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A B S T R A C T

Oleaginous microalgae and yeast are of increasing interest as a renewable resource for single cell oils (SCOs).
These have applications in fuels, feed and food products. In order to become cost competitive with existing
terrestrial oils, a biorefinery approach is often taken where several product streams are valorised alongside the
SCO. Whilst many life cycle assessment (LCA) and Techno-economic (TEA) studies have employed this bior-
efinery approach to SCO production, a systematic analysis of their implications is missing. This review evaluates
the economic and environmental impacts associated with the use of coproducts. Overall, protein production
plays the greatest role in determining viability, with coproduct strategy crucial to considering in the early stages
of research and development.

1. Introduction

Oleaginous microbes such as microalgae and yeast are increasingly
considered as an important source of glyceride oils, termed single cell
oils (SCO), for food and as a feedstock for biofuels and other industrial
applications. These microorganisms can accumulate high levels of lipid
within the cell, typically around 40% of the dry cell weight, though
accumulation of up to 70–80% has previously been reported (Cohen
and Ratledge, 2010; Ratledge, 1989). As deforestation and biodiversity
impacts associated with palm and soybean cultivation continue, there is
growing interest in the potential for SCOs, with their tuneable lipid
profile, to act as a replacement for these lower value edible oils.

Whilst SCOs offer a technical replacement for many terrestrial oil
applications, technology scale-up and commercialisation remains
challenging especially when considering the low price of palm oil
($680 t−1 5-year average (Indexmundi, 2019b). For phototrophic mi-
croalgal lipids, economic cost estimates vary between $1.64–$30 Gal−1

($0.43–$7.90 L−1 or roughly between $0.4–$7 kg−1), and climate
change impact ranges in value from −75 to 534 g CO2eq MJ−1 de-
pending on the lipid productivity (m3 ha−1 yr−1) assumed (Quinn and
Davis, 2015). For heterotrophic fermentation, lipid cost ranges from
$1.8 kg−1 to more than $10 kg−1 (Braunwald et al., 2016; Koutinas
et al., 2014; Parsons et al., 2018a), and climate change impact from 30
to 71 g CO2eq MJ−1 (Chang et al., 2015; Karlsson et al., 2016). This can

be compared with a climate change impact of ~40 g CO2eq MJ−1 for
refined palm oil (Pehnelt and Vietze, 2013).

In order to ensure economic viability and maximise environmental
performance, a biorefinery approach where several co-products are
produced alongside SCOs has been suggested (Chew et al., 2017; da
Silva et al., 2014; Jin et al., 2015). Oleaginous algae and yeast processes
have tremendous potential to benefit from this strategy, given that they
are a platform for a number of different intra- and extra cellular pro-
ducts aside from lipids (Fig. 1). These include bulk proteins, re-
combinant proteins, amino acids (AA), carbohydrates, carotenoids, as
well as fragrance chemicals, alcohols, and energy products. Several
authors have evaluated coproduct options for SCO production processes
(Chew et al., 2017; da Silva et al., 2014), but so far a critical review and
analysis of the economic benefit and overall sustainability is missing. As
such, this paper assesses potential coproducts to bulk SCO production
(where application of main SCO product is in fuel, food, or feed pro-
duction, rather than higher value niche application), before analysing
the environmental and economic implications of these biorefinery ap-
proaches and their implications for sustainable process design in depth.
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2. Co-products produced alongside single cell oils

2.1. Energy co-products

Once the lipids have been extracted, the whole defatted algal or
yeast biomass can be used in energy conversion these include: gasifi-
cation, anaerobic digestion, fermentation, direct thermochemical con-
version and combustion for electricity. This gives rise to a range of fuels
including biogas, liquid transportation fuels, kerosene, ethanol, avia-
tion fuel, and hydrogen. However, energy coproducts, particularly
conversion for on-site energy production again require additional unit
processes that often increases capital costs such that other valorisation
routes may have better economic viability (Batan et al., 2016).

2.2. Co-production of protein

For bulk products where often minimal further processing is as-
sumed, the remaining yeast/algae biomass after lipid extraction is
usually modelled to enter markets for animal or fish feed. Single cell
proteins for fish feed can even command a higher price than the ter-
restrial oils the main SCO product would be displacing ($1300–$1900
tonne−1 (1st grade fish meal at 65% protein content over past 10-year
period) (Indexmundi, 2019a). However, the nutritive requirements of
fish tend to be less flexible than that of land animals (Seafish, 2016),
and a required lipid content of ~20% means oils like canola oil must be
added to yeast biomasses (Batan et al., 2016). In addition further pro-
cessing steps are required before the formulation is suitable for use as a
feed product (Ritala et al., 2017). Microbial protein has been demon-
strated in feed trials with terrestrial animals (Øverland et al., 2010);
however, the low cost and well-established use of soybean meal has
been a barrier to the adoption of single cell proteins in animal feed
(Matassa et al., 2016). Yeast protein for human consumption obviously
commands a higher price than that of animal feed. Most notably as
mycoprotein, the amino acids and digestibility is similar to that of egg
and milk. For microalgae, the protein content is highly variable but
generally compares well to egg or soy protein, though cell wall di-
gestibility is an issue (Matassa et al., 2016).

Two of the key aspects that effect the product value of protein, are
the amino acid composition and digestibility. While the protein content
and composition varies over time and with growing conditions, most
yeasts, including oleaginous yeasts, have a remarkably similar AA
composition (Martini et al., 1979). The main suggested use for a yeast
protein co-product in the literature tends to be for animal nutrition. For
this application, lysine, threonine, tryptophan, valine and isoleucine are
all very important. In general yeast proteins have a well-balanced
composition, including an elevated amount of lysine. This is very si-
milar to soybean meal, and could potentially be used as a direct re-
placement in animal feed, to increase lysine levels of alternative protein
sources (Michalik et al., 2014). This gives a useful guide on the

potential value of the excess protein source.
Additionally, digestibility is also extremely important for animal

nutrition. This has been looked at in less detail, however seemingly
there is a large variation across species with S. cerevisiae for example,
being reasonably easy to break down while the oleaginous yeast
Metschnikowia pulcherrima, despite having elevated levels of histine,
lysine and methione compared with Soy protein had a very low peptin
digestibity (50%). This aspect could affect the price substantially, re-
quiring a lysing or enzymatic treatment to increase bioavailability
(Abeln, 2019).

Interestingly, in almost all TEA and LCA studies the additional unit
processes needed for bulk protein extraction, purification and re-
formulation are often not taken into account (Batan et al., 2016;
Gnansounou and Raman, 2016; Kern et al., 2017), although some im-
plications of this have been explored by Manganaro et al. (2015). This
gives a skewed assessment of the suitability of microbial proteins to
enter existing protein markets.

2.3. Co-production of glycerol and organic acids, typically commanding a
market price of< $5 kg−1)

Glycerol is a by-product of fatty acid synthesis and biodiesel pro-
duction, with this fraction obtained from the esterification of the SCO, it
also often includes higher value pigments alongside the free fatty acids,
methanol and fatty methyl esters. Glycerol is a low priced bulk com-
modity chemical, but its purification for use in the cosmetics or phar-
maceutical industry can be prohibitively expensive (Rodrigues et al.,
2017).

For this reason, many researchers have focused on developing ways
to valorise crude glycerol which would be a side product of ester pro-
duction of SCOs. Kitcha and Cheirsilp (2011) demonstrated the growth
of different yeast strains on crude glycerol, determining the optimal
crude glycerol content for optimal lipid productivity to be 10%, with
0.5% ammonium sulfate giving a C/N ratio of 17 (Kitcha and Cheirsilp,
2011). Recently Dobrowolski et al. (2019) demonstrated using crude
glycerol and seawater to grow Yarrowia lipolytica as a low cost method
for SCO production (Dobrowolski et al., 2019). Therefore, glycerol
would probably be best utilised supplementing the primary carbon
source in the initial SCO production, rather than being seen as a valu-
able co-product in its own right. Other uses for non-refined glycerol
include anaerobic digestion, a supplement to animal feed, as a feed-
stock in the biological carboxylate platform to produce medium chain
fatty acids and for thermochemical conversion (Rodrigues et al., 2017;
Dams et al., 2018).

Extracellular production of organic acids, succinic, malic, oxalic and
citric acid, has been demonstrated from oleaginous yeasts (Gao et al.,
2016; Papanikolaou et al., 2006; Souza et al., 2014; Vlysidis et al.,
2011). Succinic acid production has been demonstrated as part of a
biorefinery concept, using glycerol waste from microbial biodiesel

Fig. 1. Points in the Single Cell Oil (SCO) production process where co-product streams could be valorised.
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production in a further fermentation step to the organic acid (Vlysidis
et al., 2011). Co-production of oxalic acid and SCOs at up to 21.5 g l−1

(oxalic acid), and 3.5 g l−1 (lipid) using Aspergillus niger strains on
glycerol has been demonstrated (André et al., 2010), with maximum
quantities of oxalic acid occurring in the late stationary phase, corre-
sponding to the phase in which intracellular lipid turnover occurs
(André et al., 2010; Papanikolaou et al., 2011). Strains of Y. lipolytica
have been shown to simultaneously produce SCOs and citric acid or
polyols (Filippousi et al., 2019; Makri et al., 2010; Papanikolaou et al.,
2017). Growth using glycerol as the carbon source under nitrogen
limited conditions sees sequential production of SCO and extracellular
citric acid or polyols. Again, the period of intracellular lipid turnover
coincides with secretion of these products into the culture medium
(Filippousi et al., 2019; Makri et al., 2010; Papanikolaou et al., 2017).
This is in contrast with other observations where production of lipid
and citric acid or polyols occur across the whole fermentation time,
showing a similar concentration trend to each other and without sub-
sequent lipid break down occurring (Dobrowolski et al., 2016;
Mirończuk et al., 2013). Succinic, fumaric and malic acids could replace
fossil-derived commodity chemical maleic anhydride (Sauer et al.,
2008), and succinic acid has been demonstrated in the manufacture of
tetrahydrofuran and novel biopolymers such as bio-nylon. Succinic acid
can also be used as a surfactant, detergent or foaming agent, as an ion
chelator, and in the food industry. This wide range of applications
means the anticipated market volume for succinic acid is estimated at
easily above 270,000 tonnes (Sauer et al., 2008), with potential markets
in the millions of tonnes for the bulk biopolymers.

2.4. Co-production of carotenoids and other high value chemicals,
commanding a market price of> $5 kg−1

Higher value coproducts of bulk single cell oils include carotenoids,
fragrance chemicals, pigments, omega-3 and omega-6 fatty acids, other
PUFAs, and recombinant proteins. The global market for algal omega-3
fatty acids is expected to reach $1.2 billion by 2024. The market is
highly fragmented with a number of small and domestic players (PR
Newswire, 2019). The market for highly concentrated omega-3 fatty
acids from fish oil is split into two major areas: nutraceuticals for
human consumption, and as an ingredient in animal feed production.
The cost price for PUFAs from algae has been estimated to lie between
$500–$1650 per kg based on the existing PUFA market price range (van
der Voort et al., 2017), with analysis estimating this could range from
between $500–$4290 per kg depending on where in Europe production
facilities are based. In contrast, fish oil (with a content of around 20%
DHA/ EPA) costs around $2000 per tonne and fish meal (~8% DHA/
EPA) around $1500 per tonne, and therefore offer a far more cost-ef-
fective source of omega 3 fatty acids. The irony is, all-natural marine
derived oils come from algae originally and are merely bio-accumulated
in fish. Yet the use of algae directly as an omega-3 production platform
(cutting out the ‘middle fish’) means products can be sold as vegan or
vegetarian (with associated premium price), and it also reduces the
pressure on stocks of small fish such as anchovies, herring and mack-
erel.

This is particularly important given increasing emphasis on sus-
tainable harvest from regulatory bodies (De Silva and Turchini, 2008),
Perhaps more importantly, safety concerns associated with methyl-
mercury and organochlorine contaminants, also found bio-accumulated
in seafood have contributed to a predicted growth in the algae omega-3
market at a CAGR of 11.3% between 2019 and 2024 (PR Newswire,
2019).

However, some notable challenges faced producing algal omega-3s
is that fish oil already has a mature production chain, and work is still
needed to optimise many of the unit processes in order for them to
become cost competitive with existing PUFA sources. Difficulty pa-
tenting, and extensive authorisation procedures and regulation are also
cited as challenges in phototrophic production of algal omega-3s.

Nevertheless, following the failure to achieve economical and scalable
production of microalgal derived biofuels, omega 3 production has
emerged as the favoured sole primary product in many now-adapted
business models, rather than as a biorefinery coproduct to aid process
economics. The unwritten challenge from astute investors is generally
for production costs below $5000 per tonne of microalgae (typically
30% PUFA). Yet, the risks associated with increasing competition and
increasing availability may lead to a further reduction in the market
price for omega-3s and PUFAs (van der Voort et al., 2017), particularly
if biorefinery models are deployed in earnest. In addition, the simple
technical challenge of recovering the PUFA fatty acids that are also
bound to the glyceride backbone and somehow leaving behind a bulk
SCO to displace edible oils, mean that the two products appear mutually
exclusive.

Carotenoids are terpenoid pigments with a wide range of applica-
tions; as a nutraceutical and cosmetic for human consumption, and as a
nutrient and palatability improver in animal feed. Of the microbial
carotenoids (astaxanthin, beta-carotene, lutein, lycopene, canthax-
anthin, and zeaxanthin) astaxanthin has the largest market share fol-
lowed by beta-carotene and lutein. However, market estimations for
carotenoids vary dramatically in terms of share and size (Barreiro and
Barredo, 2018). Despite substantial pharmaceutical interest in the more
complex triterpenoids and their derivatives, these compounds are often
found in such low amounts and in complex mixtures of related com-
pounds, that large scale extraction is often technically difficult and
prohibitively expensive.

Astaxanthin is used as a feed additive in aquaculture, poultry
farming, and egg production and, alongside omega 3, has been the main
target following the demise of the algal biofuels industry. Yet, roughly
95% of astaxanthin is produced synthetically rather than via a micro-
bial route (Barreiro and Barredo, 2018) and the economic viability of
many flagship algae based producers is uncertain. For co-production of
SCOs with carotenoids, the C/N ratio is one of the biggest factors af-
fecting lipid and carotenoid production in yeast. Optimal ratios for each
product can be at odds with one another, and are often down to the
particular strain used (da Silva et al., 2014). TEA to date has focused on
production of the carotenoid alone or alongside a fertiliser/feed pro-
duct, as opposed to combined production with SCOs or biodiesel (Panis
and Carreon, 2016; Thomassen et al., 2016), and again the extraction of
the carotenoids from the SCO where they are solubilised is extremely
challenging. Despite the relatively high value of carotenoid products (β-
carotene powders retail in the $100s per kg range), the market for
carotenoids is small, with β-carotene and astaxanthin production vo-
lumes roughly 1200 tonnes per year and 300 tonnes per year respec-
tively (Spolaore et al., 2006). This means that any large scale produc-
tion would saturate the market rapidly and reduce the market price
substantially (Richardson et al., 2012; Thomassen et al., 2016).

The same issue applies for fragrance and flavour chemicals. For
example, de-novo Vanillin production has been demonstrated in
Schizosaccharomyces pombe and Saccharomyces cerevisiae at 65 and
45 mg l−1 (Hansen et al., 2008), similarly γ-decalactone production by
Y. lipolytica has been reported at 6.8 g l−1 (Gomes et al., 2012), whereas
2-phenylethanol production of 14 g l−1 has been reported from M.
pulcherrima (Chantasuban et al., 2018). The market for each remains
small – particularly for natural sources. It therefore follows that the co-
product market should be closely evaluated to ensure it does not be-
come saturated (Richardson et al., 2012), or that there are alternative
uses for the co-product that are larger and lower value that the co-
product can then enter when a reasonable production is obtained, and
the high value market is saturated.

Another interesting and emerging co-product to SCO production are
intracellular polysaccharides, such as β-D. glucans useful in medical
applications. Co-production with SCOs is a research stream of in-
creasing interest (Filippousi et al., 2019). Work evaluating the complex
biochemical mechanisms in Y. lipolytica has shown that during the early
oleaginous phase both lipid and polysaccharide biosynthesis occurs.
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After depletion of the carbon source, reserve lipids are used as an in-
tracellular source of carbon. Where this relates to new cell mass pro-
duction this was observed to be used to produce new lipid-free material
like proteins and carbohydrates (Dourou et al., 2017).

2.5. Previous studies into the feasibility of a microbial biorefinery

One of the first feasibility studies in this area was carried out by
Wijffels and Barbosa (2010). The authors identified potential revenue
per tonne of phototrophic microalgal biomass as being €1650, based on:
€500 from food protein, €300 from feed protein, €150 biofuels, €200
chemicals, €256 from supplying oxygen, €140 from nitrogen removal
through waste water treatment, and €100 from fructans, glucans, and
glycerol carbohydrates. This is based on a microalgal composition of
40% lipid, 50% protein and 10% carbohydrate. Lipids were assumed to
be fractionated such that 25% entered a functional product market and
the remaining 75% were used for biodiesel production. Proteins were
separated by water solubility with a 20% soluble fraction entering the
food market and 80% insoluble fraction entering the feed market. They
concluded that without an integrated approach, microalgal biodiesel
could never be produced economically (Wijffels and Barbosa, 2010).
The rapid development of genetic modification tool kits for microalgae,
as have been available in yeasts for decades, suggests that the pro-
duction of new recombinant proteins in particular, as well as enhanced
production of existing metabolites, may tip the balance towards eco-
nomical production provided that suitable markets can be found for
such protein material. Rather than as a simple source of protein
building blocks, the bioactivation of the protein fraction (through for
example growth promoters, antimicrobial activity, vaccines) offers in-
triguing possibilities.

However, not all exploitable products are accumulated under the
same conditions or growth phase. In microalgae for example, early
nitrogen depletion in the late exponential phase of batch culture is
predominantly where proteins, starch and PUFAs are likely to be in
greatest concentration, whereas triacylglyceride and carotenoids accu-
mulate during late nitrogen depletion late stationary phase in most
oleaginous microbes (Gifuni et al., 2019). This therefore leads to
complexity when considering the overall culture strategy. For multiple
product recovery a cascade approach is favoured, with extraction
forming one of two strategies: either the maximum extraction of a
single target product with the by-product going to low-value market; or
multiproduct extraction with the recovery and sale of several medium
value products. The first has a lower associated cost due to there being
fewer unit operations, but the second has potential to obtain more
economic value from a number of product streams. Which strategy to
employ should be determined based on the outcome of market and
techno-economic analysis to ensure that any additional processing costs
could be mitigated by a real economic advantage (Gifuni et al., 2019). A
breakdown of coproduct options for an SCO biorefinery is given in
Fig. 2.

3. The influence of co-products on the economic and
environmental impact of single cell oils

3.1. Life cycle assessment and techno-economic analysis of biorefineries

Integrated biorefineries present the ability to achieve overall re-
ductions in environmental impact compared with incumbent (often
fossil-derived) technology. This is due to the ‘credit’ received for co-
products, which can be energy, chemicals or materials.

Life cycle assessment is used as a way of quantifying energy con-
sumption, emissions and overall environmental impact for a single cell
oil production process. A summary of LCA and TEA studies which ex-
plicitly discuss the implications of co-products to the overall biorefinery
system is given in Table 1. Ahlgren et al. (2015) identified six key
challenges in the LCA of multi-product biorefinery systems. For

example, functional unit selection can be difficult where several pro-
ducts are being produced in similar volumes. Aggregation of results
(e.g. per 1 biorefinery) can be a way of overcoming this, but it is often
an issue when making comparisons with other studies or commu-
nicating the results. Ultimately, functional unit should reflect the aims
and objectives of the study. In most studies co-products from SCO
production and their environmental impacts are accounted for through
a system of allocation. This is typically handled in two ways: (i) through
partitioning, whereby environmental impacts are allocated to particular
co-products based on a particular attribute, this could be mass, energy
content or volume, or an economic attribute such as market value; (ii)
through system expansion, where the functional unit is defined in such
a way that it reflects the function of all biorefinery products, or credit is
given for the avoided burdens of each product which is substituted by
producing each particular biorefinery product (Ahlgren et al., 2015).
Allocation choice can have a significant effect on overall environmental
impact – between expansion and partitioning, and between each of the
different partitioning methods (Cherubini et al., 2011; Luo et al., 2009;
Sandin et al., 2015). Ultimately, which allocation method is used
should be dependent on the aims, objectives and decision-context of the
LCA study itself (Sandin et al., 2015). For attributional studies where
the physically dominant product is the focus of the functional unit then
allocation method is less important. However, where the main product
is not physically dominant (as is the case in SCO processes) then allo-
cation method is vital on giving a good representation of the system. Of
greatest significance in terms of overall results is allocation method
when using system expansion with substitution in consequential studies
(Ahlgren et al., 2015). It is therefore crucial that when carrying out
LCAs for biorefinery processes that allocation is discussed and the
method chosen for doing this clearly outlined. This is of particular
importance given that LCA is increasingly used to demonstrate a bior-
efinieries ability to meet GHG reduction targets, and for biofuel pro-
cesses this linked to policy requirements (European Parliament, 2018a;
United States Environmental Protection Agency, 2019).

A distinction can be made between the co-production of energy or
residual products (glycerin and animal feeds), and the intentional
combining of biofuel production with that of higher value chemicals,
which may require many further high energy unit processes in order to
upgrade or purify. Co-production with higher value products may also
affect the biofuel yield and other combined unit operations such as
combined heat and power (CHP) and waste water treatment (Cai et al.,
2018). This could all have an effect on the overall environmental im-
pacts associated with the main biofuel product, with potential for co-
products with significant environmental impacts themselves to be
overlooked depending on the method applied for allocation.

Cai et al. (2018) found, for example, that by diverting some inter-
mediate sugars away from biochemical conversion to microbial bio-
diesel to the production of succinic acid this resulted in an increase of
GHG emissions from 43 to 126 g CO2eq MJ−1 depending on what
system-level allocation procedure was applied. The authors point to
using aggregated biorefinery-level emissions results as opposed to
product specific results as a way of better handling the integrated
biorefinery analysis. This captures all emissions effects of the bior-
efinery, including emissions reduction benefits associated with co-pro-
ducts which might otherwise not be captured in a product-specific LCA
fuel-focused regulation framework (Cai et al., 2018).

Another challenge in biorefinery LCA is dealing with land use
change, which can be direct or indirect. Direct land use change relates
to the land on which the feedstock is produced. Direct land use change
is not included in LCA standards (ISO 14040 and ISO 14044) but it is
included in the Renewable Energy Directive (European Parliament,
2018b). Indirect land use change relates to market-induced changes
caused by feedstock production. Ultimately, direct land use change
should be included in attributional LCA if land use change occurs from
feedstock use, whereas the market analysis used to drive indirect land
use change makes it closer to consequential LCA, but significant
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uncertainties still remain with its use as a metric for environmental
impact (Ahlgren et al., 2015). Finally, an issue common to all bior-
efinery LCA modelling is accurately representing the timing of emis-
sions – particularly in relation to biogenic carbon. The time difference
between uptake and release of CO2 affects the overall climate benefits
of biorefinery processes, as does the end treatment of biogenic waste
(Ahlgren et al., 2015).

Microalgal and yeast biorefineries have a number of other LCA
challenges which have been documented in reviews by several other
authors (Collet et al., 2015; Parsons et al., 2018b; Quinn and Davis,
2015). These include the need for better coverage of environmental
impact categories (many studies look solely at energy and GHG emis-
sions), clarity on functional unit, more use of consequential LCA, clarity
on algae/yeast composition, and greater support through experiments
for any coproduct transformations (e.g. methane coproduction with
biodiesel). Quinn and Davis (2015) cite variation in phototrophic mi-
croalgae productivity (lipid yield hectare−1) as a key metric dom-
inating the variability in GHG emissions from microalgal biodiesel.
They point to the importance of using experimentally validated models
in for productivity in LCA studies so as to build a realistic picture of

environmental impact.
Techno-economic analysis (TEA) is often used alone or alongside

LCA to assess SCO production processes. A crucial part of ensuring
economic viability extends beyond lipid productivity, and requires
methods for capital cost reduction and better utilisation and valorisa-
tion of algal/yeast components (Dong et al., 2016). However, in-
troducing additional processing steps could have knock-on effects in
terms of increasing capital and operating costs (Biddy et al., 2016).
Unlike LCA, there is no standardised approach to conducting a TEA
study. But as with LCA, assumptions made about co-products can
heavily influence the main product from the biorefinery under in-
vestigation. Batan et al. (2016) found that the selling price for photo-
trophic algal biomass had a significant influence on the minimum
selling price of algal biodiesel, meaning economic viability of algal
biodiesel was directly dependent on the market for any co-products.
These is particularly important given that the markets for coproducts
from biorefinery processes are often poorly defined or of limited size.

Fig. 2. Process flows for heterotrophic and phototrophic fermentation including potential co-product routes.

S. Parsons, et al. Bioresource Technology 303 (2020) 122862

5



Ta
bl
e
1

A
su
m
m
ar
y
of

lif
e
cy
cl
e
as
se
ss
m
en

t
(L
C
A
)
an

d
te
ch

no
-e
co

no
m
ic

an
al
ys
is

(T
EA

)
st
ud

ie
s
th
at

de
al

w
it
h
si
ng

le
ce
ll
oi
l
(S
C
O
)
bi
or
efi

ne
ry

co
pr
od

uc
ts
.

St
ud

y
Ty

pe
of

St
ud

y
Ty

pe
of

co
-p
ro
du

ct
K
ey

fi
nd

in
gs

LC
A

TE
A

En
er
gy

En
er
gy

an
d
pr
ot
ei
n

H
ig
h
va

lu
e

A
lM

ah
ri

et
al
.(
20

19
)

x
x

M
ai
n
re
ve

nu
e
st
re
am

is
fr
om

th
e
pr
ot
ei
n
fo
llo

w
ed

by
th
e
pi
gm

en
t.
In
cl
us
io
n
of

th
e
pi
gm

en
tv

al
ue

st
re
am

re
du

ce
s
pa

yb
ac
k
pe

ri
od

fo
r
th
e
pl
an

t
fr
om

6.
4
ye

ar
s
to

2.
6
ye

ar
s.

C
ha

ng
et

al
.(
20

15
)

x
x

U
se

of
re
si
du

al
al
ga

e
bi
om

as
s
vi
a
A
D

re
du

ce
d
en

er
gy

re
qu

ir
ed

fo
r
pr
od

uc
ti
on

by
12

M
J
kg

−
1

C
ha

ut
on

et
al
.(
20

15
)

x
x

Pr
oc

es
s
an

d
bi
ol
og

ic
al

pr
od

uc
ti
vi
ty

im
pr
ov

em
en

ts
ke

y
to

m
ak

in
g
m
ic
ro
al
ga

e
EP

A
an

d
D
H
A

co
st

co
m
pe

ti
ti
ve

w
it
h
ex
is
ti
ng

fi
sh

oi
l
so
ur
ce
s

Br
en

tn
er

et
al
.(
20

11
)

x
x

U
se

of
A
D
fo
r
en

er
gy

an
d
nu

tr
ie
nt
s
as

co
-p
ro
du

ct
s
ga

ve
a
0.
77

(e
ne

rg
y)

an
d
0.
42

(n
ut
ri
en

ts
)
re
du

ct
io
n
in

C
um

ul
at
iv
e
En

er
gy

D
em

an
d
(C

ED
)

pe
r
M
J
of

bi
od

ie
se
l

D
ut
ta

et
al
.(
20

16
)

x
x

x
U
se

of
A
D
fo
r
on

-s
it
e
en

er
gy

an
d
co

-p
ro
du

ct
io
n
of

et
ha

no
lr
ed

uc
ed

G
H
G
em

is
si
on

s
by

97
%

an
d
re
du

ce
d
fu
el

se
lli
ng

pr
ic
e
fr
om

$1
0.
6/

G
G
E
to

$4
.3
5/

G
G
E

G
na

ns
ou

no
u
an

d
R
am

an
(2
01

6)
x

x
C
o-
pr
od

uc
ti
on

of
su
cc
in
ic

ac
id

as
w
el
la

s
pr
ot
ei
n
fo
r
an

im
al

fe
ed

ha
d
a
be

ne
fi
ci
al

im
pa

ct
on

G
H
G
em

is
si
on

s
w
he

n
co

m
pa

re
d
w
it
h
pr
od

uc
ti
on

of
an

im
al

fe
ed

an
d
bi
od

ie
se
l
on

ly
K
er
n
et

al
.(
20

17
)

x
x

x
A

fl
ex
ib
le

pl
an

t
de

si
gn

di
d
no

t
im

pr
ov

e
ov

er
al
l
ec
on

om
ic
s,

as
pr
ic
e
ch

an
ge

no
t
en

ou
gh

to
off

se
t
th
e
hi
gh

in
it
ia
l
ca
pi
ta
l
in
ve

st
m
en

t
co

st
M
on

ta
ze
ri

et
al
.(
20

16
)

x
x

G
ro
w
th

cy
cl
e
ti
m
es

th
at

se
ek

to
m
ax

im
is
e
a
si
ng

le
fr
ac
ti
on

do
no

t
ne

ce
ss
ar
ily

le
ad

to
th
e
be

st
en

vi
ro
nm

en
ta
l
pe

rf
or
m
an

ce
Pa

rs
on

s
et

al
.(
20

18
a)

x
x

O
ve

ra
ll
co

st
s
m
os
ts

en
si
ti
ve

to
lip

id
pr
od

uc
ti
vi
ty

an
d
th
e
co

st
of

th
e
fe
ed

st
oc

k.
C
ap

it
al

in
ve

st
m
en

ti
n
fu
rt
he

r
un

it
pr
oc

es
se
s
ha

d
an

im
pa

ct
on

ov
er
al
l
pr
ofi

ta
bi
lit
y
ev

en
w
he

re
op

er
at
io
na

l
co

st
s
w
er
e
re
du

ce
d.

Pa
rs
on

s
et

al
.(
20

19
)

x
x

x
A
vo

id
ed

pr
ot
ei
n
pr
od

uc
ti
on

si
gn

ifi
ca
nt
ly

re
du

ce
d
en

vi
ro
nm

en
ta
li
m
pa

ct
.T

hi
s
w
as

hi
gh

ly
de

pe
nd

en
t
on

th
e
ty
pe

an
d
so
ur
ce

of
pr
ot
ei
n
be

in
g

av
oi
de

d.
Pé

re
z-
Ló

pe
z
et

al
.(
20

14
b)

x
x

x
U
se

of
re
si
du

al
al
ga

lp
as
te

in
A
D
fo
r
on

-s
it
e
el
ec
tr
ic
it
y
an

d
nu

tr
ie
nt
s
ge

ne
ra
ti
on

m
ea
nt

a
re
du

ct
io
n
in

ov
er
al
la

bi
ot
ic

de
pl
et
io
n
of

~
90

%
an

d
re
du

ct
io
n
in

eu
tr
op

hi
ca
ti
on

po
te
nt
ia
l
of

87
%

w
as

ob
se
rv
ed

Pé
re
z-
Ló

pe
z
et

al
.(
20

18
)

x
x

x
O
ft
he

en
vi
ro
nm

en
ta
li
m
pa

ct
ca
te
go

ri
es

as
se
ss
ed

G
H
G
em

is
si
on

s
an

d
m
in
im

um
se
lli
ng

pr
ic
e
ha

d
th
e
st
ro
ng

es
tl
in
ea
r
re
la
ti
on

sh
ip
.V

ar
ia
ti
on

in
bi
om

as
s
pr
od

uc
ti
vi
ty

an
d
lip

id
co

nt
en

t
ha

d
th
e
gr
ea
te
st

im
pa

ct
on

G
H
G
em

is
si
on

s
an

d
m
in
im

um
se
lli
ng

pr
ic
e
(o
ve

r
pa

ra
m
et
er
s
lik

e
m
et
ha

ne
(f
or

el
ec
tr
ic
it
y)

or
pr
ot
ei
n
(f
or

an
im

al
fe
ed

)
yi
el
d)
.

Po
nn

us
am

y
et

al
.(
20

14
)

x
x

R
ed

uc
ti
on

in
en

vi
ro
nm

en
ta
l
im

pa
ct

ob
se
rv
ed

fr
om

nu
tr
ie
nt

re
cy
cl
in
g
an

d
on

-s
it
e
en

er
gy

ge
ne

ra
ti
on

R
es
ur
re
cc
io
n
et

al
.(
20

12
)

x
x

x
A
D

di
ge

st
io
n
effi

ci
en

cy
an

d
m
et
ha

ne
pr
od

uc
ti
on

effi
ci
en

cy
ha

d
th
e
gr
ea
te
st

eff
ec
t
on

th
e
pr
ofi

ta
bi
lit
y
in
de

x
fo
llo

w
ed

by
bi
od

ie
se
l
pr
ic
e

So
h
et

al
.(
20

14
)

Th
e
co

m
po

si
ti
on

of
th
e
no

n-
lip

id
fr
ac
ti
on

pr
es
en

te
d
si
gn

ifi
ca
nt

tr
ad

e-
off

s
am

on
g
en

vi
ro
nm

en
ta
l
en

dp
oi
nt
s

Th
om

as
se
n
et

al
.(
20

16
)

x
x

A
lt
ho

ug
h
th
e
bi
or
efi

ne
ry

w
as

de
te
rm

in
ed

to
be

ec
on

om
ic
al
ly

vi
ab

le
th
e
si
ze

of
m
ar
ke

t
fo
r
hi
gh

-v
al
ue

s
is

a
cr
uc

ia
l
co

ns
id
er
at
io
n

X
ia
ng

et
al
.(
20

17
)

x
x

A
t
a
pr
ic
e
of

$1
.5
/k

g
fo
r
th
e
lip

id
,a

se
lli
ng

pr
ic
e
fo
r
gl
uc

os
am

in
e
w
as

es
ti
m
at
ed

at
as

lo
w

as
$3

5/
kg

.A
t
pr
es
en

t
th
is

is
no

t
co

st
co

m
pe

ti
ti
ve

w
it
h
sh
el
lfi
sh
-d
er
iv
ed

gl
uc

os
am

in
e.

S. Parsons, et al. Bioresource Technology 303 (2020) 122862

6



3.2. Energy based co-products

Collet et al. (2011) modelled the production of biogas, without co-
products, from the phototrophic cultivation of Chlorella vulgaris. Biogas
was determined to be produced at 9385 m3 d−1, with a methane per-
centage of 70%, after upgrading this account for 5062 m3 d−1 at 96%
methane. The AD plant was modelled to consume 17,000 kWh d−1 of to
produce heat, and 2694 kWh d−1 for electricity. Overall, the AD pro-
cess equated to 21% of total electricity consumption. Building on this
study, Ponnusamy et al. (2014) used this data to build a LCA model for
a microalgal biodiesel biorefinery where the residual algal biomass
enters an anaerobic digester and biogas is produced alongside the main
biodiesel product. The main energy costs for processing the defatted
algal biomass were associated with mixer and centrifuge electricity
consumption. With part of the biogas used in the AD process, overall
energy demand for AD was 1.2 MJ kg−1 biodiesel produced. The
overall total energy demand was therefore reduced from 58 MJ kg−1 to
46 MJ kg−1 based on credits for co-product energy production being
taken into account (Ponnusamy et al., 2014). Brentner et al. (2011) also
observed a 60% reduction in direct energy use through AD to onsite
CHP. Collet et al. (2011) coupled direct combustion and AD (to bioe-
lectricity) to biodiesel production. Based on vehicle kilometres tra-
velled, the algal biodiesel and bioelectricity scenario contained the
highest energy demand (when compared with a terrestrial oil bior-
efinery and algal bioelectricity production only). GHG emissions were
much lower than the terrestrial comparator but higher than producing
only algal bioelectricity.

Resurreccion et al. (2012), building on this work, reasoned that
given more energy is required to drive the same distance on biodiesel
than bioelectricity, the production of electricity from AD is a more ef-
ficient way of producing energy and sequestering GHGs than biodiesel
production. Within multi energy product phototrophic algal bior-
efineries, allocation based on energy content and subsequent environ-
mental impact assigned to biodiesel can vary largely depending on how
algae residue is handled (Resurreccion et al., 2012). For example, Collet
et al. (2014) allocated 51% of total environmental impact to algae re-
sidue and glycerine. Whereas, Passell et al. (2013) allocated 58% to
hydrocarbons and algae residue at the crude algae oil stage but overall
energy allocation ratio is 90% to biodiesel and 10% to glycerine (Passell
et al., 2013).

Alternatively, Chang et al. (2015) investigated heterotrophic
Thraustochytrids production of biodiesel coupled with production of
biogas which was solely used to produce process energy. Overall, using
residual algae biomass in AD reduced energy required for production by
12 MJ kg−1. Dutta et al. (2016) examine the LCA and techno-economic
case for including AD for onsite energy and ethanol co-production in
algal biodiesel production. They contrasted algal biodiesel production
in Portugal with the NREL algal biodiesel modelling. Where process
design includes AD and ethanol production (NREL case) GHG emissions
were reduced from 162 kg CO2 eq/GGE to 5.3 kg CO2 eq/GGE, and
minimum fuel selling price reduced from $10.6/GGE to $4.35/GGE
(Dutta et al., 2016).

3.3. Protein and energy

The majority of LCA and TEA studies in this area have evaluated the
production of three products; biodiesel with an energy product and
proteinous animal feed. Kern et al. (2017) integrated TEA and LCA into
a deterministic optimisation framework to conduct a ‘real options
analysis’ for a plant that could switch between selling algal meal for
animal feed or use it to recover nutrients and generate energy onsite via
AD and CHP. They found that under mean price conditions annual
revenue from algal meal as animal feed ($24 million) far outweighed
the combined benefits of nutrient recovery and energy reduction ($13
million). Under current price dynamics the flexible plant did not im-
prove NPV, as movement in price was not enough to offset the high

initial capital cost of installing an AD plant and CHP.
From an LCA perspective, Global Warming Potential (GWP) de-

creased as the plant switched over towards on-site energy generation
and nutrient recovery, but it also widened uncertainty around the value
for GWP. This peaked at 50% of simulations, with GWP continuing to
fall but uncertainty narrowing as simulations tended towards full on-
site energy generation. The modelling shows an interesting divergence
between what are optimal LCA and optimal TEA conditions. This could
be reconciled through government incentives linked to meeting parti-
cular GHG emissions criteria, making a switch to on-site generation
more economically beneficial particularly if it was linked to favourable
price conditions (when price of algal meal is low and electricity is high)
(Kern et al., 2017). Pérez-López et al. (2018) used Monte Carlo analysis
to consider uncertainty in LCA and TEA. Through evaluating Pearson's
and Spearman's correlation coefficients, they found a strong correlation
overall between GHG emissions and minimum selling price; however,
this correlation was not as strong between other environmental impacts
like eutrophication and selling price. Cumulative Energy Demand (CED)
and minimum selling price were also not as well correlated as GHG
emissions and minimum selling price. The authors suggest this may be
due to co-product credits – where protein substitution leads to a re-
duction of between 0.5% and 42% of the production stage CED, but is
only 15% of GHG emissions generated. Overall, variation in biomass
and lipid productivity had the greatest effect on results across all impact
categories, but for eutrophication, variation protein content, methane
yield, and protein substitution ratio also influenced the final scores.

Methane yield variation also influenced CED. This analysis de-
monstrates the importance of carrying out uncertainty assessment, and
demonstrated the significant environmental benefits co-products can
bring (Pérez-López et al., 2018). Montazeri et al. (2016) also included
both protein to animal feed and on-site energy generation and nutrient
recovery. In addition to protein, enough biogas is produced to enable
electricity generation of 17–100% total demand, and enough heat
generated for 68–100% total demand. Onsite generation of energy ac-
counted for 90% co-product credits (avoided environmental impact)
from CED, but only 20% from eutrophication. Avoided impact for eu-
trophication was dominated by soybean meal and avoided nutrients
production (Montazeri et al., 2016).

Soratana et al. (2014) demonstrate the complexities associated with
analysing the LCA of various co-product scenarios in an algal biodiesel
biorefinery. They evaluated six different scenarios based on biodiesel
coproducts composed of; bioethanol production from lipid extracted
algal starch, biomethane production, application on land as a fertiliser,
animal feed, nutrient recycling from AD, and recycling of CO2 from
simultaneous saccharification and fermentation (SSF). The best per-
forming in terms of environmental impact included bioethanol pro-
duction, AD with CHP, land application of post AD solid digestate and
nutrient recycling. The scenario which included bioethanol production
and land application of solid residues from SSF did not score as well
however, due to the lower N content compared with the AD solid di-
gestate meaning less urea production was avoided. Sensitivity analysis
showed significant parameters for environmental impact to be: energy
consumed during centrifugation of fertiliser material from SSF, lipid
content in the algae, N-availability content, and % yield of bioethanol.
Despite the scenario with the most co-products having the overall
lowest environmental impact across the scenarios, the authors point out
that this isn’t always the case as the scenario which included algal meal
to animal feed only performed better than the scenario that included
bioethanol production and SSF residue to fertiliser.

From an economic perspective higher income is achieved from
greater quantities rather than greater types of co-product (Soratana
et al., 2014). Soh et al. (2014) evaluated the relationship between lipid,
protein, nutrients and starch productivity in terms of GHG emissions.
They found there are important trade-offs that occur among processing
choices of co-product fractions – such as the way in which nutrients are
recovered or the type of energy that is produced (on-site via AD
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compared with starch fermentation to bioethanol). They concluded that
algal biorefineries need not be optimised for lipid productivity, where
low lipid producing species could be better suited for ethanol fermen-
tation or use as an animal feed. Overall, the biorefinery should be
considered as a whole system – where engineered increases in lipid
productivity need to be balanced against the intended use of non-lipid
fractions (Soh et al., 2014).

3.4. Organic acids and high value products

Manganaro et al. (2015) assessed the co-production of omega-3s,
animal feed and a hydrotreated algal oil. Based on a facility producing
hydrotreated algal oil at 153 Mgal yr−1, generating nutraceuticals at
0.05% of lipid yield represents ~25% of global algal omega-3 market
from that one facility alone (animal feed production from this facility
would be 1.4% of the US market). The study assumed a carbon re-
duction credit of $5 t−1 was taken. In terms of upfront capital costs
associated with nutraceutical production this was estimated to be 30%
of the hydrotreater capital cost. Total digestible nutrients and crude
protein was estimated to be 48% and 36% respectively for which a
value of between $100 and $225 tonne−1 could be obtained but that
trace toxins or other elements outside of the range expected in animal
feed could affect its price (Bryant et al., 2012). Overall, selling at
$225 t−1 reduced the sales price of hydrotreated oil by $3.24 Gal−1.

For omega-3 production for human and animal consumption, toxic
materials must be prevented from entering the supply chain. The
practical effect of this means that all inputs including water supply and
nutrients, including CO2 must be free of toxins (if for example, coming
in as waste CO2 from an industrial facility). As such, the authors as-
sumed a CO2 purification cost of $40 tonne−1, with an average selling
price for omega-3s of $30 lb−1. In this study 60% of processing costs for
omega-3 oils were associated with recovery and purification steps.
Interestingly, overall the nutraceutical production resulted in only a
$0.14/gal reduction in hydrotreated algal oil selling price, far lower
than when the protein was valorised as a co-product (Manganaro et al.,
2015).

In a similar LCA study Gnansounou and Raman (2016) evaluated
phototrophic algal biodiesel with protein and succinic acid co-products,
comparing environmental impact of oil and protein production with
and without the succinic acid co-product. Overall, the study found the
additional production of succinic acid, biodiesel and protein could be
beneficial over production of biodiesel and protein only (Gnansounou
and Raman, 2016).

In terms of higher value lipids, Chauton et al. (2015) looked at EPA
and DHA production for aquafeed. In terms of cultivation method flat
panel bioreactors were found to be the most effective in terms of pro-
duction cost at $39 per kg for EPA (eicosapentaenoic acid) and DHA
(docosahexaenoic acid); however, if biological productivity were to
increase and mixing energy decreased this could drop to $11.9 per kg
for EPA and DHA (Chauton et al., 2015).

Further studies have evaluated the production of astaxanthin only
from microalgae (Dursun et al., 2018; Panis and Carreon, 2016). Panis
and Carreon (2016) found that at a cost per kilogram of
$1690–$7400 kg−1, they were unable to compete with synthetic as-
taxanthin (Dursun et al., 2018) observed that powdered astaxanthin is
more profitable than an astaxanthin oil mixture. Simiarly, Pérez-López
et al., (2014a) and Thomassen et al. (2016) assessed carotenoid pro-
duction. In these phototrophic cultures, a major contributor to en-
vironmental impact during production is reactor lighting, particularly
in the stress stage of cultivation (Pérez-López et al., 2014a). Thomassen
et al. (2016) observed the most profitable scenario to be where the
medium is recycled and an open pond reactor is used, despite the
photobioreactor decreasing culture medium costs. This is due to the
higher initial capital investment associated with the photobioreactor
(Thomassen et al., 2016). Pérez-López et al., (2014b) evaluated a
mixture of bioactive compounds from microalgae through LCA. These

included beta-carotene, alpha-tocopherol, chlorophyll, polyphenol and
PUFAs. The algae residue was sent to AD and so led to avoided fertiliser
and electricity production. Mass allocation was used for the co-products
due to lack of market data on these compounds. Environmental impact
was evaluated per kg of microalgae. PUFAs had the highest contribu-
tion to environmental impact given their higher mass yield than alpha-
tocopherol or chlorophyll. Culturing (including development of the
inoculum) contributed the highest amount to total environmental im-
pact across all impact categories. This related particularly strongly to N
source. The authors investigated the impact of N use through different
scenarios finding that using the digestate as a N source was the worst
performing from an environmental perspective against the other sce-
narios (aside from their base case scenario). This is because not all N is
supplied by the digestate meaning sodium nitrate is still required. As
such, the use of other N sources was found to be more environmentally
preferable than using the digestate (Pérez-López et al., 2014b).

Parsons et al., (2018a) assessed the production of fragrance che-
mical 2-phenylethanol, alongside protein production from the oleagi-
nous yeast M. pulcherrima. However, as the authors modelled a process
that would produce 25,000 tonnes of yeast biomass a year, they as-
signed a value of $5.50 kg−1 to the 2-PE reasoning at this production
scale it should be treated as a bulk chemical not a fragrance molecule.
This is in line with the cost of 2PE produced from fossil resources as
opposed to the naturally extracted fragrance molecule. In this scenario
they found that lipid rather than co-product production had the greatest
impact on process economics, yielding a minimum SCO selling price of
$3850–$8,580 tonne−1 dependent on feedstock and cultivation
method. Using the same yeast species, they found that for cultivation on
seaweed as a fermentation feedstock, economic and environmental
impacts were dominated by the feedstock production, with higher value
products having little influence on overall impact. Protein production
did lead to significant avoided impacts but this was highly dependent
on the type of protein being avoided (Parsons et al., 2018a, 2019).

AlMahri et al. (2019) evaluated the production of saponified fatty
acids, protein and pigments. They found that producing pigments and
fatty acids alongside the protein reduced the payback time of the plant
from 6.38 years to 2.62 years (AlMahri et al., 2019). Xiang et al. (2017)
evaluated the production of lipid and glucosamine from Cyclotella. They
found the open pond system gave the best selling price for glucosamine
compared with the photobioreactor ($35 kg−1 and $82 kg−1 respec-
tively). They found selling the lipids as a food, increasing the scale, and
AD reduced the price to $28–31 kg−1 (Xiang et al., 2017).

4. Implications for future SCO biorefinery design

In the following section, four key design aspects for an oleaginous
biorefinery are discussed, that are vital for the future development of
this area.

4.1. The protein fraction is as important as the lipid from an environmental
and economic perspective

Overall, protein is key to determining economic cost and environ-
mental impact. Though the nature of this influence is dependent on the
particular case under investigation. Kern et al. (2017) found that using
protein as animal feed over on-site energy generation had a beneficial
economic impact, as upfront capital cost of AD and CHP units was never
fully recovered. However, from an environmental perspective on-site
energy generation was beneficial over animal feed production, given
the high amount of electricity and heat used at the facility (Kern et al.,
2017). Pérez-López et al. (2018) found a strong correlation between
GHG emissions and selling price for their case study, but CED and
selling price had a less strong correlation due to variation in environ-
mental coproduct credits due to protein substitution. Given the volume
of protein produced at an industrial scale, application as an animal feed
can be more profitable than producing higher value nutraceutical
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products (Manganaro et al., 2015). With the work reviewed here
pointing to low to medium value applications (< $5 kg−1) as the most
environmentally and economically viable option. Here, understanding
trade-off between cascading approaches is crucial – whether to focus on
selectively recovering one target product, with the rest going to low
value bulk applications, or to focus on several medium value products
but incur higher downstream processing costs.

4.2. High and low value product streams are simply not compatible

Culture strategy and subsequent downstream approach is important
for low to medium value co-products, particularly for energy source as
residual biomass offers a number of different processing routes from
directly combustion, to AD and CHP, to fermentation and ethanol
production. Scenario analysis (such as that used by Soratana et al.
(2014)) is an important tool in determining best options from an en-
vironmental and economic perspective.

Where high value applications are considered, ultimately this is
incompatible with an industrial lipid product, as production volumes of
expensive but niche co-products risk saturating the market. Co-product
markets should be closely evaluated to ensure that this does not become
the case (Richardson et al., 2012), but realistically this is a different
type of biorefinery system from one producing single cell oils for food
(bulk), feed or fuels. Specific requirements for market entry and un-
certainties relating to achievable market price of products must be
addressed.

One way of overcoming this is to use high value co-products for
multiple markets. For example, in a small niche biorefinery, a co-pro-
duct such as 2-phenylethanol could be sold into the fragrance and fla-
vour markets while still on the small scale, however, when that bior-
efinery is scaled up to larger production the 2PE could be used as a bulk
chemical feedstock as a novel route to bio-styrene or the octane im-
prover ethylcyclohexane.

4.3. Culture strategy and co-product downstream processing should be
considered from the outset

A wide range of minimum estimated selling prices and environ-
mental impacts associated with the lipid product have been reported
based on what and how co-product streams are utilised. Soratana et al.
(2014) demonstrated how complex this can be, finding that having the
most co-products does not always mean the lowest environmental im-
pact, and environmental gains from fertiliser use were dependent on the
quality and nitrogen content of the fertiliser (Soratana et al., 2014). Soh
et al. (2014) made clear the trade-offs between lipid, protein, nutrients
and starch productivity – highlighting the importance of considering
the system as a whole. Currently, SCO process optimisation is based
around improving the conditions for lipid productivity increase. This
does not consider culture strategy, where different fermentation con-
ditions are required for viable co-product synthesis. For an economic-
ally and environmentally viable biorefinery, focus must shift towards
the whole system, where the algae or yeast species is a platform for
protein, lipid, carbohydrate, and nutrients etc. with accessible models
allowing researchers to assess the impact of their co-products and lipid
yields on the overall selling price.

4.4. Combined LCA, TEA, and uncertainty analysis can help to optimise use
of coproducts

The work reviewed within this paper demonstrates the important
role that LCA, TEA, and uncertainty analysis plays in evaluating bior-
efinery design from the outset of the development process. They also
play a key role in continuing assessment throughout research and de-
velopment stages to pilot scale and beyond. In LCA, methodological
challenges associated with allocation, functional unit and system
boundary setting, and particular environmental impacts such as land

use and biogenic carbon, require research – particularly given their
policy implications. In the meantime, transparent and justified metho-
dological choices supported by uncertainty assessment should be in-
cluded within all attributional and consequential LCA biorefinery stu-
dies.

Uncertainty assessment has been demonstrated by authors to be
valuable in terms of assessing co-product scenarios, as well as in-
corporating market price fluctuations into economic analysis.
Sensitivity analysis, and in particular, global sensitivity analysis, can be
used to determine which key input parameters have the most influence
on environmental or economic impact. This is important, especially in
early design stages, in order to determine key process parameter sen-
sitivities and future development strategy. TEA and market analysis
play a crucial role in understanding the economic feasibility relating to
decision-making on coproducts and coproduct strategy. It is key to
understanding whether or not the system could work on scale-up –
mitigating much greater risk further down the line. Related to this is the
‘Collingridge Dilemma’ – where in early stages of technology develop-
ment the ability to control and alter process design is high, but level of
understanding on the technology mean that uncertainty is also high
(Collingridge, 1980). As with LCA, scenario analysis and sensitivity
analysis are useful tools used to explore design options and their po-
tential influence on the system as a whole.

5. Conclusion

The environmental and economic viability of SCOs can be improved
by taking a biorefinery approach and valorising coproduct streams. Of
the many coproduct options, the protein fraction appears to be central
to determining minimum oil selling price and environmental impact.
Determining biorefinery strategy is crucial early on, with high and low
value product streams not compatible with each other due to the sig-
nificant differences in product market size. Market analysis, TEA and
LCA are useful tools for determining scale-up and production strategy
though must be applied from the outset.
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