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a b s t r a c t

This study develops life cycle water footprints for the production of fuels and chemicals via thermo-
chemical conversion of algae biomass. This study is based on two methods of feedstock production e

ponds and photobioreactors (PBRs) e and four conversion pathways e fast pyrolysis, hydrothermal
liquefaction (HTL), conventional gasification, and hydrothermal gasification (HTG). The results show the
high fresh water requirement for algae production and the necessity to recycle harvested water or use
alternative water sources. To produce 1 kg of algae through ponds, 1564 L of water are required. When
PBRs are used, only 372 L water are required; however, the energy requirements for PBRs are about 30
times higher than for ponds. From a final product perspective, the pathway based on the gasification of
algae biomass was the thermochemical conversion method that required the highest amount of water
per MJ produced (mainly due to its low hydrogen yield), followed by fast pyrolysis and HTL. On the other
hand, 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. Performance in all pathways can
be improved through recycling channels.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The water consumption of the entire life cycle of a product
needs to be assessed because water is a scarce resource. It is ex-
pected that in a few decades it will be challenging to meet basic
human needs in terms of access to water for large proportions of
the population (Jackson et al., 2001). Preserving natural habitats
and systems is also very important, and the removal of resources
fundamental to these systems can be damaging (Postel and Richter,
2012). For these reasons, it is important that agriculture and in-
dustrial processes do not threaten access to water. In recent years,
studies have been conducted to measure the water footprint of
many different crops (Gerbens-Leenes et al., 2009; Mekonnen and
Hoekstra, 2010). Furthermore, as algae cultivation becomes more
common, it is also important to understand all the effects on the
environment so that informed decisions on the possibility and scale
of production can be made. Over the last few decades, many
different types of feedstocks have been studied as candidates for
r).
biomass sources in bioenergy production (McKendry, 2002a;
Swana et al., 2011), and the different characteristics in each offer
a range of characteristics on the final product (McKendry, 2002b).
One feedstock that has attracted more interest of late is algae
biomass, mainly due to its unique properties and methods of pro-
duction, including via ponds and photobioreactors (PBRs) (Doucha
et al., 2005; Jorquera et al., 2010; Pankratz et al., 2017; Ugwu et al.,
2008).

One of the main resources required for alga production, and to a
lesser extent its processing, is water (Dismukes et al., 2008; Pate
et al., 2011). Depending on the geographical location of the pro-
duction facility, obtaining theminimum amount of water necessary
to produce the biomass can be challenging, and given the high
volume required for algae cultivation, the impact is generally
considerable (Slade and Bauen, 2013). To reduce water use, the
possibility of recycling the water used during the algae life cycle
(Yang et al., 2011) or cultivating a species of alga inwastewater from
municipal waste to lower the high water requirement during
cultivation have been considered (Wang et al., 2016). One impor-
tant consideration regarding water consumption during algae
production is to determine which cultivation method offers more
advantages, the most commonly used and better understood algae
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production in ponds or the relatively new technology that uses
photobioreactors (PBRs). Recent studies show that some types of
PBRs can be economically competitive with ponds (Davis et al.,
2016; Ozkan et al., 2012). While there are several studies on the
conversion of algae (through thermochemical processes or trans-
esterification) to produce biofuel (Jonker and Faaij, 2013; Nautiyal
et al., 2014), there are none on the conversion of algal biomass to
diluent and very few on the production of hydrogen from algae
through thermochemical conversion. These are the two products of
interest and in high demand by the oil sands and chemical
industries.

In oil sands applications, the chemicals namely diluent in the
form of naphtha and paraffin, are employed to reduce density and
to liberate hydrocarbon molecules from bitumen (Rao and Liu,
2013). Diluent, broadly defined as a diluting agent, is a substance
that is added to viscous fluid to increase its flow. Diluents have a
diverse range of applications, from the drug industry (Ebino, 1999)
to the transportation of oil and bitumen extracted in the Canadian
oil sands (Alvarez et al., 2009; Hemmingsen et al., 2005). The
diluent helps in reducing the viscosity of bitumen to allow efficient
transportation through pipeline (Miadonye et al., 2001). In general,
they are natural gas condensates, consisting of heavy oil compo-
nents from lighter compounds but may have lighter fractions
(Tipman et al., 2001). Diluent is composed of paraffinic hydrocar-
bonsmolecules (Anhorn and Badakhshan,1994;Mehrotra,1992). In
this regard, a liquid product from pyrolysis in the form of biodiluent
has been patented (Pollard et al., 2015). Another patent highlights
the use of methods for oil extraction using bitumen through
Fischer-Tropsch process (Tessel, 2015). Furthermore, the properties
of diluent in relation with naphtha condensates are comparable
(Kumar et al., 2017). The aim is to use renewable biomass to pro-
duce stabilized bio-crude through HTL and fast pyrolysis, which
would be employed as a diluent in oil sands applications. Hydrogen,
also versatile, is used by the chemical, metallurgical, glass and
electronics industries and has seen an increase in interest from the
petroleum refining sector, especially for the refining of heavy oils
that contain high amounts of sulfur and hydrogen (Ramachandran
and Menon, 1998).

There are studies that explore the water footprint of biofuel
production through different conversion pathways (Dominguez-
Faus et al., 2009; Gerbens-Leenes and Hoekstra, 2011; Yi-Wen
and May 2013). Gerbens-Leenes et al. provide some details of the
water footprint of biofuel production from algae (Gerbens-Leenes
et al., 2014). Their study focuses on transesterification as the pri-
mary method of biomass conversion. Since alga and all its con-
version pathways are receiving increased interest as possible
environmentally friendly sources of biofuels and other products,
this study analyses the requirements of water, an important
resource for the sustainability of the production and thermo-
chemical conversion of algae, over the life cycle. A case study for
Alberta, a western Canadian province, is conducted in this paper.
The semi-arid climate in most of the Canadian provinces and the
corresponding low volume of precipitation (Mbogga et al., 2009)
dictate that resource use must be well planned to guarantee proper
biomass growth. The overall objective of this paper is to analyse the
life cycle water consumption of diluent and hydrogen production
from algal biomass used as rawmaterial. 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:
o the production of diluent through fast pyrolysis and the
hydrotreating of algae feedstock;

o the production of diluent through the hydrothermal lique-
faction and hydrotreating of algae feedstock;

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

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

� Conduct sensitivity and uncertainty analyses to study the
changes resulting fromvariations in input parameters on the life
cycle water footprints of diluent and hydrogen production from
algae.
2. 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 steps
from resource acquisition for biomass cultivation to final pro-
duction of chemicals of interest, except their consumption). The
International Organization for Standardization suggests through
their ISO 14040 norms a life cycle assessment framework that
consists of a goal and scope definition, life cycle inventory, and
impact assessment and interpretation (Standardization, 2006).
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 as-
sumptions are made. Finally, the computation and analysis permit
the assessment of environmental impacts and a better interpre-
tation of the results of the study. This study adopts a functional
unit of 1MJ of diluent (for the fast pyrolysis and HTL analyses) and
1MJ of hydrogen (for the gasification and HTG analyses). More
specifically, for the resource of interest in this study, the results
are presented in terms L of water/MJ of diluent or H2. In other
words, the functional unit is the amount of water required to
produce 1MJ 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
uncertainties of some inputs on the results.

It is necessary to consider the unit operations involved in algal
biomass production, thermochemical conversion through fast py-
rolysis, 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
Fig. 1. System boundary for pyrolysis.
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fast pyrolysis and HTL are the production and dewatering of algal
biomass, drying (for fast pyrolysis only) and thermochemical con-
version of the feedstock, and hydrotreating to produce diluent. The
conversion pathway for fast pyrolysis is shown in Fig. 1 and for HTL
in Fig. 2. For gasification and HTG, the unit operations are cultiva-
tion and dewatering, drying (for gasification only) and thermo-
chemical conversion, and hydrogen production. The conversion
pathway for thermal gasification and hydrothermal gasification is
presented in Figs. 3 and 4, 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), infor-
mation obtained from industry, and information obtained through
models developed by the authors in Aspen Plus (Aspen Plus, 2009).
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 (Berndes,
2002; Moazami et al., 2012). Second, the thermochemical conver-
sion plants have the infrastructure to use everything that is pro-
duced 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 con-
sumption of the process. Fifth, the electricity input to each stage of
the process indirectly contributes to the overall water consump-
tion, 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).

A water footprint assessment for algae cultivation was con-
ducted 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 (Chisti, 2007). The other method is the use of pho-
tobioreactors (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 (Singh and Sharma, 2012). 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 pro-
duce algal biomass and to convert it to diluent or hydrogen. Direct
Fig. 2. System boundary for hydrothermal liquefaction.
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 dia-
mmonium phosphate, in this case) and electrical energy input for
the various unit operations (Singh and Kumar 2011). Surface or
ground water can be used as sources for both direct and indirect
uses.

3. 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.

3.1. Production of biomass

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

3.1.1. Ponds
Raceway ponds are very common in the algae facilities currently

in operation (Chiaramonti et al., 2013). Hence there are many
studies that explore in depth the operating conditions and pro-
duction optimization methods in ponds (Borowitzka, 1999;
Chiaramonti et al., 2013; Lee, 2001; Moheimani and Borowitzka,
2006). 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 (Pankratz et al., 2017). This study considers a pond
Fig. 3. System boundary for gasification.

Fig. 4. System boundary for hydrothermal gasification.
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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 (Mbogga et al., 2009). Hence water
replacement ratesmay be relatively high in this cultivationmethod.
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 (Hage, 1978).

For our study, we assumed a large-scale facility capable of
producing 2000 T of dry algae/day, with the same basic character-
istics of operation and production described in a recent study
(Davis et al., 2016). Daily alga production is assumed to be 25 g/m2/
d in a facility divided into farms of 20.2 million m2 dedicated to
pond cultivation only and a total footprint per farm (including
processing and storage) of 30.8 million m2. A design with
400,000m2modules containing 50 raceway ponds of 8000m2 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 0.01wt
%. 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, whichmaintains 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 per-
centage 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
1564 L of water/kg of algae. The details of algae cultivation in
raceway ponds as reported by (Davis et al., 2016) or derived from
their data are provided in Table 1.

It is also important to consider the water footprint of the elec-
tricity consumption of the facility. In this case, the highest energy-
consuming equipment are the pumps used to carry the algae so-
lution through the ponds, the paddlewheels used to stir the ponds,
Table 1
Basic operational data for algae cultivation in ponds (Davis et al., 2016).

Operation Value Unit

Average daily algae production 0.025 kg/m2/d
Pond cultivation area/farm 20.2 million m2

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/m3

Inlet flow rate (membranes) 76000 m3/day
Energy demand (centrifuges) 1.35 kWh/m3

Inlet flow rate (centrifuges) 6000 m3/day
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 guar-
antee the desired 20wt%. 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.
3.1.2. 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 (Chiaramonti et al.,
2013). 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 6800 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 (Singh and
Sharma, 2012), with a bubble sparging mechanism containing
CO2 for the photosynthesis process. The algae concentration in a
system of this type is assumed to be between 3 and 5 g/L, up to 50
times higher than in ponds. Because of the scarcity of data available
on this equipment, a consistent set of parameters provided by in-
dustry was used and validatedwith data fromvarious studies (Chen
et al., 2011; Li et al., 2007; Rodolfi et al., 2009). The same as-
sumptions 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 environ-
ment. Other losses (i.e., water loss during harvesting) can be miti-
gated 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 2 gives the details of the basic operational data for algae
cultivation in PBRs.

In terms of electricity consumption, PBRs require considerably
more energy than ponds (Davis et al., 2016; Watanabe and Hall,
1996). 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, replace-
ment of blowdown water, and electricity generation.
Table 2
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 m2

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



Table 3
Water requirements for pyrolysis of algae.

Operation Value Unit Source

Bio-oil coolinga 0.027 L water/kg bio-oil (Ringer et al., 2006)
Bio-oil vapor coolinga 0.003 L water/kg bio-oil (Ringer et al., 2006)
Steam condensinga 1.077 L water/kg bio-oil (Ringer et al., 2006)
Steam systema 0.026 L water/kg bio-oil (Ringer et al., 2006)
Ash quenchinga 0.233 L water/kg bio-oil (Ringer et al., 2006)
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

a Water consumption derived from the flow rates of the plant described by Ringer
et al. (2006).
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3.2. 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 0.5e10 s (flash pyrolysis lasts less than 0.5 s
and conventional pyrolysis takes 5e10min). Fast pyrolysis yields
relatively high amounts of bio-oil (Demirbas, 2008; Patel et al.,
2016). In this method, biomass is dried to a moisture content of
<10% to decrease the water content in the fast pyrolysis bio-oil
(Wright et al., 2010).

Biomass feedstock that only goes through dewatering leaves the
cultivation facility with approximately 20wt% dry biomass and
must go through extra drying before being fed into the fast pyrol-
ysis reactor. Feedstock with a moisture content of 5e10wt% is
preferred for fast pyrolysis (Bridgwater et al., 1999). Other impor-
tant parameters in the pyrolysis reaction are particle size, tem-
perature, pressure, and residence time. Once prepared, the dried
biomass is sent to a fluidized bed pyrolysis reactor at 520 �C (Jones
et al., 2009) with particles smaller than 2mm. Following reaction,
bio-char is removed by cyclones, resulting in a bio-oil yield of
approximately 59.9wt% (dry basis) depending on the feedstock
(Ringer et al., 2006). For this study, a yield of 26130 kg/hr was
estimated using process model (Kumar et al., 2018b). The fast py-
rolysis 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 (Ringer et al., 2006).
Water is indirectly consumed through the generation of the elec-
tricity 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 re-
quirements for algal pyrolysis are provided in Table 3. With the
Table 4
Water requirement for the HTL of algae.

Operation Value Un

Cooling water make-up 4.32 L w
Boiler feed water make-up 0.72 L w
Water purged/day 1.17 L w
Feed pre-treatment 4.3 MW
Steam reforming 1.28 MW
Other auxiliary 0.11 MW
Electricity generation �1.9 MW
Water consumption factor for electricity generation 1.08 L w
higher heating value (HHV) of diluent at approximately 34MJ/kg,
when all the factors shown in plus 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.
3.3. Hydrothermal liquefaction

HTL is a thermochemical conversion process that converts
biomass to bio-crude in the presence of large amounts of water
(Toor et al., 2014). 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 (Toor et al., 2011). It is a method used to produce diluent
and does so through medium temperature and high pressure re-
action in a high concentration of water; bio-crude is its main
product (Kumar et al. 2017, 2018a; Toor et al., 2014). In hydrother-
mal liquefaction, biomass is pumped to 18MPa and passed through
heat exchangers to increase the algal stream temperature to 350 �C
(Kumar et al., 2017). At this temperature, water exists slightly below
the supercritical point, which allows dissolution of biomass or-
ganics (Ou et al., 2015). The incoming effluent is fed into the HTL
reactor, which converts biomass components into bio-crude. The
output from the HTL reactor is filtered to obtain solid residue in the
form of bio-char. The filtered effluent passes through a heat
exchanger to recover heat beforemoving to a three-phase separator
unit to produce aqueous, bio-oil, and gaseous phases (Zhu et al.,
2014). The bio-crude undergoes hydrotreating, where it is deoxy-
genated (Tews et al., 2014).

Hydrothermal liquefaction happens at medium temperatures
and high pressures and generates mainly the liquid product known
as bio-crude but also gases and an aqueous phase (Akhtar and
Amin, 2011). In this study, it is assumed that 2000 T (dry basis) of
biomass is processed. A diluent yield of 28600 kg/hr was estimated
on AspenPlus for the HTL case (Kumar et al., 2018b). 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 (Jones et al., 2014). 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.,
(2014) show that the differences in water requirement for the
cooling system and boiler feed are negligible regardless of feed-
stock, and thus in this study we used their water consumption
values for the cooling system and boiler feed. HTL also indirectly
requires water for the electricity necessary to operate the equip-
ment. However, electricity can be generated by burning the
methane-rich off-gas, and this energy can be used in the HTL sys-
tem, thereby reducing indirect water consumption (Zhu et al.,
2014). Table 4 shows the water requirements for HTL of algae.
With the higher heating value (HHV) of diluent at approximately
it Source

ater/kg diluent (Zhu et al., 2014)
ater/kg diluent (Zhu et al., 2014)
ater/kg algae (Zhu et al., 2014)
e This study
e This study
e This study
e This study
ater/kWh (Environment Canada, 2013; Statistics Canada, 2014)



Table 5
Water requirement for hydroprocessing after the pyrolysis of algae.

Operation Value Source

Cooling water required (L water/kg diluent)a 0.08 (Hsu, 2012)
Boiler feed required (L H2O/kg diluent)a 0.82 (Hsu, 2012)
Natural gas (MJ/kg diluent)a 12.18 (Hsu, 2012)
Electricity (kWh/kg diluent)a 0.410 (Hsu, 2012)
Water use factor (L H2O/kWh) 1.08 (Environment Canada, 2013; Statistics Canada, 2014)

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

Table 6
Parameters of hydroprocessing after the HTL of algae.

Operation Value Unit Source

Light hydrocarbons 0.008 wt% This study
Diluent 0.815 wt% (Davis et al., 2011)
Electricity 3.8 MWe This study
Water consumption factor for electricity generation 1.08 (Environment Canada, 2013; Statistics Canada, 2014)
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34MJ/kg, when all the factors shown in plus the hydrotreating
factors (Table 6) are considered and all their contributions are
added, the total water footprint from production of diluent through
HTL is approximately 0.20 L/MJ of diluent.
3.4. Upgrading of bio-oil/bio-crude

The bio-oil and bio-crude produced during fast pyrolysis and
HTL, respectively, go through the hydroprocessing phase to remove
oxygen and increase the stability and heating values of the prod-
ucts, which make them more attractive commercial options. These
reactions use hydrogen and a catalyst (Jones et al., 2009), 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/bio-crude to biofuel, which requires hydrotreating or hydro-
cracking, depending on the thermochemical conversion pathway
(Hsu, 2012; Patel and Kumar 2016; Singh and Kumar 2011; Singh
et al., 2014; Wong et al., 2016). However, for the production of
diluent, only hydrotreating is required. Conditions for the hydro-
treating 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 5.

For upgrading bio-crude fromHTL, the body of knowledge is still
limited. Studies have been conducted in this area are by (Elliott,
Table 7
Water requirement for the gasification of algae.

Operation Value

Cooling water and utilitiesa 1.78
Steam system and power generationa 0.49
Gas clean-up and compressiona 1.48
Gasification and tar reforminga 0.05
Drying and handlinga 20.96
Feed handling and drying 742
Gasification, tar reforming, quench 3636
Compression and sulfur removal 21,871
Steam methane reforming, shift and PSA 630
Hydrogen compression 3899
Steam system and power generation �25,583
Steam system and power generation - required 660
Cooling water and other utilities 1110
Miscellaneous 3255
Water consumption factor for electricity generation 1.08

a Water consumption derived from the flow rates of the plant described by Spath et a
2007; Elliott et al., 2015; Kumar et al., 2017; Tews et al., 2014). No
large-scale facility has been built for this purpose, but the hydro-
treating process for HTL products is in theory simpler than the
hydrotreating process for fast pyrolysis products, since bio-crude
has a lower oxygen content than bio-oil (Baker and Elliott, 1986).
Bio-crude goes through only one hydrotreating step and requires
less energy and reactant than the hydrotreating of bio-oil (Zhu
et al., 2011), which requires two steps. In the developed process
model, the hydrotreating of bio-crude involves a reaction of
hydrogen in a fixed bed reactor at temperatures around 400 �C;
around 78e85% of the product has diluent properties. The main
parameters of the reaction are given in Table 6.
3.5. Gasification

The gasification of biomass is a thermochemical conversion
process that converts feedstock into gaseous products through re-
actions in high temperatures (up to 850 �C) and atmospheric
pressure. Biomass enters the system at 5e10% moisture content.
Oxygen (or steam) and a catalyst agent are also used in the reaction
(Turn et al., 1998). 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 con-
version (Rapagn�a et al., 1998). 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
Unit Source

L H2O/kg H2 (Spath et al., 2005)
L H2O/kg H2 (Spath et al., 2005)
L H2O/kg H2 (Spath et al., 2005)
L H2O/kg H2 (Spath et al., 2005)
L H2O/kg H2 (Spath et al., 2005)
kW (Spath et al., 2005)
kW (Spath et al., 2005)
kW (Spath et al., 2005)
kW (Spath et al., 2005)
kW (Spath et al., 2005)
kW (Spath et al., 2005)
kW (Spath et al., 2005)
kW (Spath et al., 2005)
kW (Spath et al., 2005)
L H2O/kWh (Environment Canada, 2013; Statistics Canada, 2014)

l. (2005).



Table 8
Water requirements for the hydrothermal gasification of algae.

Operation Value Unit Source

Cooling, steam, and HTG reaction 8.06 L H2O/kg H2 (Matsumura, 2002)
Tar reforming 0.049 L H2O/kg H2 (Spath et al., 2005)
Gas clean-up and compression 1.23 L H2O/kg H2 (Spath et al., 2005)
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 H2O/kWh (Environment Canada, 2013; Statistics Canada, 2014)
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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 (Spath et al., 2005). 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 need to be extracted from
the grid. The details of the water requirement for the different
operations involved in the gasification of algae are provided in
Table 7.

With the higher heating value (HHV) of hydrogen at approxi-
mately 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.
3.6. Hydrothermal gasification

HTG is a thermochemical conversion pathway that uses the
benefits of supercritical conditions of water in a solution as a
reactant, making water itself a reaction partner to the feedstock.
First, the bonds between the biomass macromolecules are broken
through hydrolysis, then newmolecules are formed in the presence
of a catalyst agent (Kruse, 2009). The reaction normally happens at
intermediate temperatures (300e410 �C) and high pressures
(12e34MPa), while the biomass initial concentration remains be-
tween 10 and 30wt% (Waldner and Vogel, 2005) (for this study it is
assumed to be 20wt% 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 H2. The syngas is cleaned using Selexol and then
sent towater-gas shift reactors to enrich H2. A co-generation facility
for power generation is also commonly built with the HTG plant
(Fang and Xu, 2014; Gasafi et al., 2008; Verma et al., 2015). The co-
generation plant uses off-gases from processing areas to produce
electricity (Gasafi et al., 2008).

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
Table 9
Life cycle water footprint for the conversion of algae biomass to diluent.

Unit operation (L H2O/MJ diluent) Pond cultivation followed by
pyrolysis

PBR cultivation
pyrolysis

Biomass production 137.67 2.24
Biomass harvesting and

fertilization
0.007 0.001

Conversion 0.071 0.071
Hydroprocessing 0.046 0.046
Total 137.79 2.36
cooling system, steam feed, and HTG reaction estimates are taken
fromMatsumura, whose study considers different types of biomass
(Matsumura, 2002). 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 fa-
cility 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 8
gives the details of the water requirement for different operations
for the HTG of algae.

With the higher heating value (HHV) of hydrogen at approxi-
mately 142MJ/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.

4. Results and discussion

Base case scenarios were developed to understand the water
footprints of each cultivation method coupled with each conver-
sion pathway. We compared algae cultivation methods and ther-
mochemical 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 vari-
ables 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.

4.1. Base case scenario

The base case scenarios give the details of individual unit op-
erations: biomass production and dewatering, harvesting, bio-oil or
bio-crude production followed by hydrotreating (fast pyrolysis or
HTL) or hydrogen production (gasification and HTG). Different
process unit operations for diluent production through fast pyrol-
ysis and HTL, respectively, are listed in Tables 9 and 10 shows the
results of water use efficiency for the unit operations in the
followed by Pond cultivation followed by
HTL

PBR cultivation followed by
HTL

133.95 2.18
0.008 0.002

0.19 0.19
0.013 0.013
134.15 2.20



Table 10
Life cycle water footprint for the conversion of algae biomass to hydrogen.

Unit operation (L H2O/MJ
hydrogen)

Pond cultivation followed by
gasification

PBR cultivation followed by
gasification

Pond cultivation followed by
HTG

PBR cultivation followed by
HTG

Biomass production 141.94 2.31 99.43 1.61
Biomass harvesting and

fertilization
0.001 0.001 0.001 0.002

Conversion 0.19 0.19 0.05 0.05
Total 142.13 2.50 99.48 1.66
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production of hydrogen through gasification and HTG, respectively.
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 consumptionwhether ponds or PBRs are used.
Hence, any future system modelling aiming for lower water con-
sumption 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 consider-
ably 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 con-
sumption mitigation steps are important in the algae thermo-
chemical conversion life cycle. Work by Yang et al. suggests means
of achieving some reduction goals and reducing water consump-
tion by up to 80% (Yang et al., 2011). Some measures that could
Table 11
(a) Scenarios for sensitivity analysis of ponds, (b) Scenarios for sensitivity analy

a. Scenarios for sensitivity analysis of ponds

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

b. Scenarios for sensitivity analysis of PBRs

1 Decrea
2 Increas
3 Decrea
4 Increas
5 Decrea
6 Increas
7 Decrea
8 Increas
9 Decrea
10 Increas
11 Decrea
12 Increas
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 causes a water footprint
of �0.015 L H2O/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 (142MJ/kg) is much higher than that of diluent, a low
energy product of approximately 34MJ/kg.

4.2. Other scenarios e 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 11 list all the considered scenarios in
this study for an analysis of ponds and PBRs.

Figs. 3e6 show the sensitivity analysis results for the four
thermochemical conversion methods and two cultivation options.

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
sis of PBRs.

se in pond depth design by 10%
e in pond depth design by 10%
se in evaporation rate/day by 10%
e in evaporation rate/day by 10%
se in replacement of media by 10%
e in replacement of media by 10%
se in media loss at harvesting by 10%
e in media loss at harvesting by 10%
se in the number of days of harvest/year by 10%
e in the number of days of harvest/year by 10%
se in product yield (for all thermochemical conversion methods) by 10%
e in product yield (for all thermochemical conversion methods) by 10%

se in PBR tank size by 10%
e in PBR tank size by 10%
se in media loss at harvesting by 10%
e in media loss at harvesting by 10%
se in the number of harvests/day by 10%
e in the number of harvests/day by 10%
se in electricity consumption by 10%
e in electricity consumption by 10%
se in harvest volume by 10%
e in harvest volume by 10%
se in product yield (for all thermochemical conversion methods) by 10%
e in product yield (for all thermochemical conversion methods) by 10%
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Fig. 5. Sensitivity analysis for algae conversion to diluent via pyrolysis.
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analysis should focus on cultivation parameter variations and their
impacts in final outputs. Since large design changes to a system are
not always practical (Weissman et al., 1989), 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 consump-
tion 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.
Fig. 6. Sensitivity analysis for algae conversion to diluent via HTL.
4.3. 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 (Habibi, 2017;
Vose et al., 2007) that randomly selected variables within the
established range of 100000 iterations. When the relationship
between variables is known and there are uncertainties in both
published and estimated information, a triangular probability
distribution is commonly adopted, since in a distribution of this
type the central value is estimated while the maximum and
minimumvalues 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 signifi-
cant 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 12 shows the water use efficiency values for diluent
from fast pyrolysis and HTL at various percentiles. Table 13 shows
the water use efficiency values for hydrogen from gasification and
HTG, also at various percentiles. The low deviation from themedian
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 de-
viations 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 un-
certainties in the variables considered in the Monte Carlo simula-
tion, 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 12 and 13 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.
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Fig. 7. Sensitivity analysis for algae conversion to hydrogen via gasification.
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Fig. 8. Sensitivity analysis for algae conversion to hydrogen via HTG.

Table 12
Percentile values of uncertainty distribution plots for diluent production.

Percentile Water use efficiency of diluent production via fast pyrolysis and
hydroprocessing

Water use efficiency of diluent production via HTL and
hydroprocessing

Ponds L H2O/MJ diluent Photobioreactors L H2O/MJ diluent Ponds L H2O/MJ diluent Photobioreactors L H2O/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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5. 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 reducewater consumption in
this activity. The cases of algae cultivation explored in this study



Table 13
Percentile values of uncertainty distribution plots for hydrogen production.

Percentile Water use efficiency of hydrogen production via gasification Water use efficiency of hydrogen production via HTG

Ponds L H2O/MJ diluent Photobioreactors L H2O/MJ diluent Ponds L H2O/MJ diluent Photobioreactors L H2O/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
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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 path-
ways. 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 thermo-
chemical 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 prod-
ucts 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 pre-
sented in this study will help others understand the resource
allocation necessary for algae cultivation and processing, which in
turnwill help tomake better choices on areas to invest or formulate
policy.
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