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Abstract

Microalgae are a promising feedstock for bioenergy due to higher productiv-
ity, flexible growing conditions, and high lipid/polysaccharide content compared
to terrestrial biomass. Microalgae can be converted to biogas through anaerobic
digestion (AD). AD is a mature technology with a high energy return on energy
invested. Microalgae AD can bypass energy intensive dewatering operations
that are associated with liquid fuel production from algae. A techno-economic
assessment of the commercial feasibility of algae-based biogas production was
conducted using Cyanothece BGO011 biomass as an example. BG0011 is a naturally
occurring, saline cyanobacterium isolated from Florida Keys. It fixes atmospheric
nitrogen and produces exopolysaccharide (EPS). Maximum cell density and EPS
concentration of 2.7 and 2.1 g afdw'/L (for total algae biomass concentration of 4.8
g afdw/L) were obtained by air sparging. For an areal cell and EPS productivity of
12.4 and 9.6 g afdw/m?2/day, respectively, the biomethane production cost was 14.8
$/MMBtu using covered anaerobic lagoon and high-pressure water scrubbing for
biogas purification. Electricity production from biogas costs 13 cents/kwh. If areal
productivity was increased by 33% from the same system, by sparging air enriched
with 1% CO2, then biomethane cost was reduced to 12.16 $/MMBtu and electricity
cost to 11 cents/kwh.

Keywords: microalgae, anaerobic digestion, biogas, techno-economic analysis,
Cyanothece BG0011
1. Introduction

Resource depletion and carbon emissions caused by using fossil fuels have

increased interest in alternative fuel sources. Utilization of biomass resources
is one option to meet the energy requirements for rapid industrialization and

! Ash free dry weight.
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population growth with potential environmental and economic benefits. Energy
could be derived from a variety of terrestrial, renewable, bio-based feedstocks
like sugar-based biomass (e.g. corn, sugarcane, sugarbeet) and lignocellulosic
biomass (e.g. wheat straw, corn stover, sugarcane bagasse, forestry residues,
switchgrass, energy cane, sorghum, short rotation woody crops). However,
production and conversion of these feedstocks could entail risks associated with
disruption of the food chain and biodiversity, depletion of freshwater resources
and eutrophication.

Aquatic biomass like microalgae is a promising feedstock with many advantages
over terrestrial plants. Its use dates to 1940s [1, 2]. To meet an energy shortage
during this period, microalgal biomass was proposed to be used as a source for
lipids. Microalgae have higher yield from incident solar energy and higher areal
productivity. The photosynthetic efficiency of microalgae (around 3-8%) is
substantially higher than that of terrestrial plants (typically 0.5%) due to their
simple structure and convenient access to nutrients [3-5, 108]. Therefore, less
land area is required and non-arable, non-productive land could be used for their
cultivation. Some species could be cultivated using low quality water such as
seawater, brackish water, desalination reject water and wastewater. A microalgae
production facility could be operated as a closed loop system by allowing for
recycling of water, nutrients and energy from downstream production processes
[6, 7, 144]. Microalgae are characterized by high lipid/starch/protein content with
a lack of lignin, which makes them well-suited for different conversion technolo-
gies [8-10]. Besides, microalgae cultivation has less potential to interfere with food
and feed production. With such versatility, microalgae appear to be a promising
biorenewable resource that has the potential to completely replace fossil resources
[11]. Research in microalgae biotechnology has increased dramatically since 2005
and has been a very active field in recent years, especially to produce biomass and
biofuels [12, 110, 111, 117, 118, 136, 143].

Though microalgae may demonstrate benefits over terrestrial feedstocks, the
major challenges for their production include significant utilization of nutrients,
high energy input for harvesting and dewatering, and complex downstream
conversion processes for usable fuels like ethanol and biodiesel [6, 8, 100, 109,
131]. An alternative which can potentially decrease the energy footprint could
be biogas production through anaerobic digestion [122, 125, 127, 137]. Anaerobic
digestion (AD) is a biochemical process that mineralizes organic compounds to
biogas through the synergistic and concerted action of microorganisms under
anaerobic (O, free) conditions. Dry biogas is primarily a mixture of methane
and carbon dioxide with traces of ammonia, volatile organic compounds and
hydrogen sulfide. Methane content of dry biogas usually ranges between 50 and
70% (by volume). Methane has a higher heating value on a mass basis when
compared to liquid fuels, such as biodiesel and bioethanol [13, 145]. AD has been
recognized as a mature technology to treat organic waste streams and is widely
practiced due to its high energy output to input ratio, environmental benefits,
as well as for its process simplicity—compared to bioethanol/biodiesel processes
[13, 14]. It is suitable for organic feedstock with high moisture content [15] and
so can directly be applied to wet algae biomass feedstock with perhaps little
dewatering. Besides, no harsh pretreatment is necessary for algal biomass due to
the negligible lignin content [14]. The algal biorefinery could be engineered to be
resource efficient by recycling phosphorus and nitrogen nutrients in the digestate
effluent and carbon dioxide from biogas upgrading processes for microalgae
cultivation [13, 14, 16, 17].

In addition to the physical and chemical properties of the fuel as specified by
technical standards, the characteristics desired by the stakeholders, distributors
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and, consumers could also include sustainability indices related to environmental,
social and economic performance. Techno-economic analysis (TEA) establishes a
capital and operating cost profile to determine the potential economic viability of
the production process for realizing its commercial feasibility. It can be an integral
tool to direct research during development of specific technology and assist with
investment by averting unnecessary expenditures. A number of techno-economic
assessments have been completed to evaluate the economic feasibility of biodiesel
derived from microalgae [9, 22, 69, 140, 141]. However, there is a lack of techno-
economic analysis on anaerobic digestion of microalgae for biogas production,
especially full-scale production taking the characteristics of algae species into con-
sideration. In this chapter, the entire production process from algae cultivation to
biogas upgrading will be discussed emphasizing the key cost drivers. TEA literature
is reviewed for methodology and state of art technologies. An example of TEA was
conducted based on the biogas production process from a microalgae/cyanobacteria
species Cyanothece BGO011 [82].

2. Anaerobic digestion

An anaerobic digestion (AD) process can biochemically convert the whole,
wet biomass rather than specific components. The emissions and effluents
from the process can be captured for reuse of components like carbon diox-
ide, ammonia, and phosphorus, and therefore has the potential for economic
and environmental benefits. The general biochemical steps in the AD process
include: (1) hydrolysis: the breakdown of macromolecules like proteins, lipids,
polysaccharides into simpler compounds such as amino acids, sugars, fatty acids
and glycerol; (2) acidogenesis and acetogenesis: the hydrolyzed molecules are
converted to volatile fatty acids, primarily acetate, hydrogen, and carbon dioxide;
(3) methanogenesis: methane production from acetate, hydrogen and carbon
dioxide. The hydrolysis step plays a crucial role in determining the successful
production of methane [37, 145]. The biochemical processes in AD also occur in
nature. AD technology is well established and recognized as a robust technology
to convert biomass to bioenergy [146].

Despite the potential, questions related to the economic feasibility and the
net energy output are the main hurdles hampering the development of biogas
production from microalgae [14, 18-20]. For example, due to the specific
structure and composition of the microalgae cell wall, the yield of biogas could
be low. Pretreatment to disrupt the cell walls could require high energy inputs.
The algae productivity could be low and cultivation cost could be high. Thus,
the viability of microalgal biogas production may depend on improvements
of efficiency and economic performance. Ongoing efforts include develop-
ing inexpensive biomass feedstock, maximizing energy return on investment,
and minimizing environmental risks. As only a few studies are available in the
literature on the economic feasibility of microalgal biogas exploitation [14],
the evaluation and analysis of microalgal biogas production cost will be based
on conversion efficiency, technological design aspects as well as available cost
information.

3. Key drivers of microalgal biogas production cost

The production of biogas from microalgae feedstock entails a series of steps
starting with algae cultivation. Implementation of each step involves capital and
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operational expenditures. The key drivers such as algal biomass productivities,
harvesting and dewatering techniques, AD designs, biogas utilization options,
integration of algal production, and AD with other bioprocesses were addressed.
The production cost breakdown was illustrated in a harmonized framework and
a dynamic connection between the technological and economic/environmental
assessments was established.

3.1 Microalgae cultivation, harvesting and dewatering

A photobioreactor is the essential component of an algae cultivation facility.

An open raceway pond (ORP) and a closed photobioreactor (PBR) are two major
cultivation platforms. These two platforms for algae biomass production have been
extensively studied [22-27, 83-85, 101]. The main differences are highlighted in
Table 1. In addition, the steps from inoculum preparation to obtaining the wet algal
paste typically include systems for culture circulation, growth medium supply,
air/flue gas supply, culture cooling, culture harvesting, and process monitoring.
Heat exchangers, pumps, and a piping network are also required. The location and
climate are important factors for algae cultivation.

Due to the high methodological variation of TEA in literature, drawing a generic
conclusion over the economic feasibility of microalgal cultivation could be impossi-
ble. From the technological and economic perspective, the factors presented below
are the ones most prominent in the existing literature and identified as important
topics in the development of algae fuels.

1. Microalgae productivity and culture stability. According to Davis et al. [23],
achievable productivity has a strong influence on the economics. Productivity
of more than 25 g/m”/day annual average is critical for maintaining a relatively
low minimum biomass selling price. A significant increase in productiv-
ity has to be achieved to reduce cost substantially [25]. The cultured strain
should have high growth rate and a steady biomass composition. GMOs or
extremophiles could provide culture robustness [22]. However, due to lack
of regulations for managing GMOs, it is unlikely permits could be obtained
for commercial cultivation of GMO algae strains. For commercial outdoor
systems, uncertainties could be associated with seasons of the year and across
multiple locations. Thus, the productivity data should be integrated with
meteorological data for geographically and seasonally resolved assessments
using a robust strain.

2. Photobioreactor design, construction, and operating conditions. For the open pond
system, pond liners were found to be one of the primary cost contributors
[22, 23, 28]. The location of the pond facilities could be selected according to
the nature of the soil. For example, ponds built on soil with high native clay
content could avoid full liners to reduce the cost. Acién et al. [26] presented a
cost analysis of microalgae production using tubular photobioreactors. In these
systems, photobioreactors were found to be one of the significant cost contrib-
utors. Generally, open raceway ponds are economically advantageous by more
than a factor of 2, compared to closed photobioreactors [29]. However, due to
increased productivity and culture stability, closed photobioreactors still have
the potential for commercial applications.

3. Energy consumption. Primary energy consumption is due to the energy required
for mixing, circulation, aeration and CO, sparging. The energy consump-
tion for mixing at experimental scales usually exceeded commercial-scale
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operations requirements and needs to be optimized to determine the minimum
energy requirement [27, 28]. Mixing devices such as the paddle wheels are
significant capital cost contributors besides the photobioreactors.

4. Nutrients and carbon dioxide supply. Higher productivity usually involves
higher consumption of nutrients. Thus, nutrient input needs to be adjusted
to balance the tradeoff against productivity [23]. Carbon dioxide was found
to be the most expensive consumable among the raw materials [26]. Siting
algae cultivation facilities on land adjacent to industrial CO, sources like flue
gases may be effective in reducing cost. However, the substantial logistical and
practical constraints of using flue gases in facilities of varying sizes are still a

challenge [23].

5.Land and water. Even though, microalgae can be cultivated on nonarable land,
the soil composition, climate, solar radiation have a substantial influence on
their growth. The most suitable location should be warm places or close to the
equator where insolation is not less than 3000 h/year [24]. Water is required
during algae cultivation to compensate for evaporation or for cooling purposes.
Availability of water at low cost is critical for process success. Water reuse,
wastewater, seawater, brackish water and reasonable distance to the water
source has the potential to reduce costs.

6.Scaling. It is critical to quantify the economy of scale for algae production to
achieve economic viability [23]. However, large uncertainties and unrealistic
assumptions will exist in the research where the productivity potential for
microalgae at large-scale is being estimated through linear extrapolation for
laboratory-based growth data [30]. Data variability and growth modeling
considering geographical information should be considered in large-scale
assessments.

7.Labor and depreciation. Tredici et al. [21] performed a TEA of the microalga
Tetraselmis suecica production based on a 1-ha plant in Tuscany, Italy. Cost data
were collected from manufacturers and suppliers as well as operating data
from pilot and commercial facilities. This study found that the major frac-
tion of cost was labor at small scales (1 ha) and when the pilot plant is scaled
to 100 ha, capital expenses contribute the most to the production cost. This
assessment is site and strain-specific, but still provides valuable insights for the
economic evaluation.

Algae harvesting and dewatering methods include gravity settling, chemical
coagulation, flocculation, filtration, centrifuge, and drying. The economic feasibil-
ity and energy consumption are two criteria for assessing the performance of unit
operations for harvesting and dewatering methods. It was found that the cost of
separation takes 20-30% of the biomass production costs [32, 33]. Gravity settling,
chemical coagulation, and flocculation usually concentrate the microalgal slurries
to 2-7% while filtration and centrifugation concentrate microalgal slurry to 15-25%
of total suspended solids [32]. The suitability of microalgal dewatering methods
has been investigated for scalability, species flexibility, and downstream processing
efficacy [33-36]. Dewatering methods reaching high biomass concentrations are
usually associated with high energy input and cost. Thus, a combination of dewa-
tering methods such as flocculation followed by filtration is generally considered to
be economical due to the increased harvest efficiency. For downstream processing,
methods such as flocculation using flocculants comprised of cationic and anionic
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Open raceway Closed bioreactor

Biomass productivities Low High
Harvesting biomass concentration Low High

Total capital cost (CAPEX) Relatively low High

Total operational cost (OPEX) Relatively low High

Reliability (low contamination risk, stable yield) Low High

Net energy ratio (energy output/input) >1 >1in some cases
Arearequired High Low

Process control Low High

CO; loss High Low

Water evaporation High Low
Photosynthesis efficiency Low High

Scale-up Easy Difficult

Table 1.
A comparison of the open raceway and closed bioveactor systems for algae cultivation.

poly-electrolytes, synthetic polyacrylamide polymers and starch-based polymers
can be employed. However, the detrimental effect of these flocculants on the sub-
sequent microbial processes need to be considered. For example, anaerobic digester
stability and gas production could be affected by metal contamination. Future work
should include replacing chemical coagulants with natural and low-cost organic
ones for harvesting algal biomass.

3.2 Anaerobic digestion systems
3.2.1 Pretreatment

The efficiency of biogas production has been shown to be species-dependent
[39]. One crucial factor is the differences in structure of microalgae cell walls. The
role of the cell wall in the microbial degradability of algae biomass is highlighted in
many investigations [6, 13, 37, 38, 40-43]. Many microalgae species (e.g. Chlorella
kessleri, Scenedesmus) have recalcitrant cell walls, which make it difficult for anaero-
bic cultures to hydrolyze microalgal intracellular organic matter. Thus, to improve
the biodegradability of microalgal biomass, pretreatments methods have been
developed to disrupt or solubilize cell walls [112-116]. General insights from these
studies are: (1) pretreatment methods are species-specific and their success depends
on the nature of the cell wall; (2) mechanical pretreatments which consume electric-
ity are more energy intensive than thermal, chemical and enzyme pretreatments; (3)
chemical pretreatments usually have a low cost but produce inhibitory substances
which could hamper the AD process; (4) for pretreatment mechanisms such as dis-
ruption of microalgal cell walls, the synergistic effects of the enzymes need further
investigation; (5) combined pretreatments may provide energy and cost-effective
options; (6) multi-objective optimization techniques could be used to obtain a high
biogas yield with a positive energy balance; (7) enzyme/biological pretreatments
have high selectivity, low inhibitory effects and higher probability of positive energy
return [147]; (8) research on pilot/demonstration scale pretreatments is rare; (9)
thermal pretreatments have been employed widely and proven to be the most
efficient in microalgae pretreatment for AD; and (10) a detailed economic/energy
analysis of microalgal AD for biogas production with pretreatment is still missing.
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3.2.2 Hydraulic retention time (HRT), organic loading rate (OLR), and reactor
configurations

The capital cost of the anaerobic digester could be reduced by using reactors
designed for high OLR and low HRT [37]. The OLRs are typically between1and 6 g
VS/L/d while the HRT varies between 10 and 30 days [37, 38]. Although high OLR
will increase the methane productivity, overloading will decrease the biogas produc-
tion efficiency due to the accumulation of inhibitors such as ammonia and acids
[6, 37, 38]. Also, prolonged HRT could lead to ammonia inhibition due to slow liquid
removal rate [41], while a low HRT could cause the washout of the anaerobic bacteria
community [6]. Thus, an optimized OLR and HRT should be applied to achieve the
expected specific methane yield. Possible solutions could be improving anaerobic
digester configurations such as using membrane reactors or upflow anaerobic sludge
blanket reactors to decouple the OLR and HRT [37, 119] and on-line control of
anaerobic digester operation [124]. These have not been applied for digesting algal
biomass. Additional costs for land and infrastructure and energy expenditures for
heating the digesters should be included in the economic analysis.

3.2.3 Temperature, pH, salinity, sulfur, and lipids content

AD microorganisms can grow in three temperature regimes: (1) psychrophilic
(5-20°C); (2) mesophilic (25-45°C); and (3) thermophilic (45-65°C). The tempera-
ture effect on AD has been discussed [13, 37, 41]. The beneficial temperature regime
for AD operation is anaerobic digester is species-specific [44, 45]. The rate of meth-
ane generation can be enhanced under mesophilic and thermophilic conditions. The
increased temperature could improve enzymatic activity for degrading microorgan-
isms, and at the same time, the photosynthesis activity of viable microalgae within
the digester could be reduced [13, 37]. However, an increase in temperature beyond
the tolerable range of each temperature regime could cause inactivation of the
microbes. Thermophilic temperature may cause increased hydrolysis of nitrogenous
compounds which may increase ammonia levels and in turn can cause inhibition
[6]. For large-scale biogas productions, the energy required for heating may be
more than 1/3 of the total energy output in the form of biogas [46]. Thus, the net
energy production from algae biogas may still be limited due to the high heat input
associated with a low concentration of algae substrates.

The pH needs to be maintained at an appropriate level for efficient conversion of
biomass to biogas. The growth of microbes, enzyme activity, and the biogas com-
positions are influenced by the pH [47]. The optimum pH level depends on each
step of AD [41]. Generally, the pH values are maintained between 7 and 8 for single
stage anaerobic digesters [13, 41].

Microalgae grown in a saline environment offer a sustainable alternative to other
biomass by utilizing non-arable land and seawater. Marine microalgae can usually grow
in a salinity range of 35-125 ppt [48]. However, when a highly saline culture is processed
in an anaerobic digester, the high salinity could be inhibitory to the AD process. The
effects of salinity and concentration of sodium are discussed in previous studies [6, 38].
Adaptation of anaerobic digester microbial consortiums under different saline condi-
tions was investigated by Mottet et al. [121]. In a promising study, methane production
was observed from anaerobically digesting Dunaliella salina biomass at 35 g/L of salinity.

Sulfide is a required micronutrient for anaerobic microorganisms, but high con-
centrations of sulfide (200 mg/L) could be toxic [6]. For saline microalgal species, the
sulfur inhibition may occur due to the presence of oxidized sulfur compounds in saline
algae growth medium. Proper inoculum selection for anaerobic digesters could favor the
growth of methanogenic bacteria and limit the growth sulfate-reducing bacteria [49].
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Lipids can also be inhibitory to the AD process [6, 18, 50] although lipids have a
high theoretical methane potential. Generally, inhibition would occur when lipids
concentrations are higher than 30%. In this case, the high-lipid microalgae are suit-
able for lipid extraction for production of liquid fuels.

3.2.4 C/N ratio

Microalgae biomass generally has a higher composition of protein than terrestrial
plants [6, 37]. The degradation of protein will cause ammonia accumulation and
inhibit the methanogenesis process. The optimum C/N ratio for AD is between 15
and 30 while this C/N ratio for microalgal AD is generally below 10 [13, 38, 41].
Thus, increasing C/N ratio and reducing the ammonia toxicity are important to
enhance the biogas yield and productivity from microalgae. Possible solutions
to this issue could be; (1) using ammonia-tolerant inoculum generated either by
bioaugmentation or by acclimation [37, 38]; (2) using microalgae biomass that
was cultivated under nitrogen-limitation [41, 99, 102, 130]; (3) co-digestion with
sludge, oil-greases, waste paper and food wastes [13, 41, 54]; and (4) using a two-
stage AD for better control of the anaerobic microbial communities [6]. However,
these solutions may add more complexity to the system, in which the economic and
energetic performance is still clear. For example, the co-substrate needs to be secured
for co-digestion; the digester volume and cost may increase due to the loading of the
co-substrate; more environmental burdens may be associated with the shipping of
biomass, and nitrogen-limitation cultivation may affect microalgae productivity.

3.2.5 Other factors

Many other factors could affect the biogas yield and production of microalgal
biomass. For example, the harvesting time influences the composition and biode-
gradability of algal biomass. Thus, it is essential to harvest algae in the appropriate
stage of growth [13]. Storage conditions such as temperature also have an impact
on biomass quality like macromolecular distribution and the content of organic
compounds. Besides, inoculum to substrate ratio control is instrumental in avoiding
inhibition problems such as drop in pH [51].

3.2.6 Biochemical methane potential (BMP) of microalgae biomass

The overall biogas yields depend on the chemical composition of the algae
strains. The target strain should be highly digestible. The volatile solids/ash-free
dry weight of microalgae plays a significant role in predicting theoretical biogas
production potential, which is a critical factor in determining biogas productivities.
Theoretically, the methane yield from different components of microalgae is as
follows: lipids—1 L CH,/g VS, proteins—0.85 L CH,4/g VS, carbohydrates—0.42 L
CH,/g VS at standard conditions. Although the lipids have a high theoretical
methane yield in AD, a high lipid content (more than 40%) will produce inhibitory
substances such as long chain fatty acids [6]. Thus, for high-lipid content micro-
algae, lipid removal for biofuels production may be a better solution than biomass
sent directly to AD.

The impact of the algae cell wall is another critical factor affecting methane
yield. Some species either lack cell wall or have cell walls rich in easily-biodegrad-
able proteins as in Dunaliella salina, a halophilic microalgae and Chlamydomonas
reinhardtii, a fresh water green microalgae [38]. Even easily degradable cell wall
alone does not ensure efficient methanization. Factors such as the presence of
methanogenesis inhibitors, anaerobic microbial community, hydraulic retention
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Components Species
Scenedesmus Chlamydomonas Chlovella Nannochloropsis
sp. reinhavdtii vulgaris salina

Protein % of DW 33 65 64 19
Carbohydrates % 35 23 18 45

of DW

Lipids % of DW 22 13 10 36

Table 2.

Approximate compositions of four microalgal species: Scenedesmus sp., Chlamydomonas veinhavdtii, Chlorella
vulgaris, and Nannochlovopsis salina [41].

time, organic loading rates, salinity, carbon to nitrogen ratio, and the concentration
of digestible substrate will also affect the final methane yield of microalgae.

The microalgal strains which have been investigated extensively include
Scenedesmus, Chlamydomonas, Chlorella, and Nannochloropsis [12]. The compositions
of these four species are shown in Table 2. AD conversion process with biochemical
methane potential (BMP) to theoretical methane potential (TMP) ratio > 70% are
considered highly efficient. Chlamydomonas reinhardtii could achieve a 74% BMP
(405 ml methane/g VS) to TMP (549 ml methane/g VS) ratio without any pretreat-
ment [52]. Schwede et al. [53] achieved high digestibility of Nannochloropsis salina
with thermal pretreatment. The methane yield significantly increased from 0.2 to
0.57 m’ kg VS~ under batch conditions with a BMP to TMP ratio increasing from 31
to 89%. Similarly, Chlorella vulgaris shows a significant increase in BMP after pretreat-
ments: from 54 to 85% BMP/TMP ratio [41, 52] under an enzyme pretreatment; and
from 62 to 78% BMP/TMP ratio under a biological pretreatment [55, 123]. Scenedesmus
sp. did not show a BMP/TMP ratio higher than 60%, even after enzyme or thermal
pretreatments [56, 57]. The BMP varies from species to species, but no significant
difference was found between fresh water microalgae and saline microalgae [58].

4. Techno-economic analysis

In published TEA works, the process complexity was often simplified in terms
of limited pathways, few choices of economic drivers and implicit assumptions
regarding the growth conditions, process modeling factors and financing of the
production facility. Existing reviews in anaerobic digestion of microalgae biomass
such as Ward et al. [6] focus on the integration of anaerobic digestion into biodiesel
refineries. Considering that diesel or ethanol are more valuable products, anaerobic
digestion was suggested to treat the residual biomass to improve the economic
viability and sustainability of overall microalgae biodiesel/ethanol stages. Global
research in various pathways is going on towards the sustainable development
of algae biofuels. The following sections will review these works, highlight the
variability of methods of estimating microalgal biogas production cost, find the
key drivers of cost contributors, pointing out the convergence and difference in
published results, and give a view of the whole value chain towards scaling-up and
commercialization when performing a techno-economic analysis (TEA).

41 TEA framework

To achieve an optimal facility design, it is necessary to evaluate the tradeoff
resulting from the interactions between technical advances and financing
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parameters. The technical objectives include maximizing microalgal biomass
productivity, maximizing biogas yield via AD of biomass, and process stabilization.
The economic objectives are to minimize the production cost and maximize the
economic benefits. Figure 1 shows the TEA framework for the sustainability analy-
sis of biogas production from microalgal biomass through anaerobic digestion. The
whole biomass processing value chain is determined by the technology framework
and progress through experimentally validated process specifics. Economic analysis
is based on the process design, which includes the cost assessments and investment
analysis. A decision-making platform is built for raw material suppliers, produc-
ers and stake holders in an economic perspective. Correspondingly, the economic
consequences will direct the research & development of new technologies, which
could form a dynamic connection and optimization framework.

Environmental TEA (ETEA) extended the TEA framework with an environ-
mental assessment based on a life cycle analysis [70]. The ETEA is based on the
technology readiness level, which means the assessments are performed using the
available data based on technology maturity. This would avoid a mismatch between
the assessment methodology and the technology readiness level. For example, the
whole biogas life cycle includes phases from the biomass cultivation to the final
usage and end of life. Under current technology maturity, the whole data set is
unavailable, which limits the assessments to certain life cycle phases.

4.2 State of the art: TEA of microalgal biogas

Biorefinery optimization and full utilization of biomass addressing in the eco-
nomic viability and environmental sustainability of the production of algae biofuels
can be found in [39, 71, 72]. Dutta et al. [72] analyzed the sustainability of micro-
algae-derived biofuel production by performing a TEA and life-cycle assessment
and found that coproducts valorization is more energy efficient than the processes
focusing on specific components such as lipids. Biorefineries with coproducts and
byproducts could have better utilization of the algal biomass and can increase the
revenue, thus show greater possibility of achieving economic feasibility. In microal-
gae biodiesel and bioethanol productions, anaerobic digestion is usually integrated
into the biorefinery to treat the residues for energy and nutrient recovery. Sialve
et al. [18] compared the energy recovery ratio for two scenarios: direct AD of the
whole algae biomass and AD of residue biomass after lipid extraction. Direct AD of

Dynamic connection and optimization

Technological framework and progress

Value chain ( Process specifics | Cost assessment Investment
* Biomass * Photobioreactors, substrates, mixing and * Capital cost: analysis
cultivation circulation/aeration pumps, land, water fixed capital *  Project lifetime
* Harvest * Harvest strategy cost, working * Discount rate
* Pretreatment * Pretreatment methods (mechanical/thermal/ capital * Payback period
+ Conversion chemical/ biological) * Operating cost: * Net present
(Anaerobic * Anaerobic reactors, temperature, raw materials, value
digestion) batch/continuous process, pH control, OLR, utilities, labor, * Internal rate of
* Biogas HRT maintenance return
upgrading * Nutrient Recycling/Other upgrading methods and repairs

Market study and sensitivity analysis
Figure 1.

TEA framework for biogas production from algae biomass.
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the whole biomass was considered to have a higher energetic recovery when the cell
lipid content does not exceed 40%. Also, increased lipids content in microalgae is
not generally compensated with increased productivity due to nitrogen limitation.
The potential of direct AD of microalgae biomass was addressed in their research,
taking into account the energetic recovery and necessary nutrient recycle for large-
scale productions. Chia et al. [73] discussed the economic potential of biohydrogen
and biogas production in Germany and Spain. Two processes were compared: direct
AD of microalgae biomass (DAD) and coupled hydrogen and biogas production
(CHB). In the CHB process, hydrogen was first produced by dark fermentation then
effluent from hydrogen fermentation was used for biogas production. The CHB

was found to have a lower operating cost due to no additional water and nutrients
requirements for the bioreactor feed while the DAD process requires algal biomass
in combination with other feedstocks. Both cases have production costs 13-16 times
higher than the market price for natural gas. A 1/3 higher biogas yield and a 1/2
lower labor cost did not change the economic status of both processes, due to the
high cost of fertilizer and building photobioreactors for microalgae cultivation.
Milledge and Heaven [74, 129] performed an energy balance of biogas production
from microalgae. Their research emphasized a combination of dewatering methods,
as well as the efficient exploitation of the heat generated by the combustion of
biogas in combined heat and power (CHP) units to show the energetic viability of
the whole process.

Chew et al. [68] assessed the potential of microalgae biorefineries for produc-
ing high-value products such as pigments, proteins, lipids, carbohydrates, and
vitamins. The high-value products were added to improve the biorefinery econom-
ics. Open pond cultivation and medium recycling were mentioned to have better
economic performance than other biorefinery structures. Water, land usage and
capital cost were challenging for the economic viability of algal biofuels. The
high-value products also need to improve aspects such as separations method,
energy consumption, and control of product loss. AD was emphasized to recycle
a considerable amount of nutrient usage to make microalgal fuels head towards
its large-scale production. Several authors [13, 17, 37, 38, 75, 133, 134] synthesized
scientific literature on biogas production from algae and suggested integration of
the technology with other technologies as well as co-digestion with other substrates
for an optimized biorefinery that sustainably produces biogas. Singh and Gu [76]
recommended integrated processes that combine algae cultivation and wastewater
treatment for methane production, which could offset the higher cost in compari-
son to methane production from corn and woody biomass.

Zamalloa et al. [8] evaluated the techno-economic potential of methane produc-
tion from microalgae. The assessment was carried out using high rate anaerobic
digesters (10-20 kg COD/m’/d) and preconcentrated algae biomass from a full-
scale open pond. The energy production cost from microalgal biogas was estimated
to be 0.087-0.17 euro/kWh with an algae biomass cost of 86-124 euro/tonne. The
result was based on a feed-in tariff of 0.133 euro/kWh and a carbon credit of 30
euro/ton of carbon dioxide. This study is one of the limited works that has been
done on a comprehensive technological and economic assessment of electrical and
thermal energy produced by biogas through AD of microalgae.

Collet et al. [77] performed a life-cycle assessment (LCA) of biogas production
from the microalgae Chlorella vulgaris and found that electricity consumption and
the impacts generated by the production of methane from microalgae are strongly
correlated. Decreasing mixing and heating cost in different production steps or
increasing the efficiency of AD were important to reduce the overall cost.

The studies surveyed show considerable variability in the calculated fuel cost
and identifying the significant cost contributors. The varied results come from
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different conversion pathways, technical assumptions (productivity, reactor
design, process parameters, etc.) and economic factors (interest rate, raw material
cost, etc.), diverse environmental and social conditions (consideration of season
and location), and validation of sub-process models (lab/pilot plant/commercial
scales). Nevertheless, the contributors to the production cost are mainly identified
as microalgal strain selection, biomass cultivation and harvesting, AD operating
conditions, biogas upgrading methods, waste management, and type of biorefinery.
Thomassen et al. [78] evaluated the methodological reason for the wide variation in
the results of multiple environmental and economic assessments. They proposed an
environmental techno-economic assessment which can help to solve the challenges
for a sustainability assessment: framework for methodology, harmonized assump-
tions, and integration of different dimensions (stages of technological maturity,
technological process). This method is based on the dynamic technological process
parameters and the same system boundaries for an integrated TEA and LCA.

4.3 Cost management

Gnansounou and Dauriat [79] investigated TEAs following different types of
cost management systems in value engineering, target costing and a combination
of value engineering and target costing. Value engineering includes process design
via data collection and process flowsheeting. Process simulators such as Aspen Plus
enables the evaluation of the whole process chain based on scale up of the pilot
plant, state of art technologies and price quotes. For microalgae to biogas technolo-
gies, key issues along the process chain include the suitable choice and operation
options of the microalgae species, harvesting/dewatering strategies, pretreatment
methods, AD configurations, recycling the digestate, and energy integration. Not
all the steps are necessary for technologies with simplified processes and high
economic potential. Target costing is a market-oriented method, which means a
target selling price was set for the cost evaluation based on market and societal
values. Following the target price, the target cost of the final product and each step
of the supply process will be estimated, which means the cost allowance will play a
key role in the process design. Target costing could integrate with value engineering
in the cost management activities, so the cost allowance and cost target could be
reconciliated. In the case of biogas production, the target costing evaluation seems
unfeasible for the whole process due to the weak financial position of the natural
gas market [80].

Real options analysis framework was employed by Kern et al. [81] for TEA. The
model was adapted to accept stochastic price data for energy and agricultural
commodities as well as static operating parameters assumptions for the algal
biofuel plants. The TEA work was combined with life cycle analysis in a dynamic
system—the fluctuations in market prices for energy and agricultural commodi-
ties will influence the operation decisions of the biofuels plants and its associated
environmental impacts. Areas such as carbon tax, resource shortage and market
forces could be investigated for their impact on biofuel plant design and operations
in a dynamic system in the future. This gives the stake holders and suppliers more
flexibility in making decisions.

4.4 TEA limitations

The limitations of TEA include the potential competition for resources. For
example, the microalgae biomass could have non-energy applications and has
the potential for producing high value products besides biofuels. Then the bio-
mass cost for the process will be influenced not only by the biomass production
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activities but also the market price which is determined by both the suppliers and
purchase competitors.

The sustainability of biogas production from microalgae will depend on not only
the commercial viability but also environmental improvements such as greenhouse
gas emission reduction, lack of direct and indirect impacts on land-use as well as
biodiversity and eutrophication. The scope of TEA is limited for the environmental
impact assessment, while these impact categories are appropriate for the goals of
the overall sustainability analysis. Thus, an ETEA would allow assessing the sus-
tainability of the entire value chain. Besides, TEA is not reflecting social impacts
such as social awareness of algal biofuels’ non-food competitive characteristics,
rural development, and public recognition.

5. Case study: TEA of anaerobic digestion of Cyanothece BG0011

The microalgae used for this case study is a cyanobacterium, Cyanothece sp.
BGO0011 isolated from a shallow lake in Florida Keys [82]. Compared to other
algal species, this species is endowed with unique features. First, cyanobacterium
Cyanothece sp. BG0011 is a saline species and can be adapted to a wide range of
salinities (10-70 psu). Second, it fixes dinitrogen in the air, which means it does
not require nitrogenous nutrients in the culture water. Third, it produces exopoly-
saccharide (EPS) which can be converted to a variety of bioproducts. The aim
of this case study is to assess the economic feasibility of biogas production using
Cyanothece sp. BG0011 as feedstock by conducting a techno-economic assessment.
The analysis investigated alternatives to decrease the cost and energy requirement
of the cultivation and anaerobic digestion of algae. Utilization of biogas to produce
electrical and thermal energy or upgrading to produce pure methane (renewable
natural gas) was also considered. A comprehensive TEA was carried out based on
experimental data and a set of operational assumptions which could be conceiv-
ably achieved in near term. The process flowsheet for biomass to biogas conversion
through anaerobic digestion and biogas purification processes was implemented
in Aspen Plus V8.8 to obtain mass balance and energy requirement results. The
discussion focused on the preliminary exploration of the conceptual design of a
microalgae cultivation and bioconversion system as well as an investigation on
improvements that could result in the greatest system flexibility, energy yield and
cost reductions.

5.1 Cyanothece BGO011 cultivation

Results from many experiments [149] conducted in the Bioprocess Engineering
Laboratory, Department of Agricultural and Biological Engineering, University
of Florida gave an average growth rate of 67.5 mg afdw/L/day (20.25 g afdw/m?*/
day) for BG0011 cell biomass and an EPS production rate of 52.5 mg afdw/L/day
(15.75 g afdw/m?/day), resulting in cell density of 2.7 g/L and EPS concentration of
2.1 g/L. The areal rates were calculated by assuming that the depth of culture was
30 cm, which is typically the case for open ponds. In the laboratory, the cultures were
cultivated under air sparging, a constant illumination of 1200 pmol photons m™*s ™"
light and 13 h to 11 h light-dark cycle. Open raceway ponds are generally used for
large-scale commercial production of algal biomass [86]. Productivity in industrial-
scale raceway ponds is generally lower than in small experimental reactors. In
literature, algae biomass productivity performance claims range from 7 to 35 g afdw/
m?*/day [23, 87-89] with corresponding net photosynthetic efficiencies from under
1-4%. Among these, for studies involving techno-economic analyses, the baseline
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productivity assumed was 20 g/m?/day, with an optimistic value of 25-30 g afdw/m?/
day, and a conservative value of 15 g afdw/m?/day. In this study, which assumed that
BGO0O011 is cultivated in current large commercial open ponds, an average produc-
tivity of 12.4 g afdw/m”/day (corresponding to a net photosynthetic efficiency of
under 1%) was used. Similar growth rates were obtained by [148] when the algae was
cultivated by air sparging and exposed to a lower light intensity of 122 pmol photons
m2s! light and 13 h to 11 h light-dark cycle. Here, laboratory-scale BG0011 cell
biomass growth rate is comparable to algae cell growth rates reported from other
studies, however, in the case of BG0011, it also produces EPS. The average mass ratio
between EPS and cell biomass is 0.778: 1 and also EPS production is cell-growth
associated, so for this study it is assumed that in the commercial system, in addi-
tion to BG0O011 cells, EPS would be concomitantly produced at 0.778 x 12.4 g afdw/
m”/d = 9.6 g afdw/m*/day. The total algae biomass productivity used was 22 g/m*/d.
Henceforth, the term “algae biomass” will include both BG0011 cells and EPS.

The scale of algae cultivation in literature for techno-economic analysis ranges
from 200 to 700 ktonne afdw/year [22, 27, 72, 89]. In the present study, the scale
of algae cultivation was determined based on a hypothetical 20 million gallons per
year ethanol plant. The sugar required for such a plant would be 128 ktonnes afdw/
year (assuming yield of around 0.42 g ethanol/g sugar, and 1.1 g sugar/g polysac-
charide). Assuming this amount of sugar will be supplied in the form of EPS, the
scale of the algae cultivation pond would be 293 ktonnes of algal biomass/year,
which also includes BG0011 cell biomass. This scale falls into the range of values
found in literature for TEA. To meet a production capacity of 293 ktonnes/year at
algal biomass productivity of 22 g afdw/m?/day, land area required would be 3660
hectares (approximately 4 x 4 miles). For a sanity check, this cultivation area was
compared to land area required to supplying corn grain for a 20 million gallon per
year corn-ethanol plant. Based on annual corn grain yield of 7000 kg/ha with starch
content of 72% [150], and assuming a conversion of 0.5 kg ethanol/kg of starch,
land required would be 23,700 ha. In this case the total above ground biomass
productivity of corn, including corn grain, stover and cobs, is 16,700 kg/ha/year
[150] whereas for BG0011 it is anticipated to be 80,300 kg/ha/year.

The BG0011 cultivation cost was estimated based on vendor quotes, literature,
or engineering estimates. The installed pond capital cost includes civil work, liner,
piping, electrical, other pond costs (such as paddlewheels). In addition, pumps for
pumping water from ponds to refinery and for refilling the pond and required land
also incur significant capital costs. Plastic lined earthen ponds were chosen for its
lower cost compared to concrete ponds. Larger pond sizes would enable economi-
cally viable algal biomass production [23]. Here, the installed capital cost was
estimated based on “dollars/hectare” of growth ponds for simplicity. The installed
pond cost was set to be 80,000 $/ha. Literature value ranges from 46,000 $/ha to
more than 150,000 $/ha (value adjusted for inflation) due to different liner scenar-
ios (partial or full) and specific design (e.g. with or without equipment to minimize
dead zones) [23, 86] which was not included here. A land cost of 3080 $/acre [90]
was used for low-value land. The operation cost for algae cultivation such as utili-
ties, chemicals, labor, overheads, maintenance, insurance tax, etc. were estimated
using engineering estimates [91]. BG0011 was assumed to be cultivated in seawater
or brackish water. The only fertilizer used for BG 0011 cultivation is phosphorus
since it uses dinitrogen in air as a nitrogen source, and seawater would supply rest of
micronutrients. From laboratory experiments it was determined that the phospho-
rous requirement of BG0O01 is 8.9 mg/L [149], so the annual requirement of phos-
phorous will be 1186.7 tonnes. Here, triple superphosphate (Ca(H,PO,), H,O) which
contains 24.6% P is used as phosphorous source with a price of 270 $/tonne (Source:
World Bank, 2017). The requirement of triple superphosphate is 4945 tonne/year.
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The fixed capital investment was assumed to be borrowed at an interest rate of
10% for 20 years. The plant operates 24 h a day and 360 days annually. The prices
were adjusted for Year 2017 using Chemical Engineering Plant Cost Index (CEPCI).
These assumptions were also used for the analysis of subsequent biogas production,
conversion and upgrading processes. The production cost was calculated as follows:

Unit production cost
=(Annual capital charges+Total operating cost) (1)
—Coproduct credits)/Annual production

Here, the annual capital charges are calculated as follows:

Annual capital charges
=Total capital costxInterest rates (1 (2)
+Interest rate) "Loan period/Interest rate*Loan period—1

* Total capital cost = Total fixed cost + Working capital.
* Working capital is 10% of fixed capital.

5.2 Anaerobic digestion

The anaerobic digester was designed to treat the un-dewatered whole algae
culture from the pond. The energy-intensive steps like algae harvesting and dewater-
ing are avoided in this process which is different from most research [8, 22, 23]. The
product biogas was analyzed for economic performance in two different applications:
biogas purification or electricity production through combined heat and power.

The first step in modeling mass flow rate of reactor outputs and determining
energy requirements is to establish the stoichiometry of reactions. The stoichi-
ometry of methane fermentation of algae biomass was developed based on the
following assumptions: (1) microbial cells (cyanobacteria and bacteria) can be
represented by the empirical formula CH; §0¢ 5N, [151]; (2) EPS is pure polysac-
charide represented by the empirical formula C¢H;0Os; (3) algae biomass can be
represented by an empirical formula containing the elements C, H, O and N in
the mass ratios in which cells and EPS are produced that is 1:1.2; and (4) methane
yield from laboratory assays corresponds to complete decomposition of substrate.
The empirical formula for algae biomass was CH; 730 67No 1. The stoichiometry for
methane formation is written as follows:

CH1.73OO'67N0_1 + aNH3 d bCHl.goQ'SNO.z + CCH4 + dC02 + eHZO (3)

Methane yield from algae biomass was measured in the laboratory to be 300 ml
at STP (g afdw) . This corresponds to 0.35 moles of methane (mole algae bio-
mass) %, which is equal to value of ‘¢’ in the above stoichiometry. The other stoi-
chiometric coefficients can now be solved from elemental balances for C, H, O and
N. The stoichiometry is

CH1.73OO.67N0.1+ 0 '17H2O_’ 0 -31CH1.8OO.5N0.2
+0.35CH,+0.34C0,+0.04NH; (4)

In the anaerobic digester it was assumed that 98% of the algae biomass is
converted. Different scenarios (three anaerobic digester types) were investigated
to evaluate the economic and energetic performance. A schematic of biorefinery
scenarios are shown in Figure 2.
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Case 1. Above ground mesophilic anaerobic digester. In Aspen, the influent to
the reactor was 15 ktonne/h. The temperature was maintained at 37°C. It was oper-
ated at an HRT of 25 days.

Case 2. Above ground low-temperature anaerobic digester. Anaerobic digestion
at low temperatures (LTAD) was applied to improve the energy balance. In this
scenario the digester is operated in the psychrophilic range (12-20°C) [92-94].
However, with the same flow rate, the digester volume is larger to achieve a higher
HRT for LTAD than mesophilic and thermophilic anaerobic digestion. Here, the
temperature of LTAD is set to 20°C with an HRT of 50 days.

Case 3. Covered anaerobic lagoon. Covered anaerobic lagoon (CAL) does not
require additional energy for the biogas production because no heating or mix-
ing processes are involved. Besides, it is economical to construct and operate. The
CAL in this research was 6 meters deep and covers an area of 1.5 hectares based on
literature data [95]. The HRT was set to 50 days. The cost includes anaerobic lagoon
excavation, cut and fill, lagoon liner, inlet and out structures, lagoon cover, ancil-
laries, pipework & installation, contingencies, design, engineering, etc. Operating
costs including utility usage are minimal.

In all three cases above, the capital cost of anaerobic digester was estimated
using vendor quotation or literature values. The operating cost was estimated by
Aspen Process Economic Analyzer.

5.3 Biogas purification

Several biogas upgrading or purification methods are available such as high-
pressure water scrubbing, membrane, pressure swing, gas permeation and chemical
scrubbing. High pressure water scrubbing and chemical scrubbing (using amine
solutions—MEA) are two of the most commonly used processes.

The MEA scrubbing method uses aqueous monoethanolamine (MEA) for acidic
gas removal. The concentration of amine for acidic gas absorption is usually below
30% (by weight). The amine process has two main steps, absorption and stripping
[96]. The detailed MEA scrubbing process is shown in Figure 3. Raw biogas goes
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Figure 2.
Schematic diagram showing biovefinery scenarios.
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through a scrubbing column in which MEA is flowing counter-current to biogas.
The CO,-rich MEA is collected at the bottom of the scrubbing column and pumped
into a stripping column to remove CO, and regenerate MEA by heating. Similar

to MEA scrubbing, high pressure water scrubbing was also employed for biogas
upgrading: biogas is fed to the bottom of scrubber after compressing it to 10 bar. At
the top of scrubber, pressurized water is fed. CO,-rich water is then transferred to
a flash column with a lower pressure of 3 bar to release gases for feed recirculation
and minimizing methane loss. Then the CO,-rich water goes through a CO, desorp-

tion process from the water stream by air [97]. Both biogas purifying approaches

Raw biogas

Biomethane

CO2 out

&

Stripping column

Make-up water

Figure 3.

MEA scrubbing for biogas upgrading.

Scrubbing column
Make-up MEA

Regenerated MEA

Specification MEA High pressure water
scrubbing
Thermodynamic method ELECNRTL PSRK

Scrubbing column RadFrac, 15 stages, pressure: RadFrac, 10 stages, pressure:
1.2 bar 10 bar
Stripping column RadFrac, 15 stages, pressure: RadFrac, 10 stages, pressure:

8 bar

1bar

Make up chemicals

Water: 150 kmol/h
MAE: 750 kmol/h

Water: 11500 kmol/h

Solvent recycle rate MEA: 0.99 Water: 0.95
Methane loss 1% 0.3%
Product methane purity 95 wt% 99.2 wt%
Capacity (raw biogas flow rate) 948.5 kmol/h 948.5 kmol/h
Capital cost (million $) 8.2 12
Operating cost (million $/year) 20 46
Utility cost (million $/year) 17 2
Purification cost ($/kg of 03 0.09

methane)

Table 3.

Technical and economic aspects of the biogas purifying systems in ASPEN V 8.8.
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were simulated in ASPEN Plus to determine the economics of each approach. The
technical specification details are shown in Table 3. The table shows high pressure
water scrubbing to be a more economical alternative and was chosen for the inte-
grated process.

5.4 Power generation from biogas

While the raw biogas can be purified to obtain biomethane, another option is to
use the raw biogas to produce heat and power. Steam and electricity can be generated
by burning the raw biogas through a combined heat and power (CHP) system. For
reference, the CHP system uses General Electric Jenbacher JGS 420 system which is a
1425 kw generator. The total capital cost is $ 1,150,000 (including installation, tax, etc.
2007), which is 807 $/kw. The working capital is 10% of the total capital. The operating
cost includes direct operating cost such as operating labor, supervised labor, mainte-
nance and repairs, as well as indirect operating cost such as overhead, taxed, insur-
ances. It is assumed that 40% biogas energy is for electricity, 50% for steam, 10% loss.

5.5 Techno-economic analysis of integrated system
5.5.1 Biomass cultivation economics

The BG0011 cultivation economics analysis details are shown in Table 4. In the lit-
erature algae production costs range from 150 to 6000 $/tonne [19, 22, 27, 72, 89, 142],
however, the studies vary from assumptions (production scale, chemical prices, plant
life, etc.) to differences in technical specification (photobioreactor design, algal spe-
cies, etc.). Some of the estimates also account costs for dewatering of algae [22, 27].
Thus, it is difficult to make a direct comparison between different studies. Besides,
specific assumptions in each study could be based on different social-economic condi-
tions, which makes comparisons more complicated [98].

Parameters Values
Production scale

BGO0011 cells production (ktonne/year) 165
BG0011 EPS production (ktonne/year) 128
Total algae biomass production (ktonne/year) 293

Capital cost (including fixed, installed and working capital)

Pond (million $) 308
Land (million $) 26.6
Pump (million $) 7.85
Total capital cost (million §) 342.45
Annual capital charges (million $/year) 40.22
Operating cost
Chemicals (P fertilizer: Ca (H,PO,), H,0) (million $/year) 1.3
Other operating cost (including utilities, maintenance and repairs, labor etc.) (million $/year) 3.26
Total operating cost (million $/year) 4.56
BGO0011 algae biomass production cost ($/tonne) 153
Table 4.

Algae cultivation economics.
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5.5.2 Economics of anaerobic digestion

Details of the production cost of renewable natural gas for the three anaerobic
digestion scenarios are shown in Table 5. Case 2 contains two scenarios: The size
of anaerobic digester in Case 2(a) is two times of that in Case 1. This is because
the hydraulic retention time is longer under lower temperature, the volume of
digester needs to be larger to keep the same production scale (the inflow rate).
The size of anaerobic digester in Case 2(b) is the same as Case 1. Keeping the
digester volume same as Case 1, because the temperature is lower, the productiv-
ity will be lower as well. Thus Case 2(b) has a lower production scale compared
to other cases. The effect of temperature was incorporated by using the empiri-
cal relationship that for every 10°C rise in temperature the degradation rate is
doubled. As the difference between the temperature for Case 1 and Case 2 is 17°C,
it is expected that in Case 1, the digester has a processing capacity twice as much
as that of the digester in Case 2b. The main contributor to the production cost of
biogas is the biomass cost. Considering a carbon credit of 10 $/tonne of CO,, the
production cost of biogas only drops 0.5 $/MMBtu. The results are comparable
to Zamalloa et al’s [8] research (the only paper focusing on the economics of
renewable energy through AD, to our best knowledge): 32.2-61.5 $/MMBtu with
the algae biomass cost of 115.4-166.4 $/tonne (0.087-0.17 euro/kwh with an algae
biomass cost of 86-124 euro/tonne, 2011). The methane yield is 0.012 MMBtu/
kg of VS biomass, which is in close agreement to our experimental result 0.0124
MMBtu/kg of VS biomass.

Item Casel Case2(a) (low- Case2(b) (low- Case3

(mesophilic temperature temperature (covered
anaerobic anaerobic anaerobic anaerobic
digester) digester) digester lagoon)

Biogas production scale 37 37 1.85 37

(10° MMBtu/year)

Fixed capital cost of 6712 102 6712 75

anaerobic digester

(million $)

Capital cost except 16.3 16.3 12.3 16.4

anaerobic digester (including

(million $) land: $11400)

Annual capital charges 9.8 13.9 93 2.8

(million $/year)

Total raw materials (algae 44.8 44.8 44.8 44.8

biomass) cost (million

$/year)

Other operating (labor, 25.8 71 44 71

utility, indirect, etc.) cost

(million $/year)

Utility cost (million $/ 21 23 14 23

year)

Renewable natural gas 21.7 178 31.6 14.8

production cost ($/

MMBtu)

Tables.

Process and economic assessment for purified biogas production through anaerobic digestion of Cyanothece
BGoo11 biomass.
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Item Value
Electricity capacity (million kwh/year) 435
Total capital cost of the CHP system (million $) (including fix capital cost and 10% working 524
capital)

Capital charges (million $/year) 6.2
Steam credits (million $/year) 37
Raw biogas cost (million $/year) 477
Other operating cost (million $/year) 9.5
Electricity production cost ($/kwh) 0.13

Table 6.

The economics of biogas—electricity and steam system.

5.5.3 Electricity production cost

On an energy potential basis, 40% of total methane produced per year could
support a 50 MW power plant. Current residential electricity price is around 12
cents/kwh, while industrial price is around 7 cents/kwh. As shown in Table 6, the
electricity production cost from biogas is 13 cents/kwh. Renewable energy technol-
ogies are usually more expensive than fossil fuel technologies. The reasons could be
environmental costs associated with fossil fuels that are not paid by the rate payers,
mechanical difficulty in bioenergy production, start-up issues and so on. European
countries such as Germany and UK governments subsidize the production of
renewable energy by introducing feed-in tariffs. These tariffs may be important to
make bioenergy industry profitable.

6. Cost minimization approaches
6.1 Nutrient recycling and biogas upgrading

Nutrient (mostly nitrogen and phosphorous) recycling such as utilizing the
digestate or wastewater for microalgae cultivation was highlighted in various stud-
ies [59-63, 104-107, 126, 128, 138, 139]. Recycling the effluent from the anaerobic
digester for algae cultivation could mitigate the costs associated with supplying
nutrient for algal biomass growth and effluent treatment. Erkelens et al. [59] vali-
dated that microalgae Tetraselmis sp. could utilize its digested effluent as a growth
medium and thus form a closed loop system. Also, Prajapati et al. [60] showed
that algal liquid digestate have good potential to be utilized as nutrient supple-
ment (30% concentration) in rural sector wastewater for biomass cultivation. The
biomass production level is closer to the case in which conventional medium is used.
Although there are still technological obstacles when growing microalgae on diges-
tate such as low growth rate due to poor nutrient ratios, shading, ammonia inhibi-
tion and bacteria growth, the performance of the nutrient recycling process could
be further developed by scale up/optimizing strategies such as controlling inoculum
and substrate concentrations, bacteria growth as well as harvesting strategies [59,
61, 64, 132].

One option to increase algae biomass productivity and its concentration in
the culture is to enrich the air with CO,. It has been shown that enriching the air
with 1% CO; increases cell concentration to 3.46 g afdw/L and EPS concentration
to2.91 g afdw/L, giving an algae biomass concentration of at least 6.37 g afdw/L
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[149], which is 1.33 times more than that used in the case study above. The
increased productivity of algae biomass will reduce further the cost for biomass
production. The CO, released from the biogas upgrading process or waste gases
from biogas combustion containing CO, could be recycled to the algae growth
ponds for enriching the air. The economic analysis for this scenario was also
performed assuming algae biomass concentration is 1.33 times the previous value
of 293 ktonne/year. The estimated production cost for Cyanothece BG 0011 algae
biomass is 121.6 $/tonne. This was calculated by accounting for the following
additional costs: (1) capital cost associated with pipes and pumps to take CO,
from biogas purification system or biogas combustion output to the pond and
(2) operating costs resulting from more nutrient addition to maintain higher cell
density and power consumption of compressing CO, for sparging [152]. Only
biogas production from covered anaerobic lagoon as in Case 3 was considered
here. Algae production cost was lowered by 20%. The estimated cost of renew-
able natural gas is now reduced to 12.16 $/MMBtu and the electricity production
cost from biogas is only 10.98 cents/kwh.

Upgrading biogas by fixation of the CO, in biogas via photosynthesis by micro-
algae has been investigated with respect to CO, removal capability, biomass pro-
ductivity and O, desorption minimization [16, 63-67]. Toledo-Cervantes et al. [16]
optimized the biogas upgrading process by studying the influence of the recycling
liquid to biogas ratio. The biomethane produced met specification for injection
into natural gas grids. However, this technique requires closed photobioreactors.
Hydrogen sulfide (H,S) is another contaminant to be removed from the biogas.
Hydrogen sulfide removal was realized by the oxidation of H,S to sulfate by sulfur
oxidizing bacteria that used the oxygen produced photosynthetically in situ. In
this case, the algae-bacteria symbiosis was employed in the photobioreactors [67].
Nutrient recycling and biogas upgrading provides not only the opportunity for
AD of microalgal biomass to be cost-effective, but also the potential to reduce the
environmental impacts.

To move industrial application of biogas production from microalgal biomass
towards commercialization, additional assessment is required regarding large scale
operations. These include (1) strain robustness, outdoor productivity, location and
seasonal effects, yield from real production systems, and harvesting strategy for
algae cultivation (2) for biomass to biogas conversion processes, the conceptual pro-
cess design needs to take the following factors into consideration: costs associated
with digester heating, land, and infrastructure as well as operational parameters
such as maintaining pH, temperature, mixing, power consumption, and production
of coproducts like fertilizer.

6.2 Dynamic growth models

The uncertainty of large-scale algae cultivation is still a challenge which prevents
commercialization; process modeling could provide useful information about the
performance of microalgae cultivation systems by estimation and optimization of
microalgae productivity under different conditions [103]. A growth kinetic model
is critical in a process model simulating microalgae cultivation which has a direct
impact on downstream conversion processing systems [135] Lee et al. [31] classified
the existing kinetic models into three groups: a single limiting substrate (phosphorus,
or dissolved CO, concentration), a physical limiting factor (light intensity or tem-
perature), and multiple factors (e.g. both substrate and light). Based on their study,
there was a tradeoff between the accuracy of the model representation and real-world
usability. A future modeling framework should consider along with limiting nutri-
ents, integration of light and temperature, and incorporation of species diversity.
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6.3 Biorefinery concepts

AD can be integrated to biorefineries which produce high value products from
algae such as chemicals for cosmetics, nutraceuticals and pharmaceuticals. This
requires diversified business strategies which benchmark the market potential for
the total raw materials and alternative products. In the economic perspective, three
approaches could be possible for the development of microalgae AD: (1) imple-
menting AD for biogasification of cell debris or waste streams in microalgal based
processes such as biodiesel/bioethanol/high-value bioproducts (e.g. PHA)/fuel cell/
hydrothermal liquefaction/hydrogen production [68, 120]; (2) investigation of
high-value products from intermediate metabolites produced during AD such as
carboxylic acids [37]; (3) electricity production from microalgae derived biogas. In
previous sections, the cost of electricity from microalgae derived biogas is compa-
rable with market value while cost of the renewable natural gas from microalgae is
much higher than the current market value of natural gas.

7. Conclusion and future work

This chapter reviewed the literature on TEA of biogas production from algae.
The key drivers to the overall production cost were identified and possible process
improvements to reduce cost were discussed. The need for harmonization of
resource, life cycle and techno-economic assessments in the methodology of TEA
was highlighted. Modeling efforts, based on well-informed, rigorous engineering-
based process models, should be integrated on a baseline framework such that dif-
ferent process technologies, subprocesses and alternative pathways can be directly
compared at a system level. TEA model improvements include strategic planning
and using reliable input data from simple mass balance calculations to geographi-
cally and seasonally specific assessments, as well as risk analysis for large-scale
productivity. Nutrient recycling process has the potential to reduce both cost and
environmental burdens.

The cultivation of microalgae BG0011 and its economic feasibility as an energy
source through anaerobic digestion was evaluated through a techno-economic
analysis. The main contribution to the biogas cost is the biomass production cost.
The best-case estimate was a biomethane production cost of 14.8 $/MMBtu using
covered anaerobic lagoon and high-pressure water scrubbing purification. The
cost of electricity production from biogas was estimated to be 13 cents/kwh. Even
though these costs are higher than commercial prices in the United States, these are
much lower than those costs with production of liquid fuels like ethanol or biodiesel
from algae.

Improved algal biomass productivities could be essential for lowering the cost
of algae-derived biogas. This could be achieved by recycling the CO, released dur-
ing biogas upgrading or combustion for algae cultivation. Algal biogas economics
could be further improved by marketing the digester sludge as a soil-amendment
product, considering that nitrogen in the sludge was fixed from atmospheric
dinitrogen.
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