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ABSTRACT

Global food systems are highly resource-intensive and yet are unable to meet
humanity’s nutritional needs. Given their high levels of productivity, low land and
water use, and significant protein and amino acid content, marine microalgae have been
considered for animal and aquaculture feeds, along with direct human consumption. In
order to determine the potential viability of marine microalgae as an environmentally
sustainable feed or food product, I  use GIS methods to identify global cultivation
potential for marine microalgae in terrestrial raceway ponds based on key
environmental inputs: solar radiation, access to seawater, flat land, and nutrients. I then
project growth in the global demand for protein-rich foodstuffs and their corresponding
emissions—direct (i.e. energy consumption) and indirect (i.e. land use practices). I
utilize FAO projections for protein needs by country through 2050 and overlay these
data with cradle-to-grave emissions of traditional protein sources. I thus map national,
regional, and global lifecycle emissions for major protein sources through mid-century
and identify areas with the greatest need for sustainable nutrition by the scale of growth
in population and food-based emissions. The result is a high geospatial resolution
blueprint for where microalgae can sustainably meet growing food demand as well as
advance society’s goals for reducing greenhouse gas emissions. I demonstrate how the
mass-production of marine microalgae would be especially advantageous for regions
with greatest projected protein demand increases as well as regions that are
environmentally-suited for microalgae cultivation. This research has direct implications
for near-term development of microalgae farms that can help to fill gaps in sustainable
protein production. and refers to existing policies that could further encourage the
growth of this technology.
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Introduction

Global food system impacts

The human food production and distribution system covers ~40% of global ice- and

desert-free land (Rizvi et al., 2018; Poore & Nemecek, 2018), drives ~90 to 95% of

scarcity-weighted water consumption (Poore & Nemecek, 2018), and produces between

25 and 42% of greenhouse gas emissions (Crippa et al., 2021; Wille� et al., 2019; Poore &

Nemecek, 2018; Clark et al., 2020). Simultaneously, ~820 million people lack sufficient

food (Loken et al., 2020; Wille� et al., 2019), close to one billion people are protein

deficient, and two billion suffer from “hidden hunger,” or micronutrient deficiencies

(Ritchie et al., 2018; Beach et al., 2019). Model projections show that stringent mitigation

policies prescribed by numerous high-level reports and multilateral agreements (IPCC,

2018; IPCC, 2019; IPBES, 2019; UNCCD, 2017) also pose threats to global food security;

between 130 and 280 million additional people could face risk of hunger in 2050

(Fujimori et al., 2019). In particular, meeting the protein needs of a growing global

population while limiting global warming is expected to be challenging under current

production and consumption trends, as high-quality animal-sourced proteins have

larger GHG emissions as well as land- and water footprints than plant-based proteins

(Godfray et al., 2018; Poore & Nemecek, 2018; Clune et al., 2017; Kim et al., 2019; KC et

al., 2018; Aleksandrowicz et al., 2016). Combined, these environmental and social risks
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point to a societal need for resource-efficient, high-quality protein sources that can meet

the needs of a growing global population (KC et al., 2018).

Marine microalgae’s potential to fill the gap in sustainable protein

Marine microalgae have been part of the human diet for thousands of years and have

variously been considered for large-scale commercialization since the late 1940s

(Borowi�ka, 2018). Autotrophic microalgae are exceptionally efficient at converting

solar energy into biomass compared with terrestrial vegetation. In addition, microalgae

can contain up to 70% protein per dry weight of biomass, whereas soy leads terrestrial

crops in protein content with 30 – 40% (Wells et al., 2017; Chacón-Lee &

González-Mariño, 2010). Despite their overall contributions to human health,

plant-based proteins often lack the complete amino acid profiles of animal-based

proteins, which are not produced by the human body de novo and so must be a�ained

through diet (Leinonen et al., 2020; van Vliet et al., 2015; Iqbal et al., 2006; Koyande et

al., 2019). Amino acids play a number of critical roles in human health, including gene

expression modulation, fertility, and regulation of key metabolic pathways, among

others (Wu, 2013). Microalgae are one of the few exceptions to this deficiency, offering a

complete essential amino acid profile (Koyande et al., 2019). Marine microalgae also

have high levels of polyunsaturated fa�y acids (PUFAs) eicosapentaenoic acid (EPA),

and docosahexaenoic acid (DHA), which are typically only found in seafood and meat
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and are thus lacking in the human diet (Schade & Meier, 2020; Schade et al., 2020). They

also contain bioactive materials that some studies claim are anticarcinogenic,

antioxidative, antihypertensive, and hepaprotective; however, more research is

necessary to determine the magnitude of these effects across strains (Borowi�ka, 2018;

Koyande et al., 2019; Day, 2013; Alves et al., 2018).

Given their high rates of primary production and intensive production systems,

microalgae have the potential to provide food using less land area than traditional

crops. Marine microalgae also do not rely on freshwater or arable land, so can be grown

on marginal land that would be unable to support traditional forms of sustainable

agriculture (Greene et al., 2016). Their low demands for land and water, combined with

their nutritional benefits, have led a growing body of research to examine the potential

role of marine microalgae in meeting human nutrition needs, especially protein (Parodi

et al., 2018; Schade & Meier, 2020; Koyande et al., 2019). To date, microalgae have

successfully been incorporated into food products like pasta, bread, cookies, cooking

oil, yogurt, and cheese (Koyande et al., 2019). Despite persistent market growth in

recent years, however, microalgae currently meet a very small fraction of global protein

demand (FAO, 2020). Rather, they have been primarily relegated to the nutraceutical

trade, sold as high-value nutritional supplements (Well et al., 2017; Henchion et al.,

2017). Even so, the Food and Agriculture Organization (FAO) of the United Nations

reported 89,000 tonnes (~98,100 U.S. tons) of microalgae were harvested for human
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nutrition in 2016. Although 11 countries were recorded as producers, China represented

over 99.5% of production. However, no data are available for a number of important

producers, including Australia, France, India, Israel, Japan, Malaysia, and Myanmar,

implying an underestimated global figure. The most common strains in production

included Spirulina spp., Chlorella spp., and Nannochloropsis spp. (FAO, 2018b).

Scope of thesis research

As global populations continue to grow in coming decades, sustainable sources of

nutrition are paramount to mitigating climate change (Clark et al., 2020; KC et al., 2018;

Behrens et al., 2017; Aleksandrowicz et al., 2016). Many studies have focused on the

potential for large-scale microalgae production to help address inefficiencies in current

food systems (Koyande et al, 2019; Bleakley & Hayes, 2017; Parodi et al., 2018).

However, research that explores the possibility of providing direct human nutrition

with microalgae is scant to nonexistent. This thesis investigates microalgae’s potential to

fill the nutritional gap in protein on a global scale while reducing arable land and

freshwater demands, as well as greenhouse gas emissions. Given the imminent threats

of the climate crisis, we illustrate how such systems could not only address food

security in sustainable ways, but also how microalgae systems could provide important

tools to mitigate global warming.
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To do so, we first assess the environmental impacts of business-as-usual food

supply through 2050. With this context in mind, we next turn to evaluating where

marine microalgae “farming” would be best suited globally along two axes of viability:

geophysical, and economic and socio-political. Once high-level suitability has been

established, we examined potential marine microalgae production at the facility-scale

by conducting a life-cycle assessment and techno-economic analysis. This allowed us to

determine the environmental impacts of marine microalgae production in terms of

reducing greenhouse gas emissions, land use, freshwater use, and acidification. It also

enabled us to assess the cost-competitiveness of microalgae as a protein replacement.

Methods

Environmental footprint of business-as-usual protein consumption

Food balance sheets use standardized methodology to estimate quantities of food and

are commonly used to compare consumption and production pa�erns across countries

(Thar et al., 2020). Increasingly, they are also used to evaluate the environmental

impacts of food systems and to project future trends (Kim et al., 2019; Behrens et al.,

2017; Godfray et al., 2019). The Food and Agriculture Organization (FAO) of the United

Nations provides country-level food systems data broken down by commodity (i.e.
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wheat, milk, groundnuts, etc.) for years 1991 - 2019 (FAO, 2021). In 2018, the FAO

extended country-level projections of food supply through 2050 (FAO, 2018a). We relied

on the business as usual (BAU) pathway of these projections in order to establish a

baseline for the environmental impacts of meeting global protein needs through 2050.

Protein consumption was given in g/person/day for each food item for each country. To

determine total protein demand at the country-level, we thus multiplied these values by

country-level population projections for 2050 provided by the Population Division of

the Department of Economic and Social Affairs of the United Nations (UNDESA

Population Division, 2019). The middle-road (BAU) scenario was used for the

projection. Thus,

Σ 𝑔𝑟𝑎𝑚𝑠
𝑝𝑒𝑟𝑠𝑜𝑛 * 1 𝑡𝑜𝑛𝑛𝑒

1000000 𝑔 * 365 𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟 * (𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑝𝑒𝑟 𝑐𝑜𝑢𝑛𝑡𝑟𝑦,  𝑖𝑛 𝑚𝑖𝑙𝑙𝑖𝑜𝑛𝑠) * 1000000)

The same set of calculations was used for 2020. We then found the amount of additional

protein needed to fill the gap between current demand and that of mid-century:

𝑃𝑟𝑜𝑡𝑒𝑖𝑛
2050

 −  𝑃𝑟𝑜𝑡𝑒𝑖𝑛
2020

Total protein needs for 2030, 2040, and 2050 were considered, as well as the gap

between these decades and present day (2020).

Life cycle assessment (LCA) is commonly used to evaluate “farm-to-fork”

environmental impacts of food production, and thus identify inefficient aspects of

global food supply chains (Notarnicola et al., 2017). Poore & Nemecek (2018)
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synthesized global LCA data for 40 agricultural goods to determine environmental

impacts across five indicators: land use, scarcity-weighted freshwater use, greenhouse

gas emissions, acidifying emissions, and eutrophying emissions (Poore & Nemecek,

2018). Their results are widely used in the literature to represent food system impacts

(e.g. Clark et al., 2019; Berners-Lee et al., 2018; Sachs et al., 2019) and are therefore used

in this study to evaluate the environmental footprints of business-as-usual protein

consumption through 2050 and evaluate how microalgae-based protein may be able to

address inefficiencies.

To do so, we adjusted FAO food supply data to align with functional units used

in Poore & Nemecek (2018) (i.e. kg of soybeans or L of raw milk) and then multiplied

quantities of food items by their respective land, water, and emissions impacts. Poore &

Nemecek (2018 supplementary materials) calculate average global intake of food items

reported by the FAO food balance sheets for 2009 - 2011, and so are most representative

at a global scale and less representative of specific local scales. Beef (beef herd) averaged

16g/person/d and beef (dairy herd) averaged 13g/person/day. In order to combine them

into one category, beef, in future consumption scenarios, we assume that this share

(55.17% of beef comes from beef herds and 44.83% from dairy herds) remains constant.

Similarly, average per capita intake of tofu for years 2009 - 2011 was 3.5g/d and soymilk

10g/d; when considering soy as a protein source in future decades, this share is also

assumed to be constant (25.93% tofu and 74.07% soymilk). Protein sources used in our
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study were those labeled “protein-rich products” and “milks” by Poore & Nemecek

supplementary materials: beef, lamb & mu�on, crustaceans (farmed), cheese, pig meat,

fish (farmed), poultry meat, eggs, tofu, groundnuts, other pulses, peas, nuts, milk,

soymilk. Per Clark et al. (2020), emissions intensity and rates of food loss and waste

were assumed to remain constant through mid-century.

Environmental impacts of projected food consumption were contextualized

within the planetary boundaries framework, which identifies environmental limits of

humanity’s “safe operating space” (Rockström et al., 2009; Steffen et al., 2015). In

particular, we focused on climate change, biosphere integrity, freshwater use,

biogeochemical flows, and land use boundaries. We used climate change targets laid

out in the 2016 Paris Climate Agreement, in which countries commi�ed to keeping

global warming below 2 degrees Celsius, and agreed to strive toward a limit of 1.5

degrees (IPCC, 2018). As of 2020, the remaining carbon budgets for 1.5 and 2 degrees

were determined to be 400 and 1150 Gt of CO2-equivalents respectively (IPCC, 2021).

Biosphere integrity targets drew on the Convention on Biological Diversity’s draft

Post-2020 Global Biodiversity Framework, which identifies a need to increase the area,

connectivity, and integrity of natural ecosystems by 15% or greater by 2050 as

compared with 2020 (Convention on Biological Diversity, 2021). Remaining boundaries

were taken directly from planetary boundaries literature: 4,000 km3 of freshwater

withdrawals for human use per year, 6.2 Tg of phosphorus mined and applied to
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agricultural land per year and 62 Tg of nitrogen used per year, and 15% of global land

cover converted for agricultural purposes (Rockström et al., 2009).

Table 1. Planetary boundaries used to evaluate business-as-usual and microalgae-supplemented protein
consumption through mid-century.

Planetary Boundary Target(s) Source(s)

Climate change 1.5°C → 331 GtCO2 budget
2°C → 1,081 GtCO2 budget

IPCC, 2021; MCC, 2021;
IPCC, 2018

Biosphere integrity Ecosystem restoration of
15%+ by 2050

Convention on Biological
Diversity, 2021

Freshwater use Limit withdrawals to 4,000
km3/yr for human use

Rockström et al., 2009

Biogeochemical flows Phosphorous: 6.2 Tg/yr for
agriculture;
Nitrogen: 62 Tg/yr

Rockström et al., 2009

Land use Limit global land used for
agriculture to 15%

Rockström et al., 2009

Microalgae yield potentials

Nearly 95% of microalgal biomass in current production relies on raceway pond (RWP)

growing systems (Kumar et al., 2015). Despite being low-cost, open raceway ponds

present challenges with contamination of long-term monoculture cultivation, which is

necessary for food-grade production. Closed photobioreactor (PBR) systems, on the

other hand, avoid problems of contamination but are high-cost (Greene et al., 2016).
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Huntley & Redalje (2007) thus proposed a complementary hybrid method to maximize

benefits of both RWP and PBR systems, initially cultivating microalgae in PBRs and

then transferring them for short-term growout in RWPs when concentrations are high

enough to avoid contamination from other microalgal strains.

Figure 1. Simplified schematic showing hybrid PBR (left) and RWP (right) microalgae production system.

Moody et al. (2014) collected hourly biomass productivity data for

Nannochloropsis spp. from 4,388 simulation locations. These served as inputs to a thermal

growth model, which estimates microalgae production based on incoming solar

radiation, and a validated growth model based on reported production values. These

were combined to interpolate global near-term productivity potential. In this study, we

drew on the methods in Moody et al. (2014) Supplementary Materials and used the
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ArcGIS Geostatistical Analyst extension to develop a surface model based on biomass

yield point data to interpolate global values using an inverse distance interpolation

method.

Moody et al. (2014) assumed the highest global yield to be 14.8 g/m2/day or

54,034 kg/ha/yr. The U.S. Department of Energy, however, estimates the maximum

global yields for 2020 to be 25g/m2/d for Nannochloropsis spp. (US DOE, 2016). To

represent these more ambitious yield estimates, we scaled the Moody (2014) dataset by

multiplying each pixel by a factor of 1.69 to provide an upper-bound for global

microalgae production potential. Results were compared across yield potentials.

Figure 2. Biomass yield point data interpolated for full spatial coverage. Dots show sites of hourly

biomass yield data collection from Moody et al. (2014). Data represent current expected yields.
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While Beal et al. (2015 & 2018) model the cultivation of Nannochloropsis spp., this

strain is selected for its high lipid content. Optimizing instead for protein content, we

examine Chlorella spp. and Spirulina spp., the two microalgae species that currently show

the greatest promise for commercial-scale human nutrition (Becker, 2004; Leu &

Boussiba 2014; Becker, 2007; Bleakley & Hayes, 2017). Literature review indicates an

average protein content of ~55% for these strains (see Supplementary Materials for the

full range of values across multiple strains). We thus assumed an average protein

content of 55% for microalgae biomass. Extraction efficiency was assumed to be 90% per

Correa et al., 2018.

Additionally, aquaculture literature has shown many viable strains exclusive to

marine waters that could become commercially cultivated for human nutrition (de Jesus

Raposo et al., 2013). At least 13 strains of microalgae have already been approved for

human consumption by the European Union, including Dunaliella salina, Odontella

aurita, and Tetraselmis Chuii (Jubeau, Personal Communication, 2020; European

Commission, 2017; Enzing et al., 2014). These strains also have average protein contents

comparable to Spirulina and Chlorella. Literature has shown recorded protein contents

of 57% for Dunaliella salina (Trivedi et al., 2015; Figueroa-Torres, 2020), 48% for

Odontella aurita (Figueroa-Torres, 2020), and 31-46% for Tetraselmis Chuii (Barkia et al.,

2019; Brown, M.R., 1991; Tibbe�s et al., 2015). Despite the current dominance on
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freshwater strains, there is increasing use of marine strains especially in areas with

limited freshwater access. Most prominently, the extraction of marine polyunsaturated

fa�y acids like EPA and DHA are pushing marine strains towards the utility of human

nutrition (Peltomaa et al., 2018).

Assessing global viability of marine microalgae production along two axes

As discussed in the previous section, we assumed a hybrid photobioreactor-raceway

pond cultivation system in our modelling. While PBRs offer flexibility in siting so long

as sufficient energy and light are provided, RWPs rely on key inputs that heavily

influence where microalgae production can be viable: high rates of incoming solar

radiation, access to saltwater, and large parcels of flat land (Moody et al., 2014; Correa et

al., 2018). Beyond basic site suitability, however, a number of factors can determine the

success or failure of new industries (Castaño et al., 2015). It is therefore important to

take into account social, political, economic, and infrastructural considerations to help

guide implementation. Toward this end, this study assessed the suitability of

microalgae production for human nutrition across two viability schemes.

Drawing on theoretical yield potentials, basic geophysical suitability of sites for

marine microalgae production was first assessed, as described in Table 2. Following

similar methods to those in Correa et al. (2018), which modelled microalgae production
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as a feedstock for third-generation biofuels, we used ArcGIS’s Geostatistical Analyst

extension to overlay biomass production potential per Moody et al. (2014) (see

Microalgae yield potentials section), access to seawater, and terrain slope geospatial data

layers.

Table 2. Geophysical viability assessment data layers.

Objective Data Layer(s)

Minimize distance to ocean water - Oceans, NaturalEarth.

Minimize terrain slope - Global elevation, EEA.

Maximize microalgae productivity - Biomass productivity, Moody et al. (2014).
- Scale factor, DOE.

Maximize wind power potential - World Bank Global Wind Atlas

Exclude developed land parcels - Urban areas, NaturalEarth.

Exclude protected areas - World Database on Protected Areas,
UNEP.

The second axis of viability assessed was economic and socio-political viability. World

Bank business favorability index and price level ratio data represented the ease of

developing new microalgae production plants but were patchy at the country-scale due

to lack of reporting by some countries; for those countries, the regional index provided

in the data sheet was assigned.
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Table 3. Economic and socio-political viability data layers.

Objective Data Layer(s)

Minimize distance to transportation
networks

- Roads, NaturalEarth.
- Railroads, NaturalEarth.

Minimize distance to existing CO2 sources - Carbon waste-streams, European
Commission.

Minimize distance from existing power
generation

- Global power plants, IEA.

Minimize labor and resource costs - Price level ratio, World Bank.

Maximize ease of doing business - Ease of doing business index, World Bank.

Maximize microalgae productivity - Biomass productivity, Moody et al. (2014).
- Scale factor, DOE.

Maximize access to markets & need - Food and agriculture projections to 2050,
FAO, 2018a.

Exclude developed land parcels - Urban areas, NaturalEarth.

Exclude protected areas - World Database on Protected Areas,
UNEP.

Across both viability schemes, pixel size was set to 100 hectares, approximately

the extent of an industry-scale microalgae “farm,” as detailed in Beal et al (2018). To

convert yield values detailed in the Methods section, Global yield potentials, the following

calculation was used:

𝑘𝑔
ℎ𝑎 * 100 ℎ𝑎

𝑝𝑖𝑥𝑒𝑙
100−ℎ𝑎

* 1 𝑡𝑜𝑛𝑛𝑒
1000 𝑘𝑔 = 𝑡𝑜𝑛𝑛𝑒

100−ℎ𝑎
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For all viability schemes, protected areas, cities, and bodies of water were automatically

excluded from consideration.

Data layers for each viability scheme were first transformed to conform to a

suitability index ranging from 0 (not suitable for microalgae production) to 1 (optimally

suited to microalgae production). As in Correa et al. (2018), suitability layers were

developed using fuzzy logic, applied via sigmoid or linear functions to transform data

layers values into suitability scores. This method uses a membership function to assign

suitability scores on a scale that ranges from 0 to 1. Based on Raines et al. (2010) linear

functions were defined as:

Here, 𝑥 represents pixel value, 𝑚𝑎𝑥 the data layer’s maximum pixel value, and 𝑚𝑖𝑛 the

data layer’s minimum pixel value.

Sigmoid functions with large membership were defined as:

And sigmoid functions with small membership as:
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In these functions, 𝑓1 is the spread of the function (defined as 5) and 𝑓2 the membership

midpoint. Midpoints were informed by literature review and assigned a suitability

value of 0.5 (see Supplementary Materials).

Fuzzy logic layers were overlaid using ArcGIS 10.7.1. Set theory was applied in

combining these layers—boolean operators AND/OR were used instead of assigning

weights. The AND operator retrieved the layers’ lowest value, which ensured that the

outcome data layers maintained the lowest value pixels. OR retrieved the highest value

to maintain the highest value pixels. This approach, based on set theory, allows the

combining of the fuzzy layers without the use of weights.

The final suitability layer for microalgae biomass production combined layers

using the AND operator. Layers for each of the goals were overlaid, with the exclusion

of protected areas (UNEP-WCMC & IUCN, 2021), water bodies (Lehner & Döll, 2004),

and urban areas (Schneider et al., 2009). Using the output of the microalgae production

model developed in ArcGIS, sites with suitability scores in the 75th percentile were

extracted as a table containing unique site IDs, suitability scores, and biomass

production potential. The extracted table was used to explore the protein production

scenarios. Of the candidates, we assumed that 80% of the area could be put toward

microalgal cultivation, leaving 20% for necessary infrastructure per Wigmosta et al.

(2011).
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Life-cycle assessment of microalgae production

Drawing on Beal et al. (2018), we assume the following energy requirements and

impacts for marine microalgae production. Beal et al. (2018) assume fossil sources of

energy, which are considered here. However, Beal et al. (2015) notes that most negative

environmental effects associated with marine microalgae production stem from

electricity generation, and both Parodi et al. (2018) and Beal et al. (2015) highlight the

source of electricity as marine microalgae production’s largest source of emissions. Beal

et al. (2015) also note the compatibility of wind energy with marine microalgae

production systems, however, and thus we additionally adapt the LCA and TEA for

wind energy. To adapt the LCA, we turn to Dolan & Heath (2012), which found median

global onshore wind power lifetime greenhouse gas emissions to be 11 g CO2-eq/kW

(conversion: [11 g CO2e/kWh] * [1 kWh/3.6MJ] = 3.056g CO2e/MJ).

Table 4. Lifecycle assessment of marine microalgae production using wind energy.

Inputs Value (X)

Energy
Equiv.
(MJ/X)

Energy
Impact
(MJ/d)

GHG
Impact (g

CO2e/d)

GHG (g

CO2e/d)

Cultivation
Water Supply Electricity (MJ/d) 27,300 2.65 72,300 3.055555556 83,417
Volume Transfer Electricity
(MJ/d) 7,210 2.65 19,100 3.055555556 22,031
PBR Airlift Circulation
Electricity (MJ/d) 12,800 2.65 34,000 3.055555556 39,111
Pond Circulation Electricity
(MJ/d) 33,600 2.65 89,000 3.055555556 102,667
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Nutrient Stock Tank Mixer
(MJ/d) 564 2.65 1,490 3.055555556 1,723
Carbon Dioxide Consumed
(kg/d) 49,400 8.9 440,000 910 44,954,000
Ammonia Consumed (kg/d) 1,540 40.5 62,500 2090 3,218,600
DAP Consumed (kg/d) 537 28.7 15,400 1470 789,390
PBR Plastic (m2/d) 3,060 2.01 6,160 272 832,320

Cultivation
Energy
(MJ/d) 740,000

Cultivation
GHG (g

CO2e/d) 50,043,258

Harvesting
Pump Secondary Sludge (MJ/d) 26.7 2.65 70.6 3.055555556 82
Filter Press Operation (MJ/d) 1,110 2.65 2,950 3.055555556 3,392

Harvesting
Energy
(MJ/d) 3,020

Harvesting
GHG (g
CO2e/d) 3,473

Extraction
Extraction Electricity (MJ/d) 1,460 2.65 3,860 3.055555556 4,461
Ethanol (kg/d) 201 45.9 9,220 1090 219,090
Acetyl Chloride (kg/d) 60 124 7,420 7670 460,200
Extraction Heat (MJ/d) 184,000 1.3 239,000 80 14,720,000
Solvent Consumed (kg/d) 101 22.3 2,240 320 32,320
Cooling Water (m3/d) 4.47 5 22.3 0 0
Steam (kg/d) 30.3 2.8 84.9 0 0

Extraction
Energy
(MJ/d) 262,000

Extraction
GHG (g

CO2e/d) 15,436,071

Energy Input
(MJ/d) 1,010,000

Total GHG

(g CO2e/d) 65,482,803
Total Algae Yield for Facility (kg/d) 20,200
GHG per kg Algae (kg CO2e/kg) 3.241722906

In addition to those assumptions made above, and to meet direct energy

requirements (water supply electricity, volume transfer electricity, PBR airlift

circulation electricity, pond circulation electricity, nutrient stock tank mixer, pump
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secondary sludge, filter press operation, extraction electricity), a sum total of 203 kWh is

needed per hectare per day. Converting to annual kWh, this figure is multiplied by 111

hectares and 347 days of operation annually (per Beal et al., 2018) to get 7,818,951

kWh/year.

As described in the previous section, suitable sites were identified along two axes

of viability: geophysical, and economic and socio-political. Data for suitable sites were

then extracted to table format for analysis. Each row of the resulting spreadsheet

represents one 100-ha “farm” site with its biomass yield and suitability score.

Harvestable area per pixel was assumed to be 80% per Correa et al. (2018), as 20%

would be dedicated for infrastructure. Extraction efficiency was assumed to be 90% per

Correa et al. (2018). Protein content can vary widely across microalgal strains and

geography, with Becker (2004) reporting values between 40% and 70%. Thus, protein

content was assumed to be 55% (protein content was assumed to be 40% in Beal et al

(2018) for strains selected for lipid production). Other values within the range were also

considered (see “Sensitivity analysis” section). Running sums of biomass outputs from

sites, ranked by suitability, were collated for each suitability score (geophysical

viability; economic and socio-political viability; and competing societal priorities

viability). In another column, the running totals were divided by the protein demand

benchmarks (totals for 2030, 2040, and 2050, as well as the differences between 2020 and

each of these decades) to determine shares met.
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Techno-economic analysis of global production

The 111-ha facility from Beal et al. (2015) was used as the basis for the techno-economic

analysis in this study. Costs were adjusted to reflect costs in each country using the

World Bank price level ratio of country-level purchasing power parity (PPP) compared

with the U.S. dollar. This ratio measures the differences in countries’ price levels by

comparing the amount of U.S. dollars needed to buy the same goods (World Bank,

2021). Because Beal et al. (2015) conducted TEA for a pilot facility in Thailand, ratios

were adjusted to compare with Thailand’s PPP (see Supplementary Materials for all

multipliers and total country-by-country costs). Thailand was selected for this study in

order to build on analyses conducted in Beal et al. (2015) and (2018); however, this is

only meant to serve as an example of potential facility placement and associated costs.

Similar TEAs could be conducted for other countries by adjusting costs using PPP for

the country of interest. The Thai Baht lost value between 2015 and 2021, leading to a

decrease in overall costs described here. However, it is possible that this leads to an

underestimation of current costs.
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Table 5. Capital costs for 100-hectare marine microalgae facility with costs adjusted to 2020 equivalents.

Capital Costs

Item
2015 Cost ($/ha for
Thailand) 2020-adjusted cost ($/ha for Thailand)

Water Supply Equipment $27,400 $24,908
Water Supply/Discharge Piping $170 $155
PBR System $1,420 $1,291
PBR Piping $5,390 $4,900
Pond System $77,100 $70,087
Pond Piping $28,800 $26,180
CO2 Piping $50 $45

Secondary Se�lers (earthworks & liner) $315 $286
Ring Dryer $14,300 $12,999
Filter Press $10,400 $9,454
Instrumentation + control $6,550 $5,954
Other Piping $40 $36
Electrical $11,500 $10,454
Buildings $30,800 $27,998
Land Preparation $20,600 $18,726
Other $26,000 $23,635

Total per-Hectare Cost $3,319,755 $290,669
Total Facility Cost $331,975,500 $29,066,900

Table 6. Annual labor costs for 100-hectare marine microalgae facility with costs adjusted to 2020
equivalents.

Labor Costs

Position & Function
Annual Pay
($/employee)

Number of
Employees

Total Cost per Year
(for Thailand)

2020-adjusted cost
($/yr for Thailand)

Harvest technician: Harvest &
inoculate ponds 4750 17 $80,750 $73,405
Processing tech: Operate
processing equipment 6380 3 $19,140 $17,399
Plant engineer: Plant
maintenance 9910 5 $49,550 $45,043
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Lab technician: Scale-up +
QA/QC 9820 10 $98,200 $89,267
IT engineer: Process control
system 13900 2 $27,800 $25,271
Production manager: Operations 17800 1 $17,800 $16,181
Franchise manager: Overall
administration 32400 1 $32,400 $29,453
Sales manager: Sales &
marketing 24500 1 $24,500 $22,271
Accounting: Fiscal management 21100 0.5 $10,550 $9,590
Human resources: Personnel 21100 0.5 $10,550 $9,590

Total Annual Cost $371,240 $337,470

In addition to the costs listed in tables 5 and 6, the annual electricity use of

7,818,951 kWh was assumed to be purchased from wind energy producers. We used the

global average cost of wind energy in 2019 provided by the International Renewable

Energy Agency, USD 0.053/kWh, to estimate annual electricity costs of $414,404 for the

facility.

Production scenarios through mid-century

For illustrative purposes, we considered the environmental effects of replacing 5%, 10%,

25%, 50%, 75%, and 100% of projected protein intake through 2050. To do so, we used

global average values for traditional protein sources identified above compared against

the environmental impacts of marine microalgae identified by the LCA in this study.

We also compared the costs of these dietary shifts, using data on global average costs
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for traditional protein sources (IMF, 2021) and this study’s TEA for microalgae. Costs

were assumed to remain constant through 2050.

Results

Global protein needs through mid-century and associated environmental impacts

FAO projections for global food consumption were collected from The future of food and

agriculture: Alternative pathways to 2050 online database (FAO, 2018a), as detailed in this

paper’s methods section. We then determined total protein needs for each country by

2030, 2040, and 2050, as well as the net change in protein needs between 2020 and 2050,

as shown in figure 2. We estimate the world will need approximately 54.8 billion metric

tons of protein by 2030, 58.4 billion metric tons by 2040, and 61.6 billion metric tons by

2050, compared with 42.7 billion metric tons in 2012. This means that global production

of protein will need to increase by 18.9 billion metric tons by 2050 compared to 2012

levels, or approximately 40%. We see the greatest increases in protein needs between

2012 and 2050 in the Sub-Saharan Africa region, which increases its protein supply by

more than 56 billion metric tons, or over 300%. Latin America and the Caribbean see the

second largest increase: almost 20 billion additional metric tons, or nearly 40%. China

and Russia show negative change because of a decrease in projected population sizes.
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Figure 2. Net change in protein requirements between 2020 and 2050. Grey coloring indicates lack of data.

Multiplying the projected quantities of high-protein foods consumed annually

through 2050 by associated environmental impacts, as reported in Poore & Nemecek

(2018), allowed us to establish a business as usual baseline for protein-based food

system footprints through mid-century. The Mercator Research Institute on Global

Common and Climate Change rely on IPCC’s Sixth Assessment Report to produce

real-time estimates of the remaining carbon budget for a 67% chance of meeting the 1.5°

and 2°C targets, providing figures of 331.46 Gt and 1,081.46 Gt respectively as of

September, 2021 (MCC, 2021). The planetary boundaries framework additionally

identifies a remaining global budget of 4,000 km3/yr of freshwater for human use, 6.2

Tg/yr of phosphorous for agriculture and 62 Tg/yr of nitrogen (Rockström et al., 2009).
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There is also the need to cap total global land use for agricultural purposes at 15%

(Rockström et al., 2009), to halt ecosystem loss and achieve global ecosystem restoration

of 15% or greater by 2050 (Convention on Biological Diversity, 2021).

Business as usual protein consumption from 2021 to 2050 would see the addition

of 401.47 Gt of CO2-eq with climate change feedbacks or 358.09 Gt of CO2-eq without

accounting climate change feedbacks—each greater than the remaining carbon budget

of 331.46 Gt for the 1.5°C target and approximately 30 - 40% of the remaining budget for

a 2°C target. It would also require an average of 63,988.51 km3 of stress-weighted water

per year or an annual 1,834.88 km3 without stress-weighting; the la�er almost half of all

human water consumption allowances under the planetary boundaries framework. The

framework further specifies a limit of 15% of total land use to go toward agricultural

purposes. The FAO reports total ice-free land to be 13.4 billion hectares, of which 24% or

3.2 billion hectares are potentially arable. Fifteen percent of total ice-free land would

thus be 2.01 billion hectares (62.8% of potentially arable land). Meanwhile, our estimates

show that business as usual protein production and consumption would require 4.43

billion hectares of land in 2050, which would exceed the planetary boundary by a factor

of greater than two and the total amount of potentially arable land by a factor of 1.4.

Finally, an additional 1.84 Gt PO4
3-eq and 2.63 Gt SO2-eq would be expected to be

emi�ed. Specifically, we find that beef and veal, milk, and pigmeat will continue to be

the leading sources of protein-based emissions, as shown in figure 3.
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Figure 3. Cumulative global CO2-eq emissions from consumption of various protein sources through 2050
under the FAO business as usual scenario.

Geospatial viability of marine microalgae production

Based on the inputs described in the methods section, geophysical viability was found

to be highest in tropical and subtropical coastal regions. Figure 4 shows the output of

the geophysical viability model for land within 50km of coastline, and figure 5 indicates

sites that rose above mean geophysical viability (per Correa et al. (2018)). Figure 6
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shows the results of the socioeconomic viability assessment, which figure 7 overlays

with geophysical viability.

Figure 4. Global geophysical viability of marine microalgae production.

Figure 5. Sites above mean geophysical viability for marine microalgae production in raceway ponds and
PBRs within 50km of coastline.
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Figure 6. Socioeconomic viability for marine microalgae production. Red indicates high viability, blue
low, and white insufficient data.

Figure 7. Sites above mean geophysical viability for marine microalgae production overlaid with
socioeconomic viability. Red indicates high viability, blue low, and white insufficient data.
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Resource inputs to fill protein gaps with marine microalgae

Optimizing for land sparing, 51,013 sites were necessary to meet 100% of global

protein needs in 2050. Each of these sites is 111 ha (compared with 100ha pixel size),

and so 51,013 * 111 ha = 5,662,443 ha were necessary under optimization. These sites are

shown in figure 5 and can be compared with present land use for intensive grazing and

agriculture in figure 6. If all optimal sites were exploited, producing 100% of anticipated

protein needs for the global population of 2050 using marine microalgae would require

0.1% of the amount of land currently used for agriculture.

Figure 8. Optimized site selection to meet 100% of 2050 protein demand minimizing global land use.
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Figure 9. Optimized site selection to meet 100% of 2050 protein demand minimizing global land use (red
pixels, highlighted using red circles). Current global land used for intensive grazing (green) and
agriculture (blue) shown for reference.

The LCA conducted in this study yielded an average carbon footprint for marine

microalgae of 3.24 kg per metric ton. This can be compared with protein sources

selected from Poore & Nemecek (2018), as shown in figure 6.
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Figure 10. Comparative CO2-equivalent emissions footprints of various protein sources per kg of food
product. Red dashed line allows for comparison of traditional protein sources’ impacts with those of
microalgae.

If marine microalgae were to replace 10% of business as usual protein consumption in

2050, the world could prevent 1.27 Gt of CO2-eq emissions and a cumulative 35.75 Gt

CO2-eq between 2021 and 2050. A 25% replacement scenario for 2050 would prevent

3.12 Gt of CO2-eq emissions in the single year or 89.36 Gt between 2021 and 2050.

Replacing 50% of protein from marine microalgae would spare 6.35 Gt in 2050 and

178.73 Gt cumulatively between 2021 and 2050. 75% replacement saves 9.53 Gt in 2050

and 268.09 Gt cumulatively over the 2021 - 2050 period. Finally, 12.71 Gt would be

spared in 2050 in a 100% protein replacement scenario, and 357.46 Gt between 2021 and
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2050 is 100% of present high-protein foods were immediately replaced with marine

microalgae.

Assuming a facility production rate of 20,000 kg/day of algal biomass and 347

working days per Beal et al. (2018), the model facility in Thailand produces 7,009.4

metric tons of biomass per year. Total costs (capital costs and operational costs) in the

first year of operation are $27,070,901 total, meaning a per-ton cost of $3,862.09.

However, levelized across the first 10 years of facility operation, annual costs are

$3,383,777 and so per-ton costs are $482.75. Despite its potential environmental

advantages, marine microalgae show higher initial costs than some traditional protein

sources, as shown in figure 11: soy costs $349.88 per metric ton, beef $4,418.84, and

shrimp $7,333.76. While marine microalgae in its first year of facility operation would

be cheaper on average than seafood, its costs would be expected to exceed those of

terrestrial protein sources. However, levelized across ten years of operation, microalgae

outperforms all protein sources except soybeans, soybean meal, and dairy.
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Figure 11. Comparative per-ton costs of traditional protein sources and marine microalgae.

Country-level viability snapshots

Several countries emerged as particularly promising for marine microalgae production,

as shown in table 7, which ranks the 20 countries with the greatest number of

geophysically viable sites.
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Table 7. Top 20 countries in terms of sites available for marine microalgae above mean geophysical
viability within 50km of coastline. Countries marked with asterisks (*) had low socioeconomic viability
scores or lacked sufficient data to assess socioeconomic viability.

Rank Country Viable sites (number) Viable sites (area in ha)

1 Australia 625701 6.25701E+11

2 Brazil 321309 3.21309E+11

3 India 290408 2.90408E+11

4 Somalia* 244782 2.44782E+11

5 Madagascar 223620 2.2362E+11

6 Mexico 191651 1.91651E+11

7 Saudi Arabia 166754 1.66754E+11

8 Mozambique 151490 1.5149E+11

9 Indonesia 143264 1.43264E+11

10 Yemen 132710 1.3271E+11

11 Papua New Guinea* 116360 1.1636E+11

12 Oman 87133 87133000000

13 Cuba* 79117 79117000000

14 Angola* 73513 73513000000

15 Chile 67072 67072000000

16 Egypt 66226 66226000000

17 Eritrea* 54689 54689000000

18 Pakistan 53624 53624000000

19 Tanzania 52029 52029000000

20 Sudan* 51779 51779000000

Producing marine microalgae in Brazil, India, and Madagascar could be

especially a�ractive for industry given their high socioeconomic viability and positions

within the three continents that face the largest protein gaps between present day and
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2050 (South America, Asia, and Africa respectively). Sites with high viability in these

three countries are shown below in figures 11 to 13.

Figure 12. Sites above mean global geophysical viability for marine microalgae production in Brazil.

36



Figure 13. Sites above mean global geophysical viability for marine microalgae production in India.

Figure 14. Sites above mean global geophysical viability for marine microalgae production in
Madagascar.
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Discussion

Food systems threaten multiple planetary boundaries

Food systems already pose significant threats to multiple planetary boundaries.

Growing need for protein poses threats to biodiversity and climate stability,

necessitating scalable, sustainable alternatives. Indeed, changes to global consumption

are necessary to stabilize the climate system as prescribed by the Paris Climate

Agreement—in as li�le as 10 years, humanity may exceed its carbon budget to remain

below 1.5 degrees Celsius (IPCC, 2018). Despite its potential contributions to climate

change, food security crosscuts a number of UN Sustainable Development Goals

(SDGs). SDG2, which is to achieve zero-hunger by 2030, is especially relevant—a goal

that the global community has agreed is necessary to achieve in coming decades. Taken

together, although changes to food systems are likely necessary to stabilize global

biodiversity and climate change, solutions that reduce access to high-quality protein (a

critical macronutrient for human health) would threaten other critical global goals.

The analysis conducted in this study assumes that the sustainability of food

production and distribution remains constant through time, an assumption that some

have challenged in the literature. One solution to food system unsustainability may be

to increase trade and make it more efficient in delivering goods from water-scarce to

water-abundant regions. This would require an increase in trade flow between 10 and
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20% by 2050, however, which poses serious geopolitical challenges (Pastor et al., 2019).

Increased trade is also likely to rely on heavy transport, shipping, and/or

aviation—pollutive industries for which sustainable fuel alternatives do not yet exist

at-scale, as discussed previously. Incremental changes like increasing urban agriculture,

shifting agriculture to appropriate ago-climate regions, and developing vertical

agriculture could drastically improve agriculture’s environmental footprints (Pastor et

al., 2019). However, these practices would need to be implemented en masse to deliver

sizable results and are still unlikely to solve uneven distribution of global nutrition—in

fact, they may well exacerbate it.

Microalgae can help transition food systems, but other measures are necessary

Despite its increased use for food applications and a growing nutraceutical

market, marine microalgae has been under-researched for its ability to meet human

nutritional needs while helping decrease strains on planetary boundaries. In this work,

we show that substituting marine microalgae for dominant protein sources, especially

those with large environmental footprints like red meat, can help to reduce greenhouse

gas emissions by tens or even hundreds of gigatons of CO2-equivalents. Given its

minimal freshwater footprint, marine microalgae substitution could also help to keep

the world within its water use quota under the planetary boundaries framework.

Further, as demonstrated in the geospatial analysis conducted in this work, delivering
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100% of human protein in 2050 would require a fraction of the land currently used for

agriculture and grazing purposes. Together, microalgae could be an important

contribution to global sustainability goals.

A growing body of literature focuses on using marine microalgae for aquaculture

feeds. Indeed, sustainable aquaculture is a likely component of future carbon-neutral or

-negative diets, and could have important implications for biodiversity. Approximately

30% of wild fish catches are used for aquaculture feeds, and even higher proportions of

herbivorous fish like anchoveta and menhaden—fish stocks that support higher trophic

levels. Depletion of the fisheries necessary to support aquaculture can thus lead to the

depletion or even collapse of economically important populations like tuna. In this way,

some forms of aquaculture do not, as they often claim, ease stress on natural fishery

systems but rather have the opposite effect. The aquaculture industry is one of the

fastest growing in the food sector, rising 8.8% per year between 1980 and 2010. Previous

studies have demonstrated the sustainability benefits of substituting marine microalgae

for traditional feeds. With enough capital investment, microalgae could efficiently

supplant aquafeed fishing industries while providing comparable nutritional benefits

for raised fish (Beal et al., 2018).

Although microalgae can vastly improve the sustainability of existing

aquaculture, finfish aquaculture alone is unlikely to meet all of humanity’s protein

needs. Indeed, growth in global aquaculture has in some cases been highly pollutive in
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greenhouse gases, especially where land use change from carbon sinks to aquaculture

farms are concerned (Yuan et al., 2019). As the world struggles to feed its growing

population, one way to produce protein-rich biomass without freshwater or arable land

is to grow marine microalgae. Given its naturally “fishy” taste, microalgae are being

explored as the basis for alternative seafoods. This novel source of nutrition can also be

relied on to produce year-round, as well as within days rather than seasons or years, as

with livestock and traditional agriculture (Qari et al., 2017). By incorporating

microalgae into its diets, society can thus maximize sustainability, social benefit, and

economic output.

Microalgae’s profitability will rely on efficiency improvements and cost reductions

This analysis shows that marine microalgae is not cost-competitive with many

traditional sources of protein, including soy and beef, in the first year of facility

operation. However, after 10 years or more of the facility’s operation, microalgae is

cost-competitive with other sources of protein and cheaper than most. In order to

succeed in supplanting other sources of protein, as modelled in this study, it is likely

that reductions in the capital costs for marine microalgae production would be

beneficial to be an a�ractive business venture. It is worth noting that per-ton costs were

estimated based on conservative yield estimates, whereas higher yields would bring

costs down significantly.
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In recent years, microalgae cultivation efficiency has increased in spurts as new

technologies, techniques, and strains are developed. Individual advances have at times

even improved biomass yields by upward of 100%, but more commonly between 40%

and 80% (Sun et al., 2018; Benede�i et al., 2018). In this study, we did not include the

potential for future improvements to microalgae growing methods as this kept our

microalgae projections comparable to reference FAO and Poore & Nemecek (2018) data.

It is therefore possible that, given trends of increased system efficiency, microalgae

yields could exceed those values assumed here. Further, local strains could be selected

and cultivated to maximize biomass growth and protein content based on local

conditions, which could boost yields.

Correa et al. (2018) considers salt, brackish, and freshwater sources. Given the

increased scarcity of freshwater, we did not include freshwater in this study; however,

local conditions, especially as microalgae displaces (partially or fully) other, less

sustainable food sources, may mean that freshwater could be used for these systems,

opening additional opportunities for siting and potential cost reductions.

Finally, one of the largest capital costs of marine microalgae presented in this

study is construction of wind turbines to supply energy. As the cost of renewables

continues to fall, the overall cost of microalgae production with wind energy will as

well. The IEA projects installed costs for wind to continue to decrease in coming years

(IEA, 2020).
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Roadmapping future directions for marine microalgae protein

Koyande et al. (2019) note that microalgae potential for human consumption has

largely been underexploited today because of lack of incentives for producers and lack

of public awareness. Combined with the high costs demonstrated in this study, marine

microalgae’s viability as a widespread source of human nutrition faces challenges. One

of the reasons for low costs among other protein sources, however, is access to

government subsidies, incentives, and dietary guidelines, none of which currently exist

for microalgae at large scale. Indeed, national dietary guidelines (NDGs), public

documents endorsed by governments, are important policy tools for food system

reform. Currently, over 100 countries have NDGs already or are in the process of

developing them. NDGs tend to encourage high consumption of fruits and vegetables

and less sugar and salt; however, only 25% of NDGs include recommendations to

reduce meat intake (Loken et al., 2020; Wille� et al., 2019). In addressing demand-side

changes, governments of wealthy nations should continue to develop guidelines that

encourage reductions in meat consumption.

Further advances in marine microalgae should include resource recycling,

especially for nutrient inputs. Considerable research has demonstrated the application

of marine microalgae for wastewater treatment, including industrial and municipal

sources. However, more research is needed to see whether microalgae that process

wastewater are compatible with human nutrition and what other synergies could exist
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between various applications of microalgal cultivation to increase sustainability and

lower costs.

Conclusion

Overall, marine microalgae show great promise to help humanity decrease its

environmental footprint while promoting human health. In particular, the carbon

dioxide-equivalent emissions and freshwater saved by replacing traditional sources of

protein with marine microalgae could help to keep the world within planetary

boundaries, which food systems currently threaten. Advances toward increasing yields

and decreasing resource inputs will likely play an important role in lowering the unit

costs of microalgae, which currently present the largest hurdle to its widespread

adoption.
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