts of sulfur and hydrogen [23].

There are also studies that explore the water footprint of biofuel production through different
conversion pathways [138-140]. Gerbens-Leenes et al. provide some details of the water
footprint of biofuel production from algae [141]. Their study focuses on transesterification as the
primary method of biomass conversion. Since algae and all its conversion pathways are receiving

increased interest as possible environmentally friendly sources of biofuels and other products,
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this study analyses the requirements of water over the life cycle, an important resource for the

sustainability of the production and thermochemical conversion of algae.

A case study for Alberta, a western Canadian province is conducted in this paper. The semi-arid
climate in most of the Canadian provinces and the corresponding low volume of precipitation
[142] dictate that resource use must be well planned to guarantee the proper growth of biomass.
The overall objective of this paper is to analyse the life cycle water consumption of diluent and

hydrogen production from algae biomass used as raw material. The specific objectives are:

e Development of a methodology to estimate the water footprint for diluent and hydrogen
production from algae biomass for four different conversion pathways. These
thermochemical conversion methods that can be applied to algae biomass produced either
through ponds or PBRs are:

o the production of diluent through pyrolysis and hydroprocessing of algae
feedstock;

o the production of diluent through hydrothermal liquefaction and hydroprocessing
of algae feedstock;

o the production of hydrogen through gasification of algae feedstock and
enrichment of syngas; and

o the production of hydrogen through hydrothermal gasification (HTG) of algae
feedstock and enrichment of syngas.

e Conducting sensitivity and uncertainty analyses to study the changes caused by variations
in input parameters on the life cycle water footprint of diluent and hydrogen production

from algae.
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3.2 Methodology

The calculation of the water footprint caused by the production of diluent and hydrogen from
algal biomass involves an analysis of the life cycle of the biomass from well to gate. The
International Organization for Standardization suggests through their ISO 14040 norms a
framework for a life cycle assessment process that consists of: goal and scope definition, life
cycle inventory, and impact assessment and interpretation [47]. First, the goal and scope define
the system boundaries of the cases that will be analyzed and include details on possible impacts
(negative or positive) for industry or government. The life cycle inventory is the part of the study
in which all the information necessary for the analysis are assembled and all the input
assumptions are made. Finally, the computation and analysis permit the assessment of

environmental impacts and a better interpretation of the results of the study.

This study adopts a functional unit of 1 MJ of diluent (for the pyrolysis and HTL analyses) and 1
MJ of hydrogen (for the gasification and HTG analyses). More specifically, for the resource of
interest in this study, the results are presented in terms L of water /MJ of diluent or H,. In other
words, the functional unit is the amount of water required to produce 1 MJ of the product of

interest on a wheel-to-gate approach.

Different base cases were considered so that the importance of each variable in the final results
could be measured. Once this was done, an uncertainty analysis was conducted through a Monte
Carlo simulation to determine how the results may be influenced by the uncertainties of some

inputs.

It is necessary to take into consideration the unit operations involved in algal biomass production,
thermochemical conversion through fast pyrolysis, hydrothermal liquefaction, hydrothermal
gasification or conventional gasification, and the hydroprocessing phase required to obtain the
diluent (in the cases of pyrolysis and HTL). The basic unit operations for pyrolysis and HTL are
the production and dewatering of algal biomass, drying (for pyrolysis only) and thermochemical
conversion of the feedstock, and hydroprocessing to produce diluent. The conversion pathway

for pyrolysis is shown in Figure 3-1. For gasification and HTG, the unit operations are
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cultivation and dewatering, drying (for gasification only) and thermochemical conversion, and
hydrogen production. After the amount of water per weight unit of product (L/kg) was estimated
for each unit operation, the total water consumption was calculated taking into consideration the
higher heating value of each product (diluent and hydrogen). The final result is then given in
liters of water consumed per MJ produced (L/MJ). The conversion pathway for hydrothermal
gasification is presented in Figure 3-2. In both pyrolysis and HTG, it is assumed that the
cultivation and conversion facilities are closely located and that the impact of transportation

between units is negligible.

This analysis uses data gathered from the literature on the cultivation and conversion of algal
biomass (and other types of biomass, when case studies for algae are not conclusive),
information obtained from the industry, and information obtained through development of

models for thermochemical conversion in ASPEN Plus [143].

Some key assumptions were made for the analysis conducted in this paper. First, it is assumed
than an algae production facility is of 2000 dry tonnes of biomass per day capacity based on a
number of earlier studies focussed on large scale biomass based systems [144, 145]. Second, the
thermochemical conversion plants have the infrastructure to use everything that is produced as it
becomes available. Third, the production facilities and conversion plants are adjacent to each
other and the impact of biomass transportation is negligible. And last, water loss due to

evaporation in PBRs is negligible, considering that PBRs are closed systems (versus open ponds).
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Figure 3-1: System boundaries for pyrolysis

A water footprint assessment for algae cultivation was conducted for two options. The first is the
use of raceway ponds, which is currently the most common method of algae cultivation and
consists of a recirculation channel where the feedstock immersed in a liquid solution is guided
through the channel, thereby avoiding sedimentation [146]. The other method is the use of
photobioreactors (PBRs), an innovative technology in which biomass is cultivated in enclosed
systems, increasing the level of control the operator has over the parameters and making it

possible to maximize biomass production [147].

Of the four different thermochemical conversion pathways considered in this study, two
pathways are for the production of diluent and two for hydrogen. Fast pyrolysis is one of the
methods used to produce diluent. It consists of the thermochemical decomposition of feedstock
in the absence of oxygen, resulting in products in the three different phases: bio-oil, bio-char, and
gases. These products vary according to the conditions of the reaction [61]. Hydrothermal
liquefaction is another method used to produce diluent and consists of a medium temperature and
a high pressure reaction in a high concentration of water, and has bio-crude as its main product

[46, 148]. In hydrothermal liquefaction, biomass is pumped to 18 MPa and passed through heat
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exchangers to increase algal stream temperature to 350 °C [149]. At this temperature, water
exists slightly below the supercritical point which allows dissolution of biomass organics [150].
The incoming effluent is fed into the HTL reactor which allows conversion of biomass
components into bio-crude. The output from HTL reactor is fed to a filter to obtain solid residue
in the form of ash. The filtered effluent is allowed to pass through heat exchanger to recover heat
before subjected to a three-phase separator unit to produce an aqueous, bio-oil and gaseous phase

[151]. The bio-crude undergoes hydrotreating where it is deoxygenated [152].

In pyrolysis, biomass was dried to a moisture content of <10% to decrease water content
in the fast pyrolysis bio-oil [153]. The dried biomass was sent to a fluidized bed pyrolysis reactor
at 520 °C [154]. Following reaction, bio-char was removed by cyclones and the obtained bio-oil
was recovered. Bio-oil was hydrotreated in the presence of hydrogen in a two-step process which

involved mild hydrotreatment followed by severe hydrotreatment [155].

To produce hydrogen, both gasification and hydrothermal gasification are considered in this
study. Gasification is a thermochemical conversion process that happens at high temperatures
and in the presence of limited amount of a gasifying agent (e.g., air, oxygen) and results in many
different gaseous products [72, 73, 156, 157]. HTG takes place at high temperatures and
pressures, with the feedstock immersed in an aqueous solution, and results in a complete,

efficient conversion to gases [46, 158].

Hydrothermal gasification involves feeding of biomass into supercritical water gasification
reactor to obtain syngas, syngas purification into H,, and the co-generation plant facility for
power generation [159-161]. The reactor system comprised of a pre-hydrolysis reactor, a pseudo-
critical separator step and a supercritical water gasification reactor [162]. The syngas undergoes
cleaning using Selexol followed by water-gas shift reactors to enrich H,. The co-generation plant

uses off-gases from processing areas to produce electricity [160].

In this study, the life cycle water footprint encompasses both direct and indirect consumption of
water during the processes used to produce algal biomass and to convert it to diluent or hydrogen.

Direct consumption of water is defined as the total amount of water required during the entire
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biomass production phase and the subsequent thermochemical conversion processes, such as
losses due to evaporation, blowdown of water at the steam generation or cooling stages. Indirect
consumption is related to the amount of water used during fertilizer production (ammonia and
diammonium phosphate, in this case) and electrical energy input [163] for the various unit

operations. Surface or ground water can be used as sources for both direct and indirect purposes.

Clean Water

Syngas
HTG Unit Gas — Liquid

Separator H2, CO2,
CH4

I Algae 20 wtth dry
! Feedstock algae slurry

1

1

1

|

1

1

|

1

1

: Heat Recovery
I System
1

1

|

1

1

1

H2

Figure 3-2: System boundaries for hydrothermal gasification

3.3 Water requirement inventory

Water requirements calculated in this inventory are categorized based on the unit operations that

make up the entire conversion pathway of algal biomass to diluent or hydrogen.
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3.3.1 Production of biomass

This section presents the input parameters related to the production phase of algae feedstock,
taking into consideration the two main methods of algae cultivation explored by other studies,

ponds and photobioreactors.

3.3.1.1 Ponds

Raceway ponds are very common in the algae facilities currently in operation [164]. Hence there
are many studies that explore in depth the operating conditions and production optimization
methods in ponds [104, 164-166]. However, most of the literature in this area concentrates on
facilities built in warm locations with high solar radiation all year and generally good conditions
for algae cultivation in an open-air setting [92]. This study considers a pond facility in central
Alberta, Canada and assumes that production would be limited to the warm months of the year,

approximately 175 days.

For ponds, some of the main sources of water loss are transpiration and evaporation, the
blowdown of the system, and losses during harvesting and drying. While some of these losses
can be mitigated (for example, through water recycling feeds designed for the system), evapo-
transpiration is a challenge considering the dry climates and low precipitation rates in Alberta
[142]. This means that water replacement rates may be relatively high in this cultivation method.
For an estimation of the average evaporation during summer, it was assumed that conditions in
Alberta are similar during this period to late spring/early autumn in Arizona, so that an average
evaporation rate can be adopted for this study. The results were also compared to data on

evaporation measured in the Wabamun Lake area in Alberta [167].

For our study, we assumed a large-scale facility capable of producing 2,000 T of dry algae/day,
with the same basic characteristics of operation and production described in a recent study [51].
The daily algae production is assumed to be 25 g/m*/d in a facility divided into farms of 20.2
million m? dedicated only to pond cultivation and a total footprint per farm (including processing
and storage) of 30.8 million m”. It is also assumed a design with 400,000 m* modules containing

50 raceway ponds of 8 000 m” each. The media in these ponds would be mixed by paddlewheels
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and the concentration of algae kept at 0.1 g/L, or 0.01 wt%. An inoculum system is also part of
the design; its goal is to guarantee the production of a high concentration media for insertion into
the ponds, which maintains the culture at the desired concentration. This system is very small in
comparison with the main system and does not account for a considerable percentage of the

water consumption.

It is also assumed that the thermochemical conversion facility would be at the same location as

the cultivation site, making the water footprint for feedstock transportation negligible.

Some of the data for the water footprint of algae cultivation in ponds was acquired from multiple
sources, from industry partners to extensive studies of algae cultivation. Empirical data for what
can be expected in Alberta, such as evaporation rate and number of days of harvest per year, help
in a more accurate estimation of water requirement. The calculated water footprint for the
production of algae through ponds was 1,564 L of water/kg of algae. The details of algae
cultivation in raceway ponds as reported by [168] or derived based on their data is provided in

Table 3-1.

Table 3-1: Basic operational data for algae cultivation in ponds [168]

Operation Value Unit
Average daily algae 0.025 kg/m?/d
production
Pond cultivation area / farm 20.2 million m’
Pond depth 0.25 m
Pond motion velocity 0.2 m/s
Volume harvested daily 20 %
Size of module ponds 100 acres
Evaporation rate/day 0.5 %
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Blowdown - Replacement of 0.5
media/day

Media loss at harvesting 0.2

Number  of  days  of

harvest/year 175

%

%

days

It is also important to consider the water footprint of the electricity consumption of the facility.

In this case, the highest energy-consuming equipment are the pumps used to carry the algae

solution through the ponds, the paddlewheels necessary to stir the ponds, and the drying

apparatus used to increase the algae concentration to 20% dry weight before it is sent for

thermochemical conversion. The drying consists of pumps, membranes for the first and most

basic phase of the dewatering process, followed by centrifuges responsible for guaranteeing the

desired 20 wt%. The details related to electrical energy consumption to produce algae biomass

through ponds are provided in Table 3-2.

Table 3-2: Electricity consumption in algae cultivation through ponds

Operation Value Unit Comments/Remarks
Pumping 0.75 kW/acre [168]
Paddlewheel 1.35 kW/acre [168]
Pumping to/from 1000 kW/module pond [168]
dewatering

Energy demand 0.04 kWh/m’ [168]
(membranes)

Inlet flowrate 76000 m’/day [168]
(membranes)

Energy demand 1.35 kWh/m’ [168]
(centrifuges)

Inlet flowrate 6000 m’/day [168]
(centrifuges)
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Water consumption

factor for electricity 1.08 L water/kWh [169, 170]
generation

For ponds, the processes that account for the highest amounts of water required are the initial

filling of the modules, water loss to evaporation and blowdown.

3.3.1.2 Photobioreactors

PBRs are a promising alternative to the commonly used ponds, however there is not much
information available on the literature. PBRs may be able to optimize algae production and
resource allocation, since they allow more control of the operating parameters, such as
temperature and light applied to the media [164]. They also require a smaller cultivation area

than ponds for the same amount of algae produced.

PBRs can be designed and built in many different sizes. For this study, a tank size of 6,800 L and
a daily production of 20 kg of algae, like the one used by HY-TEK Bio, was assumed. This
design consists of a hollow tank which has an airlift system to help with the mixture of the media
[147], with a bubble sparging mechanism being inserted containing CO; for the photosynthesis
process. The algae concentration in a system of this type is assumed to be between 3-5 g/L, up to
50 times higher than for ponds. Due to scarcity of data available on this type of equipment, a
consistent set of parameters provided by industry was used and validated with data provided by
various studies [53, 171, 172]. The same assumptions were made for PBRs as for a pond
producing 2000 T of algae per day. PBRs have negligible losses to evaporation since the culture
remains in an enclosed space isolated from the environment. Other losses (i.e., water loss during

harvesting) can also be mitigated through systems controls.

As expected, the water footprint for the cultivation of algae via PBRs is considerably lower than
that for ponds; PBRs consume only 372 L of water/kg of algae produced. Table 3 gives the

details of the basic operational data for algae cultivation in PBRs.

Table 3-3: Basic operational data for algae cultivation in PBRs as provided by HY-TEK Bio

38



Operation Value Unit

PBR tank size 6800 L
PBR production/day 20 kg/day
Volume harvested each

time 10 %
Number of harvests 10 #/day
Area occupied/PBR 8 m’
Blowdown 6435 m’/day
Harvesting 2145 m’/day

In terms of electricity consumption, PBRs require considerably more energy than ponds [168,

173]. This is due to the equipment necessary for the proper functioning of the system, such as the

compressors to regulate the pressure and the many LED lamps that both transmit light and

provide heat to the culture at all times of the day. Those differences would allow the cultivation

of algae year round even in cold winter climate similar to Alberta. The details of electricity

consumption in the designed photobioreactor plant can be seen in Table 3-4.

Table 3-4: Electricity consumption in algae cultivation through PBRs

Operation Value Unit Comments/Remarks
Compressor 20 W .
Power/PBR HY-TEK Bio
LED lights’ power/PBR 5 kW HY-TEK Bio
Chiller for storage 10 W HY-TEK Bio
power
Chiller for storage .
power/PBR 0.01 kW HY-TEK Bio
Airlift system 3.9 kW/acre HY-TEK Bio
Water consumption
factor for electricity 1.08 L of water/kWh [169, 170]

generation
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The processes which require the highest amounts of water in the case of algae cultivation
through PBRs are the initial filling of the tanks, replacement of blowdown water, and water

consumption for electricity generation.

3.3.2 Pyrolysis

Fast pyrolysis is a thermochemical conversion method commonly used to convert biomass to
bio-oil. It is a thermal decomposition process that occurs in high temperatures, in the absence of
oxygen and lasts between 0.5 and 10 seconds (flash pyrolysis lasts less than 0.5 second and
conventional pyrolysis lasts for a period of 5 to 10 minutes). It yields relatively high amounts of

bio-oil [61, 174].

The biomass feedstock that only goes through dewatering and thus leaves the cultivation facility
with approximately 20 wt% dry biomass must go through extra drying before being fed in to the
pyrolysis reactor. Feedstock with a moisture content of 5-10 wt% is highly preferred for fast
pyrolysis [175]. Other important parameters in the pyrolysis reaction are particle size,
temperature, pressure, and residence time. Fast pyrolysis normally occurs at atmospheric
pressure (1 atm), at 500-550 °C, with particles smaller than 2 mm resulting in a bio-oil yield of
approximately wt% 59.9 (dry basis) depending on the feedstock [176]. For this study, a yield of
26130 kg/hr is estimated.

For this study, the pyrolysis values related to water footprint generated by the cooling, ash
quenching, steam condensing, and steam producing processes are extracted from the literature,
given that there is no significant difference in water requirement for this equipment no matter
which feedstock is used. All these mechanisms are important for maintaining the desired
temperatures of different processes throughout the plant and producing steam which will be used
to produce electricity. Most of the water used in these processes is recycled, but there is an
estimated loss of 3% due to factors as blowdown and evaporation. Steam condensing is the main

contributor to water footprint [176] (see Table 5).
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Water is also indirectly consumed through the generation of electricity necessary to operate the
plant during pre-treatment and pyrolysis. For the fast pyrolysis of algae, a process model was
developed in Aspen Plus to estimate the electricity consumption and generation of the entire

plant, and the results are provided in Table 3-5.

Table 3-5: Water and electricity requirements for pyrolysis of algae

Operation Value Unit Comments/Remarks
Bio-oil cooling* 0.027 L water/kg bio-oil  [176]
Bio-oil vapor cooling* 0.003 L water/kg bio-oil  [176]
Steam condensing* 1.077 L water/kg bio-oil  [176]
Steam system* 0.026 L water/kg bio-oil  [176]
Ash quenching* 0.233 L water/kg bio-oil  [176]
Recycle gas compression 10400 kW This study
Feedstock grinding 5600 kW This study
Other auxiliary 1248 kW This study
Electricity generated 19600 kW This study

*Water consumption derived from the flow rates of the plant described in [176]

With the higher heating value (HHV) of diluent at approximately 34MJ/kg, when all these
factors plus hydroprocessing are considered and all their contributions are added, the total water

footprint from the production of diluent through pyrolysis is approximately 0.12 L/MJ of diluent.

3.3.3 Hydrothermal liquefaction

HTL is a thermochemical conversion pathway that converts biomass to bio-crude in the presence
of large amounts of water [ 148]. During the process, macromolecules are broken down into small
molecules that are unstable and can recombine, with a good proportion of the oxygen present in

the biomass being removed [177].

The hydrothermal liquefaction happens at medium temperatures and high pressures and

generates mainly the liquid product known as bio-crude but also gases and an aqueous phase
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[178]. In this study, it is assumed that 2,000 T (dry basis) of biomass is processed at 350 °C and
20.3 MPa of pressure with particles smaller than 2 mm [179].

Since for HTL no extra drying is necessary after cultivation, the feedstock fed into the HTL
reactor is 20% dry content. Thus about 80% of the water can be recycled after the cooling and
depressurization of the reaction effluents [180]. The remaining water is sent to a wastewater

treatment plant.

The direct water footprint generated by HTL is affected by the cooling system and the boiler feed
water, since these systems consume a high amount of water. Zhu et al. [151] show that the
differences in water requirement for the cooling system and boiler feed are negligible regardless
of feedstock, and thus in this study we use these water consumption values for the cooling

system and boiler feed.

HTL also indirectly requires water for the electricity necessary to operate the equipment.
However, electricity can be generated by burning the methane-rich off-gas, and this energy can
be used in the HTL system and save on indirect water consumption [151]. The results of all the

processes involved in the HTL phase are shown in Table 3-6.

Table 3-6: Water and electricity requirement for the HTL of algae

Operation Value Unit Comments/Remarks
Cooling water make-up 4.32 L water/kg diluent  [151]
Boiler feed water make-up 0.72 L water/kg diluent  [151]
Water purged / day 1.17 L water/kg algae [151]
Feed pre-treatment 4.3 MWe This study
Bio-crude production 0 MWe This study
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Hydrotreating 3.8 MWe This study

Steam reforrning 1.28 MWe This Study
Other auxiliary 0.11 MWe This study
Electricity generation -1.9 MWe This study
Water consumption factor for 1.08 L water/kWh [169, 170]

electricity generation

With the higher heating value (HHV) of diluent at approximately 34 MJ/kg, when all these
factors plus the hydroprocessing are considered and all their contributions are added, the total

water footprint from production of diluent through HTL is approximately 0.20 L/MJ of diluent.

3.3.4 Upgrading of bio-oil/biocrude

The bio-oil and bio-crude produced during pyrolysis and HTL, respectively, go through the
hydroprocessing phase to remove oxygen and increase the stability and the heating values of the
products, which make them more attractive commercial options. These reactions use hydrogen
and a catalyst [154], which also contribute to the water footprint of the process, due to the steam

reforming involved in the production of hydrogen.

The most traditional hydroprocessing method is the one used to convert bio-oil/bio-crude to
biofuel, which requires hydrotreating and hydrocracking depending on the thermochemical

conversion pathway [13, 163, 181-183]

Conditions for the hydroprocessing of pyrolysis and HTL products are slightly different, since
they have different characteristics. The water requirements for the hydroprocessing of bio-oil

generated through pyrolysis is shown in Table 3-7.

Table 3-7: Water requirement for hydroprocessing after pyrolysis of algae

Operation Value = Comments/Remarks
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Operation Value = Comments/Remarks

Cooling water required (L water/kg diluent)*  0.08 [182]

Boiler feed required (L H,O/kg diluent)* 0.82 [182]
Natural gas (MJ/kg diluent)* 12.18 [182]
Electricity (kWh/kg diluent)* 0.410 [182]
Water use factor (L H,O/kWh) 1.08 [169, 170]

*Derived based on the values for hydroprocessing of bio-oil to biodiesel

For the upgrading bio-crude from HTL, the body of knowledge is still limited. Some of the
studies conducted in this area are by [87, 149, 152, 184]). No large-scale facility has been built
for this purpose, but the hydrotreating process for HTL products is in theory simpler than the
hydrotreating process for pyrolysis products, since bio-crude has a lower oxygen content than
bio-oil [185]. Bio-crude only goes through one hydrotreating step, and it requires less energy and
reactant than the hydrotreating of bio-oil [186]. In the developed process model, the
hydrotreating of bio-crude involves a reaction of hydrogen in a fixed bed reactor at temperatures
around 400 °C; around 78-85% of the product has diluent properties. The main parameters of the

reaction are given in Table 3-8.

Table 3-8: Parameters of hydroprocessing after HTL of algae

Operation Value Unit Comments/Remarks
Light hydrocarbons 0.008 wt% This study

Diluent 0.815 wt% [187]

Electricity 3.8 MWe This study

Water consumptlpn [169, 170]

factor for electricity

generation

3.3.5 Gasification

The gasification of biomass is a thermochemical conversion process that converts feedstock into

gaseous products through reactions in high temperatures (up to 850 °C) and atmospheric pressure.
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Biomass enters the system at 5-10% moisture content. Oxygen (or steam) and a catalyst agent are
also used in the reaction [156]. Gases such as CHy4, Hy, CO,, and CO are produced from the
gasification reaction, as are tar and char. The hydrogen concentration can be increased through
reforming and shift conversion [188]. In this study the hydrogen yield through gasification is
estimated at 6475 kg/hr.

An earlier study of the gasification process and the current status of production and water use in
a hydrogen plant [189] gives details on losses due to blowdown and evaporation and are
available for the entire stream (from drying to output of final product) and are estimated to be

around 2.2% of the flow.

The indirect water footprint caused by the electricity consumption necessary to operate the
equipment in the plant can be offset by the electricity generated in the steam plant, which uses
off-gases from the gasification process. It is estimated that of the approximately 35 MWe
necessary to operate the facility, only about 10 MWe need to be extracted from the grid. The
details of the water requirement for the different operations involved in the gasification of algae

are provided in Table 3-9.

Table 3-9: Water requirement for the gasification of algae

Operation Value Unit Comments/Remar
Cooling water and utilities* 1.78 L H,O/kg H, [ll;s9]
Steam system and power generation*® 0.49 L H,O/kg H, [189]
Gas clean-up and compression* 1.48 L H,O/kg H» [189]
Gasification and tar reforming™ 0.05 L H,O/kg H, [189]
Drying and handling* 20.96 L H,O/kg H, [189]
Feed handling and drying 742 kW [189]

45



Gasification, tar reforming, quench
Compression and sulfur removal

Steam methane reforming, shift and
PSA

Hydrogen compression

Steam system and power generation

Steam system and power generation -
required

Cooling water and other utilities

Miscellaneous

Water  consumption  factor  for
electricity generation

3,636 kW
21,871 kW
630 kW
3,899 kW
25,583 KW
660 KW
1,110 KW
3,255 kW
1.08 L H,0/kWh

[189]

[189]

[189]

[189]

[189]

[189]

[189]

[189]

[169, 170]

*Water consumption derived from the flow rates of the plant described in [189]

With the higher heating value (HHV) of hydrogen at approximately 34MJ/kg, when all these

factors are considered and their contributions are added, the total water footprint from the

production of hydrogen through gasification is approximately 0.19 L/MJ of hydrogen.

3.3.6 Hydrothermal gasification

HTG is a thermochemical conversion pathway that uses the benefits of supercritical conditions

of water in a solution as a reactant, making water itself a reaction partner to the feedstock. First,

the bonds between the biomass macromolecules are broken through hydrolysis, then new

molecules are formed in the presence of a catalyst agent [158]. The reaction normally happens at

intermediate temperatures (300-410 °C) and high pressures (12-34 MPa), while the biomass

initial concentration remains between 10 and 30 wt% [190] (for this study it is assumed to be 20
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wt% after the cultivation phase). Generally, the product yield in HTG is considerably higher than

in gasification, and in this case was estimated at 9285 kg/hr.

In terms of the direct water consumption, it was assumed that the tar reforming and gas
compression phases (which are phases designed to start the process of reducing large
hydrocarbon molecules into CO and H;) had footprints comparable to their counterparts in the
gasification pathway. Cooling system, steam feed, and HTG reaction estimates are provided by
Matsumura [191] for different types of biomass, but these values are assumed to have a

negligible difference between the feedstock according to this for algae.

The indirect water footprint from electricity consumption was estimated through developed
process model for all the equipment necessary to run the plant. Interestingly, the power
generation possible in an HTG facility is so high that it compensates for the power requirement
of the entire plant, making it possible to sell energy to the grid and consequently produce a
slightly negative water footprint in terms of the balance between electricity consumed and
generated. Table 3-10 gives the details of the water requirement for different operations for the

HTG of algae.

Table 3-10: Water requirement for the hydrothermal gasification of algae

Operation Value Unit Ref
Cooling, steam, and HTG
reaction 8.06 L water/kg H; [191]
Tar reforming 0.049 L water/kg H, [189]
Gas clean-up and compression 1.23 L water/kg H, [189]
Hydrogen/syngas ratio 93 This study
Total plant power requirement 74662 kW This study
Generated power -92,462 kW This study
Grid electricity requirement 17,800 kW This study
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Water use factor 1.08 L water/kWh [169, 170]

With the higher heating value (HHV) of hydrogen at approximately 142 MJ/kg, when all these
factors are considered and their contributions are added, the total water footprint from the

production of hydrogen through HTG is approximately 0.05 L/MJ of hydrogen.

3.4 Results and discussion

A base case scenario was developed to understand the water footprint of each cultivation method
coupled with each conversion pathway. We compared the algae cultivation methods and
thermochemical conversion pathways based on the final results for the unit operations and the
final water requirement for each base case scenario. We then varied the values of some input
variables within a specified range so that the most significant ones could be identified. Lastly, an
uncertainty analysis was conducted through a Monte Carlo simulation to estimate changes in

results due to the uncertainty of the inputs.

3.4.1 Base case scenario

The base case scenario gives the results of individual unit operations: biomass production and
dewatering, harvesting, bio-oil or bio-crude production followed by hydrotreating (pyrolysis or
HTL) or hydrogen production (gasification and HTG). Different process unit operations for
diluent production through pyrolysis and HTL, respectively, are listed in Tables 3-11 and 3-12.
Tables 3-13 and 3-14 show the results of water use efficiency for the unit operations in the

production of hydrogen through gasification and HTG, respectively.
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Table 3-11: Life Cycle Water Footprint of the conversion of algae biomass to diluent by fast
pyrolysis
Unit operation (L H,O/MJ diluent) Pond cultivation = PBRs cultivation

Biomass production 137.67 32.78
Biomass harvesting and fertilization 0.007 0.001
Fast pyrolysis 0.071 0.071
Hydroprocessing 0.046 0.046
Total 137.79 32.89

Table 3-12: Life Cycle Water Footprint of the conversion of algae biomass to diluent by HTL

Unit operation (L H,O/MJ diluent) Pond cultivation =~ PBRs cultivation

Biomass production 133.95 31.91
Biomass harvesting and fertilization 0.008 0.002
HTL 0.19 0.19
Hydroprocessing 0.013 0.013
Total 134.15 32.12

Table 3-13: Life Cycle Water Footprint of the conversion of algae biomass to hydrogen via
gasification

Unit operation (L HO/MJ hydrogen) Pond cultivation = PBRs cultivation

Biomass production 141.94 36.85
Biomass harvesting and fertilization 0.001 0.001
Gasification 0.19 0.19
Total 142.13 37.04
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Table 3-14: Life Cycle Water Footprint of the conversion of algae biomass to diluent by HTG

Unit operation (L HO/MJ hydrogen) Pond cultivation = PBRs cultivation

Biomass production 99.43 23.57
Biomass harvesting and fertilization 0.001 0.002
HTG 0.05 0.05
Total 99.48 23.62

The difference in water consumption for algae cultivation compared to any other unit operation
is noticeable. In fact, it is above 99% of the total consumption whether ponds or PBRs are
utilized. For this reason, any future system modelling aiming for lower water consumption rates

must focus primarily on the cultivation side.

The results show much higher water consumption in the algae biomass derived from pond
cultivation. This was expected since photobioreactors offer a more controlled setting where
evaporation is negligible. Waste through blowdown and harvest are also significantly lower in
PBRs than in ponds. On the other hand, the water footprint of PBRs from the use of electricity is
considerably higher than that of ponds. This could be due to the high electrical demand for the
equipment used in PBRs cultivation (including lighting, compressors etc.). The higher electricity
consumption in PBRs, however, is not enough to compensate for the high water footprint caused

by the cultivation of algae in ponds.

As for the thermochemical conversion method’s footprint, it is noticeable that its share of the
total water requirement is very small compared to the cultivation phase. This is because the
standard for any thermochemical plant design includes many opportunities for water recycling,
and the concentration of algae in the solution that enters the plant is considerably higher than that

of the solution during cultivation.

With the results obtained, it is clear that water consumption mitigation steps are important in the
algae thermochemical conversion life cycle. There is literature available that suggests how some

reduction goals can be achieved and up to 80% of water consumption can be reduced [26]. Some
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measures that could effectively mitigate the water footprint of algae cultivation include designing
a system that includes feedback piping (to recycle water to other parts of the system) and

developing a more efficient system that does not require large amounts of water.

The water footprint due to electricity consumption is less than the electricity generated for
hydrothermal gasification. It has a negative value of -0.015 L H,O/MJ hydrogen, which means
that the water consumption footprint of HTG is lower than in the other thermochemical
conversion pathways. This is because the power generation of the hydrogen plant works in

conjunction with the HTG facility.

The water consumption footprint of gasification and HTG is generally lower per unit of energy
produced because the higher heating value of hydrogen (142 MJ/kg) is much higher than that of
diluent, which is a low energy product of approximately 34 MJ/kg.

3.4.2 Other scenarios — Sensitivity analysis

The effects of the main inputs and contributing factors on the study results were analyzed by
introducing different possible scenarios within a specified range. Tables 3-15 and 3-16 list all the

considered scenarios in this study for an analysis of ponds and PBRs, respectively.
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Table 3-15: Scenarios for sensitivity analysis of ponds

Scenarios
Decrease in pond depth design by 10%
Increase in pond depth design by 10%
Decrease in evaporation rate/day by 10%
Increase in evaporation rate/day by 10%
Decrease in replacement of media by 10%
Increase in replacement of media by 10%
Decrease in media loss at harvesting by 10%
Increase in media loss at harvesting by 10%
Decrease in the number of days of harvest/year by 10%

O [0 |QA [N N[ |W[N|—

[a—
e

Increase in the number of days of harvest/year by 10%

p—
p—

Decrease in product yield (for all thermochemical conversion methods) by 10%

12 | Increase in product yield (for all thermochemical conversion methods) by 10%

Table 3-16: Scenarios for sensitivity analysis of PBRs

Scenarios
Decrease in PBR tank size by 10%
Increase in PBR tank size by 10%
Decrease in media loss at harvesting by 10%
Increase in media loss at harvesting by 10%
Decrease in the number of harvests/day by 10%
Increase in the number of harvests/day by 10%
Decrease in electricity consumption by 10%
Increase in electricity consumption by 10%

O [0 QA[N| N[N |—

Decrease in harvest volume by 10%

[S—
S

Increase in harvest volume by 10%

—
—

Decrease in product yield (for all thermochemical conversion methods) by 10%

12 | Increase in product yield (for all thermochemical conversion methods) by 10%

Figures 3-3 to 3-6 show the results of the sensitivity analyses for all four thermochemical

conversion methods and the two cultivation options.
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Figure 3-3: Sensitivity analysis for algae conversion to diluent via pyrolysis
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Figure 3-4: Sensitivity analysis for algae conversion to diluent via HTL
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Figure 3-5: Sensitivity analysis for algae conversion to hydrogen via gasification
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Figure 3-6: Sensitivity analysis for algae conversion to hydrogen via HTG

The results presented in the base case scenario clearly show that biomass cultivation is the unit
operation with the highest water footprint, in an order of magnitude of almost 1000:1 to any
other variable. Therefore, it makes sense that any sensitivity analysis should focus on cultivation

parameter variations and their impacts in final outputs.

Since large design changes to a system are not always practical [192], for this sensitivity analysis

it was assumed that none of the input variations were below -10% or above 10%.

From the results (presented in Figures 3-3 to 3-6), it is noticeable that five inputs for ponds and
five for PBRs were significant when varied by 10%. Only two areas did not change the results

significantly, media harvesting for ponds and harvest volume for PBRs.

Almost all input variables chosen for the sensitivity analysis directly affect the results, meaning
that a positive variation to the input led to an increase in water footprint. The only exceptions

were the yield of the desired product and the yearly cultivation period for ponds.
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Unlike in ponds, where electricity consumption is minor in terms of water footprint, the
electricity consumption of PBRs is a matter of concern. In fact, the sensitivity analysis showed a
minor contribution of the electricity consumption to the outcome of the water footprint in PBRs
(a variation of around 1.5%). This variation might not be as high as the ones generated by some

other inputs, but it was significant enough to be considered in the uncertainty analysis.

3.4.3 Uncertainty analysis

An uncertainty analysis was conducted using a Monte Carlo simulation with 100000 iterations.
The simulation was done through a ModelRisk software [193, 194] execution that randomly
selected variables within the established range of 100 000 iterations. Because the relationship
between variables is known, but there are uncertainties in both published and estimated
information, a triangular probability distribution is commonly adopted, since in a distribution of
this type the central value is estimated while the maximum and minimum values are fixed, and
therefore this distribution is used for every input considered in the uncertainty analysis. The
triangular distribution also assumes that the majority of the data is centered around the estimated

value.

It is common to estimate uncertainty by identifying the significant inputs through sensitivity
analyses and then assigning a suitable uncertainty to each one based on the information available.
In this study, significant inputs with known estimated uncertainty ranges were varied during the
Monte Carlo simulation. Significant inputs with unknown uncertainty ranges had ranges of £10%
attributed to them. Table 3-17 shows the values of water use efficiency for diluent from pyrolysis
and HTL at various percentiles. Table 3-18 shows the values of water use efficiency for

hydrogen from gasification and HTG also at various percentiles.

Examples of the low deviation from the median of each case may be noticed by calculating the
difference between the median and the values on both extremes of the results for a particular case.
For example, for the pyrolysis of algae generated from ponds, the deviations for the 5% and 95%

extremes from the median are -9.81% and 10.88%, respectively. For the gasification of algae
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produced in photobioreactors, the deviations for the 5% and 95% extremes from the median are -

10.38% and 11.63%, respectively.

With all the uncertainties in the variables considered in the Monte Carlo simulation, the results

on the 50% mark were very close to the results obtained in the base case scenarios. There were

only some negligible deviations of few percentile points from the original cases. It is also

noticeable from Tables 3-17 and 3-18 that the spread of results is concentrated around the

median. Therefore, the results of this study for the base case scenarios can be considered

accurate considering the uncertainty of the inputs used.

Table 3-17: Percentile values of uncertainty distribution plots for diluent production

Water use efficiency of diluent
production via fast pyrolysis and

Water use efficiency of diluent
production via HTL and

hydroprocessing hydroprocessing
Ponds Ponds

L H,O/MJ Photobioreactors L H,O/MJ Photobioreactors

Percentile diluent L H,O/MJ diluent diluent L H,O/MJ diluent
5% 124.09 28.84 121.60 28.26
15% 128.78 30.21 125.44 29.56
25% 131.75 31.07 127.76 30.45
50% 137.60 32.74 133.99 32.02
75% 143.67 34.50 139.83 33.70
85% 146.94 35.48 142.90 34.67
95% 152.44 37.13 148.18 36.17
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Table 3-18: Percentile values of uncertainty distribution plots for hydrogen production

Water use efficiency of hydrogen Water use efficiency of hydrogen
production via gasification production via HTG
Ponds Photobioreactors Ponds Photobioreactors
L H,O/MJ L H,O/MJ L H,O/MJ L H,O/MJ
Percentile hydrogen hydrogen hydrogen hydrogen
5% 129.25 32.99 89.28 20.76
15% 133.64 34.34 92.63 21.73
25% 136.44 35.17 94.77 22.35
50% 141.87 36.81 98.94 23.55
75% 147.46 38.52 103.33 24.81
85% 150.54 39.46 105.68 25.52
95% 155.58 41.09 109.70 26.72

3.5 Conclusion

Water may be abundant in many locations, but it is a very valuable resource. Since other societal
uses of water take priority over biomass production, it is important to find steps to reduce water
consumption in this activity. The cases of algae cultivation explored in this study present
challenges considering the high amount of water used in the production of diluent and hydrogen.
The process that requires the most water is the cultivation phase, which is responsible for more

than 99% of consumption.

This study develops the life cycle water footprint including the detailed unit operations involved
in pathways. The study also shows that a viable cultivation method based on photobioreactors
reduces the water requirement of the algae production compared to ponds. While PBRs are more
expensive and complex than ponds, they offer savings in water consumption, nutrients, and land

required, which could make them a feasible alternative.

In all pathways studied, the water footprint for algae cultivated in PBRs was less than 25% of
that for ponds. The difference between different thermochemical conversion methods when the
same cultivation method is considered tends to be small, albeit not negligible. The
thermochemical conversion pathway with the lowest water footprint was HTG, with about 60%

of the footprint of HTL (the one with highest footprint).
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In the future, with the increasing demand from different industries for products derived from
biomass with a lower carbon footprint, algae is one of the likeliest prospects to become a
biomass feedstock in high demand. Some of the technologies discussed in this paper are still
novel and can be improved on many levels (economic, resources required, efficiency, etc.). The
results presented in this study will help understand the resource allocation necessary for algae
cultivation and processing, which in turn will help make better choices on areas to invest or

formulate policy.
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Chapter 4: Conclusions and Recommendations for Future

Research

Greenhouse gas (GHG) emissions generated by fossil fuel combustion and resource requirements
(i.e., land, water, and raw materials) are among of the concerns that policy makers and industry
are trying to address. This is noticeable by the recent implementation of renewable fuels
regulations in Canada and Alberta, as well as changes of direction in industry. Specific GHG
emissions reduction goals have been established and to meet these goals, the amount of GHG
emissions from future renewable fuel use needs to be measured. The GHG emissions and
resource requirements of biomass-based products can be estimated through a life cycle
assessment (LCA). The purpose of this research is twofold: to review the available literature on
the GHG emissions and “energy return on investment” (EROI) (a ratio of the energy output
generated in a process with the fossil fuel energy input necessary for the process) of biofuels
produced from algae biomass; and to analyze the water footprint of the production of diluent and
hydrogen from algae. Therefore, in this study, a detailed review of the algae LCA was conducted,
followed by development of life cycle water use of algae-based products with a focus on the

province of Alberta, Canada.

4.1 GHG emissions and net energy ratio

In this study, the GHG emissions data and NERs from previous studies on the production of
biofuels from algae through different thermochemical conversion pathways were compiled.
Since the assumptions and conditions adopted in each study were considerably different, the
results obtained showed high variability, and the limited number of large-scale facilities
worldwide makes it harder to determine which is closer to a realistic result. To standardize the
measurement, results were converted to a functional unit of 1 MJ of biofuel produced. These
results can be further used as a source for other researchers who need the data for various

purposes, such as the validation of their model results.
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The GHG emissions and EROI of base case scenarios considering all types of thermochemical
conversion methods studied vary from -0.0114 — 1.3 kgCO, ./MJ HDRD and 0.32 — 2.50 MJ/MJ,
respectively. Hydrothermal liquefaction (HTL) studies presented the lowest amounts of GHG
emissions and generally higher EROI (with only one study in pyrolysis showing the possibility
of a 2.5 EROI). However, the number of studies in the field of thermochemical conversion of
algae is still growing and there is uncertainty in the current limited literature. It may be possible
to get a reasonable picture of GHG emissions caused by pyrolysis and HTL because there are
more studies on these methods, but gasification only has two studies (with considerable
differences in the results). As for EROI, it is even harder to validate the results currently
available, since there are only two studies for pyrolysis and HTL and there are considerable
differences between them as well (a range of 0.32 to 1 for HTL and 0.32 to 2.50 for pyrolysis).
The implication for the cases that EROI was estimated below 1 is that the method studied is not a
viable technology, given that more energy is required to produce fuel than it is obtained in the

final product.

Part of the reason for HTL’s advantage could be that the biomass does not require additional
drying after the normal dewatering phase at the end of the cultivation process, while the biomass
used for pyrolysis and gasification does. Therefore, HTL could be the thermochemical
conversion pathway more likely to compete with fossil fuels in the future. However, there are
still challenges to be faced because even though HTL generally presents a lower carbon footprint
compared to fossil fuels, its EROI results are much lower than fossil fuels’, which are currently

as high as 5 MJ/M1.

The current gaps in the literature were also identified, with experimental data being one of the
main focal points. The lack of large-scale facilities is a major factor in determining the accuracy
in the studies currently available. Also, a future study of GHG emissions and EROI for more
thermochemical conversion pathways (such as HTG) would give a broader picture of the

possible scenarios of algae biomass conversion.
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Even with the relatively limited amount of data available, it is possible to conclude that the field
of thermochemical conversion of algae is promising and some of the gaps might be filled shortly

as more experimental measures are taken and large-scale facilities are built.

4.2 Water use requirements

In this study, water footprint analyses were developed for two algae cultivation methods (ponds
and photobioreactors) as well as four thermochemical conversion pathways that could be
employed to convert the cultivated biomass into diluent or hydrogen: pyrolysis, hydrothermal
liquefaction (HTL) (these first two both followed by hydroprocessing), gasification, and
hydrothermal gasification (HTG). Models were developed for a 2000 dry tonnes per day capacity
plant with data inputs converted to a reference functional unit of 1 MJ of diluent or hydrogen

produced.

Total water use requirements for the conversion pathways of algae biomass to diluent and
hydrogen for ponds used for cultivation were: through fast pyrolysis 137.79 L/MJ diluent,
through HTL 134.15 L/MJ diluent, through gasification 142.13 L/MJ hydrogen, and through
HTG 99.48 L/MJ hydrogen. In all cases, the biomass cultivation phase accounts for at least 99%
of the total water use requirements. Since the contribution in water consumption given by the
thermochemical conversion pathways is so low, the differences in water footprint per unit of
energy generated can be explained by differences in product yield between different pathways.
For the conversion pathways of algae biomass with photobioreactors being considered as the
cultivation method, water use requirements were found to be 32.89 L/MJ diluent for pyrolysis,
32.12 L/MJ diluent for HTL, 37.04 L/MJ hydrogen for gasification, and 23.62 L/MJ hydrogen
for HTG. The higher diluent yield from HTL followed by hydroprocessing (compared to the
diluent yields of fast pyrolysis and hydroprocessing) has a slightly lower water footprint per unit
MJ of diluent. Similarly, water consumption in the HTG pathway was lower than in the
gasification pathway due to the higher yields obtained through HTG. These water use savings
show that the adoption of HTL and HTG instead of fast pyrolysis and gasification, respectively,
reduces the water requirement to reach any of the desired products. As the majority of water

consumption happens during cultivation, it is reasonable to conclude that the most water-
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efficient method of algae cultivation in this study is through photobioreactors (PBRs). It is also

important to consider that PBRs offer the opportunity of algae cultivation all year in Alberta,

while ponds do not because of climate restrictions.

4.3 Recommendations for Future work

This study developed life cycle water use requirements for production of diluent and hydrogen

via the thermochemical conversion of algae. There are many technologies associated with the

thermochemical conversion of algae biomass that require more in-depth study and data gathering

before commercial implementation on a large scale is realistic. For example, photobioreactor

design, hydrothermal liquefaction, hydrothermal gasification, and the hydroprocessing of bio-oil

are relatively new technologies that require more study to be fully understood. Thus, the

accuracy of the results of life cycle and resource requirement analyses of biomass-based products

would benefit from further research and data gathering in these areas. The following are

suggested as possible subjects of further study:

Since hydrotreating is a new technology not yet fully explored, experiments designed to
measure the effects on product yield by varying process parameters such as pressure,
temperature, and catalyst added can add to the data on hydrotreating and therefore help
accurately estimate the LCA of algae-based products. Having experimental data inputs to
validate the results of an LCA and reduce the level of uncertainty of this theoretical

approach would be useful.

A more thorough study should be conducted on different algae species as possible
biomass feedstock because their different molecular compositions could affect the
feasibility of their use. Differences in properties can affect the final output since bio-oil
and syngas production depends on the properties of the biomass feedstock used. The
same differences in the composition of biomass feedstock can make a difference in the
GHG emissions and water requirements of biofuel production, which is mostly due to the

energy consumption of pre-treatment and other steps in the conversion pathway.

64



More extensive research on the LCA of algae-based products generated through both
hydrothermal liquefaction and hydrothermal gasification needs to be conducted. HTL and
HTG are alternatives to pyrolysis and gasification, respectively. HTL produces a
substance of lower acidity and lower oxygen content than the bio-oil produced from
pyrolysis. However, these two pathways still fall behind the more traditional processes in
terms of data available on the resources necessary for their use. With the increase in
diluent and hydrogen yield, the GHG emissions from fossil fuel energy use and the water

footprint for every unit of diluent or hydrogen produced will decrease.

The water footprint in algae cultivation was calculated to be the main component of water
use requirements for diluent and hydrogen production from algae biomass. This means
that accurate data for water use during the algae cultivation phase has a fundamental role
in improving the accuracy of the results. On-site measurements of temperature and other

external conditions would help improve the results of this study.

Algae is produced in low latitudes (mostly in southern United States) due to a favorable
climate and the possibility to cultivate year round with ponds. However, given the
resource availability and the high demand for biomass-based products from many
industries in Canada, algae production in this country might offer some economic
advantages. To fully explore algae cultivation in Canada, more data on production
amount, growing time, and conditions are necessary. A model based on solar irradiance,

precipitation, and other climate effects could be helpful.

Photobioreactors seem to offer a viable option to algae cultivation in Alberta, since PBR
consumes less water than other processes and would provide year-round production.
However, since there are not many studies on this technology, more data are necessary.
Also, experimental data gathering on operation parameters would make the results more

accurate.

A techno-economic analysis based on experimental data of the four pathways and two

cultivation systems should be conducted. This analysis would provide more detail on the
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differences between the methods, thus facilitating the final decision on which cultivation
and conversion mechanisms should be chosen for possible plant designs to be built in

Alberta in the future.

66



10.

1.

12.

13.

14.

Bibliography

Hubbert, M.K., Nuclear Energy and the Fossil Fuel. American Petroleum Institute.

Pachauri, R.K., et al., Climate change 2014: synthesis report. Contribution of Working
Groups 1, Il and III to the fifth assessment report of the Intergovernmental Panel on
Climate Change. 2014: IPCC.

Hansen, J., et al., Target atmospheric CO2: Where should humanity aim? arXiv preprint
arXiv:0804.1126, 2008.

Field, C.B., J.E. Campbell, and D.B. Lobell, Biomass energy: the scale of the potential
resource. Trends in ecology & evolution, 2008. 23(2): p. 65-72.

Shuit, S.H., et al., Oil palm biomass as a sustainable energy source: A Malaysian case

study. Energy, 2009. 34(9): p. 1225-1235.

Lora, E. and R. Andrade, Biomass as energy source in Brazil. Renewable and Sustainable
Energy Reviews, 2009. 13(4): p. 777-788.

Baratieri, M., et al., Biomass as an energy source: thermodynamic constraints on the
performance of the conversion process. Bioresource technology, 2008. 99(15): p. 7063-
7073.

Demirbas, A., Combustion characteristics of different biomass fuels. Progress in energy
and combustion science, 2004. 30(2): p. 219-230.

Raymer, A.K.P., 4 comparison of avoided greenhouse gas emissions when using different
kinds of wood energy. Biomass and Bioenergy, 2006. 30(7): p. 605-617.

Ahmad, A.L., et al., Microalgae as a sustainable energy source for biodiesel production:
A review. Renewable and Sustainable Energy Reviews, 2011. 15(1): p. 584-593.

Venteris, E.R., et al., Siting algae cultivation facilities for biofuel production in the
United States: trade-offs between growth rate, site constructability, water availability,
and infrastructure. Environmental science & technology, 2014. 48(6): p. 3559-3566.

Spolaore, P., et al., Commercial applications of microalgae. Journal of Bioscience and
Bioengineering, 2006. 101(2): p. 87-96.

Singh, S., A. Kumar, and S. Jain, Impact of biofuel production on water demand in
Alberta. Canadian Biosystems Engineering, 2014. 56.

Lee, C.G. and B.Q. Palsson, High - density algal photobioreactors using light - emitting
diodes. Biotechnology and bioengineering, 1994. 44(10): p. 1161-1167.

67



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Weissman, J.C., R.P. Goebel, and J.R. Benemann, Photobioreactor design: mixing,
carbon utilization, and oxygen accumulation. Biotechnology and bioengineering, 1988.
31(4): p. 336-344.

Miadonye, A., N. Latour, and V. Puttagunta, 4 correlation for viscosity and solvent mass
fraction of bitumen-diluent mixtures. Petroleum Science and Technology, 2000. 18(1-2):
p. 1-14.

Chrones, J. and R. Germain, Bitumen and heavy oil upgrading in Canada. Fuel science &
technology international, 1989. 7(5-6): p. 783-821.

Stevens, C., Thermochemical processing of biomass: conversion into fuels, chemicals
and power. 2011: John Wiley & Sons.

Overend, R.P., Thermochemical conversion of biomass. Renewable Energy Sources
Charged with Energy from the Sun and Originated from Earth-Moon Interaction, Evald E.
Shpilrain ed., in Encyclopedia of Life Support Systems (EOLSS), developed under the
Auspices of the UNESCO. Eolss Publishers, Oxford, 2004.

McCants, M.T., Method for production of hydrocarbon diluent from heavy crude oil.
1992, Google Patents.

Onwudili, J.A., et al., Catalytic hydrothermal gasification of algae for hydrogen
production: composition of reaction products and potential for nutrient recycling.
Bioresour Technol, 2013. 127: p. 72-80.

Duman, G., M.A. Uddin, and J. Yanik, Hydrogen production from algal biomass via
steam gasification. Bioresource Technology, 2014. 166: p. 24-30.

Ramachandran, R. and R.K. Menon, 4An overview of industrial uses of hydrogen.
International Journal of Hydrogen Energy, 1998. 23(7): p. 593-598.

Olateju, B. and A. Kumar, Hydrogen production from wind energy in Western Canada
for upgrading bitumen from oil sands. Energy, 2011. 36(11): p. 6326-6339.

Olateju, B. and A. Kumar, Techno-economic assessment of hydrogen production from
underground coal gasification (UCG) in Western Canada with carbon capture and
sequestration (CCS) for upgrading bitumen from oil sands. Applied Energy, 2013. 111: p.
428-440.

Yang, J., et al., Life-cycle analysis on biodiesel production from microalgae: Water
footprint and nutrients balance. Bioresource Technology, 2011. 102(1): p. 159-165.

Murphy, C.F. and D.T. Allen, Energy-water nexus for mass cultivation of algae.
environmental science & technology, 2011. 45(13): p. 5861-5868.

68



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tian, C., et al., Hydrothermal liquefaction for algal biorefinery: A critical review.
Renewable and Sustainable Energy Reviews, 2014. 38: p. 933-950.

Khoo, H.H., et al., Life cycle energy and COZ2 analysis of microalgae-to-biodiesel:
Preliminary results and comparisons. Bioresource Technology, 2011. 102(10): p. 5800-
5807.

Grierson, S., V. Strezov, and J. Bengtsson, Life cycle assessment of a microalgae biomass
cultivation, bio-oil extraction and pyrolysis processing regime. Algal Research, 2013.

2(3): p. 299-311.

Guieysse, B., Q. Béchet, and A. Shilton, Variability and uncertainty in water demand and
water footprint assessments of fresh algae cultivation based on case studies from five
climatic regions. Bioresource Technology, 2013. 128: p. 317-323.

Batan, L., J.C. Quinn, and T.H. Bradley, Analysis of water footprint of a photobioreactor
microalgae biofuel production system from blue, green and lifecycle perspectives. Algal
Research, 2013. 2(3): p. 196-203.

Chaumont, D., Biotechnology of algal biomass production: a review of systems for
outdoor mass culture. Journal of Applied Phycology, 1993. 5(6): p. 593-604.

Ugwu, C.U., H. Aoyagi, and H. Uchiyama, Photobioreactors for mass cultivation of
algae. Bioresource Technology, 2008. 99(10): p. 4021-4028.

Goldman, J.C., Outdoor algal mass cultures—II. Photosynthetic yield limitations. Water
Research, 1979. 13(2): p. 119-136.

Wright, M.M., et al.,, Techno-economic analysis of biomass fast pyrolysis to
transportation fuels. Fuel, 2010. 89, Supplement 1: p. S2-S10.

Hamelinck, C.N., G.v. Hooijdonk, and A.P.C. Faaij, Ethanol from lignocellulosic
biomass: techno-economic performance in short-, middle- and long-term. Biomass and
Bioenergy, 2005. 28(4): p. 384-410.

Beer, L.L., et al., Engineering algae for biohydrogen and biofuel production. Current
Opinion in Biotechnology, 2009. 20(3): p. 264-271.

Alam, F., et al., Biofuel from Algae- Is It a Viable Alternative? Procedia Engineering,
2012. 49: p. 221-227.

Amin, S., Review on biofuel oil and gas production processes from microalgae. Energy
Conversion and Management, 2009. 50(7): p. 1834-1840.

Mubarak, M., A. Shaija, and T.V. Suchithra, 4 review on the extraction of lipid from
microalgae for biodiesel production. Algal Research, 2015. 7: p. 117-123.

69



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ranjith Kumar, R., P. Hanumantha Rao, and M. Arumugam, Lipid Extraction Methods
from Microalgae: A Comprehensive Review. Frontiers in Energy Research, 2015. 2(61).

Yanik, J., et al., Pyrolysis of algal biomass. Journal of Analytical and Applied Pyrolysis,
2013.103: p. 134-141.

Babich, 1., et al., Catalytic pyrolysis of microalgae to high-quality liquid bio-fuels.
Biomass and bioenergy, 2011. 35(7): p. 3199-3207.

Kumar, M., A.O. Oyedun, and A. Kumar, Hydrothermal liquefaction of biomass for the

production of diluents for bitumen transport. Biofuels, Bioproducts and Biorefining,
2017.11: p. 811-829.

Kumar, M., A.O. Oyedun, and A. Kumar, A review on the current status of various
hydrothermal technologies on biomass feedstock. Renewable and Sustainable Energy
Reviews, 2018. 81(Part 2): p. 1742-1770.

Standardization, 1.O.f., Environment management - life cycle assessment - principles and
framework., in ISO 14010:2006 1SO, Editor. 2006: Geneva.

Mahbub, N., et al., 4 life cycle assessment of oxymethylene ether synthesis from biomass-
derived syngas as a diesel additive. Journal of Cleaner Production, 2017.
165(Supplement C): p. 1249-1262.

Quinn, J.C., et al., Microalgae to biofuels lifecycle assessment — Multiple pathway
evaluation. Algal Research, 2014. 4: p. 116-122.

Bennion, E.P., et al., Lifecycle assessment of microalgae to biofuel: Comparison of
thermochemical processing pathways. Applied Energy, 2015. 154: p. 1062-1071.

Davis, R.e.a. Process Design and Economics for the Production of Algal Biomass: Algal
Biomass Production in Open Pond Systems and Processing Through Dewatering for
Downstream Conversion. National Renewable Energy Laboratory. 2015 [cited 2016
26/10]; Available from: http://www.nrel.gov/docs/fy160sti/64772.pdf.

Wang, L., et al., Cultivation of Green Algae Chlorella sp. in Different Wastewaters from
Municipal Wastewater Treatment Plant. Applied Biochemistry and Biotechnology, 2010.
162(4): p. 1174-1186.

Chen, C.-Y., et al., Cultivation, photobioreactor design and harvesting of microalgae for
biodiesel production: A critical review. Bioresource Technology, 2011. 102(1): p. 71-81.

Singh, S., A. Kumar, and B. Ali, Integration of energy and water consumption factors for
biomass conversion pathways. Biofuels, Bioproducts and Biorefining, 2011. 5(4): p. 399-
4009.

70


http://www.nrel.gov/docs/fy16osti/64772.pdf

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

White, P.A., et al., The effect of temperature and algal biomass on bacterial production
and specific growth rate in freshwater and marine habitats. Microbial Ecology, 1991.
21(1): p. 99-118.

Park, J.B.K., R.J. Craggs, and A.N. Shilton, Wastewater treatment high rate algal ponds
for biofuel production. Bioresource Technology, 2011. 102(1): p. 35-42.

Pittman, J.K., A.P. Dean, and O. Osundeko, The potential of sustainable algal biofuel
production using wastewater resources. Bioresource Technology, 2011. 102(1): p. 17-25.

Woertz, 1., et al., Algae Grown on Dairy and Municipal Wastewater for Simultaneous
Nutrient Removal and Lipid Production for Biofuel Feedstock. Journal of Environmental
Engineering, 2009. 135(11): p. 1115-1122.

Ozkan, A., et al., Reduction of water and energy requirement of algae cultivation using
an algae biofilm photobioreactor. Bioresource Technology, 2012. 114: p. 542-548.

Demirbas, A., Biofuels. Green Energy and Technology. 2009: Springer. 336.

Patel, M., X. Zhang, and A. Kumar, Techno-economic and life cycle assessment on
lignocellulosic biomass thermochemical conversion technologies: A review. Renewable
and Sustainable Energy Reviews, 2016. 53: p. 1486-1499.

Miao, X., Q. Wu, and C. Yang, Fast pyrolysis of microalgae to produce renewable fuels.
Journal of Analytical and Applied Pyrolysis, 2004. 71(2): p. 855-863.

Vargas e Silva, F. and L.O. Monteggia, Pyrolysis of Algal Biomass Obtained from High-
Rate Algae Ponds Applied to Wastewater Treatment. Frontiers in Energy Research, 2015.
3(31).

Balat, M., et al., Main routes for the thermo-conversion of biomass into fuels and
chemicals. Part 1: Pyrolysis systems. Energy Conversion and Management, 2009. 50(12):
p. 3147-3157.

Williams, P.T. and S. Besler, The influence of temperature and heating rate on the slow
pyrolysis of biomass. Renewable Energy, 1996. 7(3): p. 233-250.

Venderbosch, R.H. and W. Prins, Fast pyrolysis technology development. Biofuels,
Bioproducts and Biorefining, 2010. 4(2): p. 178-208.

Horne, P.A. and P.T. Williams, Influence of temperature on the products from the flash
pyrolysis of biomass. Fuel, 1996. 75(9): p. 1051-1059.

Thangalazhy-Gopakumar, S., et al., Catalytic pyrolysis of green algae for hydrocarbon
production using H+ZSM-5 catalyst. Bioresource Technology, 2012. 118: p. 150-157.

71



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Babich, 1.V., et al., Catalytic pyrolysis of microalgae to high-quality liquid bio-fuels.
Biomass and Bioenergy, 2011. 35(7): p. 3199-3207.

Schmieder, H., et al., Hydrothermal gasification of biomass and organic wastes. The
Journal of Supercritical Fluids, 2000. 17(2): p. 145-153.

Wei, L., et al., Steam gasification of biomass for hydrogen-rich gas in a free-fall reactor.
International Journal of Hydrogen Energy, 2007. 32(1): p. 24-31.

Kirubakaran, V., et al., 4 review on gasification of biomass. Renewable and Sustainable
Energy Reviews, 2009. 13(1): p. 179-186.

Wang, L., et al., Contemporary issues in thermal gasification of biomass and its
application to electricity and fuel production. Biomass and Bioenergy, 2008. 32(7): p.
573-581.

Diaz-Rey, M.R., et al., Hydrogen-rich gas production from algae-biomass by low
temperature catalytic gasification. Catalysis Today, 2015. 257, Part 2: p. 177-184.

Demirbas, A., Biomass resource facilities and biomass conversion processing for fuels
and chemicals. Energy conversion and Management, 2001. 42(11): p. 1357-1378.

Chakinala, A.G., et al., Catalytic and non-catalytic supercritical water gasification of
microalgae and glycerol. Industrial & Engineering Chemistry Research, 2009. 49(3): p.
1113-1122.

Miller, A., et al., Exploration of the gasification of Spirulina algae in supercritical water.
Bioresource Technology, 2012. 119: p. 41-47.

Toor, S.S., et al., Hydrothermal liquefaction of Spirulina and Nannochloropsis salina

under subcritical and supercritical water conditions. Bioresource Technology, 2013. 131:
p. 413-419.

Jin, L., et al., Modeling and Optimization of Microalgae Drying for Power Generation.
Energy Procedia, 2014. 61: p. 168-171.

Lopez Barreiro, D., et al., Hydrothermal liquefaction (HTL) of microalgae for biofuel
production: State of the art review and future prospects. Biomass and Bioenergy, 2013.
53: p. 113-127.

Biller, P., et al., Nutrient recycling of aqueous phase for microalgae cultivation from the
hydrothermal liquefaction process. Algal Research, 2012. 1(1): p. 70-76.

Jena, U., K.C. Das, and J.R. Kastner, Effect of operating conditions of thermochemical

liquefaction on biocrude production from Spirulina platensis. Bioresource Technology,
2011.102(10): p. 6221-6229.

72



&3.

84.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

Valdez, P.J., et al., Hydrothermal liquefaction of Nannochloropsis sp.: Systematic study
of process variables and analysis of the product fractions. Biomass and Bioenergy, 2012.
46: p. 317-331.

Dote, Y., et al., Recovery of liquid fuel from hydrocarbon-rich microalgae by
thermochemical liquefaction. Fuel, 1994. 73(12): p. 1855-1857.

Minowa, T., et al., Oil production from algal cells of Dunaliella tertiolecta by direct
thermochemical liquefaction. Fuel, 1995. 74(12): p. 1735-1738.

Jena, U. and K.C. Das, Comparative Evaluation of Thermochemical Liquefaction and
Pyrolysis for Bio-Oil Production from Microalgae. Energy & Fuels, 2011. 25(11): p.
5472-5482.

Elliott, D.C., et al., Hydrothermal liquefaction of biomass: Developments from batch to
continuous process. Bioresource Technology, 2015. 178: p. 147-156.

Elliott, D.C., et al., Process development for hydrothermal liquefaction of algae
feedstocks in a continuous-flow reactor. Algal Research, 2013. 2(4): p. 445-454.

Duan, P. and P.E. Savage, Hydrothermal liquefaction of a microalga with heterogeneous
catalysts. Industrial & Engineering Chemistry Research, 2010. 50(1): p. 52-61.

Goyal, H.B., D. Seal, and R.C. Saxena, Bio-fuels from thermochemical conversion of
renewable resources: A review. Renewable and Sustainable Energy Reviews, 2008. 12(2):
p. 504-517.

McKendry, P., Energy production from biomass (part 2): conversion technologies.
Bioresource Technology, 2002. 83(1): p. 47-54.

Pankratz, S., et al., Algae production platforms for Canada's northern climate.
Renewable and Sustainable Energy Reviews, 2017. 80: p. 109-120.

Martin, M. and L.E. Grossmann, Optimal engineered algae composition for the integrated
simultaneous production of bioethanol and biodiesel. AIChE Journal, 2013. 59(8): p.
2872-2883.

Vardon, D.R., et al., Thermochemical conversion of raw and defatted algal biomass via
hydrothermal liquefaction and slow pyrolysis. Bioresour Technol, 2012. 109: p. 178-87.

Shuping, Z., et al., Production and characterization of bio-oil from hydrothermal
liquefaction of microalgae Dunaliella tertiolecta cake. Energy, 2010. 35(12): p. 5406-
5411.

Sydney, E.B., et al., Potential carbon dioxide fixation by industrially important
microalgae. Bioresource Technology, 2010. 101(15): p. 5892-5896.

73



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Mata, T.M., A.A. Martins, and N.S. Caetano, Microalgae for biodiesel production and
other applications.: A review. Renewable and Sustainable Energy Reviews, 2010. 14(1): p.
217-232.

Um, B.-H. and Y.-S. Kim, Review: A chance for Korea to advance algal-biodiesel
technology. Journal of Industrial and Engineering Chemistry, 2009. 15(1): p. 1-7.

Abiusi, F., et al., Growth, photosynthetic efficiency, and biochemical composition of
Tetraselmis suecica F&M-M33 grown with LEDs of different colors. Biotechnology and
Bioengineering, 2014. 111(5): p. 956-964.

Weyer, K.M., et al., Theoretical Maximum Algal Oil Production. BioEnergy Research,
2010. 3(2): p. 204-213.

Menetrez, M.Y., An overview of algae biofuel production and potential environmental
impact. Environmental science & technology, 2012. 46(13): p. 7073-7085.

Daroch, M., S. Geng, and G. Wang, Recent advances in liquid biofuel production from
algal feedstocks. Applied Energy, 2013. 102: p. 1371-1381.

Chen, P., et al., Review of biological and engineering aspects of algae to fuels approach.
International Journal of Agricultural and Biological Engineering, 2010. 2(4): p. 1-30.

Lee, Y.-K., Microalgal mass culture systems and methods: Their limitation and potential.
Journal of Applied Phycology, 2001. 13(4): p. 307-315.

Frank, E.D., et al., Life cycle comparison of hydrothermal liquefaction and lipid
extraction pathways to renewable diesel from algae. Mitigation and Adaptation
Strategies for Global Change, 2013. 18(1): p. 137-158.

Sills, D.L., et al., Quantitative Uncertainty Analysis of Life Cycle Assessment for Algal
Biofuel Production. Environmental Science & Technology, 2013. 47(2): p. 687-694.

Fortier, M.-O.P., et al., Life cycle assessment of bio-jet fuel from hydrothermal
liquefaction of microalgae. Applied Energy, 2014. 122: p. 73-82.

Liu, X., et al., Pilot-scale data provide enhanced estimates of the life cycle energy and
emissions profile of algae biofuels produced via hydrothermal liquefaction. Bioresource
Technology, 2013. 148: p. 163-171.

Khoo, H.H., et al., Bioenergy co-products derived from microalgae biomass via
thermochemical conversion — Life cycle energy balances and CO2 emissions.
Bioresource Technology, 2013. 143: p. 298-307.

Handler, R.M., et al., Life cycle assessment of algal biofuels: Influence of feedstock
cultivation systems and conversion platforms. Algal Research, 2014. 4: p. 105-115.

74



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Azadi, P., et al., Simulation and life cycle assessment of algae gasification process in
dual fluidized bed gasifiers. Green Chemistry, 2015. 17(3): p. 1793-1801.

Searchinger, T., et al., Use of U.S. Croplands for Biofuels Increases Greenhouse Gases
Through Emissions from Land-Use Change. Science, 2008. 319(5867): p. 1238-1240.

Huo, H., et al., Life-Cycle Assessment of Energy Use and Greenhouse Gas Emissions of
Soybean-Derived Biodiesel and Renewable Fuels. Environmental Science & Technology,
2009. 43(3): p. 750-756.

Guilford, M.C., et al., A New Long Term Assessment of Energy Return on Investment
(EROI) for U.S. Oil and Gas Discovery and Production. Sustainability, 2011. 3(10): p.
1866.

Clarens, A.F., et al., Environmental Life Cycle Comparison of Algae to Other Bioenergy
Feedstocks. Environmental Science & Technology, 2010. 44(5): p. 1813-1819.

Gerbens-Leenes, P., A. Hoekstra, and T. Van der Meer, The water footprint of energy
from biomass: A quantitative assessment and consequences of an increasing share of bio-
energy in energy supply. Ecological economics, 2009. 68(4): p. 1052-1060.

Roberts, G.W., et al., Promising Pathway for Algal Biofuels through Wastewater
Cultivation and Hydrothermal Conversion. Energy & Fuels, 2013. 27(2): p. 857-867.

Betzer, N., Y. Argaman, and Y. Kott, Effluent treatment and algae recovery by ozone-
induced flotation. Water Research, 1980. 14(8): p. 1003-1009.

Chen, Y.M., J.C. Liu, and Y.-H. Ju, Flotation removal of algae from water. Colloids and
Surfaces B: Biointerfaces, 1998. 12(1): p. 49-55.

Uduman, N., et al., Dewatering of microalgal cultures: A major bottleneck to algae-
based fuels. Journal of Renewable and Sustainable Energy, 2010. 2(1): p. 012701.

Jackson, R.B., et al., WATER IN A CHANGING WORLD. Ecological Applications, 2001.
11(4): p. 1027-1045.

Postel, S. and B. Richter, Rivers for life: managing water for people and nature. 2012:
Island Press.

Gerbens-Leenes, W., A.Y. Hoekstra, and T.H. van der Meer, The water footprint of
bioenergy. Proceedings of the National Academy of Sciences, 2009. 106(25): p. 10219-
10223.

Mekonnen, M.M. and A.Y. Hoekstra, The green, blue and grey water footprint of crops
and derived crop products. 2010.

75



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Swana, J., et al., An analysis of net energy production and feedstock availability for
biobutanol and bioethanol. Bioresource Technology, 2011. 102(2): p. 2112-2117.

McKendry, P., Energy production from biomass (part 1): overview of biomass.
Bioresource technology, 2002. 83(1): p. 37-46.

Doucha, J., F. Straka, and K. Livansky, Utilization of flue gas for cultivation of
microalgae Chlorella sp.) in an outdoor open thin-layer photobioreactor. Journal of
Applied Phycology, 2005. 17(5): p. 403-412.

Jorquera, O., et al., Comparative energy life-cycle analyses of microalgal biomass
production in open ponds and photobioreactors. Bioresource Technology, 2010. 101(4):
p. 1406-1413.

Pate, R., G. Klise, and B. Wu, Resource demand implications for US algae biofuels
production scale-up. Applied Energy, 2011. 88(10): p. 3377-3388.

Dismukes, G.C., et al., Aquatic phototrophs: efficient alternatives to land-based crops for
biofuels. Current Opinion in Biotechnology, 2008. 19(3): p. 235-240.

Slade, R. and A. Bauen, Micro-algae cultivation for biofuels: Cost, energy balance,
environmental impacts and future prospects. Biomass and Bioenergy, 2013. 53: p. 29-38.

Wang, L., et al., Comparative study of wastewater treatment and nutrient recycle via
activated sludge, microalgae and combination systems. Bioresource Technology, 2016.
211: p. 1-5.

Jonker, J.G.G. and A.P.C. Faaij, Techno-economic assessment of micro-algae as
feedstock for renewable bio-energy production. Applied Energy, 2013. 102: p. 461-475.

Nautiyal, P., K.A. Subramanian, and M.G. Dastidar, Production and characterization of
biodiesel from algae. Fuel Processing Technology, 2014. 120: p. 79-88.

Ebino, K., The importance of the diluent for airway transport of toluene diisocyanate
following intranasal dosing of mice. Inhalation toxicology, 1999. 11(3): p. 171-185.

Hemmingsen, P.V., et al., Emulsions of Heavy Crude Oils. I: Influence of Viscosity,
Temperature, and Dilution. Journal of Dispersion Science and Technology, 2005. 26(5):
p. 615-627.

Alvarez, G., et al., Heavy Oil—Water Interfacial Properties and Emulsion Stability:
Influence of Dilution. Energy & Fuels, 2009. 23(1): p. 294-299.

Yi-Wen, C. and W. May, The water footprint of biofuel produced from forest wood

residue via a mixed alcohol gasification process. Environmental Research Letters, 2013.
8(3): p. 035015.

76



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Dominguez-Faus, R., et al., The Water Footprint of Biofuels: A Drink or Drive Issue?
Environmental Science & Technology, 2009. 43(9): p. 3005-3010.

Gerbens-Leenes, W. and A.Y. Hoekstra, The water footprint of biofuel-based transport.
Energy & Environmental Science, 2011. 4(8): p. 2658-2668.

Gerbens-Leenes, P.W., et al., The blue water footprint and land use of biofuels from
algae. Water Resources Research, 2014. 50(11): p. 8549-8563.

Mbogga, M.S., A. Hamann, and T. Wang, Historical and projected climate data for
natural resource management in western Canada. Agricultural and Forest Meteorology,
2009. 149(5): p. 881-890.

Aspen Plus, . Aspen technology. Inc., version, 2009. 11.

Moazami, N., et al., Large-scale biodiesel production using microalgae biomass of
Nannochloropsis. Biomass and Bioenergy, 2012. 39(Supplement C): p. 449-453.

Berndes, G., Bioenergy and water—the implications of large-scale bioenergy production
for water use and supply. Global Environmental Change, 2002. 12(4): p. 253-271.

Chisti, Y., Biodiesel from microalgae. Biotechnology Advances, 2007. 25(3): p. 294-306.

Singh, R.N. and S. Sharma, Development of suitable photobioreactor for algae
production — A review. Renewable and Sustainable Energy Reviews, 2012. 16(4): p.
2347-2353.

Toor, S.S., et al., Hydrothermal Liquefaction of Biomass, in Application of Hydrothermal
Reactions to Biomass Conversion, F. Jin, Editor. 2014, Springer Berlin Heidelberg:
Berlin, Heidelberg. p. 189-217.

Kumar, M., A.O. Oyedun, and A. Kumar, Hydrothermal liquefaction of biomass for the
production of diluents for bitumen transport. Biofuels, Bioproducts and Biorefining,
2017. 11(5): p. 811-829.

Ou, L., et al., Techno-economic analysis of transportation fuels from defatted microalgae
via hydrothermal liquefaction and hydroprocessing. Biomass and Bioenergy, 2015. 72: p.
45-54.

Zhu, Y., et al., Techno-economic analysis of liquid fuel production from woody biomass
via hydrothermal liquefaction (HTL) and upgrading. Applied Energy, 2014. 129: p. 384-
394.

Tews, L1., et al., Biomass Direct Liquefaction Options. TechnoEconomic and Life Cycle
Assessment. 2014, Pacific Northwest National Laboratory (PNNL), Richland, WA (US).

77



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Wright, M.M., et al.,, Techno-economic analysis of biomass fast pyrolysis to
transportation fuels. Fuel, 2010. 89: p. S2-S10.

Jones, S.B., et al., Production of gasoline and diesel from biomass via fast pyrolysis,
hydrotreating and hydrocracking: a design case. 2009, Pacific Northwest National
Laboratory (PNNL), Richland, WA (US).

Jones, S.B., et al., Process design and economics for the conversion of lignocellulosic
biomass to hydrocarbon fuels: fast pyrolysis and hydrotreating bio-oil pathway. 2013,
Pacific Northwest National Laboratory (PNNL), Richland, WA (US).

Turn, S., et al., An experimental investigation of hydrogen production from biomass
gasification. International Journal of Hydrogen Energy, 1998. 23(8): p. 641-648.

Rapagna, S., N. Jand, and P. Foscolo, Catalytic gasification of biomass to produce
hydrogen rich gas. International Journal of Hydrogen Energy, 1998. 23(7): p. 551-557.

Kruse, A., Hydrothermal biomass gasification. The Journal of Supercritical Fluids, 2009.
47(3): p. 391-399.

Al-Mosuli, D., et al., Techno-economic Analysis of Renewable Hydrogen Production via
SCWG of Biomass Using Glucose as a Model Compound, in Near-critical and
Supercritical Water and Their Applications for Biorefineries. 2014, Springer. p. 445-471.

Gasafi, E., et al., Economic analysis of sewage sludge gasification in supercritical water
for hydrogen production. Biomass and Bioenergy, 2008. 32(12): p. 1085-1096.

Verma, A., et al., Development of a process simulation model for energy analysis of
hydrogen production from underground coal gasification (UCG). International Journal of
Hydrogen Energy, 2015. 40(34): p. 10705-10719.

Gassner, M., et al., Optimal process design for the polygeneration of SNG, power and
heat by hydrothermal gasification of waste biomass: Thermo-economic process
modelling and integration. Energy & Environmental Science, 2011. 4(5): p. 1726-1741.

Singh, S. and A. Kumar, Development of water requirement factors for biomass
conversion pathway. Bioresource Technology, 2011. 102(2): p. 1316-1328.

Chiaramonti, D., et al., Review of energy balance in raceway ponds for microalgae
cultivation: Re-thinking a traditional system is possible. Applied Energy, 2013. 102: p.
101-111.

Moheimani, N.R. and M.A. Borowitzka, The long-term culture of the coccolithophore

Pleurochrysis carterae (Haptophyta) in outdoor raceway ponds. Journal of Applied
Phycology, 2006. 18(6): p. 703-712.

78



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Borowitzka, M.A., Commercial production of microalgae: ponds, tanks, tubes and
fermenters. Journal of biotechnology, 1999. 70(1): p. 313-321.

Hage, K.D., NATURAL AND ENHANCED EVAPORATION FROM LAKE WABAMUN,
ALBERTA. Canadian Water Resources Journal / Revue canadienne des ressources
hydriques, 1978. 3(3): p. 49-61.

Davis, R., et al., Process design and economics for the production of algal biomass. algal
biomass production in open pond systems and processing through dewatering for
downstream conversion. 2016, NREL (National Renewable Energy Laboratory (NREL),
Golden, CO (United States)).

Statistics Canada, . FElectric power generation by class of electricity producer.
(Government of Canada) Retrieved June 10, 2017, from
http://www35.statcan.gc.ca/cansim/a26?lang=eng&retrLang=eng&id=1270007 &paSer=&
pattern=&stByVal=1&p1=1&p2=35&tabMode=dataTable&csid=. 2014.

Environment Canada. . Water withdrawal and consumption by sector data. (Government
of Canada) Retrieved June 10, 2017, from https://www.ec.gc.ca/indicateurs-
indicators/default.asp?lang=en&n=5736C951-1. 2013 [cited 2017 June 10]; Available
from: https://www.ec.gc.ca/indicateurs-indicators/default.asp?lang=en&n=5736C951-1.

Rodolfi, L., et al., Microalgae for oil: Strain selection, induction of lipid synthesis and
outdoor mass cultivation in a low-cost photobioreactor. Biotechnology and
Bioengineering, 2009. 102(1): p. 100-112.

Li, X., H. Xu, and Q. Wu, Large-scale biodiesel production from microalga Chlorella
protothecoides through heterotrophic cultivation in bioreactors. Biotechnology and
Bioengineering, 2007. 98(4): p. 764-771.

Watanabe, Y. and D.O. Hall, Photosynthetic CO 2 conversion technologies using a
photobioreactor incorporating microalgae-energy and material balances. Energy
conversion and management, 1996. 37(6): p. 1321-1326.

Demirbas, A., Biodiesel. 2008: Springer.

Bridgwater, A., D. Meier, and D. Radlein, An overview of fast pyrolysis of biomass.
Organic geochemistry, 1999. 30(12): p. 1479-1493.

Ringer, M., V. Putsche, and J. Scahill, Large-scale pyrolysis oil production: a technology
assessment and economic analysis. 2006, National Renewable Energy Laboratory

(NREL), Golden, CO.

Toor, S.S., L. Rosendahl, and A. Rudolf, Hydrothermal liquefaction of biomass. A review
of subcritical water technologies. Energy, 2011. 36(5): p. 2328-2342.

79


http://www5.statcan.gc.ca/cansim/a26?lang=eng&retrLang=eng&id=1270007&paSer=&pattern=&stByVal=1&p1=1&p2=35&tabMode=dataTable&csid=
http://www5.statcan.gc.ca/cansim/a26?lang=eng&retrLang=eng&id=1270007&paSer=&pattern=&stByVal=1&p1=1&p2=35&tabMode=dataTable&csid=
https://www.ec.gc.ca/indicateurs-indicators/default.asp?lang=en&n=5736C951-1
https://www.ec.gc.ca/indicateurs-indicators/default.asp?lang=en&n=5736C951-1
https://www.ec.gc.ca/indicateurs-indicators/default.asp?lang=en&n=5736C951-1

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Akhtar, J. and N.A.S. Amin, A review on process conditions for optimum bio-oil yield in
hydrothermal liquefaction of biomass. Renewable and Sustainable Energy Reviews, 2011.
15(3): p. 1615-1624.

Kumar, M., A.O. Oyedun, and A. Kumar, Hydrothermal liquefaction of biomass for the
production of diluents for bitumen transport. Biofuels, Bioproducts and Biorefining,
2017.

Jones, S., et al., Process design and economics for the conversion of algal biomass to
hydrocarbons: whole algae hydrothermal liquefaction and upgrading. Pacific Northwest
National Laboratory, 2014: p. 1-69.

Wong, A., H. Zhang, and A. Kumar, Life cycle water footprint of hydrogenation-derived
renewable diesel production from lignocellulosic biomass. Water Research, 2016.
102(Supplement C): p. 330-345.

Hsu, D.D., Life cycle assessment of gasoline and diesel produced via fast pyrolysis and
hydroprocessing. Biomass and Bioenergy, 2012. 45: p. 41-47.

Patel, M. and A. Kumar, Production of renewable diesel through the hydroprocessing of
lignocellulosic biomass-derived bio-oil: A review. Renewable and Sustainable Energy
Reviews, 2016. 58(Supplement C): p. 1293-1307.

Elliott, D.C., Historical developments in hydroprocessing bio-oils. Energy & Fuels, 2007.
21(3): p. 1792-1815.

Baker, E.G. and D.C. Elliott, Catalytic hydrotreating of biomass-derived oils. Conference:
193. national meeting of the American Chemical Society, Denver, CO, USA, 5 Apr 1987;
Other Information: Portions of this document are illegible in microfiche products. 1986: ;
Pacific Northwest Lab., Richland, WA (USA). Medium: X; Size: Pages: 8.

Zhu, Y., et al., Techno-economic analysis for the thermochemical conversion of biomass
to liquid fuels. 2011, Pacific Northwest National Laboratory (PNNL), Richland, WA
(US).

Davis, R., A. Aden, and P.T. Pienkos, Techno-economic analysis of autotrophic
microalgae for fuel production. Applied Energy, 2011. 88(10): p. 3524-3531.

Rapagna, S., N. Jand, and P.U. Foscolo, Catalytic gasification of biomass to produce
hydrogen rich gas. International Journal of Hydrogen Energy, 1998. 23(7): p. 551-557.

Spath, P., et al., Biomass to hydrogen production detailed design and economics utilizing

the Battelle Columbus laboratory indirectly-heated gasifier. 2005, National Renewable
Energy Lab., Golden, CO (US).

80



190.

191.

192.

193.

194.

Waldner, M.H. and F. Vogel, Renewable production of methane from woody biomass by
catalytic hydrothermal gasification. Industrial & engineering chemistry research, 2005.
44(13): p. 4543-4551.

Matsumura, Y., Evaluation of supercritical water gasification and biomethanation for
wet biomass utilization in Japan. Energy Conversion and Management, 2002. 43(9): p.
1301-1310.

Weissman, J.C., D.M. Tillett, and R. Goebel, Design and operation of an outdoor
microalgae test facility. 1989, Microbial Products, Inc., Vacaville, CA (USA).

Vose, D., et al., Help File for ModelRisk Version 5 Vose Software (2007).

Habibi, R., Applications of Vose ModelRisk Software in Simulated Data.

81



