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Executive Summary

Fuels and chemicals produced from biomass are gaining considerable interest as they have a low
greenhouse gas (GHG) footprint over the life cycle. This research project is aimed at assessing
algae-based hydrogen and diluent production. Algae have higher biomass production rates than
most agricultural and forest-based biomass. Hydrogen is required to upgrade bitumen, and demand
for hydrogen is expected to increase significantly in the future. Currently most of this hydrogen is
produced from natural gas. Bitumen is mixed with diluent for pipeline transport, and demand for
bitumen is also expected to increase. If hydrogen and diluents are produced from algal biomass,
the GHG footprint of the oil sands can be significantly reduced. This research develops data-
intensive techno-economic models to assess the use of algal biomass for the production of diluents
and hydrogen in terms of cost. An energy and emission assessment of the different algae
conversion pathways over the life cycle is also performed. The net energy ratio for different
conversion pathways is developed; this will help in understanding the amount of energy required
to produce a unit of energy through different conversion pathways. A range of algal production
and harvesting systems is assessed. The results of this project will help the energy industry
understand the cost of algal biomass-based hydrogen and diluent production. This project aims to
train highly qualified personnel (HQPSs) in the area of energy modeling and bioenergy who could
play a significant role in the quickly developing bioenergy sector in Canada. The key results are
summarized briefly in the following paragraphs.

A new data-intensive analytical model that predicts algae biomass production (growth and
cultivation) known as SATOPR (SATellite Open Pond Raceway) has been developed. The key
parameters in developing the SATOPR model are media temperature and solar light intensity.
Given the global reach of satellites, using the model results to predict open pond raceway (OPR)
system performance both in Canada and the rest of the world makes the model both unique and
beneficial for comparative analyses of OPR system performance. We also demonstrate here how
the model provides additional supportive analytic capabilities useful in techno-economic analyses
(TEASs) and life cycle assessments (LCAS) of various pathways of algae utilization.

The techno-economic analysis for the cost of producing algae-biomass in Canada shows that the
minimum biomass selling price (MBSP) for a tonne of algae biomass from OPR and
photobioreactor (PBR) cultivation systems in Fort Saskatchewan, AB, is 1,288 and 550 $/tonne,
respectively. The analysis also shows that in Canada a PBR cultivation system has the potential to
produce algae biomass at a significantly lower MBSP than an OPR system at the same location.
In fact, it is projected that the PBR MBSP could rival that of OPR systems located in even the
most favorable climatic locations. Environmental and operating parameters have been identified
and show potential for continuing to improve MBSP and are recommended for further study.

Two thermochemical pathways for conversion of algae to diluent were studied. The hydrothermal
liquefaction (HTL) is a process in which a slurry of algae with water is converted to bio-oil and
other products under high pressure and temperature. The results show that the cost of diluent
production from HTL is 1.60 $/L for a plant capacity of 2000 tonnes day. All costs in this study
are in US dollars ($) except otherwise stated for Canadian dollars (C$).



The fixed capital investment at this capacity is 503 M$. Pyrolysis is another process which
produces bio-oil was studied. This process includes heating of dried algae (less than 10% moisture
content) in absence of air. The cost of diluent production from pyrolysis is 1.69 $/L for a plant
capacity of 2000 tonnes day, while the fixed capital investment at this capacity for pyrolysis is
lower than that of HTL (around 385 M$). The sensitivity analysis shows that diluent cost is highly
sensitive to diluent yield, algal biomass cost, and the internal rate of return (IRR). The plant
capacity versus price profile shows that the optimum capacity can exceed 6000 tonnes day™ of
algal biomass; however, algal biomass availability at this capacity is a challenge. Therefore, the
price of diluent at this capacity (i.e., 6000 tonnes day™) is 1.55 $/kg and 1.63 $/kg, respectively,
for HTL and the pyrolysis process and is illustrated in Figures E1 and E2. On a commercial scale,
the size of the plant will be lower than this to reduce the risk.
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Figure E1: Product value of diluent production from hydrothermal liquefaction at
different plant capacities
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Figure E2: Product value of diluent production from pyrolysis at different plant capacities

The HTL study also focused on the understanding the impact of different parameters on using
microalgae as a feedstock to produce diluents for bitumen transport. The cost of diluent obtained
from crude oil distillation is 0.7 $/L. Producing diluent through current technological platforms is
not competitive with the diluents from the conventional sources. Hence, a robust system with a
special focus on reducing algal costs is needed and increasing product yield would offer significant
benefits. The sensitivity analysis showed that diluent yield and internal rate of return have the
highest influence on the cost of diluent. The energy from biochar, a by-product of pyrolysis process,
is sufficient for algal biomass drying and heat supply to the pyrolysis reactor. The use of biochar
as an energy source in the system results in a cost of 1.67 $/L. The variation of plant capacity with
diluent product value for the above two thermochemical pathways is shown in Figure E3. The
impact of using industrial CO2 (where the CO> producer pays the algae conversion plant to avoid
the payment of carbon levy) is assessed. The impact on the product value of diluent is further
assessed (see Figure E4). For HTL and pyrolysis, the product value of diluent falls to 1.06 $/L and
1.16 $/L, respectively, when CO; cost is increased to 40 $/tonne. It is apparent that microalgae-
based diluents are technologically feasible; however, costs need to be lowered to make diluent cost
competitive in the market. The modeling and cost results provide useful insights into the
development of large-scale commercial thermochemical technology.
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Figure E3: Plant capacity profile showing changes in product value with differing plant sizes
for (a) hydrothermal liquefaction and (b) pyrolysis
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Figure E4: Effect of the cost of industrial CO2 on the product value of diluent

Another product of interest to the oil sands industry is hydrogen, a potential energy source.
Canadian oil sands operations process bitumen into synthetic crude oil, which requires upgrading.
Most of the hydrogen for upgrading is produced with natural gas and this leads to significant
greenhouse gas (GHG) emissions. Hence, other methods of hydrogen production from
technologies such as supercritical water gasification (SCWG) and thermal gasification needs to be
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evaluated. This study explored the application of SCWG to produce Hz from algal biomass. The
simulation featured the hydrothermal gasification of algal biomass to produce syngas, syngas
cleaning, and the conversion of syngas into Hz. The reactor model results were validated with
results from the literature. A parametric study of the effects of key operating parameters on syngas
yield through HTG was performed. Higher temperatures improved H» yield and decreased CH4
yield, as shown in Figure E5. Lower pressures increased H» yield, and increasing feed content
reduced H; yield. With an algal biomass plant capacity of 500 tonnes/day, 52 tonnes/day of H»
was obtained. Similarly, a process model for the thermal gasification pathway was studied to
produce hydrogen.
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Figure E5: Effect of temperature on dry product gas composition during hydrothermal
gasification

A techno-economic assessment of hydrothermal gasification and thermal gasification showed that
2000 dry tonnes/day plant required a fixed capital investment of 277.7 M $ and 196.62 M $ with
hydrogen product values of 4.59 + 0.10 $/kg and 5.66 + 0.10 $/kg, respectively. In Western Canada,
most hydrogen is obtained from natural gas with a cost of 0.78 $/kg. A thermochemical plant using
2000 dry tonnes/day algae as a feedstock is not economical. However, algae’s carbon neutrality
and its ability to take up CO> make it highly attractive. The sensitivity analysis indicated that algae
feedstock cost is the most sensitive parameter in the economics of the process, highlighting the
importance of algal biomass availability. Figure E6 shows the effect of the plant size on the product
value of hydrogen for both thermochemical processes. Supercritical water gasification holds
tremendous potential because of its ability to handle wet biomass, thereby avoiding the cost-
intensive drying step. The effect of using industrial CO2 (where the CO> producer pays to the
algae conversion plant to avoid the payment of carbon levy) on the product value of hydrogen is
assessed and shown in Figure E7. For supercritical water gasification plant and thermal
gasification, the product value of hydrogen drops to 2.60 $/kg and 3.65 $/kg, respectively, when



payment for CO2 use is increased to 40 $/tonne. The economic analysis suggests that the feasibility
of the technology depends heavily on the cost of algal biomass and the yield obtained.
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Figure E6: Effect of plant scale factor on product value of hydrogen for (a) supercritical
water gasification (b) thermal gasification
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Figure E7: Effect of the cost of industrial CO2 on the product value of hydrogen

Four thermochemical technology platforms — hydrothermal liquefaction and pyrolysis for diluent
production, and supercritical water gasification and thermal gasification for hydrogen production
— were studied. Industrial-scale (2000 tonnes/day) dry biomass processing was modeled on a
system level based on these conversion techniques. The GHG emissions for four pathways arise
from the conversion process only. An HTL pathway contributes GHG emissions of 29.6 gCOo.
eq/MJ based on inputs from the process modeling developed for the HTL pathway in this study, as
shown in Figure E8. The production of diluent from HTL has advantages with respect to the use
of high moisture containing microalgae; drying is not needed, and thus energy and corresponding
GHG emissions pertaining to microalgae drying are eliminated. As shown in Figure E8, an algae-
based pyrolysis pathway in this study has GHG emissions of 81.1 gCO2..q/MJ of diluent based on
inputs from process modeling developed for the pyrolysis pathway in this study. Microalgae
conversion incorporates two main processes in pyrolysis, microalgae drying and natural gas
heating in the pyrolysis reactor; both are energy intensive and have direct environmental impacts.

As shown in Figure E9, hydrogen production in the supercritical water gasification (SCWG)
pathway emits GHGs of 28.5 gCO2.eq/MJ of hydrogen based on inputs from the process modeling
developed for the supercritical water gasification pathway, whereas the algae-based thermal
gasification pathway contributes GHG emissions of 173.8 gCO2.eq/MJ of hydrogen based on
inputs from the process modeling developed for the thermal gasification pathway. The GHG
emission results showed that HTL performed better than pyrolysis for diluent production, while
HTG had better environmental metrics than thermal gasification for hydrogen production from
biomass.
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The results for the life cycle water footprint show that there is high fresh water requirement for
algae production and it is necessary to recycle harvested water or use alternative water sources. To
produce 1 kg of algae through ponds, 1564 L of water is required. When photo bioreactors (PBRS)
are used, only 372 L water is required; however, the energy requirements for PBRs are about 30
times higher than for ponds. From a final product perspective, the gasification of algae biomass
pathway was the thermochemical conversion method that required the most water per MJ produced
(mainly due to its low hydrogen yield), followed by pyrolysis and HTL. HTG, on the other hand,
has the lowest water footprint, mainly because the 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. Supercritical water gasification offers the better
performance in terms of GHG emissions in the production of hydrogen compared thermal
gasification (92.1-138.3 g CO2.eq/MJ). With respect to GHG emissions for diluent production,
there are environmental benefits associated with HTL processing, which avoids energy and
consequently GHG emissions associated with drying the biomass feedstock in pyrolysis (10.2-
45.65 g CO2.e/MJ). These results will prove useful in making better informed investment
decisions related to these processes.

This project resulted in training of 6 highly qualified personnel (HQP) including 2 PhD students,
1 MSc student, 2 undergraduate students and 1 postdoctoral fellow. The project results were
disseminated through different medium. These include: 11 publications in peer-reviewed journals;
and, 12 presentations at various international and national conferences and workshops.
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1 Introduction

The overall objective of this research is to develop data-intensive techno-economic process models
to estimate the production cost of fuels and chemicals from algal biomass sources through a range
of conversion pathways at various production plant sizes. The detailed models consider the unit
operations involved in the production process over the life cycle from production to use and
determine the optimumplant size, that is, the size at which cost would be lowest. The factors that
have the greatest influence on the production costs of the fuels and chemicals are assessed through
sensitivity analysis. The environmental assessment of diluent and hydrogen production is done
through a life cycle assessment considering all direct and indirect energy use and emissions.
Overall, the scope of the project includes the life cycle assessment of diluent and hydrogen starting
from algae biomass cultivation to the distribution of fuels and chemicals to users, taking into
account all the input and output flows of energy and emissions occurring throughout the life cycle.
The specific objectives of the research include:

¢+ The development of unit operations for diluent and hydrogen production from algal biomass
feedstock;

% The development and collection of cost and technology characteristics data of each unit
operation;

% The development of energy and mass balance models for each unit operation for diluent and
hydrogen production pathways;

% The development of unit operation boundaries for the life cycle assessment of diluent
production;

s The development of models to estimate full life cycle costs by applying appropriate discount
factors to a life cycle cash flow forecast, once credible cost factors are identified;

s The development of unit operation boundaries for the life cycle assessment of hydrogen
production;

« The development and collection of data on life cycle energy output-input ratios and GHG
emissions of various operations for diluent production;

% The development and collection of data on life cycle energy output-input ratios and GHG
emissions of various operations for hydrogen production;

% The comparative assessment of diluent and hydrogen production for their integration with fossil
fuel-based diesel production for the Canadian oil and gas industry;

% The development of scale factors for different equipment;

+«+ The development of life cycle GHG emissions and net energy ratios for diluent production;

¢ The development of cost versus capacity profiles;

+« The development of life cycle GHG emissions and net energy ratios for hydrogen production;

¢ The development of optimum diluent and hydrogen production plant sizes; and

++ The assessment of the impacts of input parameters on various unit operations involved in
techno-economic and life cycle assessments of diluent and hydrogen production through
detailed sensitivity analysis.

Hydrocarbons such as naphtha, also referred as a diluent, can be used to lower the viscosity of
bitumen and thereby ease its transportation in pipelines [1]. Typically, the most common diluent,
natural gas condensate, is used to transport heavy hydrocarbons through pipelines. Diluent is used
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to meet pipeline viscosity and density specifications and thus the supply of natural gas may not
keep pace with demand in the long term [1]. Heavy hydrocarbons need to flow through pipelines
with low amounts of diluting agents.

The Western Canadian Sedimentary Basin in Alberta holds the world’s largest natural bitumen
reservoir. The oil sands are used to produce bitumen, which is modified to make petroleum
products. Currently, Alberta’s fossil fuel industry (mainly petroleum refining and upgrading)
accounts for 17% of the province’s greenhouse gas (GHG) emissions; this industry is the second
largest emitter after the power generation sector (55%). The bitumen extracted from the oil sands
needs to be upgraded to synthetic crude oil. To upgrade each barrel of bitumen, 3-5 kg of hydrogen
is required [2]; hence the hydrogen requirement for Alberta’s bitumen upgrading industry is
enormous. Natural gas and coal are the primary sources of the hydrogen produced. Since these
fossil fuels have a large carbon footprint, the production of hydrogen is solely responsible for 28%
of the total GHG emissions from the oil sands industry in Alberta [2]. The demand for hydrogen
for bitumen upgrading is expected to increase, and with it, GHGs; therefore, it is necessary to find
ways to mitigate overall GHG emissions from the oil sands industry. One solution is to replace
fossil fuel-based hydrogen with hydrogen produced from renewable biomass sources. This study
assesses biohydrogen production pathways for their possible application in a bitumen upgrading
plant. In addition to its use in bitumen upgrading, biohydrogen can be used in the transportation
sector and in the food, petrochemical, and manufacturing industries. Producing diluents and
hydrogen from biomass feedstock is strongly favored since biomass has the potential to reduce the
environmental footprints of fossil fuel use [3-5]. Algae-based biomass has emerged at the forefront
of biofuel research due to algae’s high productivity and ability to grow on marginal lands [6, 7].

The focus of this report is to highlight the various technological and cost characteristics of the unit
operations involved in diluent and hydrogen production from algae biomass through the
development of data-intensive techno-economic models. The models and cost curves are used to
assess changes in diluent and hydrogen production costs from algal biomass as the plant size
changes as well as the economic optimum size of diluent and hydrogen production plants based
on algal biomass. The effect of input parameters on various unit operations in the overall techno-
economic and life cycle assessments of diluent and hydrogen production is studied through
detailed sensitivity analysis. Finally, life cycle energy output-input ratios and GHG emissions for
both the diluent and the hydrogen production pathways based on algal biomass are developed.



2 Review of Algae Production Platforms for Canada’s Northern Climate

2.1 Introduction

Over the past relatively short period, there has been renewed interest in growing and cultivating
microalgae for commercial purposes. These single cell plants are extraordinary in their capacity to
more than double biomass within a single day [8]. Research shows the plant’s ability to synthesize
a host of highly valued compounds, including bio-oils for energy [9-17], hydrogen and isoprene
production [18], food, livestock and fish feed [19, 20], and coveted health and nutrition ingredients
[21-25], while simultaneously improving water [26-28] and air quality [29-33]. It is for this reason
that algae are seen to hold enormous potential for meeting a number of our world’s pressing
challenges.

There are more than 40,000 species of algae [33, 34], each with a unique composition and grown
in micro-environments suitable for their existence. Considerable research has been conducted to
isolate strains of algae with high growth yields and high lipid content [35]. Both qualities are
important to building a business case for a sustainable renewable energy industry.

For commercial purposes, natural environmental growth conditions are weighed against artificial
environments that can be tightly controlled and generally lead to much higher yields [33]. When
considering artificial environments, emphasis shifts from working only with indigenous algae
strains found in particular geographic locations to cultivating strains that offer the greatest yield
potential for desired products and potential bi-products.

In Canada’s challenging northern climate, unless there is a specific environmental burden that can
be improved through the cultivation of algae in situ, i.e., oil sand tailing ponds, control of algae
blooms (or blue-green algae, also known as cyanobacteria, which can negatively affect habitats),
it is generally necessary to create artificial environments to achieve meaningful commercial yields
of algae biomass.

Each strain will have a unique composition and makeup and will likewise require a tightly
controlled growing environment to optimize yield. Photobioreactors are constructed to tightly
monitor and control all aspects of the growth conditions including lighting, nutrients, temperature,
pH, media composition, etc., and ensure optimal growth of a specific algae strain. The challenge
in photobioreactor construction is to minimize capital and operating costs to the point where the
cost of the biomass produced for industry is less than other competing renewable inputs to biofuel
production [33] and/or other valued production endpoints.

An overarching goal of a series of studies by this research group is to develop a model that allows
researchers to benchmark technology, evaluate performance and compare different technologies
and processes to identify those technologies and processes that will support an economically viable
and sustainable algae biomass industry.

2.2 Microalgae review

Generally, when considering microalgae for economic and commercial uses, it is important to first
identify algae strains naturally growing in a region of interest, document the composition of the
media and environmental conditions in which they naturally grow, characterize the composition
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of the algae, and select those species that already demonstrate a natural capacity to synthesize
compounds of interest.

By way of example, a recent study on the cultivation of Nannochloropsis sp. F&M-M24 under
altered media nitrogen availability demonstrates how cultivation conditions may alter the
elemental composition of the produced microalgae biomass [36] (see Table 1).

Table 1: Sample microalgae composition [36]

Parameter NS ND Units

Ash 10.9 14.3 % W/Wdb
C 52.1 53.9 % W/Wdb
H 7.2 75 % W/Wdp
N 7.8 3.8 % W/Wb
S 0.7 0.6 % W/Wdp
O 21.3 19.6 % W/Wdb
Total Lipid 23 45 % W/Wb
Heating Value (High) 258 255  MJ/Kgadb
Heating Value (Low) 243 239 MJ/Kgdb

NS = Nitrogen surplus
ND = Nitrogen deprived
db = Dry basis

Mostafa [37] reviewed metabolites as well as phytochemical and biologically active compounds
including fatty acids, sterols, carotenoid pigments, and antioxidants along with anti-cancer, anti-
microbial, anti-viral, nematicidal, and molluscicidal activity. Microalgae can also be used for feed,
fertilizer, CO. sequestration, wastewater treatment, biofuel production, and phytoremediation for
heavy metals.

There is also an ongoing investigative task to determine ways to augment the growth media and
environment to optimize both algae growth and the expression of the compounds of interest.
Sustainable commercial viability is determined by the balance of capital and input costs versus
revenues gained from saleable output products and avoided operating costs (i.e., GHG penalties).
There are more exciting possibilities with the investigation of enhanced genetically modified
organisms (GMOs) [38]. Acien et al., Norsker et al., and Chen et al. emphasize the importance of
achieving biomass production yields that will support economic and commercial viability [39-41].
Abdelaziz et al. and Slade et al. point to the importance of reaching a net positive energy balance
for all processes leading to commercial products [42, 43].

Industry is looking for economically sustainable and scalable algae production platforms that will
deliver algae biomass at costs that are lower than existing competing inputs. Recent publications
provide a useful background on this topic [44-47]. It is the purpose of this research paper to
determine the current ability of the algae industry to deliver algae biomass in Canada’s northern
climate by:

++ Reviewing cultivation technologies involving artificial environments that are currently being
developed and are deployable in Canada;

+« ldentifying a range of cultivation technologies with the potential for Canada; and

% Identifying gaps in knowledge on algae cultivation in Canada.
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2.3 Algae cultivation techniques

The algae cultivation method used significantly influences growth characteristics, yield, and
composition [48]. Algae growth generally depends on sufficient light and a carbon source for
photosynthesis, but, depending on the environmental conditions, algae may assume a different
metabolism approach [49]. The -cultivation methods include phototrophic, mixotrophic,
heterotrophic, and photoheterotrophic [50, 51]. Chen et al. summarized biomass productivity, lipid
content, and productivity for different algae species under various cultivation methods [41]. Their
review shows that the phototrophic approach is the most common, although biomass and lipid
productivities were relatively low compared with the heterotrophic method when the same algae
species were considered. The work by Liang et al. [52] showed that phototrophic cultivation
provided higher cellular lipid content (38% for Chlorella vulgaris) but much lower lipid
productivity compared with algae growth under heterotrophic conditions. Different algae strains
can grow using different cultivation techniques. For example, while Chlorella vulgaris,
Arthrospira (Spirulina) platensis, and Haematococcus pluvialis grow under phototrophic,
heterotrophic, and mixotrophic conditions, strains such as Selenastrum capricornutum and
Scenedesmus acutus grow favorably under phototrophic, heterotrophic, and photoheterotrophic
conditions.

Bacterial contamination and infestation by predatory microorganisms, i.e., rotiphers, are a major
concern in algae cultivation, and addressing is challenging given the high levels of organic
substrates in the algae that support predator rapid growth. An infestation can rapidly destroy the
culture. Great care is generally taken to ensure that the culture is anexic and is maintained in that
way [53]. Given the challenges associated with maintaining anexic cultures, there has been a shift,
especially over the past five years, toward exploring the benefits of maintaining a biodiverse
polyculture [54]. Different cultivation methods are discussed briefly below.

2.3.1 Phototrophic cultivation method

The phototrophic algae cultivation method involves the consumption of light and CO> as a source
of energy and inorganic carbon [50]. The phototrophic, also known as photoautotrophic, culture
method converts light into chemical energy via photosynthetic reactions [41, 48, 49]. This method
of culturing algae is the most commonly used cultivation condition for algae growth and generally
results in media with low cell density at relatively low cost. The method provides scalability with
relative ease, although the low cell density leads to higher costs to concentrate the media [41]. The
benefit of phototrophic cultivation is the potential use of CO2 from flue gases emitted from power
plants and heavy industries for its biological fixation [41, 50].

2.3.2 Heterotrophic cultivation method

The heterotrophic cultivation method uses only organic compounds as sources of carbon and
energy and therefore eliminates the requirement for light [48]. This method generally results in
higher biomass concentration (cell densities of 50-100 g of dry biomass/L) and lipid productivity
than autotrophic cultivation (cell densities of 30 g of dry biomass/L) [53]. Examples of organic
carbon sources that can be assimilated by algae for growth include glucose, fructose, sucrose,
galactose, acetate, glycerol, and mannose [52]. The cultivation method can be scaled up as a
conventional fermenter, but there are issues associated with scaling up, such as contamination and
competition with other microorganisms, the limited number of microalgae species that may be
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grown heterotrophically, inhibition from excess organic substrate, the inability to produce light-
induced metabolites, and high energy and substrate costs [41, 53].

2.3.3 Mixotrophic cultivation method

This method uses light as the main energy source to perform photosynthesis, although CO> and
organic compounds are equally essential. In this cultivation method, algae can be cultured
phototrophically or heterotrophically depending on the concentration of light intensity and
available organic compounds [41, 48, 50]. The carbon sources for this method are both organic
and inorganic with medium cell density. The reactor scale-up for the mixotrophic cultivation
method is a closed photobioreactor; drawbacks include high equipment cost, high substrate cost,
and contamination [41, 53]. Experiments using this approach to cultivate algae have shown
maximal growth rates for certain algae species along with higher lipid, starch, and protein
productivity than under photoautotrophic regimes, as well as lower production costs [55].

2.3.4 Photoheterotrophic cultivation method

In this cultivation approach, light is required to use the organic compounds as carbon source.
Photoheteroterophic cultivation is also known as photoorganitrophy, photoassimilation, and
photometabolism [49]. This approach is similar to the mixotrophic cultivation method except for
the energy source required for growth and the metabolism reaction [48]. Similar to the mixotrophic
method, high equipment and substrate costs and contamination are issues with the reactor scale-
up. Medium cell density is also common with this cultivation approach. In any case, it is rarely
used for algae growth or biodiesel production [41].

2.4 Algae cultivation in Canada

Commercial algae cultivation to date has largely taken place in geographic regions where sunlight
energy of is prevalent, temperatures are moderate, and there are ready sources of water and low-
cost nutrients. The most prevalent commercial-scale algae cultivation operations use raceway open
ponds systems. These are relatively “low tech” and considered the most cost-effective, from an
initial capital outlay perspective, and thus offer good potential for a viable and economically
sustainable operation. However, the system has significant drawbacks and vulnerabilities.

From a geographic climatic perspective, open pond raceway systems are not ideal for a Canadian
context. They can only operate for four to six months annually and thus are not economically
viable. Although conventional advocacy of OPR systems persists, there are no known research
attempts to experimentally quantify or model these systems in Canada.

To bridge the climatic challenge, several alternative, controlled environmental algae growth
technologies have been developed. These include photobioreactor (PBR) systems for cultivating
algae under phototrophic/autotrophic conditions, flat plate and membrane systems, plastic/glass
tube systems, and fermenters that take advantage of algae’s unique capability to grow in
heterotrophic conditions in the absence of light and rely on carbon sources other than sunlight for
the energy used in growth. Other algae cultivation systems use both autotrophic and heterotrophic
conditions (mixotrophic) to achieve growth objectives.



There have been several commercial attempts to cultivate algae at economically sustainable
production levels. Most have failed and have thus been withdrawn from active
commercial/research and development activities. Companies formerly involved include SFN
Biosystems Inc. (Calgary), International Energy Inc. (Vancouver), Centurion BioFuels Corp.
(Hamilton) (recently renamed Algaeneers Inc. and looking to convert glycerin to n-butanol), and
Algae Fuel Systems (Saskatoon).

The National Resources Canada — National Research Council of Canada (NRC) sets a context for
algae technology development in Canada. The NRC Institute for Marine Biosciences in Halifax
has a history spanning more than 50 years of cultivating algae. Before 2010, the Government of
Canada [56] put together a multi-party research and development (R&D) program, linking
Agriculture and Agri-Food Canada (AAFC) with National Resources Canada — National Research
Council of Canada (NRC) to set in place the National Bioproducts Program (NBP) to address
Canadian priorities for sustainable energy, the environment, and rural revitalization. This research
program was expected to bring together stakeholders and expertise from government, academia,
and industry to tackle this large-scale multi-dimensional project.

The NBP identified microalgae biomass as holding the greatest potential to meet the stated
objectives and set out to develop and support Canadian industries focused on the production of
renewable fuels from microalgae biomass for electrical generation, land transportation, and
aerospace applications. The NBP’s goals were to achieve biomass production capability that would
be cost effective and competitive with other conventional energy sources, provide a positive
impact on the environment and sustainable energy, and contribute to the economic vitality of the
Canadian energy sector [49].

To achieve the desired outcomes, several significant barriers needed to be overcome. One major
barrier was the identification of algae strains that demonstrate the best potential for producing
biofuels. Efficient and scalable cultivation technologies for Canadian climatic conditions would
need to be developed. Then, cost-effective industrial-scale processing technologies compatible
with end-use applications required development.

With that context, NRC came up with four sub-projects. The first screened algae species for biofuel
applications. The second supported commercial-scale photobioreactor cultivation technologies
aimed at concentrating solar energy for algae production, heat, and power. The third focused on
the development and evaluation of processing and conversion technologies. The main steps leading
from the production of algae to its conversion to biofuel were mapped out. Current solutions and
process limitations were identified along with areas where research was required for cost-effective
solutions to meet the overarching objectives. The fourth and final project evaluated the algae-
derived fuels and lubricants for the aerospace industry [56].

Today, the NBP links Canada and the US under the collaborative Clean Energy Dialogue, a
partnership that includes the US-DOE, the National Renewable Energy Laboratory (NREL),
Sandia National Laboratories (SNL), and the Pacific Northwest National Laboratory (PNNL).

While progress continues to be made on all four projects outlined above, considerable work
remains. Of interest related to the NBP is the development of the NRC’s “Brite-Box” algae
cultivation photobioreactor (PBR), discussed below.



2.5 Algae cultivation technologies suitable for the Canadian climate

The following section introduces nine scalable PBR algae cultivation technologies with potential
application to Canadian northern climates. Table 2 provides relevant patent information [57-77]
on PBR technologies used by the companies discussed in this study.

Table 2: List of patents on PBR technologies

Company Name Patent Number Date Patents/Comments Ref.
Algae Agua WO02014015184 1/23/2014  Biorefinery system, components
Culture therefor, methods of use, and
Technology products derived therefrom [75]
W02014018785 3/20/2014  Biorefinery control system,
components therefor, methods of
use [76]
W02012100093 10/26/2012 Biorefinery system, components
therefor, methods of use and
products derived therefrom [77]
AlgaBloom 20140315290 10/22/2012 Low-cost photobioreactor [73]
Technologies
Industrial . .
Plankton WO02014006551A  1/9/2014 Photobioreactor for liquid cultures  [74]
National CA 2394518A1 1/23/2003  Photobioreactor
Research Council [57]
of Canada
Pond Biofuels, 20140199639 7/17/2014  Process for managing
Inc. photobioreactor exhaust [67]
20140186931 7/3/2014 Process for operating several
photobioreactors [72]
20140113275 4/24/2014  Recovering off-gas from
photobioreactors [68]
20130316439 11/28/2013 Biomass production [71]
20130183744 7/18/2013  Producing biomass using
pressurized exhaust gas [66]
20120276633 11/1/2012  Supplying treated exhaust gases for
effecting growth of phototrophic
biomass [64]



Company Name Patent Number Date Patents/Comments Ref.
20120202281 8/9/2012 Light energy supply for the
photobioreactor system [65]
20120156669 6/21/2012  Biomass production [70]
20110283618 11/24/2011 Supplying  bioreactor  gaseous
effluent to the combustion process  [59]
20110287405 11/24/2011 Biomass production [69]
20110287507 11/24/2011 Process for growing biomass by
modulating supply of gas to the
reaction zone (60]
20110287522 11/24/2011 Producing biomass using
pressurized exhaust gas [61]
20110287523 11/24/2011 Recovering makeup water during
biomass production [62]
20110287525 11/24/2011 Diluting exhaust gas being supplied
to the bioreactor [63]
Symbiotic WQ02011050472A1 5/5/2011 Apparatus, method, and system for [58]

EnviroTek Inc.

algae growth




2.6 Open pond raceways (OPR) and algae raceway integrated design (ARID)

Open pond raceways (OPRs) are currently the most cost-effective means of cultivating algae. A
good example of this technology can be found at the University of Arizona. Although not currently
considered viable or sustainable for Canada, no known research has attempted to quantify the
extent to which this technology could be employed. Its two greatest barriers are temperature and
access to ambient light during winter.

Open pond raceways require large water surface areas to allow for light penetration, especially as
the algae culture density increases. For this reason these ponds are generally less than a half meter
deep. The large surface area enables higher use of solar photons, the energy that allows the
microalgae plants to grow but during colder periods contributes to the rapid cooling of the ponds,
thereby limiting metabolic activity associated with algae growth.

Given the many energy-intensive industrial processes used in the province of Alberta, there may
be an opportunity to harvest the associated low-grade heat and thus maintain favorable pond
temperatures and increase productivity.

To counteract the fluctuating temperatures associated with OPRs, an algae raceway integrated
design (ARID) was developed and continues to undergo testing, with early results showing good
promise. With this approach, the ponds are drained at night into a deeper holding area. In the
morning, after the sun has heated the greater pond area, media are recirculated into the cultivation
ponds. The deep pond retains the heat from the day to a great extent, resulting in a more favorable
cultivation temperature. More research specific to the Canadian context is warranted.

2.6.1 Algae Aqua-Culture Technology (2010), MT

The Algae Aqua-Culture Technology (AACT) PBR for algae cultivation is designed for
challenging climatic conditions and is part of a fully integrated production bio-cluster or closed-
loop biorefinery platform. The system includes photobioreactors for algae cultivation, anaerobic
bioreactors that digest the algae using benign digestive bacteria, and an Organic Carbon Engine
(OCE) that generates syngas from waste wood from a neighboring lumber mill to produce bio-oil
and biocarbon (biochar).

The 465 m? facility run by a staff of 4 can convert 6 tonnes of waste wood to 2 tonnes of soil
amendment daily, generate 2.1 GJ/hr heat, and create up to 250 kW of continuous power. The
associated CO> and nitrous oxide fuel algae growth. The patented automated computer control
system, ANT (Autonomous Networked Technology), keeps all of the operation components in
balance and adapting to environmental changes [78].

Algae produced in a serial batch process with daily harvesting go into to the biodigester to produce
methane used in the OCE. The nutrient-rich digestate is combined with biochar to produce a dry
saleable fertilizer. The approximate 370 m? of algae ponds represents some 50 m? of growth media
and use carbon dioxide from the pyrolysis of the waste wood residue from the adjoining lumber
mill [79, 80]. The system, an integrated biorefinery, can have a five-year payback in isolated

10



regions where energy prices are high. Research continues on the extraction of other high-value
products from algae biomass.

2.6.2 Algae Tec Limited. (2007), Australia

Algae Tec Limited (ASX:AEB) has developed the proprietary McConchie-Stroud algae
cultivation system. This publicly traded company has conducted hundreds of its own research trials
from laboratory scale to bench-top and pilot tests, as well as detailed engineering evaluations of a
commercial-scale plant operation. The company, reporting revenues of $4.5 million AUD in 2014
[81], claims significant advances in product yield, productivity, and CO> sequestration, as well as
reduced capital cost savings. It is commencing a joint commercial-scale algae plant project in India
consisting of a high-yield modular PBR and harvesting system. An industrial-scale plant is also
underway near Sydney to convert CO. from the Macquarie coal-fired power plant into valuable
bio-oil. The facility is targeted to produce 50 million L (50,000 T) of algal oil per year. Oil
production was scheduled for the end of 2014.

2.6.3 AlgaBloom Technologies (2009), BC

The focus of AlgaBloom Technologies is to develop large-scale microalgae farming solutions. The
company has developed a suite of PBRs from the land-based “AlgaBioReactor” to the roof-based
“AlgaRoof,” the “AlgaBag,” a large-scale bioreactor bag with an integrated sparging and agitation
system, and the “AlgaBox,” a compact multi-level bioreactor. The modular multi-layer matrix
design, consisting of both thin-film and suspended components, enables control over both
environmental and nutritional factors. 400 m? of growth media surface area is achieved within a
30 m? footprint.

AlgaBloom is also developing associated oil extraction, harvesting, and monitoring capabilities.
One of the strains of algae considered is Synechococcus PCC 7002.

The company has established a commercial partnership with Qponics Limited based in Australia
on an omega-3 oil production project.

2.6.4 AlgaeCan Biotech Ltd. (2009), BC

AlgaeCan Biotech Ltd. is currently financing a demonstration plant with PBRs of a scalable
commercial biorefinery that includes both the cultivation and subsequent processing of the algae
through to saleable products. An initial key market with the production of astaxanthin from
Haematococcus pluvailis is the primary focus of research activities, along with reducing energy
inputs. Key production achievements include:

% Attaining >3% vyield (wt) of dried algae biomass (open pond producers only achieve 1.5%);
+« Establishing the following key optimization parameters:

e Light frequency, intensity, saturation, low energy

e Consistent, non-shearing low energy flow

e Dependable, simple, low-cost sterilization

e Monitoring and control capability of 5 crucial bioreactor factors
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e Nutrient formulation to ensure cost-effective yields specific to their algae strain
«+ Establishing production protocols to efficiently transition the algae from the vegetative growth
phase through the induction of astaxanthin production and the extraction of this product into
an oleoresin without the use of solvents; and
¢+ Production of 4 mg softgels using a toll processor technology.

The work of the company has progressed from lab-scale trials to bench-top and 1000 L and 7,000
L PBRs. The company is currently building a 14,000 L PBR.

2.6.5 Hy-Tek Bio LLC (2008), MD

Hy-Tek Bio has developed a PBR based on cylindrical PVC bags (a mylar-like material with
carbon fiber and Kevlar structural support) that provide a growth media column approximately 1
m diameter and 6-7 m high and a total growth volume of 6.8 m®. The system is housed in a
protective building environment that helps control environmental temperatures. The PBR includes
system monitoring and control capability. Hy-Tek’s technology takes down stack gas emissions
from industrial processes, with algae absorbing not only CO; but also the other potent greenhouse
gases like SOx and NOy. Carbon credits as well as offsets from not having to use other costly gas
scrubbers and their associated maintenance are anticipated. The company is achieving algae
culture densities that support relatively high production yields.

Together with the University of Maryland, the company has isolated a proprietary HTB-1 strain of
algae that shows the greatest promise for the company’s commercial objectives. The algae has a
42-47% lipid content and is able to survive environments with 100% CO». The algae can also
withstand high variability in pH from acidic to basic and temperature swings from 15°C-43°C. In
natural conditions, algae double their mass in 22 hr. In research trials, they can double within 12
hr.

Significant research headway has been made on the monitoring and control of nutrients and
lighting to optimize algae growth. Lighting regimes have reduced energy use to 10% of traditional
LED lighting systems.

The cost of the 6.8 m330 kg tank is approximately 25% of the cost of a similar volume stainless-
steel tank. The development plan is to construct a commercial-scale tank that holds 18m? of growth
media. Other key data include:

¢ Flue gas: 100 scfm/PBR @ 11.8%CO> and 130 ppm NOx

< Flue gas temperature: 425°C stack T and 27°C PBR T

+«+ Nutrient requirement: 375L proprietary nutrient/PBR/day based on waste chicken manure
s 5% water loss due to photosynthesis

+« Power: 180W lighting/PBR and 1.5kW air injection

% Gas injection/media mixing via micro-bubble full-floor sparging system

« Algae: HTB1

¢ Culture density: 3-5 g/L

+«+ Production: 23-34 kg/day or 3.4-5 g/L/day

% O production: 8.5 cfm 90% O
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+«+ Harvesting: 10% of media harvested when optical density reaches upper threshold

% Dewatering: use bacterial aggregation agent. Removed water is filtered and replenished
with nutrients, then returned to PBR

% Drying/packaging: remaining slurry spray dried and vacuum packaged for shipping

++ Cycle repeated every 1.5 hr

¢ Automated control system

2.6.6 Industrial Plankton Inc. (2011), BC

Industrial Plankton is a recent algae cultivation technology developed in Victoria, BC. The
technology is a fully automated PBR with monitoring and control capability that enables
significant production yields. Industrial Plankton has recorded algae densities up to 210 million
cells/ml (Nanochloropsis), 25 million cells/ml (Isochrysis), 18 million cells/ml (Thalassiosira
weissflogii), 20 million cells/ml (Skeletonema costatum), and 4.5 million cells/ml (Tetraselmis).
To date the company has developed a 100 L research-scale and 500, 1,000 and 1,250 L automated
PBR systems complete with sterilization. Air and water are micro-filtered and there is a UV
sterilization cycle. The control system includes scale-up density, nutrient addition, light levels,
harvest density, etc., complete with data logging for analytical research. Scaling up from 20 L to
1,000 L takes 7-10 days depending on the algae species. Harvesting takes place automatically and
removed media is replaced with fresh water and nutrients. PBRs use LED lighting systems. The
75 L unit uses an average of 900 W and the 1,000 L unit uses an average of 1,600 W. Several of
this company’s PBRs have been installed commercially.

2.6.7 National Research Council of Canada (NRC), NS

The Brite-Box is proprietary technology owned by the NRC [82] and developed at 250, 500, and
1,000 L. Each unit is comprised of a cooling loop, fluorescent lights, and a pH probe coupled to
CO: solenoid for sparging this gas into the growth media for pH control. A 50,000 L cultivation
pilot plant is planned.

Data published in 2010 showed Chaetoceros mulleri and Isochrysis galbana cultivated at 20 °C in
seawater reached 0.6 gm/L/D over a 21-day trial cycle [83, 84]. The Brite-Box has been used to
conduct algae cultivation studies on many algae strains [85].

From data collected by cultivating algae using this technology, valuable information has been
accumulated to benchmark current state-of-the-art systems. From the R&D activities, the NRC has
documented algae biomass yield data and extracted several unique algae strains. The information
has also been used to evaluate the potential to scale up cultivation processes and determine
carbon/energy balances for the biomass-to-fuel conversions. This empirical data has also been
valuable for developing meaningful life cycle analyses (LCAS) and conducting techno-economic
(TE) assessments.

The Brite-Box PBR was developed in collaboration with Carbon2Algae Solutions and Menova
Energy Inc. and the biomass production capability in conjunction with Ocean Nutrition Canada.
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The NRC collaborates with industrial/commercial partners including several of the companies
mentioned below to conduct research that advances scientific knowledge and related technology
development to support the evolution of the algae industry in Canada.

2.6.8 Pond Biofuels (2007), ON

Pond Biofuels came into existence in May 2007 and since its inception has filed 17 patents related
to algae cultivation technology processes including factors related to scalability, handling of input
and output gases, and recycling processed water [86].

This Canadian company, working with St. Mary’s Cement and using pulsed red LED lighting
systems, has successfully scaled up their PBR technology to two 12.5 m? tanks (2013). The lighting
system can to inject more than 1 KW of light energy per m?® of growth media. The company claims
to grow between 4 and 6 generations of algae daily [87].

Pond Biofuels is Canada’s largest and most publicized algae biomass company. They were
recently awarded a $19 million demonstration plant in cooperation with the Government of Canada
and Canadian Natural Resources Ltd. (CNRL) [88].

Their re-developed PBR system is based on injecting high-intensity light into large (10,000 L)
plastic vessels with monitor and control capability using CO> from industry. Energy and CO> are
provided by a natural gas-fired 4 MW generation system in Bonnyville, Alberta. Nutrients,
including N, P, and trace elements, are obtained from chemical processes.

2.6.9 Symbiotic EnviroTek Inc. (2008) AB

Symbiotic EnviroTek Inc. was established in 2008 with the primary goal to develop a commercial
scale photobioreactor (PBR) that would cost-effectively cultivate algae for commercial purposes
in adverse (Canadian) climatic conditions. The first test PBR fabricated by the company holds
106,000 L. Testing in 2010 and 2011 demonstrated that algae could be successfully grown at this
scale. The company’s initial focus was on developing mechanical technology, including all
supporting systems (i.e., proprietary controllable, submersible LED lighting, mixing the algae
media, appropriate aeration for efficient CO> infusion, and nutrient mixing and delivery).
Symbiotic has expanded its research to include the entire spectrum of technologies and capabilities
to take strains of algae, customize their associated growth parameters, and adjust the associated
monitoring and control capabilities to effectively optimize the growth of several different algae
strains.

In 2012 and 2013, R&D activities included developing protocols for specific algae strains by using
agricultural waste nutrient sources and testing specific light frequencies to optimize yields and
minimize energy/cost of inputs. The company anticipated it would demonstrate sustained growth
at levels above 4 gm/L/d in 2015.

Symbiotic’s system was designed to be scalable for deployment and integration/co-location at
existing waste industrial/agricultural waste streams at source to minimize the GHG footprint
associated with an overall bio-cluster operation. An envisioned bio-field consisting of 64 modules
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each having 106 m® of growth media situated on 2 acres is estimated to use over 45 tonnes of CO>
daily and produce 25 tonnes of algae biomass.

2.7 Technology assessment

Given the limited information on the technologies in the public domain, it is difficult to predict a
technology best suited for the Canadian context. Table 3 provides comparative data for the
technologies discussed here. From an economic perspective, success is achieved in part by
minimizing the total costs of several key factors including the aggregation of a suite of related
technologies that comprise the algae biomass production platform. Decisions are made for capital,
down-time, operating, nutrient, media (including water), and maintenance costs. Economic
success is also coupled directly to species selected for cultivation and to optimized biomass yields
in both quantity and composition. However, without reliable and accurate algae production
platform data, we cannot make a meaningful economic comparison and assessment.
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Table 3: Algae cultivation technologies suitable for Canada’s northern climate

Technology Associated CO: Output Algae Density Energy
Supplier Type Size Process Processes source  N20  Products Species Achieved Required
Generic ATP3 research
Demonstration OPR 125 m? air facility
ASCATI ATP3 research
Demonstration ARID 30md air facility
6 tonnes/d
wood waste
to 2
coupled tonnes/d
serial soil
batch amendment
with fertilizer
Algae Aqua-Culture waste with
Technology (2009), wood AD, Pyrolys  Pyrol  biochar,
MT EPR 370 m?  pyrolysis  pyrolysis is ysis biofuels
ethanol,
biodiesel,
atmosp jet fuel,
here, EPA/DHA
Algae Tec Limited stack nutraceutic
(2007), Australia PBR gases als
spirulina/s
AlgaBloom food, ynechococ
Technologies (2009) PBR 400 m? omega 3 cus
batch
multi- haematoco
AlgaeCan  Biotech phase ccus
Ltd (2009) PBR 7.5md approach astaxanthin  pluvialis 30 g/L
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Technology Associated CO: Output Algae Density Energy
Supplier Type Size Process Processes source  N20  Products Species Achieved Required
exhau
st,
HTL, natural  chick
batch/con  enzyme gas en methane,
Hy-Tek Bio LLC tinuous conversion  engine  manur biodiesel,
(2008) PBR 6.8 m flow to biodiesel exhaust e jet fuel HTB1 3-5g/L 1.68 kW
batch/con 210 m
Industrial ~ Plankton tinuous algae Nannochlo  cells/ml, 2.5
(2010) PBR 1.25m*  flow biomass ropsis g/L 1.6 kw
research
facility,
batch/con algae
National ~ Research tinuous biomass,
Council PBR 1md flow HTL biodiesel Isochrysis 0.6 g/L/d
natural
gas
engine
exhaust
cement
product  chemi
batch/con ion gas cal algae
Pond Biofuels Inc. tinuous emissio  proce  biomass,
(2007) PBR 10md flow HTL ns sses bio-fuels
batch/con waste  algae
Symbiotic EnviroTek tinuous bottled strea  biomass,
Inc (2008) PBR 103 m®  flow HTL gas ms bio-fuels

EPR - Enclosed Pond Raceway, OPR — Open Pond Raceway, ARID — Algae Raceway Integrated Design, PBR — Photobioreactor
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2.8 Factors affecting the economic viability of photobioreactors

All of the PBR designs are unique, with each company choosing to focus on specific aspects of
their PBR design that they believe to be most crucial. PBR design optimization studies generate
reference data useful for adjusting design parameters for enhanced yield outcomes [89].

The National Research Council, colleges and universities, and independent commercial
laboratories continue to isolate algae strains that show high concentrations of desired compounds
of commercial interest. A few noteworthy strains include Chlorella protothecoides and
Scenedesmus obliquus (51% lipid concentration) [41, 90] for biofuel production and
Haematecoccus pluvialis for astaxanthin production [91, 92].

Chlorella protothecoides has been demonstrated to grow at densities of up to 17 g/L in
heterotrophic conditions and 0.87 g/L in autotrophic conditions under 12:12 hour light:dark cycles
[93]. For Scenedesmus sp., recent growth trials achieved 1.3 g/L dry biomass at a density of 1.5
million cells/L and a growth rate of 0.62 div/day under 12:12 hour light:dark cycles [94].

Haematococcus pluvialis, known to synthesize high-value astaxanthin, has been documented
(2003) to grow at a rate of 0.7 div/day and 0.228-258 mg/L at cell densities of 200-250 thousand
cells/ml [91]. A more recent study achieved astaxanthin accumulation of 18.21 g/m? (3.63% by
dry weight), reaching a growth rate of 0.52 div/day with a cell density of 330,000 cells/ml and an
estimated production cost of $1000/kg astaxanthin [95]. A 2009 study demonstrated the
complexity of interactions in the algae growth platform based on the effects of light and pH [92].

A 2011 conceptual model comparing commercial-scale (100 ha plant) open pond raceways, tubular
PBRs, and flat panel PBRs estimated (based on current exchange rates) costs of $6.96, $5.85, and
$8.38, respectively, per kg of dewatered algae biomass. When optimized for location, irradiation,
zero costs for CO> and nutrients, these costs dropped to $1.80, $0.98, and $0.96 per kg [40]. A
recent review of bio-oil production from fifteen algae research reports results in a range of cost
estimates from $0.82-$10.93 /L of oil produced [45].

In 2008, over $350 million was invested in algae projects [96]. In 2009, Exxon Mobil Corp planned
to invest some $700 million, anticipating the development of algae fuels within 10 years. In 2013,
however, after spending $120 million, the company determined that the project was unsuccessful
in achieving commercial viability and that it would likely take at least another 15 years to reach
its objective [97]. Industry reports continue to point to the significant challenges to be overcome
for algae cultivation to achieve commercial viability [17, 42]. In the US alone, more than $1 billion
has been invested in the algae industry [98]. These investment figures provide useful reference
points when assessing the technologies introduced above with consideration to their respective
economic viability. However, little information on their operational performance is available in
the public domain.

The production of algae requires the monitoring and control of many variables. Different algae
strains have different growth rates, and the composition of the resulting biomass varies
significantly and in turn determines the value of the saleable product. Each company is focused on
different product outputs. In some cases, a single relatively low-value, high-volume market is
targeted (i.e., biofuels). In other cases, high-value nutraceuticals are the focus (i.e., astaxanthin).
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Although each company has a primary output product, in every case consideration is given to a
biorefinery approach to derive economic benefits from one hundred percent of output products to
create a favorable economic output [99]. Each company has independent approaches to sourcing
CO:2 and infusion, light sources, wavelengths, light-dark cycles, and intensity regimes. Sourcing
lower cost nutrients and more energy efficient dewatering processes will help improve profitability.

The algae biorefinery concept is relatively new and first appeared in technical journals in 2008
(based on a Scopus search). Of 310 published articles on the subject at the end of 2016, 241 were
released between 2013 and 2016. Because of the complexity of multiple pathways, including
technologies and processes from cultivation to oil upgrading, there is a body of analytical research
and simulation modelling that compares biorefinery pathways and provides recommendations for
large-scale algae biofuel production. A recent study explores a process “superstructure” of carbon
capture for wet biomass use. In the study, four technology alternatives are considered for off-gas
purification, algae cultivation, harvesting, dewatering, lipid extraction, remnant treatment, and
biogas and algal oil use [99, 100].

The impact of environmental parameters like light intensity, wavelengths, and photoperiods are
not included in many studies. Yet, lighting regime and photoperiod are considered key factors
related to algae growth rates and biomass production [101, 102]. A recent study focused on light
using Scenedesmus obliquus achieved cell concentrations of up to 114 million cells/ml, a growth
rate of 0.86, and a density of 3.3 gm/L [103] under a specific pulsed fluorescent lighting regime.

Another area requiring further research is the correlation between cell weight and algae biomass
composition to parameters like temperature, dissolved oxygen, dissolved carbon dioxide, electrical
conductivity, specific nutrient concentrations, pH, and light intensity. The findings to this point
appear inconclusive [103].

Successful commercialization of algae technology platforms will depend on adherence to
regimented operational protocols controlling the multiple parameters involved ongoing research
and development activities that further optimize production (see Table 4).

Table 4: Factors affecting algae biomass production

Climate

Solar irradiance

Capital costs

Nutrient source and cost

Algae species/composition

Energy costs

Operating costs

Colocation with symbiotic industry partners

Ability to control production factors

Optimization of biomass yield

SCADA/Automation

Active research and development — access to highly qualified multi-disciplinary scientific
community

Integration of advanced production platform technologies i.e., dewatering, extraction of active
ingredients, processing, etc.

Analytic data modeling
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2.9 Delivery costs of algae biomass in Canada

For the algae industry globally to become a meaningful and potentially dominant economic force,
the costs of cultivating, harvesting, and processing algal biomass must be significantly lower than
current market prices for products extracted from biomass.

To date, relatively few life cycle assessments [43, 104] or techno-economic analyses of the
inclusion of technologies and processes from algae cultivation to the production of valued products
have been conducted. There is also skepticism among some authors about whether there is less
environmental impact in producing products from algal biomass than from conventional
feedstocks and petroleum resources. Research is required to provide better information. From a
sustainability perspective, research must also include water use as part of an environmental impact
analysis.

How algae cultivation platforms are operated and integrated with other industries will have
significant impacts not only on commercial but also on environmental outcomes. For example,
algae cultivation could be co-located with municipal wastewater treatment facilities, landfill
operations, agricultural effluent streams (i.e., feedlots; breweries; sugar beet, corn, and potato
processors), conventional energy extraction/refineries, co-generation facilities, etc. Association
with such operations could result in favorable symbiotic commercial and environmental outcomes
(see Table 4). With existing algae cultivation systems, there are challenges with access to accurate
costing information. This challenge is made more difficult given that the process of algae
cultivation leading to the delivery of dry biomass to industry generally involves many steps.

Given that this is an emerging industry requiring significant resources, the developers of algae-
related technologies generally focus on single steps in the overall production platform. Technology
coupling throughout the platform will provide a complete and integrated solution. There are few
integrated algae production platforms in Canada and even fewer that provide plausible scalability
for industrial purposes. What may work as a prototype may not work meaningfully at a larger scale.

For some companies, algae biomass production has been focused on delivering high-value
compounds rather than simply generating biomass. Operation and production data are confidential.
Because of the high value of the end product, meaningful revenues can be achieved even with very
modest amounts of biomass produced. Costs for the production of biomass for astaxanthin, which
may have a street value of $2,500/kg [105], although important, are less a consideration than
producing a million tonnes of biomass for the extraction of algal oil for biofuels (i.e., biodiesel at
$1/L[kg]).

From a production perspective, comparative costing is meaningful. Palm oil, viewed to yield the
lowest cost bio-oil, has a reference production cost of $603/tonne ($0.61/L). To be competitive,
algae biomass (with 30% lipid content) through to oil extraction should cost $164/tonne or less. If
the reference is soybean, which in the US is the main source for biofuel production, with a
commodity price of $623/tonne (based on 20% lipid content), then algae biomass through to
extracted oil should cost $169/tonne or less. Where the reference is crude oil priced at $118/barrel,
the same algae biomass should cost $204/tonne or less [104]. See Table 5 for a summary of
equivalent required pricing for algae to compete with other feedstocks.
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Table 5: Comparative and competitive algae production pricing [104]

Feedstocks Production Cost ($/tonne)  Algae Required Equivalent
($/tonne)

Palm oil 603 164

Soybean oil 623 169

Crude oil 752 204

Current cost estimates for algae biomass as a feedstock for electricity generation are $233/tonne
for open algae systems and $17,292/tonne for closed environmentally controlled production
platforms for health foods. For high-value products, production costs increase to $30,704/tonne in
open systems and $40,895/tonne in closed systems. Reported production costs vary tremendously
from $3,118 to $19,486/tonne for open systems based on raceway ponds and $3,774 to
$94,430/tonne for closed systems. Interestingly, 100 tonne/yr algae biomass operations had
production costs of $4,930/tonne for open systems and $3,828/tonne for closed systems [104].
Furthermore, for algae production platforms, economies of scale do not appear to work well when
going from 50 ha to 500 ha to a 5,000 ha production facility since very little cost reduction appears
possible [104]. See Table 6 for a summary of production cost variability in OPR and PBR
technologies found in the literature.

Table 6: Cost to produce algae biomass

Technology For Biofuels For High-Value Literature Variability in 100 T/yr

($/tonne) Products Pricing ($/tonne) capacity
($/tonne) ($/tonne)
Minimum Maximum
OPR 233 30,704 3,118 19,486 4,830
PBR 17,292 40,895 3,774 94,430 3,828

In the context of Canada, given the relatively short growing season, open systems have not been
considered a viable commercial option and therefore only closed systems need be considered. For
many algae production platforms, a large negative gap remains between actual production costs
and pricing for commercial products derived from the biomass. To bridge this gap, several
companies that were initially focused on a single, large, and subsidized biofuel commodity market
shifted their primary focus to high-value by-products with residual oils going to biofuel production.
This shift leads to operational changes including a potential shift in algae strains used, cultivation
practices including nutritional and environmental factors, and the addition of production steps that
enhance the expression of desired compounds.

Other opportunities for overcoming the costing challenge include research to lower energy input,
incorporating existing “waste” streams that can offset fertilizer costs and potentially provide an
add-back value from the deferral waste disposal transportation and landfill costs, the uptake of
amines to significantly reduce operating costs in these industrial applications, as well as the
potential for CO2 mitigation credits.
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Research may provide techno-economic data on processes leading to biomass at a laboratory scale
but these may have little relevance to commercial scale costing. Other research has used powerful
software modeling capabilities (i.e., ASPEN), but results are scrutinized and questioned because
of the great assumptions and parameters that need to be considered. Like challenges related to
economies of scale, these modelling tools may have value for thoroughly understood commercial
operations currently found in industry but may prove inadequate for the meaningful evaluation of
processes related to the operation of an algae production platform. The algae industry is evolving
and involves complex micro-biological, physical, botanical, marine, biochemical, and
environmental interactions with thousands of strains. Moreover, cultivating, harvesting, and
processing these single cell organisms introduce other technological challenges.

There have been many attempts to increase algae biomass yield and reduce costs. There is ample
opportunity to discover other new and innovative approaches that will undoubtedly lead to
breakthroughs in cost-effective algae production strategies.

Vocal commercial, environmental, and political interest groups that ask daunting questions related
to energy and carbon balances distract the research initiatives. Environmentalists and politicians
are looking for meaningful solutions to climate change and reducing airborne greenhouse gas
(GHG) emissions. It is well understood that algae, one of the world’s fastest growing plants, can
more than double their mass in a single 24-hour period. Every tonne of biomass created will take
down 1.8 tonnes of CO> [8, 106]. Hence, significantly scaling up algae biomass production to
offset GHG emissions is more than plausible. The “fly in the ointment” is: what do you plan to do
with the biomass? Turning biomass to biochar is seen to be a great CO, mitigation strategy that
locks up carbon in one of its most stable forms. Any positive net difference between GHGs
produced and GHGs sequestered in the cultivation and processing of algae would qualify for
carbon credits. However, this would ignore economic considerations. Furthermore, to be awarded
carbon credits, a quantitative life cycle assessment that meets the International Standards
Organization (ISO) guidelines must be conducted to validate results. Currently, there are concerns
that the LCA results may be misleading because rarely are parameters in an LCA calculation
identical [43].

With respect to the production of biofuel from algae, environmental interest groups ask similar
probing questions: What is the net energy ratio? Is more energy produced through algae cultivation
than consumed through associated processes? How do these compare to using conventional non-
renewable energy resources? There are concerns that in many cases more input energy is required
than produced through the algae cultivation process. The same logic would hold true for CO>
emissions.

2.10 Strategies and opportunities for sustainable algae cultivation in Canada

Algae companies have recently shifted focus to producing high-value biomass-derived products
since it shows the greatest promise of economic sustainability and can be done without government
subsidies. Having determined a primary product, these companies selected algae strains known to
synthesize meaningful amounts of the desired compound. Research has followed to optimize
axenic algae growth by carefully conducting multiple tests to determine a combination of best lab-
scale nutritional and environmental conditions and processes. Once an optimized regime has been
documented, stringent protocols are established. Rigorous data logs are maintained for analysis
and become part of a company’s intellectual property. Based on favorable yield results, an
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economic model for scaling the production platform to the next stage is constructed [9]. This is
essential for attracting investment funding to build the platform to each successively larger scale
[107].

Scalability poses a further challenge [108]. Shifting from a laboratory setting to increasingly larger
demonstration and production platforms requires a multi-disciplinary design team to ensure that
axenic conditions are maintained and that the multi-variant conditions associated with growth
through each production phase can be controlled, thus eliminating adverse operating effects.
Controlling these conditions is necessary for a flourishing, closed growth environment (PBRs) but
not possible to achieve in open cultivation systems.

As noted in this paper, there are companies and research institutions conducting primary research
related to algae cultivation. Some entities compare algae composition data and others are focused
on optimizing growth parameters for specific strains of algae. Yet others focus on technologies
that will support the algae cultivation platform. Because of the challenges associated with each
step in an algae cultivation platform, each research group focusses narrowly on a specific aspect.
It is therefore prudent for research teams to find collaborative strategies for integrating and
coupling strains, cultivation regimes, and associated technologies with other research groups to
find more cost-effective and efficient technologies and processes to apply to their own work. These
collaborations would lead to meaningful production volumes and thus early incomes of high-value
products. Using a business model to supply a specific product will help ease commercial
transactions.

Once a successful and profitable algae business is established, there is opportunity to consider
complimenting business revenues with other sources of value derived from the residual
components of algae biomass, including biofuels and carbon credits. When we understand the
mechanics and processes of algae cultivation in a specific, profitable niche, doors will open to
cost-effective production of algae feedstock for commaodities like biofuels and to carbon credits.

Scientific engineering advances may be incorporated to enhance yields of specific products
including biofuels [109]. Photosynthetic research may provide important clues to maximizing
yield by taking advantage of maximal irradiance [110-112]. In general, algae growth has been
associated with C3 photosynthesis. More recent studies suggest that C4 photosynthesis may also
take place and have implications for improving growth yields [113].

We recommend that governments set in place integrated algae cultivation and biomass
production/processing platforms like or in association with ATP3 (Algae Testbed Public Private
Partnership) that lead to commercial products and establishing production benchmarks. In facilities
like AzCATI (the Arizona Center for Algae Technology and Innovation), innovators and
companies integrate specific technologies and test systems against existing benchmarks. When
new technologies prove more efficient and effective, they will set new production standards and
thereby improve efficiency.

2.11 Conclusions

Much of the impetus for the recent renewed interest in algae biomass is related to the
acknowledgement that algae biomass has the potential to address pressing global challenges, i.e.,
it may help reduce atmospheric CO; and reliance on conventional fossil fuels and provide a good
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source for food and cleaner water. Climate change is and will continue to affect the entire global
community. Access to energy is fundamental to maintaining a productive and healthy economy.
Given that energy is a commodity, cost will always be a factor, and therefore the cheapest products
are favored. Government incentives in the form of subsidies for renewable energy are important
in signaling to industry that change is required and promoting the adoption of alternative energy
forms.

In the case of algae biomass, past government subsidies created a frenzy of commercial activity
through legislation demanding that increasing percentages of petroleum fuels be from renewable
sources. Over the past 20 years, over a billion dollars has been spent attempting to cultivate algae
biomass that would deliver a more cost-effective feedstock from which to produce renewable fuels.
Although significant investments have been made, the singular focus to deliver cheap biofuels has
been an elusive objective. The recent shift to cultivate algae for high-value products to established
markets and/or develop a bio-refining model to deliver multiple algae-based products is a more
pragmatic approach to launch the algae industry sustainably and economically.

Future government incentives should factor in not only the development and delivery of cheap
biofuel feedstocks but also the capability to mitigate GHG emissions. In order to both facilitate
more rapid commercialization and to track the progress within the industry, metrics need to be
established. Any government subsidies should be tied to the release of key operating and
production data for both progress tracking and collaborative research purposes. Given the multi-
disciplinary complexities associated with algae production platforms, access to quality data is
imperative for overcoming multiple challenges still associated with algae cultivation. Open access
to research data sets would enable advancement of the overall algae knowledge base for the benefit
of the greater community and accelerate the transition into commercial viability for the entire
industry. This would facilitate more effective technology evaluation and enable better commercial
decisions to be made.

For the Canadian context, the reviewed algae cultivation technologies show tangible progress
toward delivering cost-effective algae biomass for downstream bio-refining applications. In order
to achieve this outcome along with the national objective of GHG mitigation, further research
needs to demonstrate improved crop yields with sustained and consistent growth; more efficient
dewatering, processing, extraction, and refining capability; cost-effective scalability of related
technologies; and reduced energy inputs in the algae production platform.
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3 A Review on the Current Status of VVarious Hydrothermal Technologies on
Biomass Feedstock

3.1 Introduction

Increasing energy demands related to increasing population, rapid industrialization, and stringent
environmental regulations call for alternative routes of energy production, as conventional energy
derived from fossil fuels cause severe environmental harm through the release of greenhouse gas
emissions. Moreover, the imbalance in supply and demand makes it inevitable that substitutes for
conventional energy sources are needed [114]. Biomass refers to biological matter or waste
obtained from living organisms that has solar energy stored in it. It is deemed to be a potential
energy source [115, 116] and is considered to be inexpensive, clean, and environmentally friendly.
Biomass wastes include plants or plant-based wastes, municipal wastes, industrial wastes, animal
wastes, and household wastes. Due to its renewability and sustainability, biomass waste could
become a viable alternative source of energy and, moreover, is expected to provide 25% of the
world’s energy demand [117]. Biomass with high moisture content is not economical to process
by conventional technologies, as a significant amount of energy goes into the drying process.
Hydrothermal processing is efficient as it eliminates the costly drying step, thereby making it
attractive. The energy required for drying exceeds that used for hydrothermal processing at
supercritical conditions for biomass with a moisture content of 30% or greater [118].

Hydrothermal processing is a thermochemical process that involves thermal disintegration of
biomass in hot compressed water, wherein a series of complex reactions causes changes in the
water’s physical properties (i.e., its density, solubility, and dielectric constant) [119]. The process
converts biomass into a solid (biochar), a liquid (bio-oil or biocrude), or a gas (e.g., hydrogen,
methane). The process also leads to by-products that can be used for power generation and the
recovery of useful nutrients [120]. The desired products are obtained by manipulating variables
such as temperature, pressure, catalyst, and time [121]. Of late, hydrothermal processing
technologies have been the subject of major research for a range of biomass types including
agricultural wastes and algae [122, 123]. There are many challenges facing the commercialization
of these technologies, including expensive and complex reactors [124] that require high capacity
water handling equipment [122]. Overall poor understanding of mass balance further make it
difficult to accurately measure product yields during the hydrothermal run [125]. The
hydrothermal processes (carbonization, liquefaction, and gasification) illustrated in Figure 1 are
based on data from Kruse et al. and Toor et al. [126, 127]. Thermochemical processing
technologies have been used since 1788 to convert biomass to biocrude [128]. They are gaining
widespread interest as a means of catering to energy demands and tackling growing environmental
concerns related to increasing global warming and decreasing fossil fuel reserves.

Hydrothermal processing can produce energy-dense fuels and valuable chemicals. The process
allows efficient heat integration and thus takes into account the energy penalty due to water
valorization from hydrothermal media [129]. Hydrothermal processing such as liquefaction and
gasification produces an aqueous phase. The residual carbon of the aqueous phase can be used to
produce biogas through anaerobic digestion. The gas thus produced can be used for heat and to
generate electricity through a combined heat and power generation system and, therefore, the
hydrothermal process coupled with anaerobic digestion allows a useful use of energy, thereby
reducing energy requirements in the process [130, 131]. With that said, the use of organics in the
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aqueous phase is a way to reduce the operating costs of the hydrothermal technology, as using
organics helps reduce wastewater treatment costs. In the case of algal feedstocks, the aqueous
phase has biogenic carbon, phosphorous, nitrogen, and micronutrients that can be recycled for
algal cultivation purposes. In addition, high-value chemicals such as ethanol, acetone, and acetic
acid can be obtained through extraction and catalytic processes [132]. A pinch analysis can be used
to optimize the process by identifying intensive heat streams, i.e., heat can be recovered and used
in the process to make HT more economical [133, 134]. Considerable improvements in
homogeneous and heterogeneous catalysts, including metallic catalysts, have led to major
advancements in hydrothermal processing technologies [135].
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Figure 1: Schematic of a hydrothermal processing technology

Hydrothermal processing operates in one of two states: subcritical and supercritical. The states are
defined with respect to the critical point of water (T. = 373 °C, pc = 22.1 MPa). The hydrothermal
process commences with the dispersion of the water-soluble part of biomass into water at 100 °C
followed by subsequent hydrolysis above 150 °C, causing the disintegration of the cellulosic and
hemicellulosic fractions of biomass into its monomeric chains. Then, slurry forms at 200 °C under
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1 MPa and proceeds towards either liquefaction or gasification depending on the desired product
[121]. The first study on supercritical water gasification was published in 1985 by Modell [136],
who used maple wood sawdust as a feedstock. Research efforts have been underway in this
promising field for a long time, and hydrothermal technology research has had a sudden upsurge
in publications that show the technology’s potential for biomass conversion. However, existing
knowledge is disconnected, and this review aims at collecting and analyzing the existing
experimental studies on hydrothermal technologies. It is challenging to establish the research
findings due to the variations that arise from different types of feedstock and reaction environments.
Hydrothermal technology processes, along with process parameters needs, need to be understood.
Hence, the overall objective of this section is to conduct a review of the hydrothermal processing
of biomass feedstocks. The specific objectives are:

« To review and summarize hydrothermal liquefaction processes and discuss operating
parameters that have a major impact on the processes;

« To review and detail the experimental studies on the catalytic hydrothermal liquefaction
process of different biomass feedstocks;

+« To review and analyze the reaction mechanisms of the hydrothermal gasification process and
study the operating parameters;

+« To review and illustrate the experimental studies on the catalytic hydrothermal gasification
process of different biomass feedstocks;

« To study and provide a brief account of experimental studies on the hydrothermal
carbonization of biomass feedstock; and

+« To identify the gaps in knowledge and economic bottlenecks relevant to the large-scale
commercialization of hydrothermal technologies.

3.2 History of hydrothermal processing

There is great potential in continuous process hydrothermal technology for large-scale commercial
conversion of wet biomass to energy-rich fuels and chemicals [137, 138]. When biomass is
subjected to hydrothermal conditions, water molecules cause the degradation of the larger
molecules in biomass into smaller fragments. During the 1970s and 1980s, early research efforts
on hydrothermal processing were undertaken at the Pittsburgh Energy Research Center; there, the
technology was based on the process of lignite coal liquefaction [139]. Then it was discovered by
researchers at the Lawrence Berkeley Laboratory [140] and Biomass Liquefaction in Albany [141].
The processes developed at the Pittsburgh Research Center and the Lawrence Berkeley Laboratory
varied with respect to pre-treatment methods and post-conversion processes; the former used
drying and grinding whereas the latter used acid hydrolysis [142]. In the Netherlands, Shell
developed a hydrothermal upgrading unit for biomass liquefaction [143]. NextFuels in Asia is in
the process of developing a commercial hydrothermal liquefaction facility based on a daily
production scale of 1000 barrels of oil from palm oil wastes [144]. A Danish company developed
CatLiq, which processes sewage sludge including algae and manure [145]. All of these initiatives
led to the formation of companies like Steeper Energy, which, in collaboration with Aalborg
University, is developing a commercial technology [146]. Changing World Technologies was
being known to be developing a commercial HTL plant to convert turkey waste to oil through
thermal de-polymerization [147]. Unfortunately, Changing World Technologies suffered from
bankruptcy and was purchased by Ridgeline Energy Services in Canada [148, 149]. Early
investigations into hydrothermal liquefaction were carried out at the University of Toronto
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(Canada), the University of Arizona (USA), and the Royal Institute of Technology (Sweden) [139].
This research focused mainly on terrestrial biomass feedstock and later on algal feedstocks. The
interest in HTL-based technologies remains a key driver for the production of fuels and chemicals
towards an HTL bio-refinery concept.

The concept of hydrothermal gasification was initially proposed by Modell’s group in a report
published by the Massachusetts Institute of Technology (USA) [150]. Modell and coworkers
performed supercritical water decomposition of glucose and then applied this novel technology to
test hazardous organic wastes in supercritical water. They also studied oxidation in supercritical
water, referred to as supercritical water oxidation (SCWO), to gain an understanding of the
technology [151]. Following Modell’s research, the Pacific Northwest National Laboratory (USA)
developed a technology featuring the application of metal catalysts at low temperatures (400 °C)
[152, 153]. Later, a research group at the University of Hawaii developed a technology based on
high temperatures (600 °C) using a carbonaceous catalyst [154, 155]. This led teams of scientists
and researchers from other research centers and universities such as the Karlsruhe Research Center
[156], Hiroshima University [157], the University of Michigan [158], the University of Leeds [159]
and elsewhere to contribute to research efforts.

The concept of hydrothermal carbonization, initially suggested by Friedrich Bergius as early as
1913, simulated a natural coalification technique [160]. The process later became known as the
hydrothermal degradation of organics for the production of fuels and chemicals [161, 162]. The
burgeoning number of publications in hydrothermal processing technology shows the interest
world-wide in research in this area.

3.3 Biomass: a possible future energy source

Biomass, an abundant source of renewable energy, is often composed of organic substances
derived from carbon, hydrogen, and oxygen. The substances are categorized based on a range of
sources such as trees, algae, grass, urban wastes, agricultural wastes, forestry wastes, domestic
wastes, municipal wastes, and industrial wastes [163-165]. Biomass makes up 10-14% of world-
wide energy demand [166]. It is usually a heterogeneous mixture of organic substances together
with a small amount of inorganic substances. On a dry basis, biomass has typically 30-40% oxygen,
30-60% carbon, and 5-6% hydrogen, depending on ash content. Other inorganic elements include
nitrogen, chlorine, and sulphur, which together make up < 1% of the biomass. Broadly, biomass
is composed of cellulose, hemicellulose, lignin, and extractives including proteins, ash, and pectin
[167, 168]. The carbohydrate portion of the biomass is the cellulose and the hemicellulose, and the
non-carbohydrate portion is made up of lignin [114]. Cellulose, (C6H1005)n, is an abundant natural
polymer formed by B-1,4 glycosidic linkage of D-glucopyranose units that are held together by
strong intra- and intermolecular hydrogen bonds [169]. Cellulose, being crystalline, is insoluble in
water and resistant to enzymatic attack. However, it rapidly decomposes and dissolves under
subcritical and supercritical conditions of water. Hemicellulose, a hetero-polysaccharide, is an
amorphous polymer formed by the branching of a straight chain skeleton of xylan and
gulucomannan [170]. It is composed of monomers of D-glucopyranose, D-mannopyranose, D-
galactopyranose, D-xylopyranose, and L-arabinofuranose [171] and constitutes 20-40% of
biomass. It is linked to cellulose and lignin via hydrogen and covalent bonding, respectively. It is
less crystalline because of its non-uniformity and the presence of side groups. It is easily
hydrolyzed by an acid or a base at temperatures above 180 °C [161]. The third component, lignin,
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is an aromatic compound of p-hydroxyphenylpropanoid units in which hydroxyl and methoxy
bonds are linked through ether bonds [118]. Lignin is composed of basic building blocks of
molecules such as trans p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [161]. It is
hydrophobic and resistant to biological degradation. It has a higher heating value than cellulose
and hemicellulose [172]. Extractives in biomass are made up of other heterogeneous materials
including inorganic and organic compounds, proteins, fatty acids, phenols, resins, and terpenes
[171, 173]. Extractives make up < 2% of the dry matter and accounts for its color, odor, and
durability [170, 171] and can be extracted by various polar or non-polar solvents [170]. Biomass
is widely used as a source of fuel, energy, and chemicals [115]. The selection of biomass for a
particular energy conversion technology depends on the nature and composition of the biomass
[115].

3.4 Water: a boon for hydrothermal processing

Water is regarded as an environmentally innocuous medium for most organic reactions. It exists
in three phases: solid, liquid, and gas. Below water’s critical point, the vapor pressure curve
separating the liquid and vapor phase ends at the critical point (T. =373 °C, pc = 22.1 MPa).
Beyond the critical point, the properties of water can be changed without any phase transition. The
supercritical state (SC) refers to the zone of high temperature and pressure at the critical point at
which water acts as both a reactant and a catalyst. At this condition, properties such as the ionic
product, density, viscosity, and dielectric constant of water show quick variations. Supercritical
water (SCW) is an excellent solvent for most homogeneous organic reactions owing to high
miscibility and the absence of any phase boundaries. It acts as a “nonpolar” solvent and has a
dipole moment of 1.85 D. The dipole moment is a measure of the ability of the solvent to form
dipoles. Water in the supercritical state is able to react with different compounds. As shown in
Figure 2, the dielectric constant, a gauge of hydrogen bond effectiveness, is 80 at normal
temperature and pressure and reduces substantially to 5 at the critical point, which is typical of a
non-polar solvent [149]. This is usually due to the reduction in ordered hydrogen bonds per
molecule of water with the increase in temperature. As a result, the affinity of water towards
hydrophilic molecules increases [174]. This change in the dielectric constant of water makes water
a suitable medium for solvating organic molecules, which causes reactions to occur in a single
phase, leading to higher reaction rates due to improved nucleophilic substitutions and eliminations
[175], and subsequent hydrolysis reactions [176]. However, the phase transition of water to its
organic form causes the precipitation of salts due to its decreased solubility, which often results in
clogging issues. The organic reactions that take place in acidic/alkaline pH occur in a neutral
condition in sub-critical water [177]. Similarly, water viscosity tends to decrease with an increase
in temperature, leading to a higher diffusion coefficient and mass transfer.

The ionic product of water (Kw) initially increases from 10 “mol>L 2at 25°C
to ~ 10" ™ mol? L 2at 300 °C, beyond which it drops sharply below 10 2 mol® L 2 at the
supercritical point [178, 179]. The initial increase in Ky proliferates [H"] and [OH"]. This promotes
heterolytic cleavage of aromatics and catalyzes acid/base reactions [180]. Delocalization of p-
electrons, owing to the substitution of hydroxyl groups, causes instability and benzene ring
cleavage [181]. The further decline in Ky is attributed to the decrease in density that leads to
accelerated free radical reactions [182].
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The role of water in hydrothermal processing cannot be underestimated. At high temperature, free-
radical mechanism proceeds via two phases. The first phase is an induction period wherein a
radical pool is generated. The second phase involves free radicals reactions. Both phases depend
on process variables [181]. Low water density supports the free radical reaction; however, high
water density dictates the ionic reaction mechanism [182]. Hydrolysis releases catalytic acid or
alkali from water and salt [183, 184]. The protons released at high temperature and pressure
generate alkyl and C—N radicals and cause ring opening of heterocyclic compounds [185]. Water
at a supercritical state shows the intermediate behavior of a liquid and a gas. The physico-chemical
properties of water with respect to temperature, summarized in Table 7, are obtained from Tekin
et al. and Onwudili and Williams [166, 186].

Table 7: Properties of water under different temperature regimes

Parameters Normal water Sub-critical water  Super-critical
water

Temperature (°C) 25 250 400
Pressure (MPa) 0.1 5 25
Density (g/cm?®) 0.997 0.80 0.17
Viscosity (m Pa s) 0.89 0.11 0.03
Dielectric constant 78.5 27.1 5.9

Heat capacity (KJ/kg/K) 4.22 4.86 13

PKsu 14.0 11.2 19.4
Thermal conductivity (mW/m/K) 608 620 160
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3.5 Effects of hydrothermal processing on biomass

Many studies focus on simple model compounds rather than real biomass to circumvent problems
associated with the heterogeneity and complexity of biomass. Glucose and xylose used as a model
for cellulose and hemicellulose, respectively, while phenol is used to model lignin, as cellulose,
hemicellulose and lignin are the main constituents of lignocellulose fractions. A few studies have
used methanol in models for alcohol and others have used 5-hydroxymethylfurfural (5-HMF), an
intermediate for glucose gasification. Cellulose is the main component in lignocellulosic biomass
fractions and mostly yields glucose [187]. The hemicellulosic fraction is made up of five-
membered carbons such as xylose and arabinose and six-membered sugar units like glucose,
mannose, and galactose, which may be substituted with phenolics, uronics, and acetyl groups [188].
Hemicellulose easily undergoes hydrolysis into oligosaccharides, monosaccharides, and other
products like furfural, hydroxymethylfurfural, and acetic acid via hydrothermal processing [189].
Similarly, xylan, a building block of hemicellulose, can be broken into xylose oligosaccharides
and intermediates that can be used as prebiotics, making them a highly valuable nutritive [190-
193]. The xylose oligosaccharides do not act as a direct source of nutrients for microorganisms
and thus require further breakdown into simple monosaccharides, by a chemical or enzymatic
approach, to be used as a medium for the production of xylitol [194-196], a reduced precursor of
xylose.

Hydrothermal processing has also been used for the production of lactic acid [197] and xylanases
[198]. Improvements in the recovery and purification of Xxylose oligosaccharides through
hydrothermal processing have been achieved by using active carbons [199] and ultra or nano
filtration membranes [200] and reactor configurations [201-203]. As discussed above, lignin and
other heterogenic polymers of phenolics are made up of p-coumaryl, coniferyl, and sinapyl
alcohols with the aromatic groups p-hydroxyphenyl, guaiacyl and syringyl [204, 205].
Hydrothermal processing is supposed to re-localize lignin on the surface of biomass, thereby
improving the accessibility of enzymes for hydrolysis [206-208]. Lignin components are usually
depolymerized through a series of reactions involving degradation and re-localization, the degree
of which depends on process conditions [209, 210]. The mechanism of lignin breakdown involves
the fast cleavage of lignin-carbohydrate bonds into low molecular weight and highly reactive lignin
fragments that undergo gradual re-condensation and re-polymerization in the presence of organic
acids [209, 211]. The release of soluble lignin is quantitatively determined at an ultraviolet (UV)
absorbance of either 205 or 280 nm, due to its aromaticity [212, 213]. Phenolics, by-products of
lignin degradation, are natural antioxidants and food additives [214, 215]. Guaiacol (G) units of
lignin are known to produce vanillin, vanillic acid, dihydroconiferyl alcohol, and guaiacol [216];
syringaldehyde, syringic acid and sinapaldehyde are usually obtained from syringyl (S) units of
lignin [217].

3.6 Hydrothermal liquefaction

Hydrothermal liquefaction (HTL) involves the thermochemical conversion of a broad range of
biomass types in the presence of hot compressed water at subcritical conditions into a liquid
product known as bio-oil [127, 218-237]. HTL requires an operating temperature of 300-350 °C
at 5-20 MPa for 5-60 min, wherein water is in the liquid phase [238]. The process begins with
solvolysis of biomass in micellar forms, the disintegration of biomass fractions (cellulose,
hemicellulose, and lignin), and thermal depolymerization into smaller fragments [239, 240]. HTL,
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which mimics the processing of fossil fuels buried deep inside the earth, occurs in minutes or hours
[241]. HTL produces oil with low oxygen content as opposed to other processes like fast pyrolysis.
HTL proves to be very energy efficient as it entails temperatures lower than those reached during
pyrolysis [242, 243].

The process is driven by a complex set of reactions and transformations in subcritical water. The
process mechanism involves the hydrolysis of biopolymers into water-soluble oligomers followed
by the breakup of intra- and intermolecular hydrogen bonds into simple monomers like glucose
and other products such as acetaldehyde, acetic acid, and furfural compounds [242]. Hemicellulose
is easily susceptible to hydrolysis around 180 °C [161]. Xylose, a component of hemicellulose,
may exist either in pyranose, furanose, or open chain form. The furfural is believed to form a
pyranose ring structure while formic acid and glyceraldehyde form an open structure [242]. Lignin
decomposes to phenolics in hydrothermal media [244]. During the hydrothermal run, the oxygen
content of the organics decreases from about 40% to 10-15% [245]. Oxygen is removed in the
form of a gas such as CO2, CO, CHg4, and H>. Along with gases, an aqueous fraction of water and
other small organics are formed. The products from liquefaction processes have fewer process
conditions and the resulting products can be safely stored and transported [246]. Srokol and
coworkers observed that the acid-catalyzed reactions result in a 5-hydroxymethylfurfural via
dehydration while base-catalyzed reactions produce glyeraldehyde, which could further break
down into lactic acid, formic acid, acetic acid, etc.

Figure 3 (A) depicts plausible pathways of bio-oil via hydrothermal liquefaction from
polysaccharides [247]. Polysaccharides are made of pentoses and hexoses bound together by
glycosidic bonds [248]. The degradation products of polysaccharides are comprised of low
molecular weight compounds such as phenols, ketones, aldehydes and acids, of which cyclic
ketones constitute nearly 50% [247]. During hydrothermal liquefaction, polysaccharides undergo
hydrolysis into monosaccharides, which further undergoes isomerization, cyclization and
dehydration to produce phenols or cyclic ketones. Carbohydrates are known to form aromatics
through ring opening and subsequent reactions involving cyclization and condensation [249]. The
plausible decomposition of proteins into bio-oil are summarized in Figure 3 (B) [247]. The
nitrogen-containing compounds are the major ones and consist of pyrroles, pyrazines, and amines.
Proteins undergoes hydrolysis into amino acids which then either proceeds decarboxylation to
produce carbonic acid and amines or deamination reaction into ammonia and organic acids [129].
The resulting molecules results in pyrazine, pyrrole, indoles, and aromatic amides molecules via
cyclization and condensation [250].
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Figure 3: Plausible pathways of formation of bio-oils via hydrothermal liquefaction of
biomass (Adapted from Yang et al. [247])

As shown in Figure 4, the formation of polycyclic nitrogenous compounds involves Maillard
reactions between reducing sugars and amino acids, obtained from carbohydrate and protein
hydrolysis, respectively [251]. The formation of Melanoidin-like polymers in Maillard reactions
occurs at a low temperature of 260 °C, which does not favor the formation of bio-oil [231, 251].
With an increase in temperature, the Melanoidin-like polymers decompose and turn into
monocyclic compounds like pyrazines and pyrroles, thereby improving bio-oil yield [251].
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Figure 4: Schematic of Maillard reaction network (Adapted from Peterson et al. [251])

Conditions such as temperature [134, 252-266], pressure [267-270], particle size [271], and
reaction times [134, 272-284] influence the conversion of biomass into bio-oil. Temperature
improves fragmentation and lignocellulosic fraction cleavage and has a considerable effect on
product yield. It is imperative to overcome the energy barrier and use sufficient activation energy
for biomass breakup to achieve higher concentrations of free radicals. Biomass liquefaction is
usually endothermic at low temperatures and becomes exothermic at high temperatures [285]. As
a result, bio-oil yield increases with temperature and reaches a point where a further rise in
temperature suppresses liquefaction. Reduced bio-oil yield could also be due to the dominating
secondary decomposition and Boudouard gas reactions [286] along with the recombination effects
of high concentrations of free radicals into char. At moderately low temperatures (< 275 °C), bio-
oil yield also shows a decline due to the partial breakdown of biomass components. Thus, it is
believed that an intermediate temperature range of 300-350 °C will likely result in a higher bio-oil
yield [287-289].

Pressure is another crucial factor in the hydrothermal liquefaction process as it helps maintain
water in the liquid state and thus incur savings by avoiding the high energy costs of a two-phase
system [143]. An increase in pressure results in the effective penetration and extraction of biomass.
However, pressure becomes insignificant and has little impact on liquid oil near or at supercritical
water liquefaction reaction conditions [268, 269, 290]. It should to be noted that a further elevation
of pressure under supercritical conditions results in higher local solvent density, which prevents
C-C bond fragmentation. Residence time affects product composition and hydrothermal
liquefaction conversion efficiency [274, 291]. As degradation under supercritical conditions
occurs rapidly, it is often desirable to have short residence times [292]. This is because the
dominating secondary and tertiary reactions in a temperature reaction medium form liquids or
gases from heavy intermediates and thus decreases bio-oil yield [285]. So, bio-oil attains maximum
yield, after which it declines with further increases in residence times [293].
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The nature of biomass feedstock affects bio-oil yield due to differing biomass compositions.
Hemicellulose and cellulose increase bio-oil yield while lignin goes into the residue fraction [294]
because hemicellulose, being amorphous, is easily susceptible to degradation, and cellulose, with
a relatively intermediate degree of polymerization, also tends to degrade; however, lignin’s
decomposition is limited by its high degree of polymerization and complex interlinkage [242].

The biomass type also affects the nature of the bio-oil. Loosely packed biomass liquefaction results
in bio-oil with high oxygen and moisture content that is undesirable as it lowers the quality and
HHV of the fuel [285]. The small particle size improves accessibility and penetration of heat,
thereby improving conversion rate and bio-oil efficiency. As grinding to the smallest possible size
may increase costs, it is better to have a standard particle size of 4-10 mm for the hydrothermal
run [285]. A summary of the factors influencing the hydrothermal liquefaction of biomass is
presented in Table 8.

Table 8: Summary of factors influencing the hydrothermal liquefaction of biomass

Factors Biomass type Reaction Remarks Ref.
conditions
Temperature Jack pine 200-350 °C  25% increase in oil yield [252]
powder with 150 °C increase in
temperature
Microalgae 180-300 °C  Temperatures lower than  [256]

275 °C promote lipid
extraction.  Temperatures
above 275 °C facilitate the
degradation of protein and
carbohydrates in biomass,
which increases oil yield.

Palm biomass 330-390 °C A temperature of 390 ‘C  [258]
yields maximum bio-oil due
to the increase in the rate of
decomposition via the
radical mechanism.

Algal cultures 260-320 °C  The highest biocrude yield  [259]
was obtained at 300 °C. An
increase in  temperature
caused the biocrude to
decompose into char/gas.

Microalgae 250-400 °C  The maximum bio-oil yield  [260]
of 51.22 wt% was obtained
at 400 °C, the temperature
considered to be optimum
for bio-oil production.

Algae 330-370 °C  The maximum bio-oil yield  [264]
was obtained at 360 °C.
Increasing the temperature
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Factors

Biomass type

Reaction
conditions

Remarks

Ref.

had a positive influence on
higher heating value.

Cornstalks

240-350 °C

Temperatures from 260 °C-
320 °C had no significant
effect on bio-oil vyield;
however, the solid yield fell
with an increase in
temperature.

[265]

Rice straw

Sawdust

Swine manure

Wood stalks

Microalgae

Oilmill
wastewater

Algae

Crude glycerol
and aspen wood

280-320 °C

180- 280 °C

260-340 °C

250 -290 °C

250-350 °C

240-300 °C

180-330 °C

380-420 °C

Up to 300 °C, there was no
significant change in the
bio-oil product distribution.
However, beyond 320 °C,
bio-oil yield fell.

Oil yield increased with
temperature.

Increasing temperature
from 260 to 340°C
increased the amount of bio-
oil by 9.3%.

The bio-oil yield increased
from 44.5% to 50.4% with
an increase in temperature
in ethanol solvent.
Conversion efficiency
increased with temperature
in this order: lipids >
proteins > carbohydrates.
Bio-oil yield improved from
28.25 wt% to 58.09 wit%
with an increase in
temperature while the solid
yield fell from 43.87 wt% to
17.18 wt%. The optimal
temperature was 280 °C.
Nannochloropsis sp.
attained the highest bio-oil
yield of 47.5%. Increasing
the temperature improved
biocrude yield.

Biocrude and char yields, as
well as biocrude
composition, were not
affected by temperature
changes.

[266]

[253]

[254]

[257]

[261]

[134]

[262]

[263]
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Factors

Biomass type

Reaction
conditions

Remarks

Ref.

Particle size

Pressure

Residence time

Algae

Grass perennials

Coal

Glucose

Fruit bunch,
palm,
kernel shell

Sawdust

180-300 °C

350 °C
370-490 °C;

up to 12.2
MPa

300-400 °C,
25-40 MPa

330-390 °C,
25-35 MPa

180-280 °C

Increasing the temperature
improved  biocrude oil
yield.  Biocrude yield
increased from 11% at 250
°C to 16.98% at 300 °C,
suggesting that the increase
in biocrude yield occurred
not only from lipids, but
also from other non-lipid
components  such as
proteins and carbohydrates.
The improvement in
biocrude oil is attributed to
hydrolysis and
repolymerization.

Particle size has no effect on
liquid oil yield.

An increase in pressure
resulted in high liquid yield
due to improved solvent
power and diffusivity.

Rate constant for glucose
degradation was lowered by
a rise in pressure, which
could likely be due to the
reduction in the
epimerization  rate  to
fructose.

The increase in pressure
caused an increase in
solvent density and
solubility. However, the
increase in pressure also
caused a caging effect. At
390 °C, the increase of
pressure from 25 to 35 MPa
reduced bio-oil yields.

In temperatures from 250 to
280 °C, longer reaction
times reduced oil yield due
to secondary reactions;
however, oil yield increased

[255]

[271]

[267]

[268]

[270]

[272]
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Factors

Biomass type

Reaction
conditions

Remarks

Ref.

Poplar wood

Sawdust

Kenaf

Willow

Oil mill
wastewater

Fermented corn
stalks

Microalgae

350 °C

150-450 °C

300 °C

400 °C,
32 MPa,
0-20 min

240-300 °C,
15-45 min

250-400 °C
15-105 min

100-400 °C,
10 s-60 min

at a low temperature (180
°C).

Poplar suppressed the bio-
oil yield except for very
high biomass-to-water
ratios

The conversion and yield of
gaseous products are the
same but the yield of bio-oil
increases with an increase in
reaction time.

The liquefaction time of 60
min resulted in an oil yield
of 77.2%.

A longer reaction time
negatively influenced the
biocrude yield while solid
residues and gas vyield
increased, signifying that
re-polymerization and
gasification are favored at
longer residence times.
Increasing residence time
promoted bio-oil yield, in
this case, an increase from
55.76 wt% at 15 min to
58.09 wt% after 30 min.
With a further increase in
time, gas and solid residue
yield increased. This could
be attributed to competing
depolymerization and
hydrolysis reactions.
Bio-oil yield increased until
30 min, after which it fell,
indicating that a longer
residence time  caused
depolymerization and
cracking of bio-oil.

Solid product vyields fell
with longer reaction times.
However, longer residence
times (t > 40 min) at higher

[273]

[274]

[275]

[276]

[134]

[277]

[278]
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Factors

Biomass type

Reaction
conditions

Remarks

Ref.

Spent coffee
grounds

Algae

Microalgae

Algae

Swine carcasses

Microalgae and
lignocellulosics

5-30 min

350 °C,
10-60 min

350 °C;
1.4-5.8 min

220-400 °C,
10-60 min

150-250 °C;
20-120 min

300 °C,
20-90 min

temperatures (300 °C)
reduced biocrude yield.

The highest biocrude yield
(31.63%) was reached after
10 min, after which vyield
fell. The bio-oil
decomposed with time.

A longer reaction time
reduced the yield of water-
soluble  biocrude  and
increased the yield of water-
insoluble biocrude.
However, total biocrude
yield was not affected by
residence time.

Higher biocrude yields were
obtained at lower residence
times, and greater energy
recovery was possible at a
residence time of 5.8 min.
Initially, biocrude yield
increased (39.54% at 50
min), but after 50 min. it
decreased.

The vyield of bio-oil
improved from 45.5 wt%
(20 min) to 58.2 wt% (60
min). The longer reaction
time (60-120 min) lowered
the yield due to prevailing
reactions involving
secondary cracking.
Biocrude vyield increased
with an increase in reaction
time up to 60 min, after
which it decreased. The
decrease is attributed to the
repolymerization and
recondensation of biocrude.

[279]

[280]

[281]

[282]

[283]

[284]
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3.6.1 Catalytic hydrothermal liquefaction
3.6.1.1 Homogeneous catalysts

The use of catalysts in hydrothermal liquefaction processes is intended to improve process
efficiency by reducing char and tar formation. Two types of catalysts, homogeneous and
heterogeneous, are reported in the literature and are summarized here.

Homogeneous catalysts, as shown in Table 9, comprise alkali salts such as Na.CO3, K2CO3z and
KHCOs3 [253, 255, 295-316]. Alkali salts reduce char/tar formation and improve product yield by
accelerating the water—gas shift reaction. They are economical to use for hydrothermal
technologies. The working mechanism involves the formation of esters through the
decarboxylation reaction between the hydroxyl groups in biomass and the formate ions in alkali
carbonates. Ester formation is followed by a series of reactions, i.e., dehydration, deoxygenation,
decarboxylation, and the dehydrogenation of micellar-like fragments into smaller ones. This is
followed by a cycle of rearrangements through cyclization, polymerization, and condensation
[317]. Karagoz et al. [318] suggested that potassium salts are more catalytically active than other
salts (K2CO3 > KOH > Na,CO3 > NaOH). Along with these salts, other catalysts in the form of
acids and gases have been used [319]. With homogeneous catalysts, there are some advantages:
decreased solids production, increased biocrude yield, and improved biocrude properties.
Moreover, the incorporation of alkali salts in the hydrothermal media elevates pH, thereby
decreasing dehydration reactions, which usually lead to unstable unsaturated molecules [320].
With NaOH, less char is produced [311]. This is because the OH™ neutralizes the molecules causing
polymerization in char formation. The polymerization reaction between the hydroxyl groups at the
residue surface and the carboxylic groups in the aqueous stream produces ester bonds, which form
char. Hence, NaOH cannot cause polymerization, due to the neutralization of carboxylic acids. As
a result, NaOH’s participation is restricted in condensation reactions [289]. A recent publication
discussed the use of catalysts such as colemanite and borax for the hydrothermal processing of
biomass [321]. According to the study, a borax catalyst is effective to 300 °C, and colemanite is
much more effective than borax.

Table 9: Homogeneous catalysts used for the hydrothermal liquefaction of model compounds
and biomass

Model Operating Reactor/ Catalysts Key Ref.

compounds/  parameter device/  (with/ findings/remarks/observations

Real biomass s tubing without

support)

Algae 300 °C Bench- KOH Biocrude yield increased from [255]
scale 16.98% (without catalyst) to
micro- 22.67% with KOH after 30 min at
reactor 10% solid loading.  The

incorporation of the catalyst
improved the extraction of
carbohydrates.

40



Model
compounds/

Real biomass

Operating
parameter
S

Reactor/
device/
tubing

Catalysts
(with/
without
support)

Key
findings/remarks/observations

Ref.

Kraft lignin

Wood

Sorghum

Pinewood
sawdust

Microalga

Birchwood
sawdust

Blackcurrant
pomace
Bamboo
chopsticks

280-350 °C

280 °C

300 °C

300 °C

300 °C

290-335 °C

290-380 °C

Batch

Batch

Tubular

Autoclav
e

Batch

Bench
top

Batch

Autoclav
e

K2CO3

K2COs,
KOH,
Na,COz3,
NaOH

KOH,

K2COs3

K2CO3

Na2CO3

KOH,
K2CO3

NaOH

K2CO3
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The catalyst increased the yield
of liquid products and reduced
char formation. The catalyst
improved the yield of monomeric
aromatics.

With K>COgs, the highest bio-oil
yield of 34.9 wt% with the lowest
solid residue yield of 6.8 wt%
was obtained. The order of
reactivity based on liquid yield
was: K2CO3 > KOH > Na,CO3 >
NaOH

With K>COs, biocrude had a
HHV of 33.1 MJ/kg, and the
highest biocrude vyield was
61.8%.

The use of K2COsz doubled the
bio-oil yield. The maximum bio-
oil vyield (30.8wt%) and the
minimum solid yield (28.9 wt%)
were obtained with ethanol
solvent. The use of water as
solvent reduced the bio-oil yield
as a fraction of bio-oil was found
in the aqueous phase.

Na>CO3 increased biocrude yield
to 51.6% from around 29.2%
without a catalyst. The catalyst
also led to the lowest energy
consumption ratio during the
hydrothermal run.

Biocrude oil yield with KOH
more than doubled (~ 40 wt%)
that under non-catalytic reaction.
Also, solid residue decreased
from ~ 33 to 12 wt%.

The catalyst increased bio-oil
yield and reduced char formation.
At 290 °C, vyield reached
21.2 wt% compared to 3.8 wt%
in a non-catalytic run. In addition,
the heating value increased to

[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]



Model
compounds/
Real biomass

Operating  Reactor/
parameter device/
S tubing

Catalysts
(with/
without
support)

Key
findings/remarks/observations

Ref.

Rice straw

Dried distiller
grain with
solubles

Sewage sludge

Algae

Wood

Corn stalk

Pinewood
sawdust

220-300 °C  Autoclav
e

350 °C Bomb
type

400-500 °C  Batch

250-350 °C

280 °C Autoclav
e

410 °C, Fixed-
25 MPa bed

300 °C, Autoclav
~793MPa e

Na.COs3

K2CO3

K2CO3,
Na2COs3

Na2CO3

K2CO3

Na2CO3

K2COs3

42

31.6 MJkg?, showing the
effectiveness of the catalyst.

The catalyst improved hydrolysis
of cellulose and hemicellulose in
the presence of glycerol. Na.COs3
promoted alcohol formation. Bio-
oil yield was 50.31 wt% under
optimum conditions of 260 °C.
The catalyst, together with the
recycled HTL aqueous phase,
increased the yield compared to
non-catalytic HTL; however, the
water content in the biocrude also
increased.

Catalysts decreased the yield of
biocrude at 50 wt% of dried
sludge.

The catalyst improved the
biocrude yield for high-
carbohydrate biomass at higher
temperatures (300-350 °C), while
high-protein  biomass yielded
more bio-oil at a lower
temperature (250 °C).

The absence of water yielded
liquid products equivalent to a
biomass/water ratio of 6.1 M.
K2CO3 showed the maximum
biomass conversion along with
considerable drop in solid residue
(by 4%).

The catalyst had a positive effect
at relatively higher temperatures.
Yield conversions increased to 95
wt% (dry basis); 77% liquid
product yield was reported at 25
MPa.

K2COs3 doubled bio-oil yield.
Maximum bio-oil was attained
(30.8 wt%) and the minimum
solid residue yield (28.9 wt%)

[313]

[314]

[315]

[316]

[253]

[298]

[299]



Model
compounds/
Real biomass

Operating
parameter
S

Reactor/
device/
tubing

Catalysts
(with/
without
support)

Key
findings/remarks/observations

Ref.

Oil palm shell

Barley straw

Barley straw

Cellulose

Polysaccharid
es

210-330 °C

300 °C

280-400 °C

200-

350 °C,
3 MPa
200 °C

Autoclav
e

Autoclav
e

Batch

Autoclav
e

Bomb-

type
batch

K2CO3,
Na.COz3,
NaOH

K2CO3

K2CO3

Na2CO3

CO;

when ethanol was used as a
solvent.

Similar results were obtained
with 10% K:COszand 10%
Na>COs while 10% NaOH had
maximum  solid  conversion
(84%) and liquid product
(53.4%). 10% NaOH also
reduced the gaseous product
yield.

K2CO3 produced more phenolic
compounds and less carboxylic
acid. Further analysis of solid
residue confirmed improved
decarboxylation of barley straw
liquefaction with KoCOs3. Carbon
and energy recovery doubled
with the catalyst. High biocrude
yield (34.85 wt%) was achieved
with K2COs.

A lower temperature favored the
formation of biocrude. High
biomass conversion (> 87 wt%)
was observed. The biocrude
yields were in the range of 20.35-
35.24 wt%. Optimal HTL
conditions were 300 °C. HHVs of
biocrude increased with
temperature, ranging from 26.75
to 3548 MJkg. Biocrude
consisted of carboxylic acid,
phenolics, ketones, and
aldehydes.

Alkali catalyst inhibited the
formation of char from oil and
caused stabilization of oil.

The glucose vyield increased by
49.3%. The production of 5-
HMF, a secondary
decomposition product  of
hexoses, dropped more in CO»-

[295]

[304]

[303]

[296]

[319]
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Model Operating Reactor/ Catalysts Key Ref.

compounds/  parameter device/  (with/ findings/remarks/observations
Real biomass s tubing without
support)
enriched water than in aqueous
HCI.

3.6.1.2 Heterogeneous catalysts

As discussed, homogenous catalysts such as NaOH, Na>COs, and KOH have been widely used
for the catalytic HTL of biomass. Homogenous catalyst recovery is expensive due to the cost-
intensive separation process and is also energy intensive. Although heterogeneous catalysts are
used mostly in hydrothermal gasification, a few reports have discussed the hydrothermal
liquefaction of lignocellulosic biomass to improve biocrude quality, as shown in Table 10. Some
gasification is needed to remove oxygen; however, prolonging it could reduce bio-oil yield.

Heterogeneous catalysts include platinum, nickel, and palladium. As these metals are rare, there
has been shift of focus to metallic oxides, i.e., zirconium dioxide (ZrO2) [271, 322-324]. Apart
from these catalysts, studies on catalytic hydrothermal liquefaction have used alkali catalysts,
which improve bio-oil yield. Other known metal oxide catalysts include MnO, MgO, NiO, ZnO,
Ce0O2, Lax03, etc. [325-327]. Nanocatalysts involving use of Ni have been tested as they have the
potential to improve bio-oil yield at low temperatures, which could help in the commercialization
of HTL [328]. Reductive noble metal catalysts such as Pt and Ru are expensive; therefore, an
attempt has been made to use a CuZnAl catalyst, which has the potential to covert furfural into
cyclopentanone via hydrogenation and hydrogenolysis [329]. Moreover, the activity of such
catalysts can be modified by varying Cu or Zn oxide and allows recycling through reactivation in
a H2 gas environment. Zeolite has been cited as a catalyst for the hydrothermal liquefaction of
biomass [307].

The transition metal improves the quality of bio-oil [330]. However, in order to avoid the
deactivation of catalysts during a hydrothermal run, catalysts showing high hydrothermal stability
are important. Keeping in mind industrial applications, carbonaceous materials such as carbon
nanotubes (CNTS) using activated carbon as a support for metallic catalysts are suitable because
they can provide a large surface area and recycle noble metals [331, 332].

The use of carbon nanotube-supported transition metals for the catalytic HTL of biomass into bio-
oil has also been studied [333]. Apart from catalysts, studies have considered co-solvents, which
scavenge unsaturated molecules that form through dehydration and that may otherwise be re-
polymerized. The most commonly used organic solvents are methanol, butanol, phenol, acetone,
and propylene glycol [334-338]. Another study on the use of transition metal chlorides (ZnCl,
CuCly, and NiCly) for subcritical hydrothermal liquefaction has also been performed [339].
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Table 10: Heterogeneous catalysts used for the hydrothermal liquefaction of model

compounds or biomass

Model Operating Reactor/device/ Catalysts Key findings/remarks/ Ref.

compounds/ conditions tubing (with/without observations

Real support)

biomass

Dunaliella 320 °C Autoclave Co/CNTs 95.78% conversion was [333]

tertiolecta achieved along with a

bio-oil yield of
40.25 wt%. The catalyst
produced bio-oil with
low O/C ratios.

Sorghum 300-350 °C  Tubular Ni2P, Ni/Si-Al performed [307]
Ni/Si-Al, better than all catalysts
zeolite tested. The resulting

biocrude yield was 45%
at 300 °C.

Fruit bunch 390 °C Inconel batch Cao, Catalysts, namely CaO, [325]

MgO, MnO, La203, MnO, and CeOo,
Zno, NiO, vyielded highest bio-oil
Sno, yield (about 1.40 times

CeO., Al,03  without catalyst).

Rice husk 300 °C Micro-reactor La20s, La;O3 produced the [326]
Dy203 highest biocrude yield of

32.5 wt% at a water/rice
husk mass ratio of 5. The
highest HHV (31.78
MJ/kg) of biocrude was
also  obtained. The
catalyst reduced the
amount of phenols and
acids and promoted
hydrocarbon formation.
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Model Model

Model

Model

compounds/ compounds/ compounds/ compounds/

Model compounds/

Model
compounds/

Bagasse

200-330 °C  Autoclave

MgMnO;

At optimized
conditions (250 °C
for 15 min), the
catalyst  liquefied
93.7% biomass. The
catalyst showed
good recyclability.
The increased OH
concentration due to
thermal hydrolysis
of the catalyst
improved biomass
liquefaction.

[327]

Coconut
shell

240-330 °C

Batch

ZnCl>,
CuCly,
NiCl,

and

The highest yield of
13.9 wt% of bio-oil
was reported. The
catalytic effect of
the transition metal
on cellulose
decomposition was
observed.

[339]

Microalgae
20 MPa

210-250 °C;

Batch

Ni/SiO>

The catalyst
improved the yield
of bio-oil. The
highest bio-oil yield
of 30 wt% was
reached at 250 °C.

[328]

Grassland
perennials

Stearic acid 400
25 MPa

300-450 °C

Parr  high-
pressure
vessel

°C, bomb type

S04>/Zr0Oy—
Al;QO3, solid
alkali CaO-
ZrO>

Zr0O,, CeOo,
Y203

At a heating rate of
140 °C/min, a liquid
yield of 82.1% was
reported for 1 min at
374 °C. Particle size
and catalysts had
little influence on
liqguid vyield. The
liquefaction process
with a fast heating
rate shored more
potential.

Catalysts enhanced
decarboxylation of

Ci7-acid into
CO2 and Cis
alkene.

[271]

[324]
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Distillers 350 °C, Stop-flow ZrO; No major effect of [322]
grains 25 MPa either catalyst or
reactor wall was
observed on bio-oil
yield or quality.
ZrO; acted as a poor
catalyst for HTL.

Waste 330 °C, Continuous  ZrOg, A high calorific [323]
25 MPa (loop) K2COs3 value bio-oil was
obtained. A BET
surface area
(32.7 m?/g) of ZrO,
was used

3.7 Hydrothermal gasification

Hydrothermal gasification is a process that involves a reaction temperature above 350 °C in the
absence of oxidants and produces a flue gas rich in either Hz or CH4, depending on reaction
conditions [340]. HTG is done in either batch or continuous mode. The batch process offers the
advantage of carrying out experiments at different concentrations and catalysts, while the
continuous system allows for studies of reaction kinetics. Hydrothermal gasification has three main
types: aqueous phase refining, catalytic gasification in a near-critical state, and supercritical water
gasification. Aqueous phase refining occurs at low concentrations at ~ 215-265 °C to produce H»
and CO: in the presence of a heterogeneous catalyst [341, 342]. The process is not desired unless
hydrogen is used in situ for the hydrogenation of biomass [343]. Catalytic gasification of biomass
in a near-critical state occurs at 350-400 °C and produces CH4 and CO: in the presence of a
heterogeneous catalyst wherein CO undergoes hydrogenation to CH4 [344-347]. This process was
first performed in a batch reactor at Battelle Memorial Institute [348, 349] and later realized in a
bench-scale continuous system [350]. Supercritical water gasification (SCWG) uses water at a
supercritical state in the range of 600-700 °C to generate mainly H> and CO> with/without a
catalyst. SCWG is preferred for biomass with a moisture content above 30% [351]. Even biomass
with a moisture content as high as 90% (w/w) can be gasified. SCWG uses high energy to raise
the temperature of water to 600 °C, and the energy content in the product can be easily recovered
by passing it through a heat exchanger. Heat exchangers operate at high pressures, which makes
heat recovery possible [352]. Moreover, reactors at supercritical conditions operate at high
pressure and do not require gas pressurization afterwards and thus the compressed medium allows
gasification to occur with minimal heat loss [353-355]. The further dissolution of reaction
intermediates in the reaction medium minimizes coke and tar formation [352]. When process
conditions and the nature of the catalyst are varied, the desired products are obtained [354, 356].
Hydrothermal gasification has significant advantages over traditional processes. The traditional
method produces low-quality syngas with impurities such as char/tar that lead to clogging issues.
This low-quality syngas needs to be purified, which increases costs [357, 358].

The products from hydrothermal gasification include CO2, Hz, CO, and CHa, with small amounts
of C2H4 and C2He. Figure 5 depicts the simplified process flow for the conversion of biomass to
gaseous products via aqueous intermediate compounds under hydrothermal conditions [359]. At
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low temperatures, cellulose undergoes hydrolysis into glucose, which is isomerized into mannose
and fructose [360]. At subcritical temperatures, the saccharides thus generated undergo
dehydration into furans and furfural compounds [361]. However, above critical temperature and
pressure, saccharides undergo hydration through free radical reaction to produce carboxylic acids
[361].

Lignin, a complex compound, consists of p-coumaryl, sinapyl, or coniferyl alcohols that hydrolyze
to produce phenols, cresols, syringols, guaiacols, and catechols. At subcritical conditions, these
phenolics can undergo dehydrogenation and dehydration into coke. Above critical conditions,
these phenolics degrade to form gases through the generation of intermediates such as aldehydes,
alcohols, ketones, and carboxylic acids [359].

Lignin alkali initially undergoes hydrolysis to form phenol and formaldehyde, which gets
converted into gaseous products [362]. In other pathways, compounds such as formaldehyde and
phenol may also undergo cross-linking to form resins through reactions with reactive sites in
supercritical water conditions. Hence, lignin not only produces low-molecular molecules but also
produces high molecular weight char or tar [363]. The product composition and yield are
influenced by a number of design and operation parameters. Key parameters include temperature,
pressure, time, heating rate, reactor type, and the nature of the catalyst.

Dehydration Hydration

Hydrolysis

Hydration

Dehydration and
dehydrogenation Hydration

Figure 5: Hydrothermal gasification of biomass to gaseous products via aqueous
intermediates (Adapted from Madenoglu et al. [359])

As SCWG proceeds to the critical point of water, the gasification of biomass into H> and CH4
occurs through reactions (a) and (b):

CeH1206 + 6 HO — 6 CO2 + 14 H> @)
CeH1206 — 3 CH4 + 3CO2 (b)

H> formation is endothermic while CH4 is somewhat exothermic. As per Le Chatelier’s principle,
H> would dominate CH4 at elevated temperatures; however, CH4 would be favorable at high
pressures. Thus, free radical reactions are favored at high temperatures and low pressures during
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gas formation [364]. Higher temperatures lead to higher conversion but reduce SCWG’s energy
efficiency. Hence, it is desirable to achieve gasification at lower temperatures with the help of
catalysts. The types of catalysts used for SCWG are discussed in detail in the next section.

SCWG involves methanation (c), steam reforming (d) and water-gas shift (e) reactions.

CO + 3Hz — CHs + H20 (©
CeH1005 + H,.O -6 CO + 6 H> (d)
CO+H20—-CO2 +H2 (e)

The extent of gasification is expressed in terms of gasification efficiency, which is a measure of
the fraction of H> or C in the gaseous product to that in the feeding stream. Carbon gasification
efficiency (CGE) increases with temperature, reaching ~100% at 700 °C, while H; efficiency
exceeds 100% and reaches ~158% efficiency at 740 °C. The enormous increase in H» efficiency
is attributed to the abstraction of H from H>O, which depicts the role of water as a reactant and
medium. In a continuous reactor, gas yields are presumed to be unaffected by the reaction time
after complete biomass conversion into gases [355, 365]. In batch reactors, reaction time has a
profound effect on yield [366]. When reaction time increases from 30 to 120 min, the gaseous
yield falls. Heating rates also affect yield in batch reactors. High heating rates tend to have high
gaseous yields [367]. The percentage of biomass in the input stream also changes the product yield
[368-370]. As biomass concentration increases, a high temperature is required to achieve complete
gasification [368]. In general, CGE ranges from 92-100% for lower feed concentrations and drops
to 68-80% above 10%. CHg yields increase with biomass concentration, and a gas mixture of CO»
and H: tends to form at low biomass concentrations [369]. Experiments involving hydrothermal
gasification technology without catalysts are summarized in Table 11 using references [371-381].
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Table 11: Experiments in the hydrothermal gasification of model compounds or biomass without catalysts

Model compounds/

Real biomass

Operating
conditions

Reactor/device/
tubing

Key findings/remarks/ observations

Ref.

Glucose, fructose

Glucose

Glucose

Wheat straw,

walnut shell,
almond shell

and

300-400 °C,
25-40 MPa

600-767 °C,
25 MPa

175-400 °C,

25 MPa

420-440 °C,
25 MPa

Continuous

Continuous tubular

Continuous

Batch

The decomposition of glucose produced fructose
(isomerization), 1,6-anhydroglucose
(dehydration), and erythrose and glyceraldehyde
(C-C bond splitting). Fructose didn’t form
1,6-anhydroglucose and showed no

isomerization into glucose. The proposed
mechanism for products involved C-C bond
cleavage by reverse aldol condensation and Lobry
de Bruyn—Alberda van Ekenstein transformation.
At 1.8 wt% glucose, a H: yield of 11.5 mol/mol
glucose was reported. High CE (91%) and low
TOC (23 ppm) indicated complete conversion of
glucose into gaseous products, which was
attributed to the enhanced water-gas shift reaction
and flow stability.

Decomposition kinetics studies showed that the
reaction order fell from 1.0 at 448 K to around 0.7
at 673 K. This was attributed to a shift of reaction
from an ionic mechanism to a radicalic one.
Wheat straw showed the highest hydrogen
gasification (23%) and carbon gasification
(44.92%) efficiencies. With an increase in reaction
time, the gasification efficiencies increased. Total
gas yield increased up to 30 min and remained
constant thereafter.

[371]

[372]

[373]

[374]
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Fruit wastes,
Agro wastes

Wood residues

Ulva macroalgae

N-hexadecane

Beet-based
distillery
wastewater

Phenol and alanine

Marine biomass

400-600 °C,
15-45 min

500-600 °C,
20-42.5 MPa

400-550 °C; 25
MPa

525-605 °C;

15-22 MPa

300-375 °C

400 °C;
22-26 MPa

300-600 °C

Tubular batch

Autoclave

Batch

Tubular

Batch

Batch

Batch

Temperature was the dominant factor in the
gasification of biomass. A longer reaction time
improved thermal cracking reaction. At 45 min, Hz
yield was 0.91 mmol/g compared to 0.69 mmol/g
at 15 min.

Biomass with lower lignin and higher extractives
produced more gaseous products. With increased
pressure, carbon gasification efficiency reduced.
A short residence time (7 min) was sufficient for a
suitable conversion rate. At 550 °C, H2, and CH4
exceeded 15 mol%.

With an increase in temperature, yields of H, and
CO2 improved, suggesting an improved water-gas
shift reaction. A reduction in pressure improved
the yields of gaseous products.

After 45 min of reaction time, the H> mole fraction
reached 48.8% at 375 °C. At a longer reaction time,
the water-gas shift reaction reached equilibrium,
indicating a gradual increase in Hz along with a
moderate reduction in CO and CO- fractions.
With 60 wt% alanine, the highest H> yield was
reported. The reaction mechanism involved the
decomposition of alanine to aldehyde, acids, and
gases. The aldehyde and phenol condensed to form
phenolic resin tar.

With biomass loading of 0.08 g

ml, corresponding H2 and CH4 yields were 10.37
mol/kg and 6.34 mol/kg at 600 °C. An increase in
temperature and decrease in biomass loading
improved gasification yield.

[375]

[376]

[377]

[378]

[379]

[380]

[381]
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3.7.1 Catalytic hydrothermal gasification

Effective degradation of biomass into low-molecular weight gaseous compounds requires high
operating temperatures (up to 600 °C). High temperatures result in a high yield; however, the high
temperature lowers process energy efficiency. Hence, gasification at a lower temperature is
desirable and is often carried out by catalyst. The use of catalysts improves the yield and quality
of fuels. It is also known to enhance gasification performance at mild conditions, thereby showing
huge promise as a suitable candidate for supercritical hydrothermal gasification. As for
hydrothermal liquefaction, the literature highlights two types of catalysts, homogeneous and
heterogeneous, and they are discussed below.

3.7.1.1 Homogeneous catalysts

The use of homogeneous catalysts such as alkali metals (NaOH, Na>COs3, K2CO3, KHCO3, etc.)
on sub- and supercritical gasification of biomass, as shown in Table 12, has been widely reported
in the literature [156, 290, 382-393]. Such catalysts are often used to improve the water-gas shift
reaction. The catalytic effect of K.CO3 was reported in a number of studies for the catalytic SCWG
of a broad range of model compounds and biomass types [359, 382, 394-398]. K.CO3z shows
activity through the formation of HCOO'K* [367, 399, 400]. The process involves the release of
CO2 and H3 via formic acid as an intermediate through reactions (f-j):

CO+H20 - HCOOH <+ CO2+H:> (f
2KHCO3 — H20 + K2CO3 + CO2

(9)

K2CO3 +H> — KHCO3 + KOH (h)
KOH + CO — HCOOK 0]
HCOOK +H20 — KHCO3 + H; @

NaOH has also been found to enhance the water-gas shift reaction and favor H, formation and
gasification efficiency [383, 401-407]. Hydrogen gas was believed to form through the release of
CO and carboxylic acids through the decarbonylation of hydroxylated carbonyl compounds,
followed by the generation of hydrogen gas through the water—gas shift reaction. Another H»
production route was believed to occur through the reaction of sodium salts of simple carboxylic
acids with water. In addition, the catalytic effect of KOH is due to the enhanced water-gas shift
reaction through formic acid as an intermediate [156, 384]. Despite the potential of alkali catalysts
for high hydrogen yield, they cause plugging, fouling, and corrosion [408]. An experiment with a
SCW fluidized bed system for biomass gasification at 923 K and 30 MPa showed no reactor
plugging up to 30 wt% glucose and 18 wt% corn cob [409]. In addition, the positive effects of
natural mineral catalysts such as trona, dolomite, and borax have been realized with SCWG [410].
The rapid dissemination of knowledge of this technology provides future possibilities for scale-up
operations. Onwudili et al. [406] predicted the possibility of scale-up for Hz in a semi-continuous
mode through the elimination of CO2 as Na2COs. Thus, Na.COs acted as both catalyst and C
sequestration agent. A study by Lin et al. [404] involved the integration of a water-hydrocarbon
reaction, a water-gas shift reaction, CO> absorption, and various pollutants in a single process,
HyPr-RING (Hydrogen Production by Reaction Integrated Novel Gasification).
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Table 12: Homogeneous catalyst use for the hydrothermal gasification of model compounds or biomass

Model Operating Reactor/device  Catalysts Key findings/remarks/observations Ref.
compounds/ conditions /tubing (with/without
biomass support)
Humic acid 375- 600 °C, Fixed-bed batch K2COs3 The catalyst increased the gas yield to 1.64 mol/kg. [397]
~24 MPa However, the H» yield decreased more than it did
without catalytic SCWG.
Timothy grass 450-650 °C;  Tubular KOH, KOH acted as the best catalyst in increasing H> and [386]
23-25 MPa K2COg3, CO vyield via the water-gas shift reaction. The yield
NaOH of 8.91 mol/kg was obtained.
Wood and char 450 °C, Batch K2CO3 K2CO3 increased the yield of Hz through the water- [398]
products from 27 MPa gas shift reaction.
pyrolysis
Cellulose, 300-600 °C Batch K2COs3 At 600 °C, maximum yields of H> and CH4 were [359]
lignin alkali obtained in the presence of a catalyst. The catalyst
promoted gasification and prevented char formation.
Xylose 600 °C, 42.5 Batch K2CO3 The catalyst improved the carbon gasification [387]
MPa efficiency (86%) at 600 °C and 20 MPa. Maximum
H> and CO> yields were obtained using a catalyst.
Lignin, 650 °C, Batch K2COs3 A high temperature (~650 °C) and catalyst loading [388]
cellulose, 26 MPa (~100%) resulted in a high H» yield.
waste biomass
Horse manure 400-600 °C, Tubular batch Na2COs, A high H» yield was observed at 600 °C after 45 min. [389]
23-25 MPa K2COs, A H: yield with a 2 wt% catalyst followed the order:
NaOH Na2CO3>K2CO3>NaOH.
Paper waste 450 °C Batch K2COs3 The catalyst resulted in a Hz yield of 7.5 mol/kg [390]
sludge through the water-gas shift reaction. It also enhanced
H> and CO: production, while not affecting CH4
much.
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Model Operating Reactor/device  Catalysts Key findings/remarks/observations Ref.
compounds/ conditions /tubing (with/without
biomass support)
Mannose 700 °C, Batch K2CO3 The catalyst improved the H» yield to 10.34 mol mol~ [391]
20 MPa ! from mannose. Acetic acid was the main component
in the aqueous phase during gasification.
Lactose 550-700 °C;  Continuous NaOH, KOH, Catalysts inhibited char formation and promoted H> [392]
22.5 MPa Na2COs3 at low temperatures. The main gases produced were
H2 and CO..
Phenol 400-600 °C, Batch K2CO3 The catalyst, at high temperatures, enhanced [393]
20-42.5 MPa gasification. The reaction produced a CHas-rich gas
along with CO2, H», and CO.
Pyrocatechol 500 °C, Tumbling and KOH At 600 °C (2 min) or 700 °C (1 min), 99% of the [156]
25 MPa tubular feedstock was gasified.
Cotton stalk, 500 °C, Autoclave K2COs, Trona, The catalyst improved in the H> yield through an [382]
corncob, tannery 3 °C/min red mud accelerated water-gas shift reaction and the methane
waste reformation. Fe-based catalysts show potential for
gasification.
Para- 400 °C Bomb NaOH The primary reactions were the Cannizzaro reaction [383]
formaldehyde and the self-decomposition of HCHO. The
Cannizzaro reaction dominated with increased OH™
in the homogeneous phase.
Wastewater 450-550 °C,  Continuous KOH Maximum  Hz generation was achieved by [384]
(organics) 25 MPa accelerating the water-gas shift reaction rate. The H»
amount in the gas phase increased with oxidants in a
limited range due to the competing oxidation and
gasification reactions.
n-hexadecane (n- 273 °C, Bomb NaOH The catalyst showed no effect on the conversion of n- [385]
Cis) 30-40 MPa C16 and promoted the formation of 1-alkenes and H.

organosolv-lignin

The H: yield with NaOH was almost four times
higher than that without a catalyst (with and without
0>).
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Model Operating Reactor/device  Catalysts Key findings/remarks/observations Ref.

compounds/ conditions /tubing (with/without
biomass support)
Rosa Damascena 500-600 °C,  Batch K2COs3, Trona The gaseous products consisted mostly of Hz, [394]
residues 35-45 MPa CO2, and CHa4. Total yields of combustible gases
were more than the CO; yield. Aqueous gasification
products had carboxylic acids as the main
component. High temperatures increased total
gaseous Yields but decreased aqueous products.
Conversions amounting to 90% gaseous and 8%
aqueous at 600 °C were reported.
Cauliflower 600 °C, Continuous K2COs, The catalyst resulted in a mixture of gases like Hz, [395]
residue, acorn, 35 MPa Trona CO2, CHs4, CO, and a small amount of
tomatoes residue, C> compounds. The Hy yield (mol gas/kg C in feed)
extracted acorn of acorn was 7 times more in the presence of Trona
and hazelnut shell (53.5 mol H2/kg C in feed) than that without catalyst.
The use of Trona was realized as a more economical
catalyst than commercial ones.
glucose 500 °C Batch NaOH An increase in H» yields of 135% with NaOH vs. [401]
non-catalytic process at a water-biomass ratio of 3.
Dewatered 400 °C, Batch NaOH NaOH not only promoted the water-gas shift reaction [402]
sewage sludge ~22.1 MPa but also captured CO3, driving the reaction with Ni
catalyst towards more Ho.
Acetic acid; 600 °C, Tubular flow NaOH H> and CO; yields were highest at a 0.2 wt% of [403]
phenol 40 MPa NaOH,; this can be attributed to the hydrogenation of
phenol to benzene to cyclohexane.
Organics 600 -700 °C, Micro-autoclave NaOH The process involved a novel Hz generation method [404]
12-105 MPa (HyPr-RING). A higher temperature and pressure
increased H» yield, although the effect of temperature
was greater.
Glucose, 330-390°C  --- NaOH NaOH improved H; yield during the water-gas shift [405]
molasses, reaction by inhibiting tar/oil and char and promoting
rice bran
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Model Operating Reactor/device  Catalysts Key findings/remarks/observations Ref.
compounds/ conditions /tubing (with/without
biomass support)
CO- intermediate compounds. H> vyield increased
with reaction temperature and time.
Glucose 200 °C, Batch NaOH Half the optimum H» gas yield was achieved at [406]
2 MPa to 350 °C and 21.5 MPa, and > 80% (v) H2> gas at
450 °C, 450 °C and 34 MPa. Apart from H2, methane
34 MPa constituted >10% (v). The H2 generation rate
followed the order: glucose > cellulose, starch, rice
straw > potato > rice husk.
Organosolv lignin 400 °C, Batch-type NaOH The H: yield was four times higher than without [407]
30 MPa bomb catalysts due to partial oxidation and decomposition
of lignin to H».
Hard-shell nut 300-600 °C, Batch Trona, Gaseous product (wt%), H>, and CHg yields followed [410]
residues 8.8- dolomite, the order: almond shell > walnut shell > hazelnut
40.5 MPa borax shell.  Activities  were in  the  order:

trona >borax > dolomite. The aqueous phase
contained acetic acid for all biomass types and
exhibited the highest yield with walnut shells.
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3.7.1.2 Heterogeneous catalysts

Though homogeneous catalysts can accelerate water-gas shift reactions, they cause problems
related to plugging, corrosion, and fouling [367]. Heterogeneous catalysts, however, have high
hydrogen selectivity, recyclability, and CGE [400]. The literature reports three types of
heterogeneous catalysts used for SCWG: activated carbon, transition metals, and oxides. The
carbon derived from plants, shells, and wood has been used as a heterogeneous catalyst for
supercritical water gasification due to its high stability in reducing environments along with a high
degree of dispersion [154, 411-413]. These carbons include activated carbons like charcoal,
coconut shells, and coal-activated carbon. The catalytic effect of activated carbon is thought to be
due to the adsorption of the reacting species onto the carbon surface [414]. Although carbon forms
a good catalyst support with no solid acid-base properties, the lack of metallic support results in
reduced metal dispersion on the carbon surface.

Several studies have described the application of transition metal catalysts (supported/unsupported)
in SCWG reactions, i.e., Raney nickel [157, 415-419], ruthenium [420, 421], and other noble
metals. According to Huo et al. [422], the activity and selectivity of a porous Ni catalyst for
cellulosic conversion to methane is believed to occur through pyrolysis, hydrogenation, and
methanation. Nickel supports, with the aim of improving CGE, have been reported in the literature
[401, 423-429]. de Vlieger et al. [424] showed that a high dehydrogenation activity of Pt-Ni
catalysts resulted in high Hz through the suppression of CH4 and acetic acid. Another study used
a fixed bed Ni/Ru catalyst to develop a wastewater clean-up facility [430].

Ni/Ni supports, though economical, are usually unstable and suffer from the effects of sintering in
both batch and continuous mode [153]. The combined effect of catalyst structural changes and
limited life performance of Ni deactivate it in hydrothermal media [431]. A study on the
supercritical water gasification of wood at 300-410 °C and 12-34 MPa for 90 min resulted in
complete gasification, though the Raney Ni surface was found to have carbon deposits [432].
Elliott et al. [433] performed experiments to improve an Ni catalyst by adding Ag, Ru, Sn, and Cu.
Also, the effect of Ce loading to inhibit carbon deposition during the SCWG of glucose was studied
in an autoclave reactor at 673 K and 24.5 MPa. With the Ce loading content of 8.46 wt%, the
maximum H: yield and selectivity were recorded [434]. Ni has shown activities with other
compounds such as lignin and cellulose [296, 435-437]. Another known transition metal,
Ruthenium (Ru), is known to be a highly active catalyst for low temperature catalytic gasification
reactions [438-444]. Catalytic gasification involves the dehydrogenation of reacting species onto
a catalyst surface and the scission of C-C or C-O bonds. Further breakdown of C-C produces
synthesis gas, which proceeds through water-gas shift and methanation, whereas C-O breaks down
into alcohols and organic acids [400]. Ruthenium is also known for high metal dispersion due to
reduced metal loadings. Ni or Ru supported on zirconia, titania, y-alumina, or activated carbon are
highly stable at severe oxidizing and corrosive reaction environments [153, 438, 445-457].
Nonetheless, a few reports highlight the poisoning effect of Ru/C, presumed to be from the
presence of S in the form of SZ and SO42 [458-460].

Other works have studied Pt as a catalyst on aqueous phase reforming reactions [461] and ZrO:
for SCWG [385, 462]. Finally, oxides of Cu, Mn, Co, Al, Ca, Zr, Ce, and Ru have been shown to
be effective for catalytic SCWG [463-467]. It is interesting to note that the reactor materials, made
of alloys, affect the reaction. The designs of the “new” Hastelloy [155, 365] and Inconel [468, 469]
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reactors use heavy metals, which show catalytic activity towards water-gas shift reactions and
methanol reforming. Yu et al. [470] studied the SCWG of glucose at 600 °C and 34.5 MPa in
reactors made up of the new Hastelloy and Inconel. The gasification efficiency in the new
Hastelloy reactor and the Inconel reactor dropped to ~ 85% and ~ 68%, respectively, witha 0.8 M
increase in glucose concentration, and Inconel was found to catalyze the water-gas shift reaction.

Heterogeneous catalysts tend to undergo sintering, which deactivates catalysts. A recent study
discussed the use of a bimetallic catalyst in hydrothermal processes [471]. The use of a dual metal-
support catalyst was reported for supercritical water gasification with the aim of improving H>
yield [472]. Table 13 illustrates the use of heterogeneous catalysts for the hydrothermal
gasification of various biomass compounds.

Table 13: Heterogeneous catalysts used for the hydrothermal gasification of model
compounds or biomass

Model Operati  Reactor/ Catalysts Key observations Ref.
compounds/ ng device (with/with
biomass conditio /tubing  out
ns support)
Glucose 750 °C, Batch Ni/Zr The highest H> yield (22 mol [429]
30 MPa (Ce,Y)O2- /kg) was obtained. The catalyst
d provided hydrothermal stability

and had anti-carbon deposition
properties. The addition of CeO>

improved gasification
efficiency.
Glucose 450-700 Parr type Ni/MgO, Ni/MgO had a superior effect on [418]
°C, stirred Ni/ZnO, the  gasification efficiency,
vessel Ni/Al,O3, attributed to the enhancement of
Ni/TiO> the water-gas shift reaction.
Biocrude 500-700 Continuo Dual metal The highest carbon gasification [472]
°C us (Ni, Ru)- efficiency (92%) was obtained.
tubular dual High temperatures favored H:
support yield while high concentrations
(Al20s3, resulted in higher CHa.
ZrQ2)
Plastics 450 °C,  Batch RuO:2 20 wt% RuO:2 resulted in a [444]
10-38 carbon gasification efficiency of
MPa 99 wi% and a hydrogen
gasification efficiency of over
100%. In the presence of the
catalyst, the water-gas shift
reaction and steam reforming
occurred simultaneously.
Pine wood, 300-500 Tubular  Ni The catalyst accelerated [419]
wheat straw ~ °C, batch methanation and water-gas shift
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Model Operati Reactor/ Catalysts Key observations Ref.
compounds/  ng device (with/with
biomass conditio /tubing  out
ns support)
23-25 reactions. The lower biomass
MPa concentration ~ was  easily
hydrolyzable.
Glucose 500 °C, Continuo Ni  Ru/y- At500 °C, the catalyst produced [454]
~ 275 us flow Al;0O3 the maximum Hz (0.68 mol mol
MPa tubular 1 carbon-fed) and highest
gasification efficiency (> 0.98
mol mol™?). The catalyst showed
good activity and stability.
Microalgae 385°C, Batch Raney Ni,  The catalyst improved the yield [455]
26 MPa Nickel/a- asymptotically (80-90%) over
alumina time. The main gas products
obtained followed the order:
CH4>CO; >H, >CO
Valine 500-710  Fixed- AC, Ni— Ni-Y/AC achieved a carbon [456]
°C; bed Y/AC, Ni- gasification efficiency of 98.1%
28 MPa Pt/AC, and at 600 °C, and total gas yield
Ni—-Pd/AC increased with temperature. The
catalyst disintegrated amines in
the effluent.
Sugarcane 360 °C;  Micro- Cu with y- The  unpromoted  catalyst [467]
bagasse 18 MPa  reactor Al203- resulted in the highest yields of
MgO H> (10 mmol/g of biomass) and
gas (41 mmol/g).
Glucose 400 °C Ni/activate An 81% H; yield was reported [401]
d carbon with Ni/activated carbon (AC),
(AC), 62% with Ni/MgO, 60% with
Ni/MgO, Ni/CeO2/Al,O3 and 52% with
Ni/CeO2/A Ni/Al203. H: yield increased by
1203, 6.9% with AC and 36.9% with
Ni/Al2O3 Ni/AC.
Glucose 500 °C, Autoclav Raney Gaseous products were H», [408]
30MPa e nickel and CO2, CH4, and C2Hs. H> yield
K2COs3 doubled with K>COs. Ni
improved CHg yield.
Corn, potato 710°C Hastelloy Coconut Gases like H2, CO2, CH4, CO, [411]
starch  gels, C-276 shell AC and a little C2Hs were obtained
and sawdust tubing Gas yield (>2 L/g) with 57

mol% H> was reported at the
highest temperature.
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Model Operati Reactor/ Catalysts Key observations Ref.
compounds/  ng device (with/with
biomass conditio /tubing  out
ns support)
Corn starch 650 °C,  Hastelloy Coconut Gases suchas Hz, CO2 and CHs  [412]
28 MPa  C-276 shell AC with little CO resulted from the
tubing reaction. The catalyst remained
active over a 6 h period.
Chicken 700 °C Fluidized Activated  The catalyst improved the H, [413]
manure 30 MPa  bed carbon yield of 25.2 mol/kg at 600 °C.
The catalyst increased the
carbon gasification efficiency at
low temperatures.
Glycerol, 600 °C,  Inconel Spruce Complete conversion of glucose [154]
glucose, and 34.5 625 wood (22% by wt in water) to H>
cellobiose MPa tubing charcoal, achieved at a weight hourly
macadamia space velocity (WHSV) of 22.2
shell h. The carbon catalyst was
charcoal, deactivated after < 4 h without
coal swirl in the entrance region of
activated the reactor.
carbon, and
coconut
shell
AC
Microcrystall  400- Quartz Ni, Fe, Cu, Exhibited highest H> vyields [417]
ine cellulose 600 °C Zn, (16.0 mmol/g) from Ni (surface
and Zirconium  area/biomass weight ratio of 240
organosolv wires, mm?2/mg); H atom content in the
lignin ruthenium  product gas stream was 70%,
powder, with > 60% of C atoms gasified.
and Raney
nickel
slurry
Cellulose and 325 °C batch Ni The maximum CHgyield of [422]

glucose

73.8% was achieved in the
presence of 0.1 mol of Zn and
1.0 g of porous Ni catalyst with
at 325 °C for 2 h. A porous Ni
catalyst was effective for the
conversion of glucose into CHa.
Acetoin, hydroxyl-2-propanone,
and 1,2-ethanediol acted as
liquid intermediates for the
formation of CHg4 during the
reaction.
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Model Operati Reactor/ Catalysts Key observations Ref.
compounds/  ng device (with/with
biomass conditio /tubing  out
ns support)
Glucose 350- Batch a-Al20s3, The highest carbon conversion [423]
410 °C carbon was achieved from o-Al20s3,
nanotube carbon nanotube (CNT), and
(CNT), and MgO supports; modest activities
MgO from SiO2, Y203, hydrotalcite,
supports, YSZ, and TiO2; and no activities
SiOo, from zeolites were observed.
Y203, The  maximum hydrogen
hydrotalcit  selectivity with 20% Ni/o-
e, yttria- Al>O3 at 380 °C was found.
stabilized
zirconia
(YSZz), and
TiO2
Ethylene 450 °C, Continuo Al203 Methanol, ethanol, and acetic [424]
glycol 25MPa  us supported  acid were the main liquid by-
Pt and Pt— products. The deactivation of Pt
Ni and Pt—Ni catalysts occurred due
to the hydroxylation of the
Al>O3 surface by acetic acid.
Glycerol 450- Inconel-  Ni Ni/YSZ was found to be [425]
575 °C, 625 supported  effective for gasification but
25 MPa La;03, a-  caused higher methanation. The
Al203, y- maximum  Hzyield  from
Al;Os3, Ni/La203 was reported.
ZrO,, and Reactions with moderate space
YSZ velocities  (WHSV =6.45h1)
and 5% glycerol showed higher
hydrogen selectivity and yield.
Sugarcane 400 °C batch Ni/CNTs The high internal surface of [426]
bagasse and Ni—- CNTs had a noticeable effect.
Cu/CNTs  Ni/CNT nanocatalysts improved
the hydrogen yield by a factor of
5.84. The promoted NI/CNT
with 7.5 wt% copper had 25.9%
reduction in CHg.
Polyethylene 390 °C,  Inconel Ni/ZrO» Gas yield and CGE increased [427]
glycol 24 MPa 625 with Ni loadings but decreased
contaminated with PEG concentration.
wastewater
Glucose, 600- Bench- RuNi/y- A y-Al203-supported Ni [428]
organic 750 °C,  scale Al;03 or catalyst was found to be
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Model Operati Reactor/ Catalysts Key observations Ref.
compounds/  ng device (with/with
biomass conditio /tubing  out
ns support)
waste, and 24 MPa continuo RuNi/activ effective in catalyzing the
sludge us down- ated carbon SCWG of a simulated aqueous
hydrothermal flow (AC) waste feedstock. However, the
liquefaction tubular catalyst showed deactivation
process during the SCWG of real waste.
An AC-based catalyst exhibited
higher stability and activity in
the SCWG of real waste.
Composite 650 °C, Hastelloy RuO2/y- The presence of a catalyst [443]
refuse 45 MPa Al20O3 improved carbon gasification
derived fuel efficiency up to 99 wt%. In
(RDF) addition, H, and CHs yields
increased.
Macroalgae 440 °C, Batch Fe-Ni- The highest Hz yield of 12.28 [452]
25 MPa  microrea  Ruly- mmol/g was obtained with a 2
ctor Al2O3 wit% catalyst. Hydrogen
selectivity was 0.74.
Glucose 500 °C Quartz Ru/Al,O3  With a catalyst, the gas yield [453]
capillarie improved with longer reaction
s (batch) time. Phenols and arenes were
found to be stable in
supercritical water and thus
showed little decomposition.
The catalyst inhibited char
formation.
Sugarcane 400 °C, Batch Y- With increased Cu loading, CO, [465]
bagasse 24 MPa  micro- Al O3 with CO2, and Hz increased.
reactor Cu However, the addition of
potassium reduced gas yield. A
catalyst with 20% Cu and 2.5%
potassium on alumina was
reported to be highly selective.
Alkali lignin ~ 400-600 Batch Ru/C Higher temperature, longer [421]
°C reaction time, higher water
density, and lower reactant
concentration favored biomass
gasification. A  gasification
efficiency and carbon
conversion efficiency of 73.74%
and 56.34% were achieved.
Wood 300- Batch Raney The highest CH4 yield of 0.33 [432]
410 °C, Nickel g/g wood was observed.
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Model Operati Reactor/ Catalysts Key observations Ref.
compounds/  ng device (with/with
biomass conditio /tubing  out
ns support)
12-34 Complete  gasification  was
MPa achieved after 90 min.
Organosolv- 400 °C,  Tube Ru/TiO2, Ru/TiO2 showed stable [438]
lignin 37.1 bomb Ru/C, activities; Ru/C exhibited high
MPa Ru/y- lignin gasification; Ru/y -Al203
Al2O3 lost its activity despite having
higher activity initially.
Organosolv-  250- Tube Ru/TiO2 Ru resulted in high CH4 yield [441]
lignin 400 °C bomb with no solid product; there was
a rapid degradation of
formaldehyde into gases such as
CHa, CO2, and Hz.
Celluloseand 500 °C, Autoclav Ru/C, The treatment of 10 wt% [446]
sawdust 27 MPa e Pd/C, cellulose or sawdust with CMC
CeO2 in the presence of Ru/C yielded
particles, 2-4 g Hz and 11-15 g H2/100 g
nano-CeO, feedstock.
and nano-
(Cle)x02
Glucose 600 °C, Continuo (Ni,Ru,Cu A H:yield of 38.4mol/kg [448]
24 MPa  us-flow and  Co) glucose was obtained with
tubular and Ni20/y-Al203 (y-Al203 with
promoters 20 wt% Ni); Mg and Ru were
(e.g., Na, the effective promoters of the
K, Mg, or Ni/y-Al.03 catalyst and reduced
Ru) deposits of coke and tar during
supported  reaction.
on(y-
Al,0O3,
ZrOz, and
AC)
Glucose 650 °C,  Tubular  NI/AC, A Ni-Y/AC catalyst showed [450]
28 MPa  flow Ni-Y/AC, high gasification performance
Ni-Fe/AC  among the catalysts studied. Fe
and Ni— and Co loading into the Ni/AC
Co/AC did not improve Hyyield; Y
loading into the Ni/AC was
presumed to prevent coke
formation.
Glucose and 400- Batch ZrO» Hydrogen yield almost doubled [462]
cellulose 440 °C, with the addition of ZrO»,
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Model Operati Reactor/ Catalysts Key observations Ref.
compounds/  ng device (with/with
biomass conditio /tubing  out
ns support)
30-35
MPa
Glucose, 400 °C, Inconel RuO:2 Gases such as Hz, CHs, and [463]
cellulose, ~30 MP 625 COa2: were obtained. RuO2 was
heterocyclic a and not affected by nitrogen
compounds,  500°C, compounds; carbazole was
paper sludge, ~50 MP gasified completely.
and sewage a
sludge
Cellulose, 400 °C, Batch Ni A decrease in gas production [157]
xylan, and 25 MPa was observed from lignin
lignin mixtures; H» yield dropped from
the reaction of cellulose
intermediates with lignin.
Glycerol 700- Tubular  Ru/Al203  Anear-theoretical yield of 7 mol [420]
800 °C fixed-bed of H2 was observed.
Microalgae 400 °C, Continuo Ru/C A good catalytic activity [460]
28 MPa  us persisted over 55 hours, after
which  sulphur  poisoning
deactivated the catalyst.
Industrial 300-375 Batch MnOz., The catalytic activity followed [464]
waste streams °C CuO and the order: Co304 > CuO >
Co0304 MnO». High temperature (375
°C) and longer reaction time (45
min) favored H> production.
Fruit pulp 400-600 Batch Ru/C With a biomass ratio of 2.5%, [451]
°C the highest Hz yield was 54.8
mol/kg biomass. The
gasification  efficiency was
150.8%.
Phenol water 350 °C, Ni There was no deactivation of [457]
20 MPa (Ni/C/Al;  catalysts at 2 g L™ of phenol
O3) concentration. Catalyst activity
improved with time and the
conversion of phenol reached
100%.
Black liquor  350-450 Batch CeO2 The catalyst decreased the [466]
°C, production of carbonaceous
25 MPa solids; however, the H» yield

was largely unaffected, as the
catalyst was mainly involved in
hydrogenation reactions.
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Model Operati Reactor/ Catalysts Key observations Ref.

compounds/  ng device (with/with
biomass conditio /tubing  out
ns support)
Furfural 200-400 Batch Cu+Zn, Two elements with different [471]
°C, Co+Ni, combinations showed improved
23-25 Cu+Ni gasification efficiency
MPa Zn+Ni compared to single metal
catalysts.

3.8 Hydrothermal carbonization

Hydrothermal carbonization (HTC) converts biomass into a value-added product (solid fuel) at a
comparatively low temperature (180-250 °C) and saturated pressure (2-10 MPa) [473-476]. The
resulting product has carbon content similar to lignite with mass yields varying from 35 to 60%
[477-481]. The obtained aqueous phase has most of the dissolved organics in the form of carbon
with a minimal amount of gas [477, 482, 483]. The process is influenced by the nature of its
feedstock as well as loading and process conditions [473, 479, 480, 482]. The carbonization
improves the heating value and dewatering capability of the feedstock [484]. Process efficiency
and dewatering capacity are improved by boosting the solid yield and recycling, respectively [484].
In addition, solid loading has a positive effect on product distribution [479, 480], and the process
design is positively affected by internal heat recovery [485-487] as the HTC reaction heat is usually
low [488]. Carbonaceous materials from hydrothermal carbonization are used in super capacitors
and fuel cells for energy storage. The application of hydrothermal carbonization material in energy
storage, conversion, and fuel cells is presented in Table 14 [489-503].

Hydrothermal carbonization (HTC) is widely used to convert lignocellulosics into solid hydrochars,
which have better physico-chemical characteristics than raw feedstock [504]. HTC technology
uses batch and semi-continuous systems, both of which have rendered it less economically viable.

Figure 6 provides insight into the reaction pathways with key products for hydrothermal
carbonization [126]. The blend of phenols, organic acids, and ketones form biocrude through
hydrothermal liquefaction. At critical conditions of water, reactions pertaining to free radicals
become prevalent and gasification becomes favored, leading to the formation of CH4 and H» [342].
To facilitate the formation of a solid product such as char, the process temperature must be
controlled to avoid liquefaction and gasification. The glucose dehydration to form 2,5-hydroxy-
methylfurfuraldehyde followed by aldol condensation outlines the formation of substances like
carbon spheres [473, 477, 505]. The chemistry involving reactions such as oxidation, esterification
and etherification on the hydroxymethyl group and reactions such as oxidation, reduction and aldol
on the formyl group have been reported [506]. Also, solid-solid interactions, as in the case of
torrefaction, have been investigated [507]. The composition of HTC is also supported by reaction
pathways through liquid and solid state to form coke and char, respectively [477, 508].
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Figure 6: Reaction pathways involved in hydrothermal carbonization (Adapted from Kruse
et al. [126])

HTC is also used in char production as it has high energy content, good grindability, and high
hydrophobicity [509]. Using spectroscopic methods, a hydrochar microspheres-based chemical
model the discernible core and the shell of hydrochar particles, which is shown in Figure 7 [510].
In the formation of hydrochar microspheres via hydrothermal carbonization of saccharides,
sucrose and starch hydrolyze to form corresponding monosaccharides such as glucose and or
fructose [248]. Starch also produces maltose, and the fructose is obtained by glucose isomerization
[248]. The monosaccharides such as glucose and fructose break down into lower molecular weight
compounds like organic acids, thereby lowering pH [511]. The hydronium ions produced act as a
catalyst for oligosaccharide degradation into the corresponding monosaccharides, which further
undergo a series of reactions involving ring C-C bond breaking and dehydration into furfural
compounds [512]. The compounds thus generated undergo further decomposition to form
aldehydes, acids, and phenols [512]. Following the series of reactions, the monomers and the
decomposition molecules undergo condensation and polymerization into polymers [513]. The
polymerization reactions are enhanced by aldol condensation or intermolecular dehydration [510].
This reaction phenomenon also causes polymer aromatization. As their concentration approaches
the critical supersaturation point, nucleation occurs, which further grows through diffusion at the
surface of the chemical species that are linked to the microspheres via hydroxyl, carboxylic, and
carbonyl groups [514]. As a result of these reactions, carbonaceous microspheres with stable
oxygen groups in the form of pyrone or ether are produced [510].
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Figure 7: Diagram showing hydrophilic/hydrophobic core-shell structure of the hydrochar
microspheres via hydrothermal carbonization (Adapted from Sevilla et al. [510])

The HTC process leaves the char less dusty, which improves pelletization characteristics [515,
516]. The commercial realization of HTC has suffered because of its high temperature and pressure
requirements, which increase costs. Pellet quality is measured in terms of mechanical durability,
that is, its ability to remain intact during handling or storage [517]. Reza et al. [518] reported that
pellet durability improved when HTC temperature increased. Hoekman et al. [516] reported that
pellets obtained from hydrochar show good durability at temperatures as low as 200°C. Durability
can further be enhanced at higher temperatures, but high temperatures produce pellets that are
more brittle. Similarly, a temperature below 200°C produces less durable pellets, as the pellets
swell when immersed in water. Nonetheless, hydrochar from HTC produces highly stable, water-
resistant pellets [516].

The high cost of commercial HTC technology comes from the need for hydrochar to bind torrefied
or raw biomass. Hydrochar is as an effective binder because of the furan and phenolic resins
obtained from the degradation of hemicellulosics and cellulosics [516]. Hence, hydrochar
improves the durability and pelletization characteristics of other biomass feedstocks. Liu et al.
[519] studied the durability and combustion characteristics of hydrochar/lignite pellets. They
concluded that hydrochar, along with lignite, improved the tensile strength of blended pellets,
especially with a hydrochar fraction > 50%.

There are logistics associated with the large-scale commercial use of HTC pellets. Commercial
HTC technology should have applications that include technical and economic benefits beyond
commercial biomass. HTC biochar can be used as a solid biofuel. The industrial application of
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HTC biochar uses pelletization technology and thus the transportation, handling, and storage of
pellets affecting its mechanical durability are important in industry from an economical point of
view [520]. Pellet crumbling leads to problems that reduce combustion efficiency and increase
emissions [520]. Another logistic problem originates from HTC’s hydrophobicity, which
influences the mechanical durability of pellets. Also, with the aim of making HTC technology
more environmental friendly in order to develop it commercially, the treatment of spent liquor
through anaerobic digestion [521-526] and the influence of the recirculation of spent liquor have
been studied [527-530]. Recirculation helps increase the mass and energy yields of the hydrochar
product, which further affects the economy of the process.

Recently, a pilot-scale study was proposed for the HTC of lignocellulosics into solid fuels, which
shows the relevance of solid fuel production from wet biomass [531]. More than 80% of energy
yields are obtainable through the HTC of woody biomass at pilot scale, which indicates how much
energy content from the feed is converted into solid fuel [532]. Hence, the future of HTC is
promising in terms the conversion of wet biomass to solid fuels [533, 534]. Hydrochar has several
applications such as fuel source, catalysts, soil amendment, adsorbent, and energy storage [535].
However, recent research interests are oriented towards the production of hydrochars that have
application in industry [162, 536]. Comments on the application of HTC for biochar production
provided in Table 14 were obtained from various sources [533, 535, 537-546].
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Table 14: Application of material from HTC in energy storage, conversion, and fuel cells

Model compounds/ Applications Ref.
Biomass
Loblolly pine wood Used continuous HTC process through the fast HTC reactor with a retention time of 20-30s. [537]
chips Hydrochar showed high energy densification and pelletization characteristics. At 290 °C,

hydrochar yield was 85% based on dry feedstock.

Bagasse from land plant HTC performed on plant after biocrude was extracted and hydrochars were pelletized. The [538]

(Grindelia) HHYV increased by up to 26 MJ/kg at 260 °C.

Woody biomass and Hydrochar pellets showed high mechanical strength and their moisture content decreased to [539]

agro-residues < 2%. Pellets had increased mechanical durability and combustion characteristics, suggesting
their suitability as solid fuels.

Cassava rhizome Biomass hydrochar at 200 °C showed thermal characteristics similar to a low-rank coal with [535]
an HHV of 23.7 MJ/Kkg, suggesting its potential as a renewable fuel.

Bamboo The combustion characteristics of biomass increased along with its HHV. At 260 °C, the HHV [540]
increased from 17.1 MJ/kg (raw biomass) to 20.3 MJ/Kkg.

Rapeseed husk Microwave-assisted HTC resulted in a hydrochar HHV of 21.57 MJ/kg, suggesting its [541]
potential application as a solid fuel.

Bio-oil The HHV from hydrochar produced from the HTC of bio-oil was 4.35-5.29 times higher than  [542]

the initial feed, signifying a new approach to remove unstable components of bio-oil through
the production of high energy-rich hydrochars.

Sludge The addition of acetic acid as a catalyst improved the HTC reaction rates, thereby increasing [543]
the HHV of hydrochar to 20.2 MJ/kg on average. Other catalysts studied with this biomass
were borax and zeolite.

Eucalyptus bark A higher temperature improved the HTC of biomass, resulting in hydrochar with high fixed [533]
carbon and HHV as well as improved thermal stability. The HHV values for hydrochar lay in
the range of 27-28.2 MJ/Kg, showing potential for solid fuel application.

Corn stalk Corn stalk was transformed into hydrochar at a reaction severity of 5.05-8.29. As it increased [544]
to 7.11, the hydrochar had properties similar to those of coal. The hydrochar yield ranged
from 71% to 36%.

Cellulose, xylan, lignin  The optimum temperature for greatest energy efficiency was 220 °C. Cellulose and [546]
hemicellulose had a significant impact on the properties of solid fuel. An increase in carbon
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Model compounds/ Applications Ref.
Biomass
contents and fixed carbon was reported following hydrothermal carbonization. The calculated
calorific values of hydrochar were 23-26 MJ/kg at 220 °C.

Sludge Acetic acid was an effective catalyst for this biomass. Hydrothermal carbonization of [543]
mixtures of sewage, acetic acid, and cassava pulp had energy contents of 28.5 MJ/kg, which
are comparable to natural coals, showing potential to use these mixtures as a fuel for
combustion.

Sludge residue The carbon content of hydrochar obtained had energy densification ratios of 1-1.5 and energy [545]
yields of 60-100%. At higher temperatures, solid yield dropped to ~40%.

Cellulose, potato Showed good capacitance retention ability (175 F/g). [489]

starch, and eucalyptus

wood sawdust

D-glucose HTC nanospheres were employed as anodes in Li* and Na* batteries. [490,

491]

Cellulose Ni/C material was prepared by hydrothermal carbonization and the resulting PtRu/C anode [492]
electrocatalysts showed high performance for DMFC, unlike Vulcan XC72 carbon.

Glucose Glucose in situ hydrothermal carbonization from carbon riveted PtRu/C catalyst were used in  [493]
methanol fuel cells.

Digested sludge Exhibited potential for solid fuel due to increased C and FC (fixed carbon) content. Reduced [494]
C-O and aliphatic C-H with an increase in aromatic C-H from CHx functional group were
observed.

Sewage sludge Resulting solid fuel showed higher FC and lower volatile matter, hydrochars with a fuel ratio [495]
up to 0.18, and HHVs of 0.98-1.03. The removal of 60% of the nitrogen and sulphur resulted
in a cleaner fuel.

Black liquor Improved vyield, HHV, C recovery, and total energy recovery efficiency of solid fuel at [496]
265 °C.

Chitosan A facile carboxylated chitosan hydrothermal process resulted in N-doped carbon-coated [497]

CoSnO3 composites with improved lithium storage properties and a reversible capacity of
650 mAh gt even after 50 cycles.
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Model compounds/ Applications Ref.
Biomass

Microalgae (S. Synthesized microporous N-doped carbon materials (areas up to ~2200 m? g %) based on [498]

Platensis) and glucose HTC and chemical activation processes. While working with neutral LiCl electrolyte, the

mixtures porous carbons produced at 700-750 °C showed a retention of 80% of the capacitance at a
current density of 20 A g .

Commercial sugar Carbon microspheres (5-10 um diameter) and uniform nanopores were synthesized by HTC- [499]
assisted microwave together with KOH activation. This process resulted in a superior specific
capacitance (about 179.2 F/g) at a current density of 1 A/g and cycling performance over
1000 charging/discharging cycles with a KOH/C of 1:1 and a microwave irradiation level of
70%.

Polytetrafluoroethene A CaCOs-assisted template carbonization method was developed as a means of disposing [500]

waste PTFE waste and the resulting nanoporous carbon materials showed the potential for super-
capacitor application.

D (+) glucose Electrical double layer capacitors were formed from the 1-ethyl-3-methylimidazolium [501]
tetrafluoroborate and carbon electrodes; they showed ideal polarizability (AV <3.2V), a
short charging/discharging time constant (2.7 s), and a high specific series capacitance
(158 F g ).

Glucose A graphene/AC nanosheet composite was obtained by HTC together with KOH treatment. [502]
Nanosheet had specific capacitance of 210 F gt in aqueous electrolytes and 103 F gt in
organic electrolytes.

Hazelnut shells Nanoporous carbons behaved as anode materials for lithium ion batteries; the best cycling [503]

performance in Li cells was reported by HC-MA formed by MgO templating of hydrochar.
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3.9 Issues with hydrothermal technologies
3.9.1 Economic considerations

Economic considerations are important, both with respect to a novel technology itself and with
implementation. The economic viability of a plant helps determine the profitability of a technology
and the costs associated with optimizing it.

Based on an economic assessment, the competitiveness and feasibility of a process can be
compared to known conventional technologies. Though several techno-economic assessments
have been done for thermochemical-based conversion processes such as fast pyrolysis and
conventional gasification [547-564], cost analyses are available for biomass-based hydrothermal-
based HTL [143, 565-568] and HTG [569-571] processes. The Pacific Northwest National
Laboratory (PNNL), under the sponsorship of the National Advanced Biofuels Consortium
(NABC), performed bench-scale HTL and upgrading experiments for woody biomass. The techno-
economic study included the development of a large-scale commercial HTL and upgrading
platform for bio-oil production for two cases, a state-of-technology (SOT) case with experimental
results from the HTL process, and a goal case that assumed plausible future improvements for
mature HTL technology [567]. The results showed that production costs were lower for the goal
case, which assumed decreasing organics loss to the aqueous phase that led to higher product yields
and reduced wastewater treatment costs. The cost results from the SOT case highlighted that the
bio-oil production cost, based on the current HTL process, is not competitive compared to
petroleum-based gasoline. Although the results from the goal case look promising for bio-oil
production from woody biomass through HTL, the lack of process knowledge and concepts has
financial risks. The main factors influencing the bio-oil production cost are feedstock cost, product
yield, and upgrading equipment cost. The identification of key parameters will be necessary in a
future research study.

Techno-economic studies on bench-scale experiments for lipid-extracted microalgae (LEA) liquid
fuels through hydrothermal liquefaction (HTL) and upgrading processes have also been
undertaken [572]. The results show that the HTL process is promising for the production of liquid
fuel compared with conventional gasoline and diesel. However, uncertainties in feedstock cost had
a major influence on production cost. Other key factors influencing production cost were product
yield and equipment cost for upgrading. Faeth et al. [573] reported that costs for a continuous HTL
process can be reduced through lower residence times. In another study, catalytic hydrothermal
gasification (CHG) was performed for the conversion of wet LEA to methane together with
wastewater treatment through HTL [574]. The coupled HTL and CHG improved biocrude yield
and overall economics. Jones et al. [575] evaluated the economics of hydrothermal liquefaction
(HTL) and catalytic upgrading of whole algal biomass to obtain renewable diesel fuel. In their
study, the feedstock cost had the most significant impact on diesel fuel cost. The economic study
highlights the need to look for improved cultivation, harvesting, and dewatering methods to reduce
feedstock costs.

The feasibility of SCWG has setbacks due to current hydrogen costs. It costs around three times

as much to obtain H through direct biomass gasification than through the steam methane
reforming (SMR) of natural gas [576]. The cost of obtaining H> from natural gas via SMR is 1.5-
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3.7 US $/kg (assuming a 7 US$/GJ natural gas price) and 10-14 US$/GJ from biomass [577]. The
high operating and capital costs for high-pressure supercritical water systems poses economic
challenges. The lack of understanding of SCWG technology, together with net positive energy and
economic considerations, limits the ability to obtain hydrogen from commercial SMR. However,
there have been a few techno-economic studies on supercritical water gasification technology for
biomass and algae. In 1997, General Atomics came up with first cost estimate for an SCWG using
sewage sludge with dry matter contents of 20% and 40%; however, their estimate was based on a
supercritical water oxidation (SCWO) plant because there is relatively little known about the novel
SCWG technology [578]. In 1999, Amos calculated cost estimates for starch waste with a 15%
dry matter content and product gas cleaned by expensive membrane technology [579]. The
membrane alone made up more than 35% of the purchased equipment costs. In 2002, Matsumura
et al. [569] estimated the costs for supercritical gasification using water hyacinths with a 5% dry
matter content. Their estimate included only the investment costs for bulk plant components and
left out the costs of piping, engineering, services, etc. Including these costs raises the total
investment costs fourfold. Gasafi et al. [570] studied the economics of SCWG using sewage sludge
as feedstock with the aim of producing hydrogen. According to their findings, the hydrogen cost
production was about 35.2 € GJ? if no revenues from sewage sludge disposal, which were
significantly higher than the cost of hydrogen obtained through electrolysis (26.82 € GJ™?), are
considered. In 2013, Brandenberger et al. [580] estimated costs for microalgae cultivated in ponds
and photo-bioreactors for synthetic natural gas (SNG) production using SCWG and reported that
the economic challenges are due to the cost of algal biomass production, which are 94% of the
required capital investment. In 2014, the results from a techno-economic analysis of glucose and
sewage sludge for hydrogen production via SCWG were studied [571]. The authors of that study
found that there were no profits associated with a glucose feed concentration of 15% until the price
of hydrogen goes beyond 5 $/kg. The SCWG technology still needs to be optimized through a
proper understanding of process concepts and plant components to improve economic efficiency.

More research is needed on hydrothermal processing technology to make it economically feasible.

3.9.2 Gaps in knowledge

The reactor configuration and design have a crucial role in the process run and affect process
reaction kinetics. The main challenges in reactor design are related to enhancing heat integration,
handling plausible poor heat transfer due to contact between the incoming reactor effluent with the
reactor feed owing to its high viscosity, and decreasing costs of the reactor system itself when
operating at high pressures [581]. These challenges require an experimental analysis of required
heat transfer coefficients at various locations in the process to determine proper heat integration.
Moreover, the type of material for the HTL reactor design needs to be evaluated by taking into
account harsh reaction conditions and possible corrosive effects. Considerable research is needed
to improve the suitable liquid hourly space velocity (LHSV) in the HTL reactor system. The pump
needs to be able to handle high solids content. The feasibility of separating bio-oil and water at the
reactor temperature and pressure is yet to be determined. This is important because efficient bio-
oil separation from an aqueous phase will increase the yield of bio-oil.

A study of prevailing reaction rates and products from biomass processing through hydrothermal
technologies will help us understand how to optimize reactor design. HTL bio-oil yield is
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influenced by factors such as temperature, feed solid content, the nature of the biomass, and
residence time. A detailed characterization of all the products obtained from hydrothermal
processing (i.e., bio-oil, agueous, gaseous, and solid products) is required. Considerable effort is
needed to comprehend bio-oil stability and quality and thereby better understand ongoing process
reactions and upgrading needs. This effort would also be important when options for transporting
bio-oil offsite (when an upgrading plant is not co-located with HTL plant) are identified. The
characterization methods, which use equipment such as GC/MS, NMR, and HPLC for product
analysis, are critical to understanding the nature of the reactive species influencing product quality
and yield. However, analytical techniques such as chromatography cannot accurately predict high
molecular weight compounds due to the technique’s low resolution and limited selectivity.

A study on the continuous flow system is needed to understand process development for
commercial applications. The catalyst has an important role in determining process yield and
performance. There are research gaps with respect to catalyst maintenance, stability, plausible
regeneration, and subsequent lifetimes. Improving the long-term use of catalysts is essential both
to improve their performance and to minimize deactivation during reactions.

Supercritical water gasification, another hydrothermal processing technology, is a promising
approach for handling wet biomass. However, an analysis of SCWG design suggests that the
feasibility of the process depends on feed type and concentration. Clogging, plugging, and char
formation are major problems in the SCWG of biomass. In addition, the limited dissolution of
inorganic salts in biomass under supercritical water conditions causes precipitation during SCWG
and these salts combine with char and plug the reactor. Though continuous stirred reactors and
fluidized beds can handle plugging problems, there are underlying issues with the complex design
and the high energy demands in the process. Thus, an efficient SCWG reactor system design is
still being developed. Another technical challenge is in selecting material to avoid corrosion in the
reactor. The extreme environments in the SCWG process require materials capable of preventing
corrosion. In addition, pumping biomass at high concentrations is an issue. In order to optimize
the process, efficient and better energy recovery equipment is needed. The wide use of metal
catalysts such as Ni and Ru in the SCWG of biomass are aimed at improving Hz production;
however, they are known to cause a methanation reaction and produce CHs. The selectivity
towards H production and, in turn, the stability of the catalyst at supercritical conditions, presents
a challenge. Catalyst poisoning, loss, and deactivation during SCWG pose technical challenges
and suggest the need for catalyst supports to prevent unwanted side reactions and enhance
H> yields.

Process optimization and research in the areas of hydrothermal processing will likely improve
product yield and thus profitability.

3.10 Conclusion

Hydrothermal processing technologies have significant potential for biomass with high moisture
content. We conducted an extensive literature review to understand the current state of various
hydrothermal processing technologies. Studies differ with respect to their analysis of experimental
results yet provide in-depth understanding for future process development. In general,
hydrothermal processing precludes an energy-intensive pretreatment step for bioconversion to
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useful products. This review focused on different hydrothermal processing technologies, namely
the liquefaction, gasification, and carbonization of individual biomass fractions/whole biomass,
and their effects on process conditions. The nature and yield of products from hydrothermal
technologies depends on factors such as catalyst, feedstock type, the nature of the solvent, and
process conditions. The nature of biomass in terms of protein, carbohydrates, and lipid fractions
determines the compositional yield of the product type. The effect of a catalyst on product yield
cannot be dismissed, as it changes the compositional characteristics of the product obtained. Thus,
the choice and selection of catalyst for a particular application is important in view of its major
influence on the yield and desired properties of the final product. Hydroprocessing technologies
have not yet been commercialized due to a number of technological gaps and economic constraints.

Technological gaps with respect to various plant components include reactor design for process
development and optimization in order to achieve a thermal efficiency high enough to attain an
economic process. A synergistic effect of the individual components in the process design is
crucial for efficient operation. Considerable challenges remain in the area of catalyst recycling and
regeneration in order to improve the lifetime and efficiency of the hydrothermal process. Along
with technological constraints, there are economic bottlenecks. As the technology uses high
pressure equipment, the process has high capital investments.

If economically feasible, a process can be practically achievable. However, cost studies are not
enough to support the development of large-scale processes. Commercialization requires testing
with different feedstocks to understand the process. In addition, integrating a techno-economic
analysis with energy tools helps understand energy flow and consumption, which have a direct
impact on cost. Internal recovery of heat and power in an integrated system would reduce external
energy demands and costs, thereby improving technology costs. A sensitivity analysis combined
with Monte Carlo simulations for risk analysis would help evaluate the technology properly.
Although hydrothermal technologies have several challenges, such as environmental concerns,
depletion of fossil fuel reserves, etc., research towards specific fuels targeted for the transportation
sector and as raw materials for the chemical industry continues. In view of this, hydrothermal
technologies hold significant promise, and research and development continues to overcome the
barriers associated with the technology for plausible market integration in future.
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4 Analytical Model to Predict Microalgae Yields in Open Pond Raceway
Systems Based on Local Solar Irradiance

Significant micro-algae research continues to be conducted globally based on the potential for
these single cell plants to meaningfully address growing global challenges related to clean air,
clean water, food, and energy. The primary objective of this section is to develop a data-intensive
analytical model to predict the cultivation of algae biomass at a scale of 2,000 tonnes dry biomass
per day in OPR systems applicable to Canada’s cold climate regions. The key specific objectives
of this study are:

% To analyze Canadian site-specific climate data to determine the different model parameters in
an OPR system applicable to Canada’s cold climate regions;

% To develop a bottom-up analytical model to predict the cultivation of algae biomass in OPR
systems located in different sites;

¢+ To conduct the comparative analysis of algae biomass yields between selected OPR sites;

+ To perform sensitivity analyses of various parameters such as thermal energy, harvesting
period, inoculum concentration on the predicted biomass yield; and

« To estimate the impact of supplementing solar light with artificial light on the predicted
biomass yield.

4.1 Methods

A flowchart for the development of the SATOPR (SATellite Open Pond Raceway) algae
cultivation model can be seen in Figure 8.
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Algae growth kinetics to create the model:

-Solar irradiance:
— A-ERT
Beer's Law
-Media Temperature:
Arrhenius Eqgn. Ig = Lipie X e

Rosso et al.

(=ax D)

Satellite input data
-Geographic (Lat : Long)
-Date / Time
-Solar irradiance & ambient temperature

Model site specific algae cultivation
- Establish algae cultivation protocols

- Geographic location (Lat : Long)

- Date / Time

- Calculate season length

- Harvest schedule

Validate predicted yields against experimental results:
- Normalize experimental data
- Calculate predicted yield
- Correlation between predicted and experimental

Figure 8: Flowchart for the SATOPR algae cultivation model

Satellite meteorological data is available for geographical locations in Canada, as well as other
regions around the globe [582]. The two key parameters required by the model include solar
irradiance and media temperature [583]. These parameters are discussed in more detail below.

Because of our interest in evaluating and comparing algae yield results from various locations and
our need to validate our model, we selected 2014 as the year for which we would calculate the
annual yields of our OPR systems. This period coincided with experimental data sets from different
locations that we would use for validation.
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4.2 Algae species — Nannochloropsis oceanica

The analytical model was created with the intention to fix certain key variables including the algae
species to be cultivated. Since the experimental data sets involved the cultivation of the algae
species Nannochloropsis oceanica, this is the species cultivated in our modeled cases. In a study
by Singh et al., the maximum growth rate achieved under varying light wavelengths and intensities
was 0.64 d* under phototrophic and 0.66 d* in mixotrophic conditions [584]. Sandnes et al., in
agreement with Singh et al., found that specific growth rates increase with temperature, peaking
at between 25-29 °C, with growth quickly destabilizing beyond 30 C [585]. Likewise, the optimal
temperature would increase as light intensity increases up to 28 °C at 80 umol photons m? s with
a recorded growth rate of 2.3 dt. Maximal specific growth rate achieved in the study was 1.6 d!,
the culture density at which the cell mass reaches its highest output rate of biomass for specific
culture conditions.

4.2.1 Algae growth Kinetics

The accumulation of autotrophic algae biomass is a function of the growth rate of live algae cells,
a corresponding rate at which algae cells die, which in turn is directly influenced by metabolic
activity determined by media temperature and access to energy (light) and nutrients. The
associated kinetics can be represented mathematically in the following equation, provided by
Jayaraman and Rhinehart [586]:

B=BL+BD (2)

The total biomass (B [g/L]) is the sum of live (BL) and dead algae cells (Bp). Given the relatively
brief period between harvesting periods in OPR systems, the quantity of dead cells relative to live
ones is assumed to be negligible (Bp = 0). Thus, the growth rate (u) of the algae biomass would
equal the change in biomass related to the change in time (dBL/dt), which is normally recorded as
grams per liter per day (g/L/d) in Eqn. 3.

p= dB,/dt (©)
Or, the increase (change) in biomass that occurs over a change in time is represented as Eqgn. 4:
dB, = p (dt) (4)

However, the growth rate () is attenuated by a biomass production attenuation coefficient (Kp),
Eqgn. 5:

dB, = Kpp (dt), ®)

which is the product of multiple functions that control the metabolic activity of the algae cells
including light intensity (f[l]), media temperature (f[T]), and the availability of nutrients,
particularly carbon, in the form of CO2 (f[C]), nitrogen in the form nitrates (f [N]), and phosphates
(fF[P]), as seen in Eqn. 6.

Ke = f(IDFMFCO)f (Nf(P) (6)
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4.2.2 Lightintensity

Light provides the energy for autotrophic algae growth and varies with depth, wavelength,
suspended particles (other algae cells), light intensity, and incident angle. The amount of light
(intensity) entering the media is affected by diurnal and seasonal variations. Li et al. provide a
mathematical analysis of the stoichiometrically derived algal growth model [587]. For our model,
we assumed uniform mixing within the system with light penetration being reduced (extinguished)
as depth increases. According to the Beer-Lambert Law for liquids, we can calculate light intensity
at any depth in a pond based on algae biomass concentration [586, 588-591]. Light intensity (15)
(also percentage of light), recorded as Wm2, transmitted through the absorbing media is equal to
the impinging light intensity (linit) multiplied by the exponent of the negative total pond extinction
coefficient (a) multiplied by the depth of the pond (D), as shown in Eqgn. 7.

Ig = I X 02D ()

The total pond turbidity extinction coefficient («) is equal to the sum of the nonalgal turbidity
extinction coefficient (K,) and the algae turbidity extinction coefficient (Ka) multiplied by the
associated initial algae biomass concentration (Binit) as seen in Eqgn. 8:

a = (Kn) + (Ka) Binie (8)

where the extinction coefficient for nonalgal turbidity (Kn) is assumed to equal zero for clear water,
and (Ka) has been estimated by Jamu and Piedrahita as 0.014 [592]. Therefore, Eqn. 9 for (I5)
becomes:

1[7’ = Iinit X e(—KaXBinitXD) (9)

To calculate the average light intensity throughout the water column, we altered our formula to
Eqgn. 10 [586]:

_ Ip _ ,(~Kq X Binit X D)
Iavg - ((Ka X Binit X D)) (1 ¢ ‘ ) (10)

To complete the calculation that determines the influence of the photosynthetic light response rate
f(1) on the biomass production attenuation coefficient (K»), we used Jayaraman and Rhinehart’s
Eqgn. 11 [586]:

f(D) = 9.34 x (1 — (700044 x1avg) ) _ 1 60 (12)
4.2.3 Media temperature

In an analogous way to determining the influence of light intensity on algae growth, we are able
to account for the effect of media temperature. In our research study, we considered two alternative
approaches to these calculations. In our first model [T, |, we applied the temperature dependence f
(T1) forwarded by James and Boriah [586] and Jayaraman and Rhinehart [ 593] in Egn. 12:

f(Tl) = e (=Kt % (Tm_Topt)z ) (12)
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Temperatures are recorded in kelvins (-273.16 °C) and matched with species-specific growth rate
data, where K; is the temperature extinction coefficient, which is equal to Topt?, Tm is the pond
temperature, and Topt IS the optimal growth temperature. For Nannochloropsis oceanica, K; was
determined to be 0.00001. When we apply the pond water temperature dependence on algae, we
can predict an increase in growth rate up to the optimal temperature followed by a gradual decline.

In a second model [T, ], temperature dependence follows the kinetics proposed by Rosso [594] and
later supported by Bechet [595], Chen [596], and Ras [597] in Eqgn. 13:

Uopt X (T-Tmax) ((T_Tmin)z)
(Topt_Tmin)((Topt_Tmin)(T_Topt)_(Topt:_Tmax ) (Topt‘l'Tmin_(z T)))

f (TZ) = (13)

Rosso postulates in his model that a more accurate approximation of the effects of changes in
temperature ( f [T,]) may be achieved by including cardinal or important species-specific
temperatures, Tp,;, and Ty, along with a specific optimum growth rate (U,,,) achieved at the
optimal temperature (Top,¢). Trmin is the temperature below which no growth is observed. T, is
the temperature above which no growth is observed.

Our research compared these two models to evaluate the concurrence of predicted results with
experimental ones.

Fluctuations in pond temperatures have been extensively studied and show that solar radiation can
effect thermal changes that could be harvested for energy. Processes that govern heat transfer in
ponds involve complex, inter-related parameters including wavelength-specific angular incident
solar radiation, particulate matter, salt concentrations, reflectivity, heat capacity, density, air
temperature, water transparency, composition of the pond bottom ground properties, wind,
evaporation, convection, long-wave radiation to the sky, conduction, light and heat transmission
through water, annual periodic sinusoidal flux, and underground water movement [598, 599]. In
all of the associated calculations, to arrive at a predictive result, each variable introduces the
potential for errors and relatively large standard deviations, the sum of which may be very
significant.

Even if site-specific surface water temperatures were available, significant assumptions are still
made. OPR systems have a significantly different limnology and thermal properties than large
open lakes and streams. Available government data sets are often linked to larger bodies of water
where complex environmental factors interact to govern actual temperatures.

Given the complex science involved in surface water temperature, our model needed a good proxy
for surface media temperature in shallow ponds. Our hypothesis was that ambient air temperature
would provide such a proxy. To test this theory, we analyzed the NREL experimental data set we
had selected, in which pond media and ambient temperatures were logged every 15 minutes. We
correlated this information to daily mean temperatures and determined that the average media
temperature was approximately 4.5 degrees cooler than the daily ambient mean temperature, with
a standard deviation of 1.99. This finding concurs with experimental cultivation results by
Dahmani et al. on Chlorella pyrenoidosa in a small OPR system 0.4 m deep [600].
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We also assumed that average media temperature had to consistently be above -2 °C, the minimum
growth temperature (T,,;,) for Nannochloropsis oceanica to commence algae cultivation [585,
597]. Optimum growth temperature (T,,.) has been established at 26.7 °C, maximal growth
temperature (T,,4,) at 33.3 °C, and optimal growth rate at 1.8 per d.

4.2.4 Nutrient availability (C, N, P)

The consumption of nutrients by the growing algae, represented by f(C), f(N), and f(P), can be
modeled kinetically using the Monod equation where f (Cx) represents each nutrient: carbon from
CO2 (C), nitrogen from nitrates (N), and phosphate (P) [601]. The change in nutrient concentration
(Cx) recorded in g/L over time (t) can be represented by Eqgn. 14:

dcy

T — K 7y Kp Binit (14)
where Ky is the species-rate constant, ry is the rate of nutrient consumption, Kp is the biomass
production attenuation coefficient, and Binit is the initial biomass concentration. The influence of
each nutrient can then be expressed as Eqgn. 15:

Cx

F(C) = g (15)

where K represents the half concentration of a specific nutrient species (x) and plays a key role
in contexts where nutrients are added only at the beginning of a growth period. As nutrients are
used up, the algae eventually shift into a deprived nutrient state. For our research, we maintain that
each nutrient will be maintained in surplus concentrations throughout the cultivation period.
Although production protocols with respect to maintaining these conditions will vary among
researchers, they will be consistently adhered to between production platforms. Where N and P
concentrations may be readily adjusted using ammonia (NH3) and di-ammonium phosphate (DAP
or [NH4]2HPOQ.), C is generally maintained by the infusion of CO2 by sparging this gas into the
media. However, this could also be effected through the addition of bicarbonate. Interestingly, the
addition of CO; affects the OPR system pH. For simplicity, we assumed that the pH was
maintained by controlling the infusion of CO». The effect of this nutrient is expressed as Eqn. 16:

1

(1+e/1(pH—pHopt))

f(COy) = (16)

Since our assumption for this research project is that nutrients will be kept in surplus, each function
related to these nutrients will equal 1. Therefore Eqn. 6 above becomes Eqn. 17:

Kp = f(Df(T) (17)

Given the foregoing, to predict change in biomass over time we calculate the following using Eqn.
18 from Jayaraman and Rhinehart [586]:

dp

@ =K, X Bini X f) x f(T) (18)

To calculate the production of biomass, we rearrange the formula:
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B = Binit + Kp X (Binie X f(I) X f(T)) (18)

The SATOPR model involved using daily mean photosynthetically active radiation (PAR) and
ambient near-surface satellite data for our selected site. Given the daily flux in both parameters
during any given day and our assumption that there would be a suitable correlation between
ambient temperatures and our OPR media temperature there was uncertainty that we would be able
to draw a meaningful correlation between modeled results and experimental results. Where
satellite data was provided daily, experimental results provided flux at 15 minute intervals.

Once the SATOPR model was constructed, we applied it for an entire year’s growing period (330
days). Predicted algae production was measured in g/L based on a weekly harvesting regime with
the initial inoculum cell concentration set at 0.2 g/L.

4.3 Results and discussion

This work reports on the development of a novel, data-intensive analytical model to be able to
predict algae OPR productivity in Canada. Although day-to-day conditions may be difficult to
predict, we can consider historical weather data at specific sites to construct site-specific models.
The SATOPR model is based on satellite site-specific irradiance and temperature data, then
validated and benchmarked against species-specific/operating protocol-specific experimental OPR
data.

4.3.1 Validation

Our model was validated by testing it using the much more granular experimental data. The
validation experimental data set was accessed from the ATP3 (Algae Testbed Public-Private-
Partnership) Program conducted at the ASCATI (Arizona Center for Algae Technology and
Innovation)/NREL (National Renewable Energy Laboratory), located in Mesa, AZ, from June 20
through July 26, 2014 [602]. The analysis provided us with 2772 data points. Since the first week
of data was based on a three-day cultivation cycle and started at a higher initial concentration, it
was not included in our model.

The SATOPR adjusted K, (biomass production attenuation coefficient) achieves a statistically
closer correlation between the modeled and experimental results for different locations. We
theorized that this accounts for variance in respiration and photosynthetic flux between sites.

Under the summer 2014 UFS protocol from which the experimental data was taken,
Nannochloropsis oceanica ASU algae strain KA32 Pond 2 was studied. The algae were cultivated
in a 1 m® OPR system with a nominal pond depth of 25 cm, media circulated by paddlewheel.
Algae were harvested weekly. Data logging took place using a YSI 5200 monitor and control
system. Pond variables included pH, temperature, oxidative reduction potential (ORP), dissolved
oxygen, conductivity/salinity, and PAR from a local LI-COR sensor. PH was set at 8.0 and salinity
at 0 ppt [603].

Research studies have determined that to cultivate algae in OPR systems, a minimum solar
irradiance of 4.65 kWh mis required [604, 605]. Radiation source information was accessed from
the NASA/GEWEX Surface Radiation Budget (SRB) Project. The Global Modeling and
Assimilation Office (GMAO) provided the meteorology source information. Canadian
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sunrise/sunset calculations were obtained from the National Research Council Canada (NRC) and
SunEarth Tools.

Validating the model necessitated bringing together several sets of experimental raw data into a
single data source file synchronized in time [606]. The data set selected included PAR solar data
that was correlated to the rest of the data sets. The data sets included instantaneous (5 min and 15
min intervals), harvesting (weekly), weather (15 min), and operating data (twice d, 5 days wk™).
A relatively contiguous set of records for the key variables of interest included date, time, pH,
media temperature, dissolved oxygen, algae strain, pond ID, and algae dry weight. Although
rigorous experimental protocols were in place, gaps were observed in some of the data streams.

For the selected study period, biomass concentration (g L) was plotted against time (days) for
each week. From the slope of this graph, we obtained the experimental growth rate for each week
of cultivation over a four-week period. Where experimental parameters such as solar irradiance,
media temperature, pH, and dissolved oxygen were measured and logged every 15 minutes during
a weekly cultivation and harvesting regime (representing some 672 data points), only 4 or 5 data
points represent biomass concentration during the same seven-day cultivation period between
harvests.

Experimental data was used to determine a level of concurrence and validation with formulas that
predict algae growth and to establish values for species-specific constants as discussed above. As
Figure 9 shows, there is good correlation between experimental and predicted algae productivity.
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Figure 9: Algae growth — experimental vs. modeled data (Mesa, AZ Jun 23 — Jul 17, 2014)
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The experimental data was correlated to the predicted results, with the values for K¢ and Kp
adjusted in the analytical formulas to minimize the standard deviations between modeled and
experimental data sets and to provide agreement with an experimental yield of 2.14 g. Recorded
standard deviations for models T1 and T2 were 0.1017 and 0.4389 for Ky values 0.000755 and
0.000647, respectively (see Table 15). K¢ was set at 0.000011. The findings for K, are consistent
with the acknowledged greater sensitivity of f(T,) to temperature changes compared withf (T;).

Table 15: Model coefficients for the case where biomass yield equals experimental yield (2.14
9)

Model K: Kp Standard Experimental Modell Model 2
Deviation (9) Q) (9)

f(T;) 0.000011 0.000755 0.1017 2.14 2.14

f(T,) 0.000011 0.000647  0.4389 2.14 2.14

With the functional model development completed, work focused on correlating the model’s
results using NASA satellite data sets for the same location and time for both solar irradiance and
local ambient climatic conditions. The next step in our analysis was to determine a similar
correlation between experimental results with NASA satellite solar irradiance and air ambient
temperature data. Like our initial analysis, the predicted results correlated well with experimental
results. See Figure 10.
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Figure 10: Algae growth — Experimental vs Model — Mesa, AZ — June 23 — July 17, 2014
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Model adjustments were made to Kp in the analytical formulas to minimize the standard deviations
between modeled and experimental data sets and to provide agreement with the experimental yield
(2.14 g). The recorded standard deviation for model T1 and T> were 0.00878 and 0.00681 for Kp
values 0.034543 and 0.019813, respectively. Kt was maintained at 0.000011 (see Table 16).

Table 16: Model coefficients for the case where biomass yield equals experimental yield (2.14
g) based on NASA data

Model K: K»p Standard Experimental Modell Model 2
Deviation (9) (9) (9)

f(T;) 0.000011 0.034543 0.00878 2.14 2.14

f(T,) 0.000011 0.019813 0.00681 2.14 2.14

4.3.2 Modeled results

The SATOPR model was run for four different sites and the following results are provided: Mesa,
AZ (Figure 11), Medicine Hat, AB (Figure 12), Fort Saskatchewan, AB (Figure 13), and Great
Slave Lake, NWT (Figure 14).
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Figure 11: Predicted annual algae growth from 2 models, Mesa, AZ, 2014
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Figure 12: Predicted annual algae growth from 2 models, Medicine Hat, AB, 2014

—o—Fort Saskatchewan AB -

©C 0 0 o0 o 9
PN W A 1o

Algae Biomass (g/L)

0.0
1/11/2014 3/2/2014 4/21/2014 6/10/2014 7/30/2014 9/18/2014 11/7/2014 12/27/2014

Figure 13: Predicted annual algae growth from 2 models, Fort Saskatchewan, AB, 2014
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Figure 14: Predicted annual algae growth from 2 models, Great Slave Lake, NWT, 2014
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4.3.2.1 The effect of temperature

It is interesting to note that in Mesa, AZ (Figure 11), where media temperatures fluctuate relatively
closely around the optimum growth media temperature, there is little difference in results between
approaches in calculations from model T; and model T, (June through August). However, as
media temperatures continue to decrease across the shoulder and winter seasons, the predicted
difference in results becomes much more pronounced. A year-long consistent experimental study
would be required to determine which temperature model more accurately predicts yield outcomes
across a broader range of cultivation media temperatures.

Predicted results based on the two approaches for calculating the impact of f (T) are seen to be
significantly different from one another in the above graphs, with the annualized results presented
in Table 17.

Table 17: Predicted results — 7-day harvest schedule

Harvest Weekly Optimized Media
Schedule T=267TC
Growing | Growing f(T4) (T2 f(Ty) (T2 f(Ty)  f(Ty
(days) (weeks) Predicte  Ppredicte | Predicte  Predicte Biomass Bijoma
# d d d d Factor sS
harvests Biomass Biomass | Biomass Biomass Increase Factor
LOCATION g/Llyr g/LIyr g/Llyr g/LIyr Increa
se
Mesa, AZ 336 48 23.6 17.3 37.4 33.8 1.58 1.95
X';d Hat, 217 31 82 3.9 198 181 241 464
Ft Skwn, AB 203 29 7.0 2.6 17.6 16.2 2.51 6.23
GrtSIvLKk,
NWT 147 21 5.6 2.8 12.5 11.5 2.23 4.11

The SATOPR model’s power becomes apparent in that parameters may be changed to consider
cultivation alternatives. Table 3 shows that not only are we able to establish the advantage of
constructing the OPR in Mesa versus the alternative Canadian sites, we can also see the predicted
dramatic impact of maintaining a constant optimum media temperature.

4.3.2.2 The effect of harvest schedule

With the model, we were also able to change from a weekly harvest schedule to waiting until the
algae density in the biomass reaches a certain threshold (i.e., 5 g/L) (see Table 18). The model
construction allows us to conduct simulations that predict optimized harvest yields. A review of
Tables 17 and 18 shows that for Mesa, AZ, adopting a weekly harvesting schedule versus choosing
to harvest at 5 g/L may result in a 15% increase in annual yield as per model f(T;) calculations.
At Fort Saskatchewan, the same model calculations forecast a 15% improvement by adopting a 5
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g/L harvest schedule over a weekly schedule. The results suggest that for OPR systems with greater
media temperature flux, a density harvest schedule will outperform a weekly harvest schedule.

Table 18: Predicted results — Harvest schedule based on cell density

Harvest Density
Schedule >50/L

Growing # harvests f(Ty) # f(Ty
LOCATION (days) Predicted Biomass | Harvest Predicted

g/Liyr S Biomass g/L/yr

Mesa, AZ 336 57 20.1 44 15.3
Med Hat, AB 217 27 8.8 14 4.4
Ft Skwn, AB 203 25 8.0 11 3.6
GrtSIvLk,
NWT 147 18 5.9 10 3.1

4.3.2.3 Predicting land requirements

From the constructed SATOPR model, we have extracted a great deal of valuable comparative
information from four sites of interest that proves useful for a future techno-economic analysis.
Under the prevailing local climatic conditions provided by satellite, we were able to determine the
amount of land required for the OPR system to produce 1000 tonnes/yr of dry biomass at each
location (see Figure 15).
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Figure 15: Predicted land requirement to produce 1000 tonnes biomass/yr
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We predicted that a land area of 17-20 hectares in Mesa, AZ can produce a similar amount of
biomass as 57-68 hectares at Fort Saskatchewan. Simple math provides the amount of land area
required to meet our research objective, the cultivation of 2000 tonnes/day algae (i.e., 1,000
tonnes/yr/330 d/yr = tonnes/day [predicted]; 2000 tonnes/day [objective]/tonnes/day [predicted] =
multiplication factor to be applied).

4.3.2.4 The effect of inoculum concentration

The model also proves useful in assessing the impacts of increasing the concentration of the
inoculum for each subsequent growth period on yield and land requirements to produce 1000 T
algae/yr (see Figures 16 and 17). Figure 16 shows a linear and direct relationship between initial
inoculum concentration and annual biomass yield. In Figure 17, the model predicts that increasing
the inoculum concentration from 0.2 g/L to 3.5 g/L reduces the requirement for land to an inflection
point. If the inoculum concentration exceeds the higher concentration by more than 0.5 g/L, the
requirement for land begins to increase again. The model also predicts that impacts of inoculum
changes increase the further from the equator the OPR is located.
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Figure 17: Predicted effect on hectares of land required to produce 1000 tonnes biomass/yr
by increasing inoculum concentration (Model f [T5)])

4.3.2.5 The effect of incremental media temperature increases

We also assessed the impacts of incremental increases in media temperature on algae production
and land requirements to produce 1000 tonnes/yr (see Figures 18 and 19). For the presented results,
the incremental increase in temperature is applied throughout the year. Given that the media
temperature at Mesa is already near the optimal level for much of the year, the addition of more
than a few degrees of heat to the media would have adverse effects on annual production. Given
the more northerly Canadian latitude for the other three OPR systems, it is relatively easy to
generalize that these systems could benefit from the application of much higher levels of thermal
energy to maintain optimized algae growth.
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Figure 19: Predicted impact of increasing average media temperature on land requirement
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As seen earlier in the current study, the model can be adapted to maintain the media temperature
at its optimum level to support algae growth. Calculations and analyses may also be conducted to
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determine the amount of thermal energy required for this purpose along with associated costs,
depending on the source of heat used.

4.3.2.6 The effect of supplementing light

Similarly, the model allows for the consideration of supplementing ambient light with LED and
other sources of light to shift growth toward optimal levels. A simulation was conducted in our
original correlation model wherein the system was optimized for the least amount of constant
intensity light required to produce an equivalent amount of biomass. The model predicted that
where f (T1) was fixed and optimized, the 2.14 g of biomass produced during the trial period could
be achieved using a light source producing a constant 431 Wm2. Under f (T2) conditions, the same
outcome would be achieved with a 215 Wmlight source (see Table 19).

Table 19: Predicted minimum constant light required to achieve the same yield as
experimental (2.14 g), holding Kp constant for f(T,) and f(T,), respectively, and K: and
media T constant.

Model K: K»p Standard Experimental Model1 Model2 Light
Deviation ()] ()] ()] (W m?)

f(T,) 0.000011 0.000755 0.088935 2.14 2.14 431

f(T,) 0.000011 0.000647 0.207232 2.14 2.14 215

The same model predicts that under f (T1) conditions, using a constant 1000 Wm light source
would improve the yield from 2.14 g to 2.56 g. Under f (T) conditions, the same 1000 Wm light
source would improve the yield from 2.14 g to 5.08 g. Consistent with our understanding that light
becomes limiting after a certain point, when the light source is changed to 580 Wm2, the f (T2)
scenario still predicts a yield of 4.28 g (see Table 20).

Table 20: Predicted maximum biomass yield when light intensity is varied holding Kp
constant for f(T,), and f(T,), respectively, and K: and media T constant.

Model K: K»p Standard Experimental Model1 Model2 Light
Deviation (9) (9) @ Wm?)
f(T,) 0.000011 0.000755 0.329437 2.14 2.56 1000
f(T,) 0.000011 0.000647 0.072253 2.14 4.28 580
f(T,) 0.000011 0.000647 0.106228 2.14 5.08 1000
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As highlighted in the discussion, the SATOPR model demonstrates its ability to predict algae
cultivation productivity in different geographies. However, it is also unique and useful for
simulating outcomes for optimization scenarios such as changing harvesting schedules, applying
units of heat to the media, augmenting natural light with artificial light and adjusting inoculum
concentrations.

4.4 Conclusions

The objective of our research was to develop an analytical model that would prove useful in the
prediction of algae biomass production for OPR sites in Canada. This work has demonstrated the
successful development a data-intensive model whose results show good correlation with
published data. The key parameters in developing the SATOPR model are media temperature and
solar light intensity. Given the global reach of satellites, using this data source to predict OPR
system performance both in Canada and the rest of the globe makes the model both unique and
beneficial for comparative analyses of OPR system performance. The uniqueness in the
development of SATOPR is that satellite data has never before been used in an attempt to model
OPR algae yields. Because of its ability to predict localized algae yields, SATOPR may be used
as an initial algae cultivation site screening tool, an alternative and complementary analysis tool
useful for comparing system performance between locations. We have also demonstrated how the
model provides additional supportive analytic capabilities that can be useful for techno-economic
analyses and life cycle assessments. Future research with this model would benefit from access to
timely experimental yield data (i.e., 15-minute incremental results that could be matched with
other model parameter results that are provided at these same intervals). This would enable more
accurate analysis and assist in refining capabilities in the SATOPR model. It is anticipated that the
ultimate value of the model will be revealed as results from the model are correlated with
experimental field data from multiple sites using identical species and operating protocols.
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5 Techno-economic Assessment of Algae Biomass Production in Cold
Climates

This section presents a comparative TEA of discrete cultivation systems that produce wet algae
biomass (20% solids by weight). Three algae cultivation systems producing similar amounts of
algae biomass were evaluated using published results and our modeled results. A sensitivity
analysis was conducted for the key operating parameters associated with each approach. The
analysis provides valuable insights into factors that are common between systems and those that
are different. The first OPR system was modeled as located at Mesa, AZ. A second identical system
was modeled in the northerly Canadian context at Fort Saskatchewan, AB. A third cultivation
system based on PBR closed environmental technology providing optimized temperatures and
lighting was modeled at Fort Saskatchewan. Using an analytical model constructed by Pankratz et
al. to arrive at system costs, we selected Fort Saskatchewan as the reference point given the
opportunity to co-locate with industrial CO2 producers and the potential to offset associated
greenhouse gas (GHG) emissions [607]. Fort Saskatchewan, in Alberta’s Industrial Heartland (see
Figure 20), is home to one of Canada’s largest petrochemical processing regions, producing
millions of tonnes of CO, annually [608]. There may be opportunity for $20 CDN tonne* CO;
emissions credits as of January 2017 from the province of Alberta. These credits would increase
to $30 CDN tonne™ in January 2018 [609].

Every tonne of algae biomass produced sequesters 1.8 tonnes of CO2 [8, 106]. Although not used
in this study, Fozer et al.’s findings indicate that 2.02 tonnes and 2.09 tonnes CO> sequestered for
each T of algae biomass cultured in OPRs and PBRs, respectively, would be more appropriate for
calculations [610]. However, given the limited validation of Fozer’s findings, we used 1.8 tonnes
to predict the potential for qualifying algae biomass to receive carbon credits of $28 US tonne* in
2017 and $42 US tonne* in 2018 and beyond. Given the absence of published research related to
the cultivation of algae in cold climate, the main objective of this study is to conduct the cost of
algae cultivation yield in cold climate like Canada through development of techno-economic
models. Specific objectives include:

% Estimating the cost of producing algae at the commercial scale at Fort Saskatchewan, AB, via
OPR cultivation through the development of data-intensive techno-economic models;

% Estimating the cost of producing algae at the commercial scale at Fort Saskatchewan, AB, via
PBR cultivation through the development of data-intensive techno-economic models;

% Conducting comparative economics between OPR algae cultivation in Canada and in a hot
climate;

% Conducting comparative economics between PBR algae cultivation in Canada and OPR algae
cultivation in a hot climate; and

% Conducting sensitivity analysis to study the impacts of varying parameters on the overall cost
of algae production through the two production systems.
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Figure 20: Map showing location of Fort Saskatchewan

5.1 Methods

This study focuses on a comparison between the two broad categories of cultivation technologies
(OPR and PBR). OPR and PBR systems (see schematic Figure 21) are relatively similar in design.
However, given the diversity of PBR technologies, we have selected a columnar PBR to represent
this group (see schematic Figure 22). To develop the techno-economic model, it is important to
analyze the energy and mass flows between unit operations and to calculate the associated
operating costs.
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More specific details follow below. Figure 23 is a flow diagram that identifies the key inputs,
systems, and processes that precede algae cultivation and lead to wet algae biomass production
(i.e., 20% solids by weight). The 20% solids represent both the dewatering that can be achieved
through a centrifugation process and also the amount of dewatering that would be required for
potential downstream thermochemical processing by hydrothermal liquefaction. The single-celled
microalgae plants in the inoculum system require access to dissolved CO2 and primary nutrients
like nitrogen, phosphorus, potassium, and sulphur to grow using the sun’s radiant energy to
replicate. Upon reaching a high cell density (e.g., wt 0.05% solids, the density at which algae
would normally be harvested at), the media is transferred to a much larger cultivation vessel where
much more water is added to bring the algae concentration down to wt 0.01% solids [611]. Again,
CO:2 and nutrients continue to be added to ensure growth and replication continue. Over time,
because of evaporation (in OPR systems) and blowdown (the constant removal of a small portion
of the growth media to prevent ionic buildup in the media), additional makeup water will be
required. When the algae culture reaches a prescribed cell density (e.g., wt 0.05% solids), it is time
to harvest and dewater the algae biomass from the media. In a preliminary step, the algae cells are
allowed to settle to the bottom of the cultivation system, helping to concentrate the algae.

The remaining unit operation technologies found in the process diagram (dewatering, harvesting
and storage) are assumed to be identical between systems. The concentrated cells are drained off
and pumped through a micro-filtration system that removes much more of the water and recycles
it back into the cultivation vessel. However, more water must be removed by a centrifugation
process to get the algae biomass to a desired 20% solids concentration for later downstream
thermochemical processing. Because the algae biomass cannot be processed immediately
following harvesting, the media is chilled for a short period before being transferred for post
cultivation processing.

For the purpose of techno-economic assessment, the mass and energy balances were calculated for
key inputs, including equipment for media circulation, nutrients, dewatering, and artificial lighting
that may apply with each cultivation technology. Nutrient requirements for the algae cultivation
are based on the stoichiometric macro-elemental quantities found in the resulting biomass: 54% C,
1.8% N, and 0.22% P. An additional 20% of these quantities were added to ensure that a nutrient
surplus was maintained. Commercially available diammonium phosphate (DAP) provided the
necessary phosphorous and anhydrous ammonia (NH3)-supplemented nitrogen already available
from the DAP. Carbon in the form of CO> is assumed to come from neighboring industrial
processes. OPR construction and operating costs are based on values provided by Davis et al. [611].
The associated calculations are based on a data-intensive analytical model described in a paper by
Pankratz et al. [607]. Table 21 provides a list of calculated key cost factors.
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Table 21: Key cost factors

Items Open raceway Photobioreactor
pond (OPR) (PBR)
Capital Costs (x $1000)

Production ponds 1,866,235

Photobioreactors (PBR) 691,773
Inoculum ponds 189,568

Building for PBRs 69,923
CO2 delivery 76,533

Circulation 84,775

Dewatering 277,064 154,091
Storage 62,405 20,576
Land 268,985 233
Indirect costs 1,528,370 508,666
Total Capital Invested 4,353,935 1,439,262

Cultivation Costs ($/tonne biomass)

CO2 100 100
NH3 17 17
DAP 7 7
Power 58 54
Chilling 4 4
Fixed costs 208 66
Capital depreciation 189 69
Average Income Tax 129 42
Average Return on Investment 576 190
MBSP 1,288 549

The satellite (SATOPR) model simulates OPR cultivation results for any site-specific geographic
area. Algae growth kinetic formulas were applied including the Beer-Lambert Law to account for
the impact of sunlight on algae growth and the equation forwarded by James and Boriah to account
for media temperature to predict algae production [593].

Calculations are indexed to 2016 USD and based on site-specific climatic factors, cultivation days,
and local land, nutrient, and energy pricing. The following were made: algae minimum growth
temperature -0.2 C; maximum growth temperature 33.3C; and optimum growth temperature 26.7
C [597]. The cost of land is assumed to be $3000/acre [611]. However, industrial land near CO>
emitters at Fort Saskatchewan is reported above $75,000/acre. For an OPR system, the
considerable land that would be required at commercial biomass production levels would enable
more favorable pricing.

! http://www.loopnet.com/for-sale/fort-saskatchewan-ab
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The cost of electricity is projected at $0.68/kWh with CO2 cost of $45/tonne at 90% utilization
efficiency from a local natural gas-fired power plant without consideration of a potential gas
purification step prior to use for cultivation [611]. The average algae productivity is 16 g/m?/d and
1250 g/m?/d for the OPR and PBR systems, respectively [607]. The OPR pond depth is 25 cm
[611].
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Figure 23: Simplified process flow diagram showing algae biomass cultivation activities

An OPR system at commercial scale (2000 tonnes/day), based on 10-acre ponds, was modelled
and collocated with access to CO> at a landfill site producing electricity from landfill methane,
using a combined heat and power (CHP) system, near Fort Saskatchewan. The commercial scale
was chosen to match feedstock input requirements in downstream processing. Pond sizing was
based on values presented by Davis et al. [612]. The CHP generation was modelled around the
regional landfill methane production. However, calculated power generation was insufficient for
operations, and therefore electricity was only accessed from the Alberta grid. Similarly, CO2 was
accessed from neighboring petrochemical facilities. OPR construction and operating costs are from
the National Energy Research Laboratory (NREL) report by Davis et al. [612].

A columnar photobioreactor (PBR) system was also modeled at the same Fort Saskatchewan site
and required only 14 acres of land [607]. The PBR design allows for consistent lighting and
temperature control, thus enabling more optimized cultivation conditions. Enclosing the PBR
systems in a temperature-controlled building reduces culture contamination and enables more
effective control of media temperature. Thousands of low-cost cultivation media bags each
containing approximately 7 m® of media (Bob Mroz, Hy-Tek Bio LLC, Dayton, MD, personal
communication, Feb 20, 2017) are connected to an automated management system to monitor and
control system parameters including nutrient delivery, LED lighting, electrical conductivity, pH,
gas exchange, and media mixing (Bob Mroz, Hy-Tek Bio LLC, Dayton, MD, personal
communication, Feb 20, 2017). Algae culture densities achieved in this controlled environment
are more consistent and considerably higher than those achieved in OPR systems, up from 16
g/m?/d (0.1 g/L/d) to 1250 g/m?/d (5 g/L/d), a factor of 50. The productivity of this design is
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consistent with the high-density productivity described by Apel et al. at 4 g/L/d [613]. Apel et al.
report having attained algal cell densities of up to 67 g/L. The SATOPR model for predicting the
cultivation of biomass was not required for this scenario since there is no reliance on ambient solar
irradiance and temperatures. These parameters can be controlled throughout the entire growing
period.

Although site-specific literature values for costing are available, for comparative purposes it is
important that these values be correlated to experimental results based on local solar irradiance,
media, and ambient temperature values. The modeled results were compared to experimental
results and showed good correlation, confirmed by the analysis of standard deviations.

5.2 Harvesting, downstream dewatering, and storage

In each scenario, after cultivation, biomass is harvested, dewatered, and placed into cold storage
to retain its value for additional downstream processes not covered in this study. Harvesting in the
OPR system commences at 0.5 g/L, at which time 80% of the media is drawn off and dewatered
[612]. The system is refilled with recycled water and topped up with fresh makeup water, thus
resetting the remaining concentration to 0.1 g/L algae concentration. In the PBR system, harvesting
begins once the algae reach a targeted 5.0 g/L density. At this predicted steady state, 10% of the
algae media is harvested every 2.4 hours (i.e., 10x/day) [607].

In both OPR and PBR systems, preliminary dewatering takes place through gravity settling to
increase the biomass concentration to 10 g/L [612]. This is followed by a secondary dewatering
operation and continues through microfiltration and centrifugation to achieve a final concentration
of 200 g/L (20% solids by weight) required for downstream processing [614]. In each case, water
removed by dewatering is recirculated back into the cultivation media. Given that there will be
continual water loss through evaporation, hydrolysis during photosynthesis, and post-cultivation
processes, a certain amount of makeup water will be added to replenish the losses and to mitigate
the potential for ionic buildup in the media. It is assumed that the makeup water has a negligible
impact in the TEA. For OPR systems, although it is estimated that 2.1 L of water is required for
the production of 1 kg of algae biomass, the associated cost of the water will be insignificant
related to the MBSP. For PBRs, the water requirement is estimated to more than 100 times less
[607].

5.3 Techno-economic assessment

Capital operating and production costs for the production of algae are based on a 30-year facility
lifetime. The internal rate of return (IRR) is modeled at 10% [611]. Capital costs include land,
construction/installation, engineering, and contingency costs. Land requirements include
cultivation system space for open ponds systems, buildings, roadways, administrative, processing,
and laboratory requirements. For OPR systems, this also includes civil work, creating, shaping
raceway burns and leakage control, installation of piping, pumps, paddle wheels, settling area,
inoculum ponds, etc. [611].

For PBRs, construction and installation with pumps, piping, supervisory control and data
acquisition (SCADA systems), light emitting diode (LED) lighting systems, chillers, along with
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buildings? that would enclose them would be included (Bob Mroz, Hy-Tek Bio LLC, Dayton, MD,
personal communication, Feb 20, 2017).

Dewatering assets include membrane filtration units, centrifuges, and chillers along with biomass
storage prior to downstream processing. Operating costs include energy for circulation of media,
sparging for COg2, nutrient supplementation, chilling, lighting, pumping, filtration and
centrifugation, water costs, staff salaries, system maintenance, and transport of algae biomass for
downstream processing. Fertilizer costs are projected to represent less than 5% of the cost of
production and therefore do not appear in our results

For each system, the sum of each of the above costing factors leads to the calculation of minimum
biomass selling price (MBSP).

5.4 Results and discussion
5.4.1 Validation

OPR biomass productivities were predicted using the SATOPR analytical model developed by
Pankratz et al. in which satellite climatic data for 2014, including ambient temperature and solar
irradiance at Fort Saskatchewan, was used3[607]. OPR modeled results were validated using
ATP?¥s algae cultivation experimental data sets*. The modeled PBR system was validated through
Hy-Tek Bio LLC’s experimental results in cooperation with the University of Maryland (Bob
Mroz, Hy-Tek Bio LLC, Dayton, MD, personal communication, Feb 20, 2017)°, which
demonstrated volumetric productivity algae yields of 5g L™ d™.

5.4.2 Techno-economic results

Table 22 presents techno-economic assessment results for key metrics including a calculated
minimum biomass selling price (MBSP) for each of the two algae cultivation systems discussed
above. With the SATOPR model we predicted the duration of the growing season for OPR systems
at both locations and determined annual yields for that time period.

With the analytical SATOPR model, we can visualize the algae cultivation results. As shown in
Figure 24, Fort Saskatchewan’s climate supports algae growth for 203 days when the mean
growing media temperatures remains above -2°C and produces 13.0 g/L/y of biomass. Meanwhile,
the PBR system, which is not limited by either ambient temperatures or solar irradiance, will
function 365 days of the year and is predicted to produce 1825 g/L/y of biomass.

The SATOPR analytical model was able to predict yields based on a regimented 7-day harvesting
routine. Anumber of other harvesting regimes were run and predicted the opportunity to achieve
more optimized outcomes [607]. For this study, the model was run to harvest biomass from the

2 Estimate source from www.sprung.com and www.altusgroup.com

3 These data were obtained from the NASA Langley Research Center (LaRC) POWER Project funded through the
NASA Earth Science/Applied Science Program.

4 https://openei.org/wiki/ATP3

> https://www.umces.edu/feng-chen
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OPR systems on the day cell density was determined to be above 0.5 g L and dilute the remaining
algae back to 0.2 g L™* as a starting concentration.

Table 22: Key metrics for annual biomass production

Items Units OPR Ft.Sk., AB PBR Ft.Sk., AB
Average productivity g/m?/d 16 1250
Land required m? 1243 0.5
MBSP /$/tonne $1,288 $550
Total capital investment $/tonne $6,593 $2,179
Land cost (at $3000 ($75000)/acre)) $/tonne $407 ($10,183) $0.4 ($8.8)
System water volume m3 90.193 0.231
Annual cultivation days Days 203 365
Annual productivity g/Lly 13.0 1825
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Figure 24: Predicted annual algae OPR growth at Fort Saskatchewan, AB - 2014.

As shown in Figure 24, in Fort Saskatchewan, AB, summer harvests would occur every 5" or 6%
day. Meanwhile, algae were harvested in a semi-continuous manner for the PBR system by
withdrawing 10% of the media every 2.4 hours, or 10 times each day. This regime enables the
system to maintain a much higher media algae density. The PBR system was modeled to produce
algae by providing light 24 h/d using LEDs. However, we explored the possibility of improved
economics by using available sunlight. Assuming that 40% of our light (daylight hours) could
come from sunlight, we determined that when the PBR takes advantage of sunlight, the MBSP
would improve by 2.70 $/tonne (a 0.5% change in MBSP).

The analytical model also predicted that cultivating algae biomass in Fort Saskatchewan, AB,
would require 555 m?/tonne with an OPR system, vs. 0.5 m?/tonne via a PBR system. The
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cultivation area to produce 2,000 tonnes/day of biomass with an OPR system requires over 82,000
ha and only 32 ha with a PBR system. See Table 23.

Table 23: Key metrics for annual biomass production of 2000 tonnes/day (660,000 tonnes/yr)
biomass

Units OPR Ft.Sk., AB PBR Ft.Sk., AB
System water required m? x 1000 59,527 153
Land required ha 82,038 32
MBSP $/tonne $1,288 $550
Annual cultivation days Days 203 365

5.5 Sensitivity analysis

A sensitivity analysis was conducted for each of the key cultivation factors found in both the OPR
and PBR systems. Table 24 provides a list of theses variables and allows us to make comparisons
between OPR and PBR cultivation systems and demonstrates the sensitivity that changes to each
parameter will have on the cost of producing biomass.

Table 24: Key variables with associated impact on MBSP per tonne of biomass

Items OPR Ft. Sk. AB PBR Ft. Sk. AB

Open raceway pond avg. productivity (gm=2dl)  ($384):$0:$735
Mesa AZ (40:25: 15) Ft Sk.AB (34:21:13)

PBR avg. productivity (g/L/d) (8 : 5 : 3) equivalent - ($134) : $0 : $238
to gm2d* (2000:1250:750)

Scaling PBR capacity (L PBR™) (20K, 6.8K, 3.5K) - ($190) : 0 : $268
Composition + Productivity (gm2d?) (HPSD@35:  ($11):$0:$248 ($11) : $0 : $248
HCSD@25 : HLSD@15)

CO2 (cost/tonne) ($0 : $100 : $120) ($100) : $0 : $20 ($100) : $0 : $20
Land (cost/acre) ($1000 : $3000 : $75000) ($29) : $0 : $1045 $0:$0:$1
Total capital investment (-25% : 0 : +25%) ($415) : $0 : $243 ($81) :$0: 81
Leakage control (shift from in-situ clay to fully $0:$0: $421

lined)

Scaling cultivation area (acres) (10000 : 5000 : ($18):0:$112

1000)

On-stream factor, days/yr (360 : 330 : 300)

On-stream factor, days/yr (220 : 203 : 185) ($117):$0:114

On-stream factor, days/yr (360 : 365 : 330) $0:$0:26
Flue gas vs. CO> ($49) : $0 ($49) : $0
Labor costs (-50% : 0 : +50%) (864) : 0 : $64 ($26) : $0: $26
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Items OPR Ft. Sk. AB PBR Ft. Sk. AB

CO:2 recycle (30% : 0%)
N recycle (90% : 0%)

Power cost ($/kwh) ($0 : $0.068 : $0.10) ($58) : $0 : $28 (354) : $0: $25
Increasing cultivation media T 10 Deg.C using low (3530) : 30

grade heat.

Staff — # PBR’s each person can manage (5000 : - ($26) : $0: $78
2500 : 1000)

Alberta carbon credit ($/tonne biomass) ($28) ($28)

Figures 25 and 26 show tornado sensitivity analyses of both the OPR and PBR cultivation
scenarios considered in this study.

Single point sensitivity analysis on algae biomass MBSP cost
Model case - open raceway pond (ORP) - Fort Saskatchewan, AB

$1,288 USD/tonne!

Average productivity, g/m2/day (34:21:13) 384 735
Land cost $/acre ($1,000 : $3,000 : $75,000) -94 980
TCI (-25% : 0% :+25%) [s 243

Increasing cultivation media T 10 Deg. C using low...  EZS0NND

Leakage control (in situ clay : fully lined) 0 421
Composition + productivity, g/m2/day (HPSD @ 35:... -11 248
On-stream factor, days / year Ft Sk (220 : 203 : 185) F117 114

CO2 $ /tonne (($0 : $50 : $100) 1100100
Cultivation area, acres (10,000 : 5,000 : 1,000) -1812
Labor costs (-50% : 0% : +50%) 16264
Power cost /kKWh ($0 : $0.068 : $0.10) 1588
N recycle (90% : 0%) 40
CO2 recycle (30% : 0%) -8B

-600 -400 -200 O 200 400 600 800 1000 1200

Figure 25: Sensitivity analysis of algae biomass cost for OPR located at Fort Saskatchewan,
AB
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Single point sensitivity analysis on algae biomass MBSP cost
Model case - photo bioreactor (PBR) - Fort Saskatchewan, AB

$550 USD/tonne

Scaling PBR capacity L/PBR (20000 : 6800 : 3500) o190 268
Average productivity, g/L/day (8 : 5 : 3) equivalent to... 134 238
Composition + productivity, g/m2/day (HPSD @ 35: HCSD... -Ir 248
CO2 $ /tonne ( $0 : $50 : $100) =100 100
TCI (25% : 0% :+25%) posge 81
# PBR's staff can effectively manage (5000 : 2500 : 1000) 26 78
Dewatering CAPEX (-50% : 0% : +50%b) =421 39
Power cost / kWh (0 : $0.068 : $0.10) =547 25
Labor costs (-50% : 0% : +50%0) 52626
N recycle (90% : 0%) =470
CO2 recycle (30% : 0%) E330
On-stream factor, days / year (365 : 365 : 330) 026
Land cost $/acre ($1,000 : $3,000 : $75,000) Q
-300 -200 -100 0 100 200

Figure 26: Sensitivity analysis of algae biomass cost for PBR located at Fort Saskatchewan,
AB

In the OPR systems (Figures 25), average productivity is found to have the greatest sensitivity
with respect to minimum biomass selling price (MBSP). Increasing productivity in the OPR
system by 60% from 21 gmd? to 34 gm2d?, would reduce the MBSP by $384/tonne (17%). If
yields fail to achieve the current average production of 21 g/m?/d and fall by 60%, to 13 g/m?/d,
biomass cost is predicted to increase by $735/tonne (33%). For the PBR technology, a 60%
increase in yield from 1250 g/m?/d to 2000 g/m?/d (8 g/L/d) would reduce the biomass price by
$123/tonne (21%), whereas a decrease in yield to 750 gm2d* (3 g/L/d) would increase the biomass
price by $267/tonne (45%).

Land cost, introduced earlier, may have a significant impact on the MBSP and this impact
highlights the importance of siting, especially for OPR systems. The significance of this can be
seen when land prices are negotiated from our assumptive $3,000/acre down to $1,000/acre with
a realized MBSP benefit of $94/tonne. The same land priced at $75,000/acre would increase the
MBSP by $980/tonne. It becomes obvious that land price is a major sensitivity factor affecting the
MBSP in OPR systems, yet this same factor (changing land price from $1,000/acre to $75,000
/acre) plays only a minor role in a PBR system with an impact of $1/tonne on the MBSP.

Fluctuations in total capital investment (TCI) for OPR systems would see the MBSP price fall by
$415/tonne when TCI decreases by 25% and increase by $243/tonne when TCI increases by 25%.
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For the Canadian PBR system, TCI fluctuations of 25% result in an $81/tonne MBSP swing in
both directions.

Given the tremendous amount of available low-grade heat from industrial operations, there is an
opportunity to shift media temperature closer to optimum growing temperature for OPR systems.
Success in raising media temperature by 10 °C would significantly improve yield and reduce the
MBSP by approximately 1/3 ($480/tonne). The offset not considered in this calculation would be
engineering/capital costs required to provide heat transfer. Choosing to use full leakage control for
the OPR would increase MBSP $421/tonne. Neither of these factors would apply to PBRs.

Building on the topic of productivity, biomass composition, a factor influenced by cultivation and
harvesting practices, also impacts the MBSP. Batch harvests considered in this study for OPR
systems may be taken in early, mid, and late cultivation states. An early harvest would result in
nominal nutrient depletion. For mid-harvest, no additional nutrients would be added, and the batch
would be maintained an extra 3-5 days to achieve a mid-nutrient depletion state. A late harvest
would occur 6-9 days post early harvest, thereby using up more primary nutrients. This regime
corresponds to composition and nitrogen (N) availability in the media as follows: low N state
promotes high protein (HPSD) composition, mid N promotes high carbohydrate (HCSD), and high
N promotes high lipid (HLSD) composition. The trade-offs between states in the sensitivity
analysis indicate that a mid-harvest regime (our assumption for this study) may strike an
appropriate balance between yield and value for downstream processing. Choosing HLSD would
provide a nominal $1/tonne reduction in the MBSP. High lipid composition biomass would
produce higher heating values but at the cost of significant biomass yield, thereby increasing the
associated biomass MBSP by $248/tonne. Depending on plans for downstream processing, an
economic decision would be made to determine which harvest regime would provide the greatest
economic benefit from a cost/benefit perspective. While the choice of early, mid, or late harvest
has significant production cost implications, the costs are not ones where we can differentiate
between the cultivation technologies employed since the impacts are assumed to be identical for
both OPR and PBR systems.

The on-stream factor is related to the percentage of time a given facility is anticipated to operate
annually. Currently, this figure ranges widely between cultivation technologies and is affected by
culture crashes, pond upsets, pond freeze-up, maintenance, and other factors. This study predicts
a 90% on-stream factor to be consistently attainable. Economic analysis indicates that a 10%
change from the predicted 203-day on-stream factor will affect the OPR MBSP by 9%. The price
will increase by $114/tonne if the system remains on stream 185 days (the on-stream factor
decreases by 10%) and decrease by $114/tonne if the system operates 220 days (the on-stream
factor increases by 10%). Given the much higher degree of system control with the PBR, a 99%
on-stream factor is proposed. For PBRs, since we contemplate they operate year-round, we only
considered the case in which only a 90% on-stream factor is achieved, and this would result in an
increase in the MBSP by 5% (or $26/tonne).

Similarly, since CO> is common to both cultivation technologies, it is not a differential factor by
itself between ORP and PBR technologies. At $50/tonne for the purchase of CO», it ranks 8™ for
costs in OPR systems and 4™" for the PBR system. At 90% utilization, and the requirement for 1.8
T of CO for every tonne of algae biomass produced, this translates into $100/tonne MBSP. The
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price can be reduced by $100/tonne if the CO2 is free and goes up by $100/tonne if the CO> price
increases to $100/tonne.

Considerable engineering work has been conducted on OPR algae cultivation system design in
order to predict the impact of enlarging pond size from the existing 5,000 wetted acres and scaling
to 10,000 acres [611]. At the scale of the OPR system in this study, 5,000-acre wetted areas were
proposed. Doubling the wetted areas to 10,000 acres would improve the MBSP by $18/tonne,
whereas reducing the size to 1,000 acres would increase costs by $112/tonne. For the PBR system,
the design size could theoretically be tripled. Interestingly, tripling the PBR cultivation volume is
predicted to provide the strongest benefit of the weighted sensitivity factors by improving the
MBSP by $190/tonne (34%).

Each of the cultivation systems considered would be similarly affected by CO2 and N recycling
and improve the MBSP by $41-47 for N and $33-38 for COx.

Labor cost sensitivities on the MBSP range from 4-5% between scenarios based on a 50% salary
fluctuation. These fluctuations represent a potential MBSP change of +/- $64, and +/- $26/tonne
for the OPR and PBR systems, respectively.

Given that electrical power has economic and environmental impacts, both of which affect the
ability to use carbon credits, it is useful to evaluate its economic sensitivity. For the OPR siting,
we determined the possibility of accessing free electricity from combined heat power (CHP) plants
run on methane from an adjoining municipal solid waste (MSW) plant as part of their parasitic
load (electricity not transmitted to consumers but used at the source location). To understand the
potential impact, we conducted more detailed calculations for the cultivation sites at Fort
Saskatchewan [615-617]. Approximately 200,000 tonne/yr of MSW are produced in the region
with the potential to generate 9.6 MW power. However, the PBR system requires 98 MW of power.
Hence, the CHP would produce less than 10% of the energy required by the PBR system and
approximately one-third of the power requirement for the OPR system. However, obtaining power
at no cost from this source would provide a benefit of $58/tonne for the Fort Saskatchewan OPR
and $54/tonne for the PBR system.

There are several important insights to be gained from the comparison of TEAs of autotrophic
OPR and PBR systems sited in Fort Saskatchewan, AB.

In terms of the potential to reduce the MBSP, the most important common factor is increasing
average productivity (yield). Whether yield is calculated by g/L/d or g/m?/d or other productivity
metrics, the results are the same. Given that PBRs have been shown to outperform OPR systems
by a factor of 50, it is more likely that greater productivity gains will be realized in the PBR than
the OPR system. It may be argued that gains made by using a PBR are linked directly to the higher
level of control of all biological system parameters than is possible in OPR systems.

The total capital investment (TCI) is important. Every parameter in an algae cultivation system
affects the amount of capital that must be invested to both create and operate the system. This
knowledge is instructive to algae cultivation system architects and designers; by focusing on every
design detail, they can eliminate unnecessary costs.
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Access and co-location with cheaper nutrient sources and power for operations will reduce the
MBSP.

While OPRs have reached an upper limit with respect to scaling, tremendous opportunities for
scaling and resulting reduced MBSPs may be possible by using PBR systems.

Designing algae cultivation systems to take advantage of automation will lower the MBSP.

From a techno-economic perspective, carbon credits, especially when the algae industry struggles
to gain traction, will enable companies to begin operations while they find long-term economic
footing.

The study does not support the placement of an OPR algae cultivation system at Fort Saskatchewan,
AB, from a techno-economic perspective. Although summer growing conditions are favorable
because of both long days and warm temperatures, the actual growing season is too short. There
may be an opportunity to capitalize on industrial low-grade heat to augment growing conditions.
However, unless the added heat allows both the growth media to be maintained at close to optimal
growing temperatures and cultivation at least an additional 60 days annually, the MBSP would
remain (potentially) double that of an OPR system in Mesa, AZ.

Co-locating either the OPR or the PBR system on an MSW site is a great strategy, providing the
electricity generated is free and considered a parasitic load with no negative environmental impacts.
It would be important to match the scale of operations to the available electricity. Furthermore,
power generated from the landfill methane would produce flue gases with adequate CO2 generated
to support biomass growth. Any CO> absorbed in this way would mitigate the CO, emissions and
potentially qualify for associated carbon credits. Heat generated through the production of power
as well as landfill geothermal heat could be used to optimize media temperatures for an OPR
system. This could also increase the number of on-stream days. The 0.9 MW CHP (combined heat
and power) engines assumed in this study release 8.5 million BTU hr'and close to 1 T CO; hr?.
Siting at or near landfills may provide access to lower-priced land.

The cumulative gain from extracting benefits at every level will lead to a more favorable and
sustainable techno-economic MBSP for algae biomass. It may be argued that OPR cultivation
systems still provide the most economic means of producing algae biomass. This study, however,
determined that PBR systems will outperform OPR systems in Canada. Given that PBR systems
may be sited adjacent to CO> producers to access this free key nutrient, the systems will have a
10-20% economic advantage over OPR systems.

While OPR systems may only be viable in specific geographic regions with moderate temperatures
and good solar radiation most days, the advantage of PBR systems is that they can be sited
anywhere.

An opportunity for future research would be to conduct a Monte Carlo simulation to determine the
probability of positive outcomes in each cultivation technology in the next 5 years. The results of
the current analysis suggest that the future development and refinements to PBR systems may lead
to more ubiquitous deployment of algae cultivation around the globe and eventually to a lower and
more sustainable MBSP than offered by current OPR technologies. Sensitivity factors that can
dramatically impact the MBSP in PBR systems may be easier to positively alter and control than
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similar sensitivity factors in OPR systems. As outlined in this study, it is conceivable with PBR
technologies, over a five-year horizon, to triple the size of the current bioreactor and increase
average productivity from 5 g/L/d to 8 g/L/d while reducing capital investment by 25%. Attaining
these goals could place algae biomass MBSP well below $200/tonne.

5.6 Conclusions

A comparative techno-economic analysis (TEA) for cultivating algae biomass feedstock for
downstream processing into diluent and hydrogen has been conducted for an open pond raceway
(OPR) system and a “closed” photobioreactor (PBR) system. The key factors that affect the
economics of OPR systems are not the same as those for PBR systems. The findings of this
comparative research are that the MBSPs for a tonne of algae biomass produced from OPR and
PBR cultivation systems in Fort Saskatchewan, AB, are $1,288/tonne, and $550/tonne,
respectively.

This analysis has revealed that in Canada a PBR cultivation system has the potential to produce
algae biomass at a significantly lower MBSP than an OPR system at the same location. In fact, it
is projected that the PBR MBSP could rival that of OPR systems located in even the most favorable
climatic locations. Environmental and operating parameters have been identified and show
potential for continuing to improve MBSP and are recommended for further study.

109



6 Comparative Techno-Economic Analysis of the Production of Diluents
from the Thermochemical Conversion of Algae

This section focuses on thermochemical approaches to microalgae use, specifically microalgae
HTL and pyrolysis, to comparatively assess the production of chemicals from this biomass, which
are used as diluents for oil sands applications. The research comparatively assesses the techno-
economics of pyrolysis and HTL-based platforms for diluent production from algal biomass.
Hence, the specific objectives of this study are to:

+«+ Develop a detailed process model for algal-based HTL and pyrolysis followed by upgrading
to produce diluents;

+« Provide capital cost estimates for 2000 tonnes/day diluent production using HTL and
pyrolysis-based diluent pathways;

+«+ Determine the optimum plant capacity for algal HTL and pyrolysis-based diluents;

% Analyze the influence of biochar from pyrolysis on pyrolysis-based diluent production;

+«»+ Perform a sensitivity analysis to understand the effects of key parameters on process economics;
and

+« Perform an uncertainty analysis using the Monte Carlo approach to identify the uncertainty
associated with the product value of diluent.

6.1 Thermochemical process design

Unlike algal biodiesel production, which relies mostly on specific algal strains and is aimed at lipid
accumulation solely to increase biodiesel yield, thermochemical approaches, namely pyrolysis and
HTL, convert not only the lipid portion of microalgae but also other biomolecules like
carbohydrates and proteins in whole algae [618]. In general, microalgae achieves concentrations
from 0.01 to 0.1% (mass fraction basis) and thus requires concentrating to render it compatible for
pyrolysis and HTL [619]. The latter requires that algal biomass undergo filtration or centrifugation
whereas the former requires additional thermal drying.

6.1.1 Algal pyrolysis

Pyrolysis, a type of thermochemical process, involves operating conditions at atmospheric pressure
in a temperature of 300-700 °C or higher in an oxygen-free environment that lead to the thermal
disintegration of dry organic feed (moisture content below 10%) [620]. The major products from
pyrolysis include bio-oil (organic liquid), gas, and char (solid), the amounts of which depend on
operating conditions, the nature of the feedstock, and the reactor used. Fast and flash pyrolysis,
which involves a high heating rate and a short residence time at 450-550 °C, increases the organic
liquid mass yield from 50 to 70% w/w [621]. However, extensive drying is required before biomass
is input to the system in order to reach high heating rates.

Fast pyrolysis for bio-oil production has been studied for a number of microalgae strains [622-
626]. For instance, Gong et al. [625] and Harman-Ware et al. [623] employed Scefnedesmus sp.,
Chlorella vulgaris, and Dunaliella salina for fast pyrolysis and produced bio-oil with a higher
heating value (HHV) of 18-25 MJ/kg. Microalgae pyrolysis has three steps [627]. In the first step,
light volatile compounds and water are removed at a low temperature (130-165 °C, depending on
the algae). The second step is de-volatilization at 140-540 °C, wherein organic molecules are
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decomposed in this order: polysaccharides, proteins, lipids. The final step occurs above 540 °C,
which causes the carbonaceous substances in the residuals to decompose. A general process
scheme for the pyrolysis algal platform is modeled in this study. Figure 27 shows the main unit
blocks for the pyrolysis system: feedstock processing, fast pyrolysis, hydrotreating, and a hydrogen
production plant. The particles are fed to the fast pyrolysis reactor to produce oxygenated liquids.
The resulting fast pyrolysis oil is hydrotreated to produce stabilized bio-oil, which can be used as
diluent. The off-gases from all processing areas are used with natural gas to obtain the requisite
hydrogen for hydrotreating.

Steam

— -
Solid wastes
Off-gases
Algae
SN EEE——

Off-gas

Diluent

Figure 27: Block diagram for the thermochemical algal pyrolysis pathway

6.1.2 Algal HTL

Hydrothermal liquefaction (HTL) converts wet biomass (moisture content above 50% by mass) to
liquid biocrude with or without a catalyst at temperatures in the range of 280-370 °C and pressures
of 10-25 MPa [628-630]. HTL process conversion efficiency is influenced by process conditions
such as temperature, pressure, residence time, and the nature of the feedstock. HTL oil,
characterized by 10-20% w/w oxygen and nitrogen, has an energy density of 30-37 MJ/kg [631].
HTL processing is best suited for wet feedstocks like algae as the drying requirement is avoided.
Early studies on microalgae hydrothermal liquefaction involved the use of a batch reactor at high
algal concentration at 300 °C and resulted in oil yields of 37 wt% and 57-64 wt% for Botryococcus
braunii and Dunaliella tertiolecta, respectively [632, 633]. Most HTL studies have been
performed in batch reactors; nevertheless, continuous-scale processing is needed to realize HTL
biocrude production at a commercial scale. Yang et al. studied HTL characteristics through the
liquefaction of the main components of low-lipid microalgae such as crude proteins, crude
polysaccharides, and their mixtures [247]. They demonstrated that polysaccharides contributed
less than 5% towards bio-oil formation whereas proteins contributed up to 16.29%. Jazrawi et al.
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and Roussis et al. demonstrated the use of two-stage HTL, the feasibility of which was further
investigated by Costanzo et al. by comparing it with single-stage HTL at the laboratory scale,
which aims to lower the content of nitrogen in biocrude [634, 635, 636]. They illustrated that the
two-stage processes are suited to high lipid-containing microalgae. Hognon et al. comparatively
analyzed the HTL and pyrolysis of Chlamydomonas reinhardtii and showed a possible approach
to recover the aqueous phase for cultivation purposes [627]. Their study on re-using an aqueous
medium for microalga growth shows great potential; however, the authors determined that the high
levels of organics in the aqueous phase required treatment before the aqueous medium could be
used for cultivation. During the HTL process, water acts as both solvent and reactant. The
operating conditions of water in HTL are closer to water’s critical state (Tc =374 °C and Pc =22.1
MPa), which reduces the dielectric constant and increase the solubility of the organics [368]. The
reaction mechanism in HTL involves biomass de-polymerization, subsequent biomass
decomposition into monomers via a series of reactions (decarboxylation, dehydration, cleavage,
and deamination), followed by fragments recombination [127].

A general process scheme for an HTL algal platform was modeled in this study. Figure 28 (a)
shows the main unit blocks in the HTL system developed for woody biomass in a previous study
[637]. This model considered as a biomass feedstock whole tree wood chips with an initial
moisture content of 50% and the resulting process entailed further preprocessing to reduce solid
loadings to 8.2 wit% at the inlet of HTL reactor. Algal processing facilities are different from
lignocellulosic biomass-based processes [638]. There is no pre-processing requirement for algal
biomass suited for direct processing [137]. Moreover, algal biomass production and conversion
platforms are co-located and dependent. The conversion platforms do not require that algal
biomass be transported to a downstream facility and hence avoid the costs associated with off-site
transportation, as noted also by Davis et al. [639]. Figure 28 (b) shows the main unit blocks for the
HTL system in the current study. As shown in Figure 28 (b), after harvesting and dewatering, algal
slurry is pumped into the HTL reactor where it is separated into biocrude, aqueous phase, and
gases. Biocrude is further separated from other process streams. The HTL biocrude is fed to the
hydrotreating section for further upgrading to the desired product. The process off-gases from all
processing areas are directed to a hydrogen plant for H> production for hydrotreating.
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Figure 28: Block diagram for the thermochemical (a) wood and (b) algal hydrothermal
liquefaction pathways
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6.2 Materials and methods

Techno-economic assessment involves the development of data-intensive techno-economic
models using the process models to estimate the product value of diluent. The process models are
developed in Aspen Plus and the equipment costs are derived from the Aspen Icarus Economic
Evaluator [640, 677]. The rate of return on investment is calculated through a discounted cash flow
of rate of return (DCFROR) analysis for a 20-year plant life. The assumptions used in the analysis
of the HTL and pyrolysis plants are discussed in this section. It is assumed that the plant uses 2000
dry tonnes/day of microalgae for both platforms. Biomass concentration results for algal HTL in
other studies are 10-20% [641, 642]. It is known that 20% of the algal biomass obtained from the
initial processing steps can be transported with a positive displacement pump [643]. The process
off-gases are used in the hydrogen generation plant for hydrogen production. The thermochemical
plant analysis uses an n™ design, which does not consider special financing needs [638]. Tang et
al.’s algae compositional characteristics of algae, as provided in Table 25, were used in this study
[644]. Traditionally, microalgae has higher nitrogen content than lignocellulosic biomass; this is
mainly due to the presence of proteins[645]. Thus, a significant amount of nitrogen can be found
in the resulting biocrude, leading to issues during biocrude upgrading and combustion [646].

Table 25: Composition of the algal feedstock considered in this study, derived from Tang et
al. [644]

Parameters Algal biomass
Algae Nannochloropsis
HHYV, MJ/kg (dry basis) 20.5
W1t% (dry basis)

C 49.27 £ 0.93
H 7.27+£0.12

N 6.29 £ 0.09

S 0.83+0.01

@) 36.34

6.2.1 HTL model development

The developed process model includes areas for hydrothermal liquefaction (HTL), hydrotreating,
and hydrogen production as shown in Figure 29. The process flow simulation is developed based
on material and energy balances, chemical equilibrium, and the thermodynamic properties of the
system. The model is developed in a steady-state process simulator engine in Aspen Plus that
simulates several pieces of equipment interlinked via mass, work, and energy streams. The input
assumptions in the development of hydrothermal liquefaction for diluent production are provided
in Table 26.
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Figure 29: Process model development for an algal hydrothermal liquefaction plant

Table 26: Hydrothermal liquefaction process assumptions and properties

Algal biomass flow rate, dry tonnes/day 2000
Algal biomass % (dry w w™) 20
Hydrothermal liquefaction [628]

Temperature, °C 350
Pressure, MPa 20.3
HTL biocrude yield (wt%) 40.3
HTL biocrude moisture content (%) 5.52
Hydrotreating (Single-step) [638, 648]

Temperature, °C 400
Pressure, psia 1500
Hydrogen production plant [567]

H2, g/g dry bio-oil 0.043
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6.2.1.1 Hydrothermal liquefaction

The wet microalgae is initially pumped to a pressure of 18 MPa and directed through heat
exchangers to achieve a temperature of 350 °C. This algal slurry is then preheated by incoming
hot effluent from the HTL reactor. Under these conditions, water exists below the supercritical
point and thus can dissolve most of the organics in the biomass stream. The HTL reactor is modeled
through the RYield block in the process simulator. The product yield distributions for process
design were obtained from a study that used GC/MS analysis and elemental balances [638].
Biocrude yields typically ranges from 35-65 wt% [647]. Brown et al. reported the highest bio-oil
yield of 43 wt% for the hydrothermal liquefaction of microalga Nannochloropsis sp [647]. Faeth
et al. reported a biocrude yield of 44 wt% for typical algal HTL [573]. Juneja et al. considered
optimal conditions for HTL biocrude productivity of 37% to be 340 °C [648]. The effluent passes
through the HTL reactor where the organic molecules present in the biomass are converted to
biocrude. The effluent then passes through a filter where the solid residues are separated in the
form of ash and disposed of [567, 640, 649]. The filtered effluent stream is recycled through a heat
exchanger that allows heat recovery and preheats the incoming feed stream. The cooled effluent is
further depressurized and enters a three-phase separator that separates the incoming stream into
organic (biocrude), aqueous, and gaseous phases. The generated off-gases (carbon dioxide,
hydrogen, and smaller molecules) are used as fuel gases in the hydrogen generation plant. The
aqueous phase, which consists mainly of small polar organics including water molecules, is
directed to a wastewater treatment facility [618, 646, 649]. The biocrude is hydrotreated and
undergoes further deoxygenation in the presence of catalysts.

6.2.1.2 Biocrude hydrotreating

The raw biocrude obtained from HTL has high amounts of nitrogen and oxygen that needs to be
reduced to meet desired product characteristics. The raw biocrude from HTL is pressurized before
it comes in contact with hydrogen. The incoming stream is fed to the hydrotreating reactor, which
uses a single-stage hydrotreating unit to produce stabilized biocrude. The hydrotreater is modeled
through the RY ield block in the process simulator. This analysis uses the product yield distribution
results from experimental work by Jones et al. [638].

The resulting stream is cooled and directed to high-pressure flash units. The effluent is separated
into the aqueous phase, upgraded biocrude, and off-gases. The gas phase, consisting of light
hydrocarbon molecules and other gases, undergoes H» recovery in a pressure swing adsorption
column (PSA). The organic liquid phase is passed through a low pressure flash unit to remove
gaseous components present in the oil phase. The upgraded biocrude is further stabilized through
a debutanizer column, which removes the light components in the biocrude. The overhead gas
from debutanizer column, along with PSA off-gases, is directed to the hydrogen production plant.
The aqueous waste stream is assumed to be discharged to a wastewater treatment plant [618, 646,
649]. The off-gases from the hydrotreating section are sent to the hydrogen production plant.

6.2.1.3 Hydrogen production

Hydrogen is produced through conventional steam reforming. Some of the off-gases from the
process areas are used as fuel gas in the reformer burner. The rest is used in steam reforming
together with superheated steam for hydrogen generation, which also uses makeup natural gas.
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The steam reformer produces syngas, which is directed to a water-gas shift reactor (WGSR) to
increase the amount of hydrogen. The resulting gas is cooled, and the water vapor is condensed.
The cooled gas is directed to the PSA to produce highly purified hydrogen [567]. The tail gas from
the PSA column is sent to the reformer burner. Steam is produced when the fuel gas is cooled in
the burner and a portion of the steam is used in steam reforming.

6.2.2 Pyrolysis model development

The process model includes biomass processing, pyrolysis, hydrotreating, and hydrogen
production, as shown in Figure 30. The modeling is performed in Aspen Plus using mass and
energy balances. The economic analysis uses the Aspen Icarus Evaluator, which estimates
equipment cost through sizing and investment analysis spreadsheet calculations. The input
assumptions in the development of pyrolysis for diluent production are provided in Table 27.
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Figure 30: Process model development for an algal pyrolysis plant

6.2.2.1 Feedstock preparation

To avoid an energy penalty, algal biomass must be pre-conditioned before it is passed through the
pyrolyzer to avoid energy penalty. Without pre-conditioning, the yield will decrease, thereby
increasing the heat requirements [650]. Feedstock drying is the key for thermochemical processes
like pyrolysis because the presence of moisture in biomass entails more heat. Algal biomass is
dried to a moisture content of <10% in order to reduce the water content in the resulting fast
pyrolysis bio-oil product [650].
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Table 27: Pyrolysis process assumptions and properties

Items Values
Biomass flow rate, dry tonnes/day 2000
Algal biomass % (dry w w™) 20
Pyrolysis [627]

Temperature, °C 500
Pressure, MPa 0.102
Hydrogen production plant

H2, g/g dry bio-oil 0.043

6.2.2.2 Fast pyrolysis

Fast pyrolysis of algal biomass allows the rapid transfer of heat at a considerably low residence
time. The dried algal biomass from the feed pretreatment area is sent to a circulating fluidized
pyrolysis reactor at 520 °C. Sand acts as the fluidization medium during the process run and the
reaction time is <1 s. Following pyrolysis, solid (biochar) particles are removed by cyclones
entrained in effluents. The resulting pyrolytic bio-oil is recovered through the condensation of
vapors. The bio-oil product yield distribution for algal pyrolysis is obtained from an experimental
study [651]. A typical oil product yield from fast pyrolysis ranges from 55-65 wt% [652]. The non-
condensable gases, consisting of methane and other gases, are directed to the hydrogen production
plant for hydrogen production for hydrotreating purposes.

6.2.2.3 Bio-oil hydrotreating

Hydrotreating, an exothermic reaction process, is used in the oil and gas industry for the selective
removal of oxygen, nitrogen, and sulphur [653]. Traditionally, algal bio-oils have high amounts of
nitrogenous compounds. Nitrogen removal presents challenges during bio-oil upgrading that
contribute significantly to upgrading costs [555]. Bio-oil from the pyrolysis reactor is hydrotreated
in the presence of hydrogen in a two-step process. The first step involves mild hydrotreatment in
a catalytic reactor to stabilize the pyrolytic bio-oil using cobalt molybdenum (CoMo) [654]. The
resulting liquid product passes through a two-step hydrotreater operating at a lower space velocity
and higher temperature than the first stage; this hydrotreater also uses CoMo. The second-step
product is separated into organic liquid products, wastewater, and off-gases. The off-gases from
the hydrotreating units are directed to the pressure swing adsorption, which allows hydrogen
recovery. The PSA tail gas, consisting of light hydrocarbons and other gases, is passed to the
hydrogen plant for hydrogen generation. The resulting aqueous phase is discharged through
wastewater treatment.

6.2.2.4 Hydrogen production

The hydrogen plant in the pyrolysis facility is same as that in the HTL plant. The off-gases from
all processing areas are employed as fuel gas. The hydrogen is produced through conventional
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steam reforming, which uses a series of water-gas shift reactors and a PSA column to produce the
required hydrogen for hydrotreating.

6.2.3 Techno-economic asessment

The developed process model uses HTL and pyrolysis pathways for economic analysis, and the
Aspen Icarus Evaluator then maps and sizes the unit equipment. The techno-economic assessment
considers an n™" plant scenario, which means that the process is mature and commercially available.
Based on the total purchased equipment cost (TPEC) estimates, the total project investment (TPI)
was obtained with the factors laid out by Peters et al. [655]. The total installed cost (TIC) was
evaluated by multiplying the TPEC by an installation factor. The parameters used to estimate the
TPI from the TPEC are provided in Table 28. The capital cost distribution and production plant
capacity factors were obtained from Shahrukh et al. and Agbor et al. relevant to a biomass handing
plant [656, 657]. A 10% contingency factor was considered in order to cover unexpected expenses
at the project startup [658, 659]. The annual operating costs are divided into both fixed and variable
costs. The variable costs are the costs for raw materials, catalysts, and utilities. A price of 100
/tonne s considered as a revenue for biochar obtained from pyrolysis [660]. The biomass feedstock
cost was obtained from a study by Davis et al. [639]. The price of electricity was taken from the
literature [661, 641] and catalyst prices were obtained from a study by Zhu et al. [572]. The fixed
costs are the labor and maintenance costs. Alberta-specific wage rates were applied for labor and
supervision [662, 698]. The product value was estimated through the DCFROR analysis. An
inflation rate of 2% was assumed for the analysis. Table 29 shows the lists of economic
assumptions used in the study of thermochemical technologies for diluent production.

Table 28: Plant capital cost calculation factors

Project investment cost factor estimates

Installation factor 3.02

Total installed cost (TIC) 302% of TPEC
Indirect cost (IC) 89% of TPEC

Total direct and indirect costs (TDIC) TIC+IC
Contingency 10% of TDIC

Fixed capital investment (FCI) TDIC + contingency
Location cost 5% of FCI

Total project investment (TPI) FCI + location cost
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Table 29: Economic analysis assumptions

Items Values
Plant life (yr) 20
Cost year 2016
Capital cost distribution [656, 657]

Year 1 (%) 20
Year 2 (%) 35
Year 3 (%) 45
Production plant capacity factor

Year 1 0.7
Year 2 0.8
Year 3 and beyond 0.85
Internal rate of return (%) 10
Maintenance cost ($) 3% of TPI

Operating charges (3)
Plant overhead ($)

Subtotal operating cost, SOC ($)

G & A cost ($)

Solid disposal cost ($/tonne) [572]
Wastewater disposal cost ($/tonne) [640]
Stream factor (%) [572]

25% of operating labor cost

50% of operating, labor, and
maintenance costs combined

Sum of all operating costs including raw
material and utility costs

8% of SOC

41.91
0.76
90

6.2.4 Sensitivity and uncertainty study

During plant operation, process parameters may vary. Hence, a sensitivity analysis was conducted
to study the effects of changes in parameters on product value. The product value was estimated
by varying a parameter by £20%. Varying one parameter at a time would help in understanding
the effects of individual parameters; however, in reality, many parameters are likely to change at
the same time, the effects of which were studied through a Monte Carlo simulation using 10,000
iterations. This approach was used to determine the product value based on probability distribution
in the process design.

6.3 Results and discussion
6.3.1 Techno-economic assessment

The process economics for hydrothermal liquefaction and pyrolysis takes into account biomass
costs, capital cost, and process operating costs. These costs are then applied in a discounted cash
flow of return analysis to estimate the product value of the diluent at a net present value of zero
using a rate of return of 10%. The cost analysis was carried out for a plant capacity of 2000 dry
tonnes/day.
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6.3.1.1 Cost estimates

A 2000 dry tonnes/day algal HTL plant has a TPEC of 111.5 M$ and an FCI of 479.5 M$, which
is considerably higher than a pyrolysis plant using the same quantity of feedstock, as shown in
Table 30. A similar cost estimate was obtained for thermochemical platforms in a study by Ou et
al. [649].

Table 30: Cost estimates for hydrothermal liquefaction and pyrolysis plant facilities

Hydrothermal liquefaction Pyrolysis

Total purchased equipment cost (M $) 111.5 85.1
Total project investment (M $) 503.5 384.6
Operating cost (M $) 356.1 397.2
Production cost ($/L) 1.60 1.69

The breakdown of cost estimates for hydrothermal liquefaction and pyrolysis is shown in Figure
31. The hydrothermal liquefaction costs were estimated at 70.7 M$, which is 63.4% of the total
purchased equipment cost. Similar cost estimates, in the range of 64.3-75 M$, were reported in
hydrothermal liquefaction studies for a 2000 dry tonnes/day plant [640, 663]. Estimated
hydrotreating costs are 16.5 M$, or 14.8% of the total purchased equipment cost, and a hydrogen
production plant costs 20.4 M$ or 18.3% of the TPEC. The highest cost is the capital cost of the
hydrothermal liquefaction unit because of the shell and tube reactor design, which allows the unit
to operate at elevated temperature and pressure compared to other processing areas of the HTL
plant [649]. The capital cost estimates for a plant capacity of 2000 dry tonnes/day for algal
pyrolysis are shown in Figure 31. The fast pyrolysis equipment cost estimate is 33.9 M$, or 33.9%
of the overall purchased equipment cost. This cost estimate is within the range of values reported
in the literature [640, 664]. The hydrotreating and hydrogen plant equipment costs ae 26.60% and
28.93% of equipment costs, at 22.6 M$ and 24.6 M$, respectively.
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Figure 31: Total purchased equipment cost for hydrothermal liquefaction and pyrolysis
plant facilities
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Based on the results, the HTL process capital investment is higher than that of fast pyrolysis, as
G and A chdpnt overhead Capital cost

also reported previously [663]. Also, the capital cost of hydrotreating for HTL is lower than that
for a fast pyrolysis plant. This is in agreement with previous studies on hydrothermal liquefaction
and fast pyrolysis [640, 663]. It is obvious that the process differences in the two thermochemical

processes have significant differences in economics.
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Figure 32: Breakdown of operating costs for (a) HTL plant facility and (b) pyrolysis plant
facility

The breakdown of operating costs for HTL and pyrolysis plants is shown in Figure 32. The annual
plant operating cost includes raw materials, labor, maintenance, overhead, and utilities as well as
general and administrative charges, for both plant configurations. The raw material cost makes up
most of the operating costs. This estimate is in accordance with a previous study by Jones et al.,



who provided a design case for continuous HTL and subsequent catalytic hydrotreating of whole
algae, with biomass constituting 74% of the product cost [638].

Figure 33 shows the parameter cost breakdown of the product value of diluent from HTL and
pyrolysis. The raw material accounts for a significant portion to the product value of diluent, which
is attributed in this study to the higher cost of biomass.
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Figure 33: Contribution of HTL and pyrolysis operating costs to the product value of diluent

6.3.1.2 Cost comparison with previous studies

We performed a techno-economic analysis for a proposed plant in western Canada. There are a
few studies on algal-based thermochemical pathways with a focus on producing transportation
fuels, and cost estimates vary considerably. Lundquist et al. estimated the value of algal-based
products up to 2.09 $/L [665]. Other studies reported cost estimates in the range 0.88-24.60 $/L
[662]. The differences in costs are due to differences in algal processing costs. This study obtained
a product value of 1.60 $/L for diluent from algal hydrothermal liquefaction. Product values for
hydrothermal liquefaction products (biocrude) vary in the literature from approximately 1.39 to
2.72 $/L for different algal feedstocks [230, 638, 648, 666]. Orfield et al. studied an algal bio-
refinery concept using hydrothermal liquefaction and reported an algal oil cost of 1.64 $/L [666].
Another HTL study on microalgae using different cultivation systems showed product costs of
1.66-2.20 $/L for biomass costs of 510 to 673 $/tonne [667]. Hence, the product value obtained in
this analysis for hydrothermal liquefaction for diluent production is in accordance with previously
reported studies.
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For a pyrolysis plant, a product value of 1.69 $/L is estimated for a processing plant capacity at
2000 dry tonnes/day. The product value from a study by Thilakaratne et al. for a pyrolysis plant
facility ranges from approximately 1.65-1.98 $/L for algal feedstocks [555]. Thus, the product
value obtained in this analysis is in good accordance with values reported in another study. In
general, literature studies show a minimum fuel selling price of pyrolysis bio-oil from different
feedstocks in the wide range of 0.53-2.11 $/L, which could be due to different system
configurations, assumptions in parameters, and process inconsistencies owing to market
uncertainties [650, 668-671].

The product value obtained in this analysis for pyrolysis is higher than for HTL, as also reported
by Tews et al. [640]. The same authors compared the hydrothermal liquefaction and pyrolysis of
forest residue and obtained the higher bio-oil product value of 3.09 $/gallon gasoline equivalent
for pyrolysis compared to 2.0 $/gallon gasoline equivalent for hydrothermal liquefaction at a
processing capacity of 2000 dry tonnes/day [640]. de Jong et al. studied the economic feasibility
of HTL and pyrolysis for renewable jet fuel production and found that the product price was lower
for HTL than for pyrolysis [672].

Instead of using raw microalgae as a feedstock, defatted microalgae (a by-product of biodiesel
through lipid extraction) can be used as investigated in a study by Ou et al. [649]. The elemental
composition of this feedstock is known to show similarities with raw microalgae, other than lower
carbon and higher nitrogen levels [649]. Hence, the lower cost of this biomass feedstock has
advantages as feedstock for both HTL and pyrolysis. The cost of diluent obtained from crude oil
distillation is 0.7 $/L [673]. On comparison, the cost of diluent production through current
technological platforms does not compete. Hence, a robust system with special focus on reducing
algal costs and increasing product yield would offer significant benefits.

6.3.1.3 Plant capacity

The effects on the product value of diluent with changes in plant capacity are shown in Figure 34.
The figure shows the unique behavior of diluent’s product value, which falls rapidly at plant
capacities of 500-3000 dry tonnes/day. In hydrothermal liquefaction, the product value of diluent
falls from approximately 1.82 to 1.56 $/L when plant capacity is changes from 500-3000 dry
tonnes/day. For pyrolysis, the product value falls from roughly 1.94 $/L at a capacity of 500 dry
tonnes/day to 1.65 $/L at a capacity of 4000 dry tonnes/day. A similar trend for the production of
pyrolysis oil from switchgrass was observed by Lerkkasemsan and Achenie [674]. With increasing
plant capacity, the curve flattens, signifying that the reduction in cost is minimal. Hence, as plant
capacity increases, the product value decreases, however, its feasibility depends on the amount of
algae that can be produced. This trend has also been observed for algae-derived diesel [675]. The
key factor affecting plant size is biomass availability. Thus, biomass plant facilities are developed
at a small scale [676]. Larger plants require several equipment units to run the process [640].
Despite the economic benefits from large-scale thermochemical systems, large continuous-scale
systems for diluent production have not yet been demonstrated, and there are issues in achieving
heat transfer to the reactors [677].
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for (a) hydrothermal liquefaction and (b) pyrolysis

6.3.1.4 Influence of biochar from pyrolysis as a revenue or heating source

If biochar from fast pyrolysis is regarded as a selling product, the revenue depends on the selling
price. The biochar selling price was varied from 0-500 $/tonne [660]. Diluent cost is sensitive to
biochar price, as shown in Figure 35.
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Figure 35: Change in product value of diluent with changes in char revenue in fast pyrolysis
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The product value of diluent in this study can be further reduced by combusting biochar. The
energy obtained from biochar can be used to obtain sufficient energy for algal biomass drying and
heat supply to the pyrolysis reactor [678]. The use of biochar as an energy source in the system
has a product value at 1.67 $/L. Such a process is advantageous, however, offers challenge in terms
of process integration and has safety issues [678, 679].

6.3.2 Sensitivity analysis

Variations in economic parameters in the operation of a thermochemical facility are assessed in a
techno-economic analysis through sensitivity analysis. It assessed the impact of economic
parameters on the product value of the diluent for both thermochemical pathways. The results of
the sensitivity analysis are shown in Figure 36. The results were determined by considering a range
of £20% for the parameters studied [555]. It is obvious that algal diluent yield has the highest
impact on the product value followed by algal biomass cost for both thermochemical platforms.
The factors influencing product yield include phase separation efficiency, and the yield will
decrease if there is a considerable loss of organics to the aqueous phase during the phase separation.
Other factors influencing the yield include the nature of the algae, solid content in feed, process
operating conditions, and upgrading methods [638]. The reduced biocrude/bio-oil yield lowers the
diluent yield due to organics loss to the aqueous phase. Hence, final product yields are affected by
yields from biocrude and upgrading as well as separation efficiencies [649]. A variation of £20%
in product yield for HTL leads to product value ranging of 1.33-1.99 $/L. With a decrease in
product yield to 80% from the base case, the product value increases by about 24%. A fluctuation
of +20% in yield also has the highest impact on the product value for pyrolysis. An increase in
diluent yield by 20% reduces the product value to 1.41 $/L. Brown et al. also determined product
yield from pyrolysis to be the most influential parameter [669]. This finding necessitates improved
technologies to reduce product yield losses during the process run.

The second most influencing parameter in both thermochemical platforms is algal biomass cost.
Microalgae cost depends on growth, cultivation, and harvesting costs. There are uncertainties in
the cost estimates with current thermochemical technologies. The production costs of raw algal
biomass could reach 3000 $/tonne, which could considerably influence the product value of diluent
[8]. Thilakaratne et al. considered algal biomass costs of 0.35-7.32 $/kg; this range is due to the
differences in cultivation, the nature of the strain, and extraction techniques, as well as facility
location [555]. A 20% increase in biomass cost increases the product value of diluent from both
HTL and pyrolysis by roughly 14%. This means that there is a need to develop robust methods for
algal cultivation and harvesting technologies and make more effort to determine the market
competitiveness of algae.

Algal thermochemical technology development is still at the nascent stage and hence there are
uncertainties in capital cost estimates. A 20% increase in the IRR and total capital investment for
HTL increases the product value by approximately 3% and 2.5%, respectively. The capital costs
are the highest for HTL algal processing technology. Algal processing may be optimized by
lowering temperature and residence time, which will reduce the capital costs of the high-pressure
equipment used for HTL processing. Research and development efforts could look for alternatives
to assess the feasibility of HTL systems to further lower costs. For pyrolysis, a 20% increase in
IRR and total capital investment increases the product value by roughly 2% and 1.7%, respectively.
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The catalyst cost depends on catalyst type, space velocities, lifetime, and price. The other
parameters have less impact on the overall product value of diluent for both thermochemical plant

configurations.
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Figure 36: Sensitivity analysis results for factors influencing the product value of (a)
hydrothermal liquefaction and (b) pyrolysis
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6.3.3 Uncertainty analysis

The lack of data and knowledge of advanced thermochemical processes such as HTL and pyrolysis
may result in uncertainties in cost estimation. The sensitivity analysis determined the effects of
changing a single parameter on the product value at a given time. For the uncertainty analysis, a
Monte Carlo simulation was performed for a 2000 dry tonnes/day algal thermochemical plant.
ModelRisk software was used and 10,000 iterations were run involving random values from all
given parameters that impact the product value. The uncertainty analysis uses all costs including
raw material, capital, labor, maintenance, operating charges, general and administrative charges,
utilities, plant overhead, and disposal costs. Uncertainties in the range of 80-125% were considered
on the cost parameters. The product values from the uncertainty analysis for both thermochemical
pathways are shown in Figure 37. The simulations for hydrothermal liquefaction and pyrolysis for
algal biomass result in product values of 1.60 £ 0.09 $/L and 1.69 + 0.11 $/L, respectively, at 95%
confidence.
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6.4 Key perspectives

HTL is a high-pressure technology, whereas fast pyrolysis is a low-pressure process [663]. Testing
the application of the thermochemical liquid products obtained from algal-sourced biomass is
limited, as previous studies have focused mostly on lignocellulosic biomass. For hydrothermal
liquefaction, woody bio-oils show boiler firing efficiency analogous to petroleum distillates [680].
Though HTL has shown promise at the bench scale, it still faces challenges due to high capital
costs and pumping difficulties [681]. Nonetheless, HTL systems have been demonstrated at the
pilot scale, and they have yet to be developed commercially [663]. Upgrading HTL biocrude
likewise has yet to be demonstrated [663]. A few techno-economic studies have been done to
investigate the feasibility of HTL developments [572, 640, 663].

Pyrolysis, on the other hand, has been widely tested on a small scale at both pilot and commercial
levels using lignocellulosic biomass [682]. Scale-up has also been performed using flash and fast
pyrolysis to improve bio-oil yield and reduce char production [646]. Other techno-economic
studies have demonstrated the potential of energy recovery and bio-oil processing from waste
biomass via pyrolysis [681]. With such fast pyrolysis commercial systems being made available,
fast pyrolysis bio-oil upgrading has been successfully achieved at lab or an engineering scale.

Additional research and development is required to fully understand the potential of
thermochemical platforms. In both cases, liquid product properties need to be improved through
improvements in HTL upgrading, catalyst stability, and product quality [630, 663]. Improvements
in catalysis design to attain high performance and lifetimes will ameliorate process developments
[654]. As a hydrogen production plant adds to capital costs, co-locating the conversion plant and
hydrotreating system with an existing refinery would allow process off-gases to be used in the
refinery for hydrogen production, thereby lowering thermochemical system costs [663]. Zhu et al.
showed that the integration of a refinery with a hydrothermal liquefaction plant or a pyrolysis
system could reduce the final product value by about 25% or 15%, respectively [663]. However,
final product specifications need to be determined to illustrate this integration with an oil refinery.
Detailed characterizations of crude and upgraded products in terms of densities, compound nature
and types, boiling point curves, and acid number require investigation. For thermochemical
systems such as HTL, it is also imperative to identify reactor limitations with respect to heat
transfer and corrosion. For pyrolysis, reducing preprocessing steps will lower costs [654].

In order to make the process economically attractive, non-technological data such as carbon tax,
premium, and royalty are required. Research efforts should involve optimizing the process model
together with supplementing non-technological mechanisms to support technological development.

6.5 Conclusions

A techno-economic study on microalgae-to-diluent production via two thermochemical plant
configurations, namely HTL and pyrolysis, was conducted. Microalga-based diluents are
technologically feasible; however, costs need to be lowered to make diluent cost competitive. HTL
has been explored in continuous-process reactors at high concentrations of algae. HTL biocrude is
regarded as having lower oxygen content than algal pyrolysis biocrude. In terms of the
technological aspects, this study showed that algal-based HTL is a promising pathway with respect
to product quality. However, HTL is still at its nascent stage of development, whereas pyrolysis is
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a mature and industrialized technology. The choice and specificity of biomass present major
problems and prospects for both pathways. Microalga is a potential biomass feedstock for the
production of diluents in both thermochemical routes.

A process outline for assessing the viability of commercializing advanced thermochemical
processes was presented. The modeling and cost results provided useful insights into the
development of large-scale development approaches. In the future, with burgeoning industrial
demands for products from biomass, algae show a great promise for diluent production for oil
sands industrial applications.
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7 A Comparative Analysis of Hydrogen Production from the
Thermochemical Conversion of Algal Biomass

Hydrogen is considered a potential energy resource, and biomass, because it is renewable, is
emerging as a vital energy source. The purpose of this section is to perform a techno-economic
assessment of large-scale hydrogen production from algal biomass. The specific objectives are:

% To develop a detailed techno-economic model to evaluate the product value ($/kg) of
hydrogen derived from microalgae using thermal gasification and supercritical gasification;

+« To determine the hydrogen product value with respect to plant capacity;

% To conduct sensitivity and uncertainty analyses of several cost parameters that influences the
product value.

The results will provide key insights into the techno-economic feasibility of producing hydrogen
from high moisture containing feedstocks such as microalgae.

7.1 Thermal gasification

Microalgal biomass is seen as a promising candidate for biofuel production as a future energy
source. Thermal gasification, a known thermochemical method, occurs at a temperature of 800-
1000 °C and involves partial oxidation of biomass in the presence of gasifying agents such as
steam, oxygen, and air [683, 684]. The syngas thus produced is a mixture of H2, CH4, CO2, and
CO. In general, gasification is suitable for biomass with a moisture content <15%. There are
several studies on the gasification of biomass [685-688] but only a few that focus on microalgae
[689, 690]. Microalgae require drying because high moisture content materials reduce gasifier
efficiency and syngas energy content. A study based on biomass-based integrated gasification
combined cycle showed that a moisture content of less than 10 wt% is required to achieve high
temperatures during gasification, thus improving energy efficiency [691]. The gasifier used for
microalgal conversion is a vertical fluidized bed. However, such reactors pose challenges in terms
of scalability and ensuing carbon loss, so they are commercially infeasible [692, 693]. A horizontal
bed reactor improves heat transfer by allowing significant contact time, which can reduce the char
formation. This reactor design is simple and easy to operate and can improve carbon conversion
[694]. Using air as a gasifying agent is more advantageous than other known gasifying agents such
as pure oxygen and steam that make the process long, expensive, and complex.

There are very few studies on algal thermal gasification for biofuel production. Hirano et al.
studied the gasification of Spirulina at 850-1000 °C into syngas that consisted of H,, CO,, CO,
and CH, [695]. Their study showed that temperature has a key role in increasing hydrogen and
carbon conversion efficiency. A study by Minowa et al. involving the gasification of C. vulgaris at
350 °C in the presence of a Ni-catalyst was aimed at producing higher levels of CH, than H; the
study showed the significance of catalysts for higher carbon conversion efficiency [632]. Raheem
et al. studied air gasification of Chlorella vulgaris in a horizontal tube configuration and reported
950 °C as an optimal temperature [696].
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7.2 Supercritical water gasification

The unique properties of supercritical water are the basis of supercritical water gasification
technology. Beyond the critical point (374 °C, 22.1 MPa), water shows different properties than at
ambient conditions [697]. Supercritical water has a smaller dielectric constant than water at
ambient conditions. Consequently, supercritical water behaves like an organic solvent, thereby
improving the solubility of organics and preventing the formation of byproducts such as tar and
char. In addition, the chemical reactions occur in a single fluid medium that would otherwise
happen in a multiphase environment under normal conditions [698]. Supercritical water has high
reactivity, which further increases the hydrogen yield. Some of the advantages of the SCWG
process are: biomass does not need drying (in fact, water acts as a high reactive medium for
SCWG); high hydrogen and considerably low carbon monoxide yields are achieved; the unique
properties of supercritical water often result in less tar and char formation.

The experimental setup had a liquefaction step to precipitate the insoluble organics to prevent
problems in the feed line. Amos [699] estimated the costs of hydrogen production for starch waste
(15 wt% dry matter) at a throughput of 7500 kg/h (wet basis). The costs did not include the feed
supply lines, and the gas cleaning was done through membrane technology, which made up >35%
of the purchased equipment costs. Another study performed a similar cost estimate for water
hyacinths (5 wt% dry matter) at a throughput of 42.67 kg/h [569]. The gas cleaning approach
involved a CO» absorber with water as the scrubbing medium. The investment costs consisted
mainly of bulk plant components, and costs related to engineering, assembly, etc., were not
incorporated. Gasafi et al. studied the economics of the SCWG of sewage sludge (20 wt% dry
matter) for hydrogen production at a throughput of 5 t/h and found that SCWG could be
competitive if the revenues associated with the sewage sludge disposal as a waste product were
considered [570]. The study lacked the information on what scale the plant could be commercially
built to produce hydrogen via supercritical water gasification. Recently, Mosuli et al. studied the
economics of producing renewable hydrogen from glucose (15 and 25 wt%) and sewage sludge
(15 wt%) [571]. These studies show the potential of SCWG for hydrogen production from a range
of high moisture feedstocks. However, the techno-economics of algae produced through SCWG
has not been studied.

7.3 Methods

An understanding of the techno-economics of hydrogen production from algal biomass requires
an analysis of the mass and energy flows of the different unit operations in the plant design. The
techno-economic assessment was done through development of process models using Aspen Plus
Simulator to estimate the product value of hydrogen [700]. The analysis considers a base plant
capacity of 2000 tonnes/day of dry algal biomass feedstock for hydrogen production through
thermochemical technologies, based on studies at large scale [701, 702]. The thermochemical
plants have the infrastructure to take in biomass as it is produced, and the production and
conversion facilities are co-located [702].

7.3.1 Process model description

The development of a process model for producing hydrogen via thermal gasification and
supercritical gasification is discussed in this section.
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7.3.1.1 Gasification

Algal thermal gasification consists of drying, pyrolysis, and gas cleanup, as shown in Figure 38.
Drying occurs at a temperature range of 0-150 °C, which is aimed at improving the product’s
calorific value. The dried biomass is subjected to a temperature of 500 °C; this produces syngas
comprising Hz, CHa4, and CO. For the purpose of gasification, a fluidized bed gasifier is suitable
as it provides enhanced mass and heat transfer and a high heating value, resulting in high efficiency
[703]. The water-gas shift reaction enriches H> yield by using CO and H20O to form Hz and COa.
The syngas undergoes gas treatment, that is, the gas is cleaned and sulphur is removed. The
conversion of microalgae to syngas involves gasification reactions, that is, the water-gas shift
reaction, methanation, and the Boudouard reaction [703].
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Figure 38: Block diagram for thermal gasification pathway for hydrogen production

7.3.1.2 Supercritical water gasification (SCWG)

The simplified flowsheet (shown in Figure 39) includes the following major unit operations: feed
preparation, supercritical water gasification of wet biomass to syngas, and purification of syngas
into hydrogen. The modeled reactor system has a pre-hydrolysis reactor, a pseudo-critical minerals
separator, and a supercritical water gasification reactor. The pressurized feed initially passes
through the pre-hydrolysis reactor where the non-conventional components of biomass are broken
down. This is followed by a minerals separator step at the pseudo-critical point of ~ 380 °C to
remove salts, whose presence would cause plugging and clogging downstream. The resulting
stream is directed to the supercritical water reactor, which operates at 600 °C. The sulphur in the
biomass is captured in the form of H2S in an absorption column by using Selexol (dimethyl ether
of polyethylene glycol). The sulphur-free gas is allowed to pass through reactors, i.e., a steam
reforming reactor with high and low temperature water-gas shift reactors (WGSRs). CO: is further
removed through its absorption with Selexol. Once the CO> has been removed, the H»-rich product
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gas passes through pressure swing adsorption (PSA). The process model has been described in
detail by the authors in an earlier paper [704].
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Figure 39: Block diagram for supercritical water gasification pathway for hydrogen
production

7.3.2 Techno-economic assessment

The techno-economic assessment determines the product value (PV) using the plant’s capital and
operating costs. In this analysis, the life of the plant is assumed to be 20 years. The Aspen Icarus
Process Evaluator is used to calculate the total purchased equipment costs, which are used to
determine the product value through a discounted cash flow rate of return (DCFROR) analysis.
Following process model development, the unit equipment is mapped and capital costs are
obtained. Based on total project capital investment, the fuel product value at a net present value of
zero is determined.

7.3.2.1 Capital cost estimate

The total capital cost is obtained by combining individual purchased equipment costs with
installation factors and indirect costs. The indirect costs include engineering, construction, and
contingency costs. The simulation results are used for economic analysis. The process model is
used to map unit operations, which are sized to determine overall costs. An installation factor,
which includes electrical, piping, and other installations, is needed for the total purchased
equipment costs. The installation factors obtained from the process model are usually lower than
the standard factors as suggested by Peters et al. [655]. Hence, an installation factor of 3.02 is
considered more suitable for solid-liquid chemical plants and is used to calculate the total installed
cost (TIC), as shown in Table 31. The indirect costs (IC), as a percentage of the total purchased
equipment costs (TPEC), include engineering and supervision costs (32%), legal and contractors’
fees (23%), and project construction expenses (34%). The total direct and indirect costs (TDIC)
are the sum of the total installed costs and indirect costs (IC). A project contingency of 15% of the
total direct and indirect costs (TDIC) is applied. A location factor of 10% is added to calculate the
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total project investment (TPI) [705]. The present analysis assumes that there are no special
financing requirements resulting from the project’s working capital and longer startup times.

Table 31: Capital cost factors for capital cost estimate for a thermochemical plant [655]

Estimates for total project investment cost factors (in 2016 dollars)

Installation factor 3.02

Total installed cost (TIC) 302% of TPEC
Indirect cost (IC) 89% of TPEC

Total direct and indirect costs (TDIC) TIC+IC
Contingency 15% of TDIC

Fixed capital investment (FCI) TDIC + Contingency
Location cost 10% of FCI

Total project investment (TPI) FCI + location cost

7.3.2.2 Operating cost estimate

Annual operating costs are made up of fixed and variable costs. The fixed costs include operating
labor, maintenance, and administrative expenses. The variable costs are the operating supply costs
such as feedstock, chemicals, and utilities. The labor cost is the salaries of operators and
supervisors. Hourly wages in Alberta were 26.11 $/h and 33.57 $/h for operators and supervisors,
respectively A total of 8 staff (7 operators and 1 supervisor) are required per shift for the operation
of a 2000 tonnes/day supercritical water gasification plant [700] and three shifts per day are
considered [706-708]. The plant utility costs, such as electricity cost, are taken to be 0.067 $/kWh
based on the average electricity price in Alberta. Other costs that are crucial for plant operation
include maintenance and overhead costs. The maintenance cost is usually considered to be 2-10%
of the total project investment cost; the present economic analysis considers this cost to be 3% of
the TPI[700, 709, 710]. Operating charges are 25% of operating labor costs [710]. Plant overhead
is assumed to be 50% of operating labor and maintenance costs [710]. Plant overhead mainly refers
to the facilities, payroll, overhead, services, etc. General and administrative (G&A) expenses,
specified as 8% of operating costs, refer to general administrative expenses, research and
development, product distribution, etc. [700, 710]. The construction of the thermochemical plant
is considered to make up 20%, 35%, and 45% of the total capital cost during the first, second, and
third years, respectively [656, 657]. Other costs pertaining to the plant’s overall techno-economic
analysis were obtained from the literature [711, 712]. Table 32 shows the economic assumptions
used in the development of the techno-economic model for thermochemical technologies for
hydrogen production.
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Table 32: Economic assumptions during the development of the techno-economic model

Parameters Values References
Plant life (year) 20 [709]

Cost year basis 2016

Capital cost distribution [656, 657]
Year 1 (%) 20

Year 2 (%) 35

Year 3 (%) 45

Production plant capacity factor [656, 657]
Year 1 0.7

Year 2 0.8

Year 3 and beyond 0.85

Internal rate of return (%) 10 [709]
Maintenance cost ($) 3% of TPI [700]
Operating charges ($) 25% of operating labor cost [700]

50% of total operating labor and [700]
maintenance cost

Sum of all operating costs [700]
Subtotal operating cost, SOC ($) including raw material and utility

Plant overhead ($)

cost
G & A cost ($) 8% of SOC [700]
Solid waste revenues ($/tonne [711]
: 500
Nitrogen)
Wastewater disposal cost ($/tonne) 1.16 [712]

7.3.2.3 Product cost estimate

The product value of hydrogen ($/kg) is determined using a discounted cash flow rate of return
(DCFROR) analysis at a discounted internal rate of return (IRR) of 10% over a 20-year plant life
[709]. For currency conversion, a US$/CAD$ exchange rate of 1:0.77 (Bank of Canada exchange
rate, March 2016) was used. All cost numbers in this study are in US$ 2016. An inflation rate of
2% was considered for the present economic analysis [656, 713, 714].

7.4 Results and discussion

The results obtained from the techno-economic process model developed for hydrogen production
from two thermochemical technologies are discussed, followed by sensitivity and uncertainty
analyses.

7.4.1 Process modeling results

The process model results show that from an algal biomass SCWG plant with a capacity of
2000 tonnes/day, approximately 209 tonnes/day of hydrogen is produced, corresponding to a
percentage yield of 10.5%. This is in agreement with values reported in other studies (8.4-11.2%)
[570,571, 715, 716]. Gasafi et al. studied the hydrogen production from sewage sludge via SCWG
and reported a hydrogen yield of 8.39% [570]. Lina et al. estimated a hydrogen yield of 10% from
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the SCWG of palm oil waste [715]. The details of the developed process simulation model results
and the influence of key operating parameters on syngas yield have been described in earlier work
by the authors [704].

7.4.2 Techno-economic modelling results

The cost estimates for the hydrogen production for a plant capacity of 2000 tonnes/day using algal
feedstock via SCWG and thermal gasification are given in Table 33. The total purchased
equipment cost for supercritical water gasification is 56.2 M$, which corresponds to a total capital
investment of 277.8 M$. For thermal gasification, the installed capital cost is 131.48 M$, with a
total capital investment of 215.3 M$. The purchased equipment cost obtained in this study for
supercritical water gasification is in good agreement with that found in an earlier study on the
SCWG of 15 wt% glucose for renewable hydrogen production and a reported total purchased
equipment cost of around 62 M$ for a 2000 tonnes/day plant [571].

Table 33: Cost estimates for hydrogen production using thermochemical technologies (in
2016 US dollars)

Parameters SCWG Thermal Gasification
Installed capital cost (M$) 169.6 131.48

Total capital investment (M$) 277.8 215.3

Cost of hydrogen ($/kg) 4.59 5.66

The supercritical water gasification unit and water-gas shift reactor together incur the highest total
purchased equipment cost (30.2 M$), followed by the gas purification unit (25.9 M$). Spath et al.
studied the process model and economics for hydrogen produced through biomass gasification at
a plant capacity of 2000 dry tonnes/day and reported total purchased equipment costs for
processing and gas purification at approximately 39-41 M$ (2016 US dollars) [717]. For thermal
gasification, feed handling and drying contributed 10.1 M$ whereas gas cleanup, compression,
sulphur removal, and steam methane reforming unit contributed 24.5 M$. The cost parameter
contributions to the product value of hydrogen for supercritical water gasification and thermal
gasification are shown in Figure 40. It is clear that the raw material cost contributes highest to the
overall product value of hydrogen from biomass for both thermochemical processes. Similar
results were reported in a study on synthetic natural gas (SNG) production via SCWG, which
found >94% of algal biomass production to be attributed to production cost [580].
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Figure 40: Breakdown of product values of hydrogen for SCWG and thermal gasification of
biomass

7.4.3 Plant capacity profile

The plant capacity profile versus the product value of hydrogen is shown in Figure 41. As the plant
capacity increases, the product value decreases and then flattens out. This trend is the result of the
trade-off between capital, raw materials, and labor cost. The flat trend shown in the graph indicates
that the product value of hydrogen does not change with any increase in plant capacity beyond a
capacity size of 2000 dry tonnes/day, signifying the economies of scale. The optimum plant
capacity is found in the trade-off between the biomass transportation cost and plant capital cost.
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Figure 41: Effect of plant scale factor on the product value of hydrogen for (a) supercritical
water gasification (b) thermal gasification

7.4.4 Comparison of hydrogen costs with those from the literature

To the best of the authors’ knowledge, there are no studies on the production of hydrogen through
supercritical water gasification in Western Canada. Some authors have done studies on the
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supercritical water gasification of different feedstocks. Mosuli et al. showed that no profit can be
realized with a glucose feed concentration of 15% until the hydrogen price is more than $5/kg
[571]. Matsumura reported hydrogen production costs of $58.89/GJ (based on currency conversion
and 2% inflation) [569]. The current study found a product value of $4.59/kg ($38.16/GJ)
assuming the LHV of hydrogen to be 120.21 MJ/kg, which is in good agreement with values
reported in the literature [569, 580]. The differences in product value arise due to the location-
specific nature of the plant design. Sarkar et al. studied a gasifier for biohydrogen production using
forest residues and straw and reported $1.17/kg and $1.29/kg of H at a plant capacity of 2000 dry
tonnes/day [550]. Brandenberger et al. studied the economics of synthetic natural gas (SNG) using
microalgae from SCWG from raceway ponds (RP) and tubular and flat-panel (FP)
photobioreactors through a process named SunCHem [580]. For the most optimistic cases, this
study estimated SNG production costs of approximately $37-127/GJ based on different algal
production costs. The main downsides to large-scale implementation of microalgae-based biofuels
are the high investment costs and energy requirements during cultivation and harvesting [718, 719].
Brandenberger et al. analyzed the base case scenario for SNG production from microalgae, with
an algal production cost of $ 2.84-7.33/kg , and found it to be not viable economically [580].
Different cost estimates for microalgae biomass production have been reported in the literature.
van Beilen estimated $5-15/kg for algal biomass production in raceway ponds [719]. Williams and
Laurens reported large-scale production costs of $0.41/kg under optimized conditions [720]. In
Western Canada, most hydrogen is obtained from natural gas with a cost of $0.78/kg [676]. A
thermochemical plant using 2000 dry tonnes/day algae as a feedstock is not economical. However,
alga’s carbon neutrality and its ability to take up CO2> make it potentially an attractive option.

7.4.5 Drying using hydrogen gas

The chemical reactions in the gasification of microalgal biomass require moisture removal or
dewatering, as high moisture in biomass such as algae reduces the efficiency of the gasifier.
Hydrogen gas can also be used to dry algae. A European refinery used high purity hydrogen for
drying purposes in certain unit operations [721]. Another study on industrial processes employed
gaseous hydrogen for drying as an energy efficiency alternative [722]. In this study, the potential
of using hydrogen as an energy source for drying was investigated for gasification. The product
value of hydrogen increased to $5.90/kg when hydrogen was partly used as a drying energy
resource. However, the product value increased as a result of a decrease in the overall yield of
hydrogen produced.

7.5 Sensitivity analysis

Because the technology is still developing, an understanding is needed on how economic
parameters influence product value in order to improve process efficacy. A sensitivity analysis
was done by selecting cost variables that impact the product value estimate. The influence of cost
variables on the product value of hydrogen is important in view of the uncertainties. The chosen
parameters are those associated with biomass, utility, labor, maintenance, plant overhead, and
G&A costs including IRR, hydrogen yield, and plant capital costs. Sensitivity analysis is done by
varying cost parameters by £ 20% while the other parameters remain fixed. The key sensitive
parameter is the hydrogen yield obtained during the process. A 20% increase in product yield
reduces the product value by $0.76/kg and $1.30/kg for SCWG and thermal gasification,
respectively. Thilakaratne et al. [555] also found product yield to be the most sensitive parameter
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in the techno-economic assessment of microalgae for both thermal drying and partial mechanical
dewatering processes. The other significant parameter is biomass feedstock cost. A +20% variation
in biomass cost changes the product value by > 20% for both processes. The cost of algal biomass
depends on the availability of biomass, which relies on optimized design and performance of algal
production methods that improve biomass productivity. Also, there are uncertainties in the
cultivation and harvesting of microalgae for biofuel production [723]. Thus, algal production
methods vary with location and capital costs, and algal production costs range from $30-70/kg for
photobioreactors [724] and $0.24-15/kg for raceway ponds [719]. Manganaro et al. studied the
doubling time in a techno-economic assessment of algae production and found that a 10% decrease
in doubling time reduced the price of algae by ~ $0.92/gal, and thus research into the inhibiting
impacts on microalgae doubling time is required [725].

The next most important sensitivity parameter is internal rate of return (IRR), followed by the plant
capital cost. The product value of hydrogen through thermal gasification ranges from $5.54-
$5.79/kg with a £20% variation in IRR. The product value increases with increasing IRR. Another
key factor is the capital cost; it influences the capital investment of the plant, which in turn affects
return on investment. With a £ 20% variation in capital costs, the product value for thermal
gasification ranges from $5.59-$5.73/kg. However, other cost variables such as utility, labor,
maintenance, G&A, and plant overhead have little or no impact on product value.

The influence of key parameters on the product value of hydrogen is provided in Figure 42. The
analysis shows that the product value of hydrogen can be significantly reduced either by increasing
product yield or by reducing microalgae biomass cost, as also reported by Thilakaratne et al. [555].
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Figure 42: Sensitivity analysis on the product value of hydrogen for (a) supercritical water
gasification and (b) thermal gasification

7.6 Uncertainty analysis

The lack of accurate data and relative uncertainty in techno-economic parameters constrains
accurate data prediction and modeling and thus production cost estimates. In order to address these
uncertainties, a Monte Carlo simulation was performed based on relative volatilities in the
estimation of economic parameters. For this purpose, a ModelRisk software was used to run the
simulation. The simulation was performed for 10,000 iterations to obtain accurate data. The Monte
Carlo simulation results for the cost of hydrogen at a plant capacity of 2000 tonnes/day are $4.59
+ 0.10/kg and $5.66 + 0.10/kg at an assumed 95% confidence level for supercritical water
gasification and thermal gasification, as shown in Figure 43.
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Figure 43: Uncertainty costs in the product value of hydrogen produced through (a)
supercritical water gasification and (b) thermal gasification
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7.7 The impact of industrial CO2 on the product value of hydrogen

To mitigate problems with rising atmospheric CO: levels, biological CO: use has gained industrial
attention. Photosynthetic microalgae has the ability to use flue gas CO; in the form of a carbon
source [726]. This inherent feature of algae can be employed to produce biomass with high growth
rates. This means that the algal cultivation can rely on CO> from a number of industrial sources.
This may transform future hydrogen industry as algae are known to have high fixation efficiencies
[727]. This could be desirable for the industrial sector in the jurisdictions where there is a carbon
tax associated with the release of CO: in the environment. In jurisdictions like Alberta, effective
levies on CO2 emissions are in the range from $10/tonne to $30/tonne [728]. The companies
paying these levies might be willing to dispose of their CO: if there is an opportunity to do this at
a lower cost than the carbon levy. The algae conversion facility might benefit from companies
willing to pay to take up the industrial CO». Every tonne of algal biomass takes away 1.8 tonnes
of CO2 [729].

The impact of using industrial CO2 on the product value of hydrogen is also assessed in this study.
The CO: ($/tonne) payment to the algae conversion facility was varied from $0-40/tonne and its
impact on the product value of hydrogen was studied for both thermochemical routes. Figure 44
shows the influence of paying for CO2 use on the product value of hydrogen. The assumption in
this analysis is that industrial CO: is directly used by the algae conversion facility and does not
need any purification. Also, it is assumed that the industrial facility is located near the algae
conversion facility, so there is no transportation cost. For a supercritical water gasification plant
and thermal gasification, the product value of hydrogen can be reduced to $2.60/kg H, and
$3.65/kg Ha, respectively, when payment for CO> use is increased to $40/tonne. Hence, relying
on industrial CO, for algal biomass growth reduces the product value of hydrogen for both
thermochemical technologies.
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Figure 44: The effect of the cost of industrial CO2 on the product value of hydrogen
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7.8 Future perspectives

As discussed in this paper, algal gasification for hydrogen production can occur through two
gasification technologies, thermal gasification and supercritical water gasification. SCWG has
limitations with respect to the use of high pressure equipment including continuous pumping,
plugging, etc. [138, 730]. The availability of algal biomass is a major concern as its cultivation
and growth depends on several factors such as nutrients, water, CO,, temperature, sunlight, etc.,
as well as doubling time. Manganaro et al. [725] studied the techno-economics of microalgae
production and reported doubling time to be the most sensitive parameter on the sale price of algae;
it can be lowered by improving mixing or increasing pond velocity. Also, co-locating an algal
plant near industry would make use of industrial CO2 emissions in algal biomass cultivation [731].
Moreover, the presence of NOx and SOx in industrial emissions does not negatively impact algal
growth as NOx is converted to NO2, which acts as a nitrogen source, and SOx has no influence on
algal growth below concentration levels of 400 ppm [732, 733]. Thus, flue gas components can be
used as nutrients for algal cultivation. Algae are characterized by high moisture containing
feedstocks (70-90 wt%) that require drying for thermal gasification. Thermochemical pathways
are high-energy processes. During the process run, energy can be lost due to limitations in heat
exchanger design [734, 735]. The CO2-rich gas obtained after gas cleanup can be recycled for
algal cultivation. Algal companies claim lower costs of microalgae and biofuels production,
though this assertion has not been proven in published literature [719, 720, 724, 736].

7.9 Conclusion

Algae is a promising biomass feedstock for energy production. Hydrogen production from algae
is considered to be an option for obtaining energy as the process is believed to offer highly energy
efficient operation, use, and storage. Moreover, using CO, from an industrial source and obtaining
a tipping fee for using the CO. for algae cultivation reduce the cost of hydrogen production in the
thermochemical plant. The harvesting of energy from algae via a thermochemical approach results
in a high conversion rate and efficiency. A system was developed to produce hydrogen based on
two different gasification technologies. A techno-economic assessment of supercritical water
gasification and thermal gasification shows that a 2000 dry tonnes/day plant needs total capital
investments of 277.8 M$ and 215.3 M$ with hydrogen product values of $4.59 + 0.10/kg and $5.66
+ 0.10/kg, respectively. These costs are higher than the natural gas-based hydrogen. The sensitivity
analysis indicates that algae feedstock cost and yield are the key sensitive parameters in the
economics of the process, which highlights the importance of algal biomass availability.
Supercritical water gasification holds tremendous potential because of its ability to handle wet
biomass, thereby avoiding the cost-intensive drying step. The economic assessment suggests that
the feasibility of the technology depends heavily on the cost of algal biomass and the yield obtained.
Increasing algal biomass yield requires developing novel algal biomass production and cultivation
systems including new reactor designs, harvesting approaches, and highly productive algal species.
Hence, further process optimization research is essential to increase fuel production. If there is a
payment from the CO producer to the algae conversion facility, the cost of hydrogen production
comes down significantly.
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8 Development of Life Cycle Water Footprints for Production of Diluent and
Hydrogen from Algae Biomass

The water consumption of the entire life cycle of a product needs to be assessed because water is
a scarce resource. The aim of this section is to analyze the life cycle water consumption of diluent
and hydrogen production from algal biomass used as raw material. The specific objectives are to:
+«+ Develop a method to estimate the water footprint for diluent and hydrogen production from
algal biomass for four different conversion pathways. These thermochemical conversion
methods that can be applied to algal biomass produced either through ponds or PBRs are:
e the production of diluent through fast pyrolysis and the hydrotreating of algae feedstock;
e the production of diluent through the hydrothermal liquefaction and hydrotreating of
algae feedstock;
e the production of hydrogen through the gasification of algae feedstock and enrichment of
syngas; and
e the production of hydrogen through the hydrothermal gasification (HTG) of algae
feedstock and enrichment of syngas.
% Conduct sensitivity and uncertainty analyses to study the changes resulting from variations in
input parameters on the life cycle water footprints of diluent and hydrogen production from
algae.

8.1 Method

Calculating the water footprint from the production of diluent and hydrogen from algal biomass
involves an analysis of the life cycle of the biomass from well to tank (which means all the steps
from resource acquisition for biomass cultivation to the final production of chemicals of interest,
excluding their consumption). The International Organization for Standardization suggests
through their 1ISO 14040 norms a life cycle assessment framework that consists of a goal and scope
definition, life cycle inventory, and impact assessment and interpretation [737]. 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 is 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 fast 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 of L of water/MJ of diluent or Hz. In other words, the functional
unit is the amount of water required to produce 1 MJ of the product of interest in a wheel-to-gate
approach. Different base cases were established 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 the influence of the uncertainties of some inputs on the results.

It is necessary to consider the unit operations involved in algal biomass production,
thermochemical conversion through fast pyrolysis, hydrothermal liquefaction, hydrothermal
gasification or conventional gasification, and hydrotreating to obtain diluent (in the cases of fast
pyrolysis and HTL). The basic unit operations for fast pyrolysis and HTL are the production and
dewatering of algal biomass, drying (for fast pyrolysis only) and thermochemical conversion of

147



the feedstock, and hydrotreating to produce diluent. The conversion pathway for fast pyrolysis is
shown in Figure 45 and for HTL in Figure 46. For gasification and HTG, the unit operations are
cultivation and dewatering, drying (for gasification only) and thermochemical conversion, and
hydrogen production. The conversion pathways for thermal gasification and hydrothermal
gasification are presented in Figures 47 and 48, respectively. In both fast 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 industry, and information obtained through
models developed by the authors in Aspen Plus [738]. Some key assumptions were made for the
analysis conducted in this paper. First, it was assumed that the algae production facility capacity
is 2000 dry tonnes of biomass per day; this figure is used in earlier studies on large-scale biomass-
based systems [739, 740]. 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.
Fourth, the inoculum systems of ponds have a negligible contribution to the overall water
consumption of the process. Fifth, the electricity input to each stage of the process indirectly
contributes to the overall water consumption, since water is required for energy generation. 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 45: System boundary for pyrolysis
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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 [8]. The other method is the use of
photobioreactors (PBRS), an innovative technology in which biomass is cultivated in enclosed
systems, which increases the level of control the operator has over the parameters and makes it
possible to maximize biomass production [741]. Of the four thermochemical conversion pathways
considered in this study, two are for the production of diluent and two for hydrogen. In this study,
the life cycle water footprint refers to 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 biomass
production phase and the subsequent thermochemical conversion processes, such as losses due to
evaporation or blowdown of water at the steam generation or cooling stages. Indirect consumption
refers to the amount of water used during fertilizer production (ammonia and diammonium
phosphate, in this case) and electrical energy input for the various unit operations [742]. Surface
or ground water can be used as sources for both direct and indirect uses.

8.2 Water requirement inventory

Water requirements calculated in this inventory are categorized based on the unit operations that
make up the entire production pathway of algal biomass to diluent or hydrogen.
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8.2.1 Production of biomass

This section presents the input parameters related to the production of algae feedstock for the two
main methods of algae cultivation, ponds and photobioreactors.

8.2.1.1 Ponds

Raceway ponds are common in the algae facilities currently in operation [743]. Hence there are
many studies that explore in depth the operating conditions and production optimization methods
in ponds [743-746]. 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 [729]. This study considers a pond facility in central Alberta,
Canada, and assumes that production is 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,
system blowdown, 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 in the dry climates and low precipitation rates in Alberta [747]. Hence
water replacement rates may be relatively high in this cultivation method. To estimate the average
evaporation during summer, it was assumed that summer conditions in Alberta are similar to late
spring/early autumn in Arizona (where detailed data on algae cultivation are available), so that an
average evaporation rate can be adopted for this study. The evaporation data from Arizona were
compared with data measured in the Wabamun Lake area in Alberta [748].

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 [639].
Daily alga production is assumed to be 25 g/m?/d in a facility divided into farms of 20.2 million
m? dedicated to pond cultivation only and a total footprint per farm (including processing and
storage) of 30.8 million m?. A design with 400,000 m? modules containing 50 raceway ponds of 8
000 m? each is also assumed. The media in these ponds would be mixed by paddlewheels and the
alga concentration 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 inoculum system is negligible in
size compared to the main system and does not account for a considerable percentage of the water
consumption. The data for the water footprint analysis of algae cultivation in ponds were 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 more accurately estimate 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 [639] or derived from their data are provided in Table
34.
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Table 34: Basic operational data for algae cultivation in ponds [639]

Operation Value Unit
Average daily algae production 0.025 kg/m?/d
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
Net evaporation rate/day 0.5 %
Blowdown - replacement of media/day 0.5 %
Media loss at harvesting 0.2 %
Number of days of harvest/year 175 days
Pumping 0.75 kW/acre
Paddlewheel 1.35 kW/acre
Pumping to/from dewatering 1000 kW/module pond
Energy demand (membranes) 0.04 kwh/m?3
Inlet flow rate (membranes) 76000 m/day
Energy demand (centrifuges) 1.35 kwh/m?®
Inlet flow rate (centrifuges) 6000 m®/day

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 used 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, and centrifuges that guarantee the desired 20 wt%. The water consumption factor is
adopted based on data for Alberta, Canada, where most of the electricity generation is coal-based.
For ponds, the processes that require the highest amounts of water are the initial filling of the
modules, water loss to evaporation, and blowdown.

8.2.1.2 Photobioreactors

PBRs are a promising alternative to ponds; however, there is not much information available on
them in 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 [743]. 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 that has an airlift system to help with the mixture
of the media [741], with a bubble sparging mechanism containing CO> for the photosynthesis
process. The algae concentration in a system of this type is assumed to be between 3 and 5 g/L, up
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to 50 times higher than in ponds. Because of the limited data available on this equipment, a
consistent set of parameters provided by industry was used and validated with data from various
studies [41, 749, 750]. 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
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 25 L of water/kg of algae
produced. Table 35 gives the details of the basic operational data for algae cultivation in PBRs.

Table 35: Basic operational data for algae cultivation in PBRs (source: HY-TEK Bio)

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 m3/day
Harvesting 2145 m3/day
Compressor — Power/PBR 6.25 kw
LED lights’ power/PBR 0.9 kw
Chiller for storage power 10 kw
Chiller for storage power/PBR 0.01 kw
Airlift system 3.9 kW/acre
Water consumption factor for electricity generation 1.08 L of water/kWh

In terms of electricity consumption, PBRs require considerably more energy than ponds [639, 751].
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. This equipment would allow the cultivation of algae year
round even in cold winter climates like Alberta’s. The PBR algae cultivation processes that require
the most water are the initial filling of the tanks, replacement of blowdown water, and electricity
generation.

8.3 Fast 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
in 0.5 to 10 seconds (flash pyrolysis lasts less than 0.5 second and conventional pyrolysis takes 5
to 10 minutes). Fast pyrolysis yields relatively high amounts of bio-oil [551, 752]. In this method,
biomass is dried to a moisture content of <10% to decrease the water content in the fast pyrolysis
bio-oil [562].

Biomass feedstock that only goes through dewatering leaves the cultivation facility with
approximately 20 wt% dry biomass and must go through extra drying before being fed into the
fast pyrolysis reactor. Feedstock with a moisture content of 5-10 wt% is preferred for fast pyrolysis
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[753]. Other important parameters in the pyrolysis reaction are particle size, temperature, pressure,
and residence time. Once prepared, the dried biomass is sent to a fluidized bed pyrolysis reactor at
520 °C [654] with particles smaller than 2mm. Following reaction, biochar is removed by cyclones,
resulting in a bio-oil yield of approximately 59.9 wt% (dry basis) depending on the feedstock [679].
For this study, a yield of 26130 kg/hr was estimated using process model [754]. The fast pyrolysis
values related to the 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. Most of the
water used in these processes is recycled, but there is an estimated loss of 3% due to factors such
as blowdown and evaporation. Steam condensing is the main contributor to the water footprint
[679]. Water is indirectly consumed through the generation of the 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 entire plant’s electricity consumption and generation, and
the results for water requirements for algal pyrolysis are provided in Table 36. With the higher
heating value (HHV) of diluent at approximately 34 MJ/kg, when all the factors shown, the
hydrotreating factors (Table 5) are considered and all their contributions are added, the total water
footprint from the production of diluent through fast pyrolysis is approximately 0.12 L/MJ of
diluent.

Table 36: Water requirements for pyrolysis of algae

Operation Value Unit Source
Bio-oil cooling* 0.027 L water/kg bio-oil  [679]
Bio-oil vapor cooling* 0.003 L water/kg bio-oil  [679]
Steam condensing* 1.077 L water/kg bio-oil  [679]
Steam system* 0.026 L water/kg bio-oil  [679]

Ash gquenching* 0.233 L water/kg bio-oil  [679]

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 by Ringer et al. [679]

8.4 Hydrothermal liquefaction

HTL is a thermochemical conversion process that converts biomass to biocrude in the presence of
large amounts of water [755]. During the process, macromolecules are broken down into small
molecules that are unstable and can recombine, with a good portion of the oxygen present in the
biomass being removed [127]. The method is used to produce diluent and does so through medium
temperature and high pressure reaction in a high concentration of water; biocrude is its main
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product [630, 709, 755]. In hydrothermal liquefaction, biomass is pumped to 18 MPa and passed
through heat exchangers to increase the algal stream temperature to 350 °C [709]. At this
temperature, water exists slightly below the supercritical point, which allows dissolution of
biomass organics [137]. The incoming effluent is fed into the HTL reactor, which converts biomass
components into biocrude. The output from the HTL reactor is filtered to obtain solid residue in
the form of biochar. The filtered effluent passes through a heat exchanger to recover heat before
moving to a three-phase separator unit to produce aqueous, bio-oil, and gaseous phases [567]. The
biocrude undergoes hydrotreating, where it is deoxygenated [756].

Hydrothermal liquefaction happens at medium temperatures and high pressures and generates
mainly the liquid product known as biocrude but also gases and an aqueous phase [285]. In this
study, it is assumed that 2,000 T (dry basis) of biomass is processed .A diluent yield of 28600
kg/hr was estimated on Aspen Plus for the HTL case [754]. 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
[757]. 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 high amounts of water. Zhu et al. 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
used their water consumption values for the cooling system and boiler feed [567]. 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, thereby reducing indirect water consumption [567]. Table 37 shows the water
requirements for HTL of algae. With the higher heating value (HHV) of diluent at approximately
34 MJ/kg, when all the factors shown in plus the hydrotreating factors 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.

Table 37: Water requirement for the HTL of algae

Operation Value  Unit Source
Cooling water makeup 432 L water/kg diluent  [567]
Boiler feed water makeup 0.72 L water/kg diluent  [567]
Water purged/day 1.17 L water/kg algae [567]

Feed pre-treatment 4.3 MWe This study
Steam reforming 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/kwWh [758, 759]

electricity generation
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8.5 Upgrading of bio-oil/biocrude

The bio-oil and biocrude produced during fast pyrolysis and HTL, respectively, go through the
hydroprocessing phase to remove oxygen and increase the stability and heating values of the
products, which make them more attractive commercial options. These reactions use hydrogen and
a catalyst [654], which 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/biocrude to biofuel, which requires hydrotreating or hydrocracking,
depending on the thermochemical conversion pathway [742, 760-763]. However, for the
production of diluent, only hydrotreating is required. Conditions for the hydrotreating of fast
pyrolysis and HTL products are slightly different, since they have different characteristics. The
water requirements for the hydrotreating of bio-oil generated through fast pyrolysis are shown in
Table 38.

Table 38: Water requirement for hydroprocessing after the pyrolysis of algae

Operation Value Source
Cooling water required (L water/kg diluent)* 0.08 [762]
Boiler feed required (L H2O/kg diluent)* 0.82 [762]
Natural gas (MJ/kg diluent)* 12.18 [762]
Electricity (kWh/kg diluent)* 0.410 [762]
Water use factor (L H2O/kwh) 1.08 [758, 759]

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

For the upgrading of biocrude from HTL, the body of knowledge is still limited. Studies have been
conducted in this area by Elliot et al., Elliott, Kumar et al., and Tews et al. [137, 680, 709, 756].
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 fast pyrolysis products, since
biocrude has a lower oxygen content than bio-oil [764]. Biocrude goes through only one
hydrotreating step and requires less energy and reactant than the hydrotreating of bio-oil [765],
which requires two steps. In the developed process model, the hydrotreating of biocrude 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 39.

Table 39: Parameters of hydroprocessing after the HTL of algae

Operation Value Unit Source
Light hydrocarbons 0.008 wit% This study
Diluent 0.815 wit% [766]
Electricity 3.8 MWe This study
Water consumption factor 1.08 [758, 759]

for electricity generation
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8.6 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.
Biomass enters the system at 5-10% moisture content. Oxygen (or steam) and a catalyst agent are
also used in the reaction [767]. Gases such as CH4, H2, CO2, and CO are produced from the
gasification reaction, as are tar and char. The hydrogen concentration can be increased through
reforming and shift conversion [768]. In this study, the estimated hydrogen yield through
gasification is 6475 kg/hr. An earlier study of the gasification process and the current status of
production and water use in a hydrogen plant gives details on losses due to blowdown and
evaporation. These losses are assumed to remain constant for the entire stream (from drying to
output of final product) and are estimated to be around 2.2% of the flow [717]. The indirect water
footprint from the electricity required 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
needs 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 40.

Table 40: Water requirement for the gasification of algae

Operation Value Unit Source
Cooling water and utilities* 1.78 L H20/kg H> [717]
Steam system and power generation* 0.49 L H20/kg H» [717]
Gas clean-up and compression* 1.48 L H20/kg H» [717]
Gasification and tar reforming* 0.05 L H2O/kg H» [717]
Drying and handling* 20.96 L H20/kg H> [717]
Feed handling and drying 742 kW [717]
Gasification, tar reforming, quench 3,636 kw [717]
Compression and sulphur removal 21,871 kw [717]
Steam methane reforming, shift, and kW [717]
PSA 630
Hydrogen compression 3,899 kw [717]
Steam system and power generation -25,583 kW [717]
Steam system and power generation — kw [717]
required 660
Cooling water and other utilities 1,110 kW [717]
Miscellaneous 3,255 kw [717]
Water  consumption  factor  for [758, 759]
electricity generation 1.08 L H,O/kWh

*Water consumption derived from the flow rates of the plant described by Spath et al. [717]
With the higher heating value (HHV) of hydrogen at approximately 34MJ/kg, when all the factors

shown in Table 7 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.
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8.7 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 [352]. 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% [432] (for this study it is assumed to be 20 wt% after the
cultivation phase). Generally, the product yield (syngas) from HTG is considerably higher than
from gasification, and in this case was estimated at 9285 kg/hr. Syngas is then purified into H».
The syngas is cleaned using Selexol and then sent to water-gas shift reactors to enrich the Hz. A
co-generation facility for power generation is also commonly built with the HTG plant [570, 769,
770]. The co-generation plant uses off-gases from processing areas to produce electricity [570].

In terms of the direct water consumption, it was assumed that the tar reforming and gas
compression phases had footprints comparable to their counterparts in the gasification pathway.
The cooling system, steam feed, and HTG reaction estimates are taken from Matsumura, whose
study considers different types of biomass [569]. These values are assumed to have a negligible
difference compared to those for algae biomass. The indirect water footprint from electricity
consumption was estimated through the 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 lead to a slightly negative water footprint in terms of the balance between
electricity consumed and generated. Table 41 gives the details of the water requirement for
different operations for the HTG of algae.

Table 41: Water requirements for the hydrothermal gasification of algae

Operation Value Unit Source

Cooling, steam, and HTG

reaction 8.06 L H,O/kg H2 [569]
Tar reforming 0.049 L H20/kg H> [717]
Gas clean-up and compression 1.23 L H2O/kg H» [717]
Hydrogen/syngas ratio 9.3 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
Water use factor 1.08 L H,O/kWh [758, 759]

With the higher heating value (HHV) of hydrogen at approximately 142 MJ/kg, when all the
factors shown in Table 8 are considered and their contributions added, the total water footprint
from the production of hydrogen through HTG is approximately 0.05 L/MJ of hydrogen.
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8.8 Results and discussion

Base case scenarios were developed to understand the water footprints of each cultivation method
coupled with each conversion pathway. We compared algae cultivation methods and
thermochemical conversion pathways according to their 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 from the uncertainty of the inputs.

8.8.1 Base case scenario

The base case scenarios give the details of individual unit operations: biomass production and
dewatering, harvesting, bio-oil or biocrude production followed by hydrotreating (fast pyrolysis
or HTL) or hydrogen production (gasification and HTG). Different process unit operations for
diluent production through fast pyrolysis and HTL, respectively, are listed in Table 42. Table 43
shows the results of water use efficiency for the unit operations in the production of hydrogen
through gasification and HTG, respectively.

Table 42: Life cycle water footprint for the conversion of algae biomass to diluent

Unit operation Pond PBR Pond PBR
(L H20/MJ diluent) cultivation cultivation cultivation cultivation
followed by followed by followed by followed by
pyrolysis pyrolysis HTL HTL
Biomass production 137.67 2.24 133.95 2.18
Biomass harvesting 0.007 0.001
and fertilization 0.008 0.002
Conversion 0.071 0.071 0.19 0.19
Hydroprocessing 0.046 0.046 0.013 0.013
Total 137.79 2.36 134.15 2.20

Table 43: Life cycle water footprint for the conversion of algae biomass to hydrogen

Pond PBR
Pond cultivation PBR cultivation cultivation cultivation

Unit operation followed by followed by followed by followed
(L H20/MJ hydrogen) gasification gasification HTG by HTG
Biomass production 141.94 2.31 99.43 1.61
Biomass harvesting 0.001 0.001 0.001 0.002
and fertilization
Conversion 0.19 0.19 0.05 0.05
Total 142.13 2.50 99.48 1.66
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The difference in water consumption for algae cultivation compared to every other unit operation
is huge. In fact, it is more than 99% of the total consumption whether ponds or PBRs are used.
Hence, 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 than from PBRs. 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 electricity use is considerably higher than that of ponds. This could be due to the
high electrical demand for the equipment used in PBR cultivation (i.e., lighting, compressors, etc.).
The higher electricity consumption in PBRs, however, is not enough to compensate for the high
water footprint from the cultivation of algae in ponds. It is noticeable that the footprints of the
thermochemical conversion methods are very small compared to the footprint of 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 during cultivation. It is clear from the results that water consumption
mitigation steps are important in the algae thermochemical conversion life cycle. Work by Yang
et al. suggests means of achieving some reduction goals and reducing water consumption by up to
80% [771]. Some measures that could 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 electricity consumption is less than the electricity generated for hydrothermal gasification,
which results in a water footprint of -0.015 L H>O/MJ hydrogen. This causes the water
consumption footprint of HTG to be 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, a low energy product of approximately 34 MJ/kg.

8.8.2 Other scenarios — Sensitivity analysis

The effects of the main inputs and contributing factors on the study results were analyzed by
introducing different scenarios within specified ranges. Table 44 lists all the considered scenarios
in this study for an analysis of ponds and PBRs.
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Table 44: (a) Scenarios for sensitivity analysis of ponds, (b) Scenarios for sensitivity analysis

of PBRs

a. Scenarios for sensitivity analysis of ponds
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%
Increase in the number of days of harvest/year by 10%
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Decrease in product yield (for all thermochemical conversion methods) by 10%
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Increase in product yield (for all thermochemical conversion methods) by 10%
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N

b. Scenarios for sensitivity analysis of PBRS
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%
Decrease in harvest volume by 10%
Increase in harvest volume by 10%
Decrease in product yield (for all thermochemical conversion methods) by 10%
Increase in product yield (for all thermochemical conversion methods) by 10%
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Figures 49 to 52 show the sensitivity analysis results for the four thermochemical conversion
methods and two cultivation options.
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Figure 49: Sensitivity analysis for algae conversion to diluent via pyrolysis
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Figure 50: Sensitivity analysis for algae conversion to diluent via HTL
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Figure 51: Sensitivity analysis for algae conversion to hydrogen via gasification
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Figure 52: Sensitivity analysis for algae conversion to hydrogen via HTG

The results presented in the base case scenarios 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 [772], for this sensitivity analysis it was assumed that none of the input
variations were below -10% or above 10%.

From the results, 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. Unlike in ponds, where water footprint-related electricity consumption is minor, 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.

8.9 Uncertainty analysis

For this study, an uncertainty analysis was conducted using a Monte Carlo simulation. The
simulation was done through a ModelRisk software execution (as described by Vose et al. and
Habibi [773, 774] that randomly selected variables within the established range of 100000
iterations. When the relationship between variables is known and there are uncertainties in both

165



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. 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.

Uncertainty is commonly estimated by identifying the significant inputs through sensitivity
analyses and then assigning a suitable uncertainty to each 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 had ranges of £10%
attributed to them. Table 45 shows the water use efficiency values for diluent from fast pyrolysis
and HTL at various percentiles. Table 46 shows the water use efficiency values for hydrogen from
gasification and HTG, also at various percentiles. The low deviation from the median of each case
can be seen by calculating the difference between the median and the values on both extremes for
a particular case. For example, for the fast pyrolysis of algae grown in ponds, the deviations for
the 5% and 95% extremes from the median are -9.81% and 10.88%, respectively. For the
gasification of algae 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 some (negligible) deviations of a few
percentile points from the original cases. It is also noticeable from Tables 45 and 46 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 45: Percentile values of uncertainty distribution plots for diluent production

Water use efficiency of diluent Water use efficiency of diluent
production via fast pyrolysis and production via HTL and
hydroprocessing hydroprocessing
Ponds Photobioreactors Ponds

L H20/MJ L H20/MJ L H20/MJ Photobioreactors

Percentile diluent diluent diluent L H20/MJ diluent
5% 124.09 2.10 121.60 1.95
15% 128.78 2.18 125.44 2.02
25% 131.75 2.23 127.76 2.07
50% 137.60 2.33 133.99 2.16
75% 143.67 2.43 139.83 2.26
85% 146.94 2.48 142.90 2.30
95% 152.44 2.56 148.18 2.37
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Table 46: 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
L H20/MJ L H20/MJ L H20/MJ Photobioreactors
Percentile diluent diluent diluent L H20/MJ diluent
5% 129.25 2.23 89.28 1.48
15% 133.64 2.31 92.63 1.53
25% 136.44 2.36 94.77 1.57
50% 141.87 2.47 98.94 1.64
75% 147.46 2.58 103.33 1.71
85% 150.54 2.63 105.68 1.75
95% 155.58 2.71 109.70 1.80

8.10 Conclusion

Water may be abundant in many locations, but it is a very valuable resource. Since other uses of
water take priority over biomass production, it is important 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 life cycle water footprints including the detailed unit operations involved in
pathways. The study also shows that a viable cultivation method based on photobioreactors uses
less water than ponds to produce algae. 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, though 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).

In the future, with increasing demand from industry for products derived from biomass with a
lower carbon footprint, algae are one of the likeliest prospects. 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 others understand the resource
allocation necessary for algae cultivation and processing, which in turn will help to make better
choices on areas to invest or formulate policy.
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9 Comparative Life Cycle Assessment of Fuel and Chemical Production from
Microalgae Cultivated in Canadian Open Raceway Ponds and
Photobioreactors

Life cycle assessment (LCA) is a useful tool to evaluate the environmental impacts associated with
a product, process, or service. This section aims at estimating life cycle GHG emissions associated
with diluent and hydrogen production from microalgal systems through thermochemical
technologies in Western Canada. Using theoretical models, a cultivation system of microalgae at
industrial scale of 2,000 tonnes/day in open raceway ponds and photobioreactors is presented for
processing biomass into hydrogen and diluent. A number of conversion pathways for the biomass
are considered with varying results owing to differences in production technologies and
assumptions. The specific objectives and uniqueness of this study are to:

% Conduct a comparative LCA based on the conversion of microalgae feedstock cultivated in
ORP and PBR systems in Canada via hydrothermal liquefaction and pyrolysis to produce
diluent; and via hydrothermal gasification (HTG) and thermal gasification (TG) to produce
hydrogen;

% Provide GHG emissions information to the Canadian and Alberta governments, as well as to
commercial investors to help them make better informed decisions related to industry
investments, financial matters, and legislation.

9.1 Method

An LCA, according to the 1ISO 14040/44 principles. framework, and guidelines, is developed to
evaluate energy and GHG emissions [831, 832]. LCA involves the identification and quantification
of mass and energy balances by looking at system inputs and outputs at each of the process stages
to identify the associated environmental impacts.

9.1.1 Goal and scope definition

The goal of the current LCA study is to evaluate and compare two algae cultivation scenarios and
four thermochemical conversion pathways leading to the production of diluent and hydrogen. Each
activity involved in these processes is energy intensive and has associated GHG emissions. The
LCA follows an *“attributional” approach wherein environmental impacts are evaluated by
introducing changes to a process, thereby providing comparative results based on a 100-year time
horizon. The engineering models of diluent and hydrogen production from the microalgae are used
to conduct LCAs of four different conversion pathways. The analysis involved energy and material
requirements for various sub-processes including cultivation, dewatering, and conversion systems
for all pathways studied.

The LCA is set in the geographical context of Fort Saskatchewan, AB. The region is recognized
for the energy-intensive industrial petrochemical processing facilities associated with oil sands
activities. Figure 53 shows the main systems included in the assessment. The functional unit to
which the input and output requirements are scaled up is 1 MJ of energy. Together with LCA, the
net energy ratio (NER) is determined as the ratio of output energy to input fossil-fuel energy. The
current calculations do not include the environmental impacts associated with the initial
construction of the algae cultivation ponds and photobioreactor systems.
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Figure 53: System boundary of thermochemical pathways considered for diluent and
hydrogen production

9.1.2 Life cycle inventory assessment

A life cycle inventory assessment was conducted for all stages from algae cultivation to
thermochemical processes that deliver 1 MJ of product. Algae cultivation has been modeled
around ORP and PBR systems. Much of research to date for algae-to-energy systems has been
conducted at bench to demonstration scale [833].

Microalgae are cultivated in an aqueous media. Nutrients such as carbon dioxide (CO2) derived
from local industry, nitrogen (N), and phosphate (P), as well as light and temperature are required
to support algae growth. Diammonium phosphate (DAP), a commercial fertilizer, is considered
the source for P and ammonia (NH3) for nitrogen (N). The inventory calculations include the
upstream GHG emissions associated with the production of these fertilizers. GHG emissions from
direct land use, water use in algae cultivation, dewatering via settling, and the use of ultrafiltration
and centrifugation produce biomass with 20% solids are evaluated. GHG emissions from the use
of equipment such air compressors for sparging CO: into the media, pumps and paddlewheels for
circulation, LED lighting in the PBR system to promote growth, and algae processing are included.
Table 47 provides a summary of parameters and input requirements considered in the inventory
assessment. Productivity is based on experimental lab scale results. Land and water requirements
are based on productivity, site climatic conditions and assumptions related to cultivation operations.
Water loss due to blowdown is related to replacement of media to prevent buildup of ion
concentrations within the media.
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Table 47: Data related to the production of 1 kg of algal biomass

Parameters OPR PBR Units
Productivity 5.8 1825 g/U/lyr

Land 1.24 0.00048 m?2/kglyr

Water 1.06 0.023 m3

Cultivation period 203 365 d/lyr

Water loss — evaporation 0.5 0 %l/d

Water loss — blowdown 0.5 0.5 %I/d

Water loss — harvesting 0.2 0.2 %/harvest/tonne
Harvests 11 365 #lyear

Potential for cultivation crash 5 1 %

The ORP system was modeled using Olivares et al.’s values [834] and extrapolated using site-
specific satellite climatic data from the predictive analytical model developed by Pankratz et al.
[835]. The ORP operating performance was predicted based on Fort Saskatchewan metrological
data including local daily temperature and irradiance values. 80% of the OPR algae was harvested
when densities rose to 0.5 g/L cell density at which time pond algae density was returned to 0.2
g/L.

The PBR system input and output requirements are determined based on a unique columnar
photobioreactor design [836] providing a fully controlled algae growth environment. CO> is
sparged into the PBR providing both access of photons of light to penetrate deeper into the media
and also continuous mixing of media for nutrient exchange. Lighting is provided by flashing tuned
LEDs providing photons at wavelengths that optimize growth. Under these optimized conditions,
cultivation yields are predicted at 5 g/L/day. The productivity associated with this particular design
would be consistent with other high density productivity as described by Apel et al [613] and Mata
et al [49].

Furthermore, since PBR systems are enclosed, negligible evaporative water loss takes place. Apart
from water losses due to evaporation, blowdown, and harvesting, water and remaining nutrients
are recycled into the cultivation system. CO., N, and P were modeled to be provided at 20%
surplus over actual cultivation requirements. Harvesting the PBR biomass is semi-continuous; 10%
of the biomass is removed for processing every 2.4 hours, thereby holding cell density at
approximately 5 g/L. Dewatering the algae feedstock after cultivation in both ORP and PBR
systems follows literature values provided by Davis et al. [837]. The algae biomass undergoes
settling through a hollow fiber membrane ultrafiltration process followed by centrifuging to
concentrate the biomass to 200 g/L in preparation for downstream thermochemical conversion
(described later in this study).

As seen in Table 48, the key energy requirements from the technosphere are related to system
operations including the paddlewnheel, sparging, dewatering pumps, and LED lighting. In this study,
the 2016 Alberta electricity generation mix emission intensity factor of 0.83 kg/kWh was
considered [838]. Given the large areas of land that may be impacted if algae cultivation for 2000
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tonnes dry biomass takes place using ORP systems, this, too, is given consideration in the study.
Transportation is not included in the scope of this study since the selected location for the algae
cultivation is modeled adjoin the refineries that both produce the commercial nutrients and also
use the biomass output of production. The focus in this study has not been placed on a specific
species of algae to be cultivated given that a number of strains of algae, among thousands, have
been identified for their capacity for both high growth yield and lipid content [33, 35].

Table 48: OPR and PBR system assemblies with input/output operations

ASSEMBLIES OPR PBR Units
Algae inoculum system

INPUTS

Makeup water 0.398 m3
Land for inoculum 0.12 m?
Nutrients 0.24 kg
Energy — electrical 0.0257 kwWh
OUTPUTS

O2 from hydrolysis of water 0.14 kg
Inoculum media moved to cultivation 0.214 m3
Water loss 0.184 m3
CO2 lost to air 0.038 kg
N loss to water blowdown/air 0.0016 kg
Algae cultivation system

INPUTS

Inoculum media with water 0.214 m3
Makeup water 2.15 0.012 m3
Land for cultivation 1.2 0.00048 m?
Nutrients 2.4 2.4 kg
Energy — electrical 0.257 0.785 kwWh
OUTPUTS

O2 from hydrolysis of water 1.4 kg
Water loss 1.84 0.011 m3
CO2 lost to air 0.38 0.38 kg
N loss to water blowdown/air 0.016 0.016 kg
Algae dewatering — Ultra/micro filtration membrane

INPUTS

Cultivation media (10 g/L) 0.0155 0.0000 m3
Energy — membrane filtration 0.11 0.020 kKWh
OUTPUTS

Algae biomass (130 g/L) 0.0012 3.8E-06 m3
Water for recycling 0.014 0.000046 m3
Algae dewatering — centrifuge

INPUTS

Algae biomass (130 g/L) 0.0012 3.8E-06 m3
Energy — centrifuge 0.27 0.048 kWh
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ASSEMBLIES OPR PBR Units
OUTPUTS

Algae biomass (200 g/L — 20% solids) 0.00078 2.5E-06 m3
Water for recycling 0.00042 0.0000013 m3
Algae storage — chilling

INPUTS

Energy — chilling biomass/kg 0.0073 0.0073 kKWh
HTL conversion

Hydrothermal liquefaction 3.50 kwWh/kg
Hydrotreating 0.45 kWh/kg
Pyrolysis conversion

Pyrolysis 11.17 kwWh/kg
Hydrotreating 2.89 kwWh/kg
SCWG conversion

Gasification 13.28 kWh/kg
TG conversion

Gasification 22.88 kwWh/kg

*Units/kg dry biomass (nitrogen surplus) under lower heating value calculations. Inoculum based on 10% of cultivation values.
*Assume the use of naturally occurring algae species that performs similar to species grown in other parts of the world. Will remain dormant in
ponds during winter period.

The algae cultivation model was developed to produce dry biomass at 2,000 tonnes/day
incorporating design features found in the literature based on site-specific satellite meteorological
data. The modeled OPR system to produce this biomass located in Alberta would encompass an
area of some 82,000 ha (8.8 townships) whereas using the modeled PBRs to produce the same
biomass would require approximately 50 ha. Similarly, the OPR-modeled system would require
4.3 million m® of water, whereas the PBR system would only require 23.2 thousand m®. In both
cases, given that every tonne of biomass requires 1.8 tonnes of CO2, producing 660,000 tonnes
biomass annually results in the uptake of nearly 1.2 MT of CO2 [8, 106]. While published algae
biomass yields vary tremendously, the model assumes that 0.1 g/L/d for the ORP systems and 5
g/L/d for the PBR systems are achievable. The downstream processing LCA calculations were
made using Aspen Plus. The life cycle assessment is conducted based on the steps outlined in ISO
14040 [813]. The inventory values are translated to GHG emissions per functional unit using a
IPCC one-hundred-year time horizon emissions factor [814].

9.1.3 Life cycle analysis approach

The engineering approach used to model the cultivation and downstream processing of the algae
biomass followed the processes shown in the system process flow diagram (Figure 53). The model
computes material and energy balances for each unit operation. The cultivation section was
constructed in Excel with downstream thermochemical conversion modeled with more rigorous
computations with the use of Aspen Plus software. Cultivation yields were predicted based on
experimental yield data found in literature and industry interviews, coupled with stoichiometric
calculations and making assumptions on suitable surplus nutrients (20%) being available to ensure
maximum productivity. Where the calculated LCA outcomes are based on a certain amount of
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uncertainty associated with the chosen theoretical conditions, the computed GHG emission values
are useful for comparing a variety design and process configurations. They are also useful for
further sensitivity analysis around high environmental emission processes where performance
improvements are desired.

9.2 Results and discussion

The LCA results are summarized in this section. First, emission results for algal cultivation are
discussed, by comparing unit operation environmental impact results from OPR and PBR
cultivation and dewatering processes. Then unit process thermochemical conversion results are
compared. The aggregate results from these comparative calculations are presented in the
subsequent section.

9.2.1 Algal cultivation

The environmental impacts associated with algae cultivation in both ORP and PBR systems are
discussed here. Figure 54 provides a breakdown of emissions associated with unit operations for
both OPR and PBR algae production systems. For the ORP system, the GHG emissions are
calculated to be 0.8 tonne/CO2eq. Fertilizer accounts for 0.24 tonne/CO2¢q (30%) and electricity
0.56 tonne/CO2eq (70%); water use was calculated at a factor of 1.9E-5 T COgzeq (<1%). The
calculated net result would be 1.0 tonne of CO> removed from the atmosphere.

For the PBR cultivation system, the profile is similar, with GHG emissions of 0.9 tonne/CO 2.
Fertilizer again accounts for 0.22 tonne/CO2eq (23%) and electricity 0.71 tonne/CO2eq (76%);
water use was calculated at a factor of 1.0E-7 tonne/CO2¢q (<1%) (Ecolnvent — SimaPro). The
calculated net result would be 0.9 T of CO2.eq removed from the atmosphere for every T biomass
produced. Under both scenarios, we see that electricity still accounts for the majority of the energy
requirements associated with the algae cultivation processes. Although the electricity use differs
significantly, outcomes are relatively close.

In the case of OPR systems, the paddlewheel and pumping systems involved in moving water
long distances because of the vast areas required for the pond systems comes relatively close to
the relatively minor use of pumps, but a much greater amount of energy is required to drive the
artificial lighting systems. In spite of these details, the results remain better than those published
by Verma et al. at 0.42 and 0.39 tonne of CO2eq removed from the atmosphere for every tonne
biomass produced based on using Nannochloropsi sp and A. platensis algae species [782].
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Figure 54: Algae biomass production — CO2eq emissions by factor

Because of the commercial scale of the operations modeled, it is also useful to compare CO>
sequestration through algae cultivation with carbon sequestration from existing forests in the
region. Spruce and aspen trees may be harvested every 80 years and yield 180 m®ha or 2.25 m®/yr
where 1 m® of wood has approximately 200 kg C [839]. This calculates to 0.265 kg CO:
sequestered m?/yr. For our modeled OPR algae cultivation system, 0.804 kg CO is sequestered at
m?/yr, representing an approximate 5-fold increase in CO; sequestration. The PBR system results
in 2008 kg CO- sequestered at m?/yr or an approximate 12,174-fold increase in CO. sequestration.

9.2.2 Process conversion

The GHG emissions for algal biomass diluent production from HTL and pyrolysis, as well as
hydrogen production from SCWG and TG, are discussed in this section. The GHG emissions from
the HTL pathway are 29.6 g CO2.eq/MJ, as shown in Figure 55. 60.13% of these GHG emissions
are from the hydrothermal liquefaction unit and the rest from the hydrotreating section of the
hydrothermal liquefaction plant. The high energy consumption in the high temperature and
pressure reactor in the HTL plant is attributed to higher GHG emissions than the hydrotreating
plant. Diluent production through HTL has advantages in that it can use high moisture containing
microalgae, thereby avoiding energy and corresponding emissions pertaining to microalgal drying.
The GHG emissions for a fossil-fuel based product are more than 67% (90.8 g CO2.eq/MJ) higher
than HTL diluent [840].

The pyrolysis pathway results in 81.1 gCO2.eq/MJ of diluent when algal biomass is used. For
pyrolysis, microalgae conversion incorporates two main processes, both of which are energy
intensive: microalgae drying and heat requirement in the pyrolysis reactor using natural gas.
Together these have a direct environmental impact and make up 64.7% of global GHG emissions.
The hydrotreating plant contributes 35.3%, more than HTL does, due to the requirement for a two-
step hydrotreating process in pyrolysis. If char is used instead of natural gas for heat supply from
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pyrolysis, the GHG emissions are reduced to 51.3 gCO2.e/MJ of diluent. HTL offers better
environmental performance than pyrolysis, mainly due to the requirement for dry biomass and the
excessive energy demand in the pyrolysis reactor.
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Figure 55: Breakdown of GHG emissions for HTL and pyrolysis for diluent production

For hydrogen production, the SCWG pathway results in lower GHG emissions than TG, as shown
in Figure 56. Hydrogen production through SCWG emits GHGs of 28.5 g CO2.eq/MJ of hydrogen.
SCWG uses high moisture containing biomass such as microalgae, thereby reducing energy and
corresponding emissions pertaining to microalgal drying. Microalgae conversion through the TG
pathway has higher GHG emissions (173.8 gCO2..q/MJ) as it involves the drying process, which
IS energy extensive. The use of hydrogen for drying in thermal gasification reduces the GHG
emissions to 133.2 gCO2.¢q/MJ.
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Figure 56: GHG emissions from SCWG and TG for hydrogen production

9.2.3 Combined LCA

The state-of-the-art development of thermochemical technologies for microalgae to desired
products requires an evaluation with respect to the global warming potentials of these technologies.
LCA allows us to compare various sub-processes in an entire process to understand and quantify
GHG emissions. The combined results for algal thermochemical conversion systems including
growth, cultivation, and conversion systems for diluent and hydrogen production are summarized
in Table 49. In general, the global warming potential values for algal-based fuel systems report a
wide range from -75 to 534 g CO2.q/MJ [841]. In this study, a negative 5.9-11.5 g CO2..q/MJ of
GHG emissions was estimated in the HTL process. From the information provided, we note that
HTL conversion to diluent emissions represent slightly less than half (43% PBR and 47% OPR)
the combined emissions. Juneja et al. conducted a life cycle analysis of renewable diesel
production with the help of microalgae grown on wastewater and estimated total GHG emissions
of -110 g CO2.eq/MJ of renewable diesel [648]. Bennion et al. conducted a life cycle analysis of
microalgae for thermochemical pathways and reported GHG emissions for the HTL pathway at -
11.4 g CO2.¢g/MJ [661]. At a productivity of 25 g afdw/m?/day with a biocrude yield of 38% (afdw),
a GWP of -44 g CO2..q/MJ was reported by Frank et al., signifying a net negative GWP resulting
from the carbon credit due to CO> uptake during algal growth [830].

Very few studies have evaluated microalgae as a biomass for pyrolysis. In this study, pyrolysis
GHG emissions of 10.2-45.65 g CO2..q/MJ were estimated. In pyrolysis, the combined emissions
for conversion to diluent are 68% (PBR) and 71% (OPR). With respect to GWP, producing diluent
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through HTL offers significant benefits compared to pyrolysis as the former avoids the energy
penalty and GHG emissions associated with drying. The requirement of a dry biomass together
with energy demands in the pyrolysis reactor makes it challenging to obtain an environmentally
favorable algal-based product. In addition, microalgae drying and reactor heating have a direct
environmental impact in pyrolysis. Bennion et al. studied the energy requirements for the pyrolysis
of microalgae and found GHG emissions of 166-210 g CO2..q/MJ [661]. Grierson et al. performed
an environmental assessment of a microalgal pyrolysis system and found GHG emissions of
290.24 g CO2.¢9/MJ [828]. The key factor influencing the outcome of life cycle analysis is the
energy recovery in the form of desired product [842]. Hence, any amelioration in process
technologies ranging from algal productivity to conversion methods has a positive impact on life
cycle analysis.

On the other hand, GWP elucidates the net positive gaseous emissions resulting from the
production of hydrogen during SCWG and TG. In this study, a negative 7.0-12.56 g CO2.q/MJ of
GHG emissions was estimated in SCWG. The heat supply to SCWG was the main contributor to
GHG emissions during hydrogen production. When we consider conversion to hydrogen, the
SCWG pathway represents 43% (PBR) and 47% (OPR) of the combined emissions, thus
essentially the same as the HTL pathway leading to diluent. Galera et al. conducted an LCA
analysis of hydrogen and electricity production via supercritical water reforming of glycerol and
attributed 19.14 g CO2.eq/MJ (2.68 gCO2¢ H2/g) production for sub-processes involving
supercritical water reforming including water-gas shift and pressure swing absorption (PSA)
systems [843]. Gasafi et al. studied the environmental impacts of SCWG using sewage sludge at
approximately 5 gCO2..q/MJ (0.7 gCO2¢q H2/g) [844]. Little information exists on thermal
gasification performance in terms of life cycle analysis of algae. In this study, GHG emissions for
the algal thermal gasification pathway range from 92.1-138.3 gCO2..q/MJ. TG conversion to
hydrogen production represents 82% (PBR) and 84% (OPR) of the combined emissions. The
higher GHG emissions associated with the thermal gasification pathway are due to the drying step
for high-moisture containing algae.

Table 49: LCA of thermochemical technologies for diluent and hydrogen production
(9CO2eq/MJ)

Cultivation PBR OPR PBR OPR
Process

Hydro Thermal HTL Pyrolysis HTL Pyrolysis SCWG TG SCWG TG
Process

Production of diluent
(Base case)
Production of diluent
(Scenario)
Production of
hydrogen (Base case)
Production of
hydrogen (Scenario)

-5.90 45.65 -11.5 40.05

-5.90 15.8 -11.5 10.2

-7.0 138.3 -12.56 132.68

-7.0 97.7  -12.56 92.1
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9.2.4 Netenergy ratio

In addition to a life cycle analysis, the thermochemical pathways for diluent and hydrogen
production were quantified on the basis of net energy ratio. The net energy ratio (NER) is the
relationship between energy produced and energy consumed. It is an indicator of the effectiveness
of the energetics of the system. Hence, an NER of greater than one is desirable. In this study, an
NER of 1.26 was obtained for large-scale hydrothermal liquefaction. This value is in accordance
with others reported previously [234, 661, 830, 845, 846]. Frank et al. performed an NER analysis
of HTL and obtained an NER of 1.0 for upgrading to produce stabilized biocrude [830, 846].
Another study on non-catalytic and catalytic processes for the conversion of agricultural waste via
hydrothermal liquefaction showed NERs of 0.86-1.20 [234]. Another study involving algae
cultivation with wastewater treatment, conversion, and upgrading, assuming mid-range
productivity and yield, resulted in an NER of 1.23 [845]. The differences in NERs from HTL
conversion pathways are due to differences in product yields, recovery, and heating values. In this
study, an NER of 0.59 was obtained for pyrolysis. This is in accordance with the values reported
in the literature. An NER of 0.44 was reported for an industrial-scale system model for a pyrolysis
plant facility [661]. That study found that HTL is more favorable than pyrolysis because pyrolysis
requires additional drying using thermal methods, unlike wet algal HTL. Vardon et al. studied the
energetics of the thermochemical conversion of raw and defatted algal feedstock through
hydrothermal liquefaction and pyrolysis and concluded that HTL is more favorable than pyrolysis
due to the need to volatize water in the latter approach [646]. Similarly, Tzanetis et al. found HTL
to be more energy efficient than pyrolysis [847]. Further research and development to improve
process efficiency would help increase diluent yield, thereby improving the NER of the HTL
pathway. For hydrogen production, an NER of 1.15 was obtained for the supercritical water
gasification and thermal gasification pathways. Brandenberger et al. [580] also studied synthetic
natural gas from microalgae via SCWG and found that such ratios are dependent on microalgae
yield and energy input requirements with respect to cultivation and processing, respectively.

9.3 Sensitivity analysis

A sensitivity assessment was conducted to understand input parameters that influence the life cycle
GHG emission results. To understand the sensitivity of the environmental impacts associated with
key factors involved in the production of algae biomass, the factors were altered by 10%. The
results clarify environmental impact differences between OPR and PBR technologies.

Figure 57 provides the key GHG emissions associated with OPR systems. Apart from the fertilizer
nutrient inputs, these factors all consume electricity where the greatest sensitivity, 2.3%, would be
related to the amount of electricity required by a shift of 10% in the volume of media needing to
be processed (dewatered) via centrifugation. This would be followed by the requirement for
pumping (2.2%) the additional (reduction) media to be processed, which in a similar manner
impacts power used for filtration of the media (0.95%) and the paddlewheels (0.3%) required to
keep the media in motion. A 10% shift in the amount of NH3z and DAP commercial fertilizer used
in cultivation results in changes of 2% and 0.5% in the respective environmental impacts. Other
environmental impacts related to water use, lighting, and sparging have limited impact (0.1%).
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Figure 57: Key factor environmental impact sensitivity for OPR algae cultivation systems
/kg CO2-eq/kg biomass produced

The key environmental impacts associated with PBR systems are shown in Figure 58. In this
scenario, although environmental factors are primarily related to electrical energy used, the most
significant sensitivity is due to the PBR lighting systems at close to 5.5% for a 10% shift in the
amount of energy required for this factor. Altering the amount of fertilizers used by 10% would
again shift environmental impacts by 2% for NH3 and 0.5% for DAP. Sparging impacts would
increase due to higher pressures and volumes of air/CO. that would be required for the respective
technology’s application at ~0.7%. However, since much lower quantities of media need to be
processed with PBRs, impacts would be lower than those experienced by OPR systems, ~0.1%
and 0.2% for centrifugation and membrane filtration, respectively. Environmental impacts related
to 10% shifts in chilling, water use, and pumping are below 0.1%, and there is no requirement for
the use of a paddlewheel.
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Figure 58: Key factor environmental impact sensitivity for PBR algae cultivation systems /kg
CO2-eq/kg biomass produced

What we note from the above is that where changes in key cultivation factors can be seen to have
measurable environmental impacts, the key factors with greatest sensitivity to changes differ
depending on whether we are considering OPR or PBR systems. In the former case, centrifugation
and pumping are the primary factors. In the latter, the lighting system has slightly greater
environmental impacts than the centrifugation and pumping environmental impacts of the OPR
system.

9.4 Improvement measures and comparison with other known systems

Based on environmental indicators, a number of steps may be incorporated to ameliorate the
environmental performance metrics. Improved energy integration through optimized energy
demand for diluent and hydrogen production, the use of renewable electricity, and adopting
efficient algal cultivation systems would considerably improve process performance. The
development of advanced catalysts in terms of selectivity and ability to withstand high
temperatures would improve the energetics and reduce the environmental impact on the system
[843]. For gasification systems, the gasifier could be optimized to produce more hydrogen and less
methane. Power recovery methods from turbines and the use of heat exchangers to transfer waste
heat from one operation to another would also save energy, thereby reducing environmental
impacts. Using autothermal processes and combusting a portion of the produced gas for the
required heat production in the reactor would reduce heat loss during heat transfer, a method
employed in supercritical water oxidation [844]. More refined sensitivity analysis would lead to
better understanding of process sensitivity to variations in operating parameters and identify
opportunities for additional energy savings.

Figure 59 shows the GHG emissions from several thermochemical technologies used in the
production of fuels and chemicals. The methods and results from various studies are difficult to
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compare given differences in system boundaries, assumptions, and criteria, and thus lead to
different environmental outcomes. The consideration of a process or unit with respect to a
particular technology may change with different performance metrics and data standards.
Nevertheless, such analysis and comparison is helpful in gaining insights into the current state of
a technology in relation to other known technologies. The widely adopted conventional method of
hydrogen production through gasification using fossil fuels including coal and steam methane
reforming results in high GHG emissions, with coal gasification and natural gas thermolysis
approaching 29.33 g CO2.eq H2/g [848] and 37.11 g CO2.¢q H2/g [849], respectively. Biochemical
hydrogen production based on photosynthetic routes helps mitigate environmental impacts. The
case of hydrogen production via dark fermentation results in a 5.5 g CO2.eq H2/g GWP [850], but
this technology is still at a nascent stage of development. Similarly, gasification technologies using
renewable biomass have considerably lower GHG emissions (e.g., 5.40 g CO2.eq H2/g) [851].
Compared to these known carbon footprints, the SCWG of algal biomass offers a considerably
better environmental profile with respect to global warming potential and thus has the potential to
be a promising energy resource.
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Figure 59: Life cycle analysis results of key technologies for hydrogen production [843]

9.5 Conclusion

This research study conducted a comparative LCA on microalgae feedstock cultivated in both open
raceway pond and photobioreator systems in Canada. The biomass feedstock was subsequently
processed via thermochemical conversion to the end products diluent and hydrogen. Of the
thermochemical conversion pathways considered in our study, SCWG offers the best performance
in terms of GHG emissions in the production of hydrogen, followed by TG. For diluent production
we studied two thermochemical pathways, HTL and pyrolysis. There are environmental benefits
associated only with HTL processing, which can use wet biomass feedstock, thereby avoiding
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energy and consequently GHG emissions associated with drying the biomass feedstock. These
results will help make better informed investment decisions related to these processes.
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10 Key Observations

This work has demonstrated the successful development of a data-intensive model whose
results show good correlation with a data set from the NREL ATP3 testbed in Mesa, AZ. The
key parameters in developing the SATOPR model are media temperature and solar light
intensity. Given the global reach of satellites, using this data source to predict open raceway
pond (OPR) system performance both in Canada and the rest of the globe makes the model
both unique and beneficial for comparative analyses of OPR system performance.

We have also demonstrated how the model provides additional supportive analytic capabilities
useful in techno-economic analyses (TEAs) and life cycle assessments (LCAs). A key
weakness in the current analysis is access to timely experimental yield data (i.e., 15-minute
incremental results that could be matched with other model parameter results that are provided
at these same intervals). This would enable better analysis and assist in refining capabilities
in the SATOPR model. It is anticipated that the ultimate value of the model will be revealed
as results from the model are correlated with experimental field data from multiple sites using
identical species and operating protocols.

The techno-economic analysis of the cost of producing algae biomass in Canada shows that
the minimum biomass selling price for a tonne of algae biomass from OPR and
photobioreactor (PBR) cultivation systems in Fort Saskatchewan, AB, would be $1,288/tonne,
and $550/tonne, respectively. This analysis shows that in Canada a PBR cultivation system
has the potential to produce algae biomass at a significantly lower MBSP than an OPR system
at the same location. In fact, it is projected that the PBR MBSP could rival that of OPR systems
located in even the most favorable climatic locations. Environmental and operating parameters
have been identified and show potential for continuing to improve MBSP and are
recommended for further study.

The cost results show that the cost of diluent production from HTL is around 1.60 $/L for a
plant capacity of 2000 tonnes day™. The fixed capital investment at this capacity is 503 M$.
On the other hand, the cost of diluent production from pyrolysis is 1.69 $/L for a plant capacity
of 2000 tonnes day, while the fixed capital investment at this capacity for pyrolysis is lower
than that of HTL (around 385 M$). The sensitivity analysis shows that diluent cost is highly
sensitive to diluent yield, algal biomass cost, and the internal rate of return (IRR). The plant
capacity versus price profile shows that the optimum capacity can exceed 6000 tonnes day™
of algal biomass; however, availability of algal biomass at this capacity is a challenge.
Therefore, the price of diluent at this capacity (i.e., 6000 tonnes day™?) is 1.55 $/kg and 1.63
$/kg, respectively, for HTL and pyrolysis process. On a commercial scale the size of the plan
will be smaller to reduce the risk.

A techno-economic assessment of hydrothermal gasification and thermal gasification showed
that a 2000 dry tonnes/day plant required fixed capital investments of 277.7 M $ and 196.62
M $ with hydrogen product values of 4.59 + 0.10 $/kg and 5.66 + 0.10 $/kg, respectively. In
Western Canada, most hydrogen is obtained from natural gas at a cost of 0.78 $/kg. The
thermochemical plant using 2000 dry tonnes/day algae as a feedstock is not economical. The
technoeconomic analysis suggested that the feasibility of the technology depends heavily on
the cost of algal biomass and the yield obtained.

The GHG emissions for the four pathways studied arise from the conversion process only. An
HTL pathway contributes GHG emissions of 29.6 gCO2.eq/MJ based on inputs from process
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modeling developed for the HTL pathway in this study. The production of diluent from HTL
has advantages with respect to the use of high moisture containing microalgae; drying is not
needed, and thus energy and corresponding GHG emissions pertaining to microalgae drying
are eliminated. The algae-based pyrolysis pathway in this study has GHG emissions of 81.1
gCO2-¢q/MJ of diluent based on process modeling inputs. Microalgae conversion incorporates
two main processes in pyrolysis, microalgae drying and natural gas heating in the pyrolysis
reactor; both are energy intensive and have direct environmental impacts.

e Hydrogen production in the supercritical water gasification (SCWG) pathway emits GHGs of
28.5 gCO2.¢q/MJ of hydrogen, based on inputs from the process modeling developed, whereas
the algae-based thermal gasification pathway contributes GHG emissions of 173.8 gCO2.eq/MJ
of hydrogen based on process modeling inputs. The GHG emission results showed that HTL
performed better than pyrolysis for diluent production, while HTG had better environmental
metrics than thermal gasification for hydrogen production from biomass. The production of
diluent from HTL has advantages with respect to the use of high moisture containing
microalgae, thereby reducing energy and corresponding emissions from microalgal drying.

e The results for the life cycle water footprint show that there is high fresh water requirement for
algae production and a need to recycle harvested water or use alternative water sources. To
produce 1 kg of algae through ponds, 1564 L of water is required. When photobioreactors
(PBRs) are used, only 372 L water is required; however, PBRs require about 30 times more
energy than ponds. From a final product perspective, the gasification of algae biomass is the
thermochemical conversion method that requires the most water per MJ produced (mainly due
to its low hydrogen yield), followed by pyrolysis and HTL. HTG has the lowest water footprint,
mainly because the 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. Supercritical water gasification offers the best performance in
terms of GHG emissions in the production of hydrogen compared to thermal gasification (92.1-
138.3 g COg2.¢q/MJ). With respect to GHG emissions for diluent production, there are
environmental benefits associated with HTL, which avoids the energy and consequently GHG
emissions associated with drying the biomass feedstock in pyrolysis (10.2-45.65 g CO2.¢q/MJ).

These results will prove useful in making better informed investment decisions related to these
processes.
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11 Recommendations

11.1 Recommendations for future algae cultivation studies

Although there has been significant interest in assessing the potential of microalgae to produce
bio-feedstocks in Canada since the 1950’s, given the chemical composition of microalgae
including significant amounts of lipids, proteins and carbohydrates, research to date has not
succeeded in addressing important factors that remain as impediments to the mass implementation
of cultivation of algae. To address these shortcomings, the following recommendations are offered.

11.1.1 Focus on utilizing PBR systems for cultivating algae in Canada integrated with waste
heat produced from industrial sector

Given the information supported by this research, it becomes extraordinarily evident that Canada
will not be able to compete in cultivating algae autotrophically utilizing OPR systems with other
regions of the world that have warmer climates located in regions with access to better year-round
sunlight. The geography places significant climatic challenges on attempting this form of
cultivation both from an environmental impact perspective as well as an economic perspective. In
Canada we need to focus research and development activities around PBR algae cultivation
systems where there is seen to be greater potential to breaking through with both positive
environmental impacts as well as achieving economic sustainability long term in conjuction with
the utilization of waste heat from the industrial facilities.

11.1.2 Conduct research in Canada that leads to achieving consistent yield equivalents at
5,000 g/m?/d (20 gL/d) for PBR systems

Consistent with the findings of this research improving yield is the factor that has the greatest
sensitivity to impacting the MBSP. Restating what has already been presented: At Mesa AZ
increasing productivity in the OPR by 60% from 25 g/m?/d to 40 g/m?/d would result in a $127
/tonne (23%) reduction in MBSP. The impact of the same OPR in Canada would be much greater
because of the scaling factor. A cost reduction of over $384/tonne (17%) would result from a 60%
productivity increase. For the PBR technology, a 60% yield increase from 1250 g/m?/d to 2000
g/m?/d (8 g/L/d) would result in (21%) $123/tonne price reduction. As in many areas of life, the
challenge of achieving success has often less to do with actual failure, as it has to do with low aim
— not setting your objective high enough. It is proposed that algae cultivation research in Canada
establish setting an objective to attain consistent yields of 5,000 g/m?/d (20 gL/d) utilizing PBR
technologies. This should be achieved using any algae species that demonstrates meeting specific
compositional objectives. The achievement of this single objective would establish Canada’s
position as the global leader in algae cultivation technology and open the door to multiple bio-
refinery scenarios to be established within this country. Once the attainment of achieving the
improvement of algae yields has been accomplished, there is need to move through a series of
scaling operations to determine where the limits of scale-up are. It is anticipated that it will be
possible to achieve certain economies of scale that will enable higher profitability, thereby
improving techno-economics performance and as well as maintaining minimum benchmark LCA
performance.
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11.1.3 Conduct research leading to improving the efficiency of dewatering and harvesting
algae and isolating active compounds from the biomass

Given that one of the highest energy utilization processes used in the algae cultivation process is
related to harvesting, dewatering and drying, research and development activities must be
employed to conduct these operations more efficiently and effectively.

11.1.4 Establishing microalgae cultivation bio-refinery platforms

As already indicated above, utilization of an algae species that has not only high lipid concentration
but also has within its makeup a relatively high concentration of other active compounds that have
much greater value than diluent or hydrogen, albeit in a market size that may be more limited than
diluent and hydrogen, should be pursued as part of a bio-refinery production platform to achieve
higher profitability. Research into both potential bio-actives within algae and identifying species
where the bio-actives are found to be synthesized in higher concentrations is recommended.

11.2 Recommendations for future algae conversion studies

While the work performed in this research study is itself comprehensive, further improvements
and suggestions in the present modeling study can be made. The author recommends the following
future studies.

11.2.1 Solvents for gas purification in gasification

In the current modeling study, Selexol solvent was used for gas purification in gasification.
However, incorporating other solvents such as amine and alcohol-based ones such as methanol,
methyl-diethyl-amine (MDEA), etc., will improve the scope. The use of such solvents will assist
in understanding the economic and environmental feasibility of using them for H> production from
biomass.

11.2.2 Reaction Kinetics

Hydrothermal liquefaction occurs at high pressure and temperature, which leads to higher
operating and capital costs. The understanding of reaction kinetics and products obtained from
biomass fractions like carbohydrates, proteins, and lipids will help optimize reactor design and
thus reduce costs associated with the process. In other words, comprehending the stability and
quality of oil will help identify primary reactions and upgrading needs.

11.2.3 Stability of bio-crude/bio-oil

Little is known on the stability of oil obtained from HTL. A future study on its stability will help
in an analysis when bio-crude is used offsite (when the hydrotreating plant is not co-located with
the HTL facility).

11.2.4 Experimental studies

Studies using different strains of microalgae are required to comprehend the impact of cellular
compositional structure on product yields. Compared to other pathways such as biodiesel
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production, HTL does not entail high lipid algal biomass. As HTL can work on whole biomass,
robust and fast cultivation of strains seem more appropriate and can improve the economics of the
process. Testing other algal strains will also help establish baseline yields of products, which will
also assist in developing commercial applications. Moreover, novel algal strains can be considered
for improved cultivation systems that enhance productivity.
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12 Challenges

The major challenge faced during the course of this research was obtaining accurate and reliable
data. The Aspen model requires a lot of input data. Examples of data required on the conversion
side include bio-oil composition, yield, reaction composition, and catalyst stability. Validation of
the results is a key component of this research, and reliable data is needed to do this.

The production of bio-oil and hydrogen, especially via the hydrothermal process, has not yet been
fully commercialized, and obtaining data from the few companies conducting this research is
difficult.
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13 List of Publications from this Research

This research work generated 11 research papers, four of which have been published in high impact
journals. The rest have been submitted or are about to be submitted for publication. The results
generated from this work have also been presented at 12 conferences and academic and industrial
workshops. The list of papers is given below.
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