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Chapter 1: Introduction 

 50 million years ago, warm temperatures of the Eocene left the Earth with a stratified, nearly 

landlocked sea at the North pole with a thin freshwater layer on its surface and a highly salty anoxic layer at 

depth. Over the course of 1.2 million years, summertime blooms of the rapidly growing freshwater fern 

Azolla occurred across the surface of this sea. Seasonally, light limitation would cause mass die-off of the fern 

causing it to sink. Then, because of the lack of mixing and the anoxic conditions, 1.2% of total Azolla 

biomass would become trapped in sediments on the sea floor without decomposing. Over the course of the 

1.2 million years, between 3.3*1012 and 1.28*1013 tons of carbon dioxide would be sequestered, corresponding 

to a reduction in atmospheric carbon dioxide by between 55 and 470 ppm and playing a large role in the 

transition from a greenhouse to an icehouse earth, which lasts to this day.1 

 Today, a carbon sequestration event of similar magnitude to the Azolla event is needed; yet while 

Azolla was sequestered over 1 million years an anthropogenic carbon removal event must happen in decades. 

In the ongoing climate crisis, historic emissions have caused diverse and detrimental environmental effects 

with widespread repercussions on human health and livelihoods. Regardless of the emissions reductions 

approaches that are adopted in the coming years, the time delay in the equilibration of the Earth’s climate 

system makes further warming inevitable for much of the next century. Reducing these effects demands 

carbon dioxide removal (CDR). CDR is the process by which carbon dioxide or other greenhouse gases are 

removed from the atmosphere and sequestered. Sequestered carbon is isolated from the oceanic and 

atmospheric reservoirs of carbon that are driving the worst effects of climate change. The Intergovernmental 

Panel on Climate Change cites a minimum needed negative emissions (equivalent to CDR) total of 220 Gt 

 
1 E. N. Speelman et al., “The Eocene Arctic Azolla Bloom: Environmental Conditions, Productivity and Carbon 
Drawdown,” Geobiology 7, no. 2 (2009): 155–70, https://doi.org/10.1111/j.1472-4669.2009.00195.x. 
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CO2 in order to achieve goals of limiting warming to 1.5 C.2 Furthermore, CDR at the gigaton scale is a 

crucial component of most if not all scenarios that achieve net zero or net negative emissions.3 

 Based on the acute need for CDR, many different approaches for removal are under varying degrees 

of research or implementation. I offer a distinction between two types of CDR projects which suggests a 

project’s ability to be pursued at scale, and the limiting factors to its effective deployment. In type I CDR, 

each individual parcel of land used for the project has a limit to the amount of removal it can accommodate, 

regardless of time scale. CDR projects of this first type include reforestation and afforestation, where the 

planting of forests or other vegetation on sites where little vegetation exists increase carbon sequestration in 

biomass during the process of growth.4 However, the sequestration capacity of a parcel of land is ultimately 

limited by the carbon capacity of the forest. Additionally, future land use changes on an afforestation parcel 

would cause the re-emission of stored carbon. Enhanced weathering is another type I CDR technique. 

Enhanced weathering is the process by which the chemical weathering reaction—whereby carbon is 

sequestered into carbonate or silicate rocks, the primary process which has regulated the Earth’s carbon cycle 

on geological timescales—is promoted by increasing the surface area of rocks that can be used for 

 
2 IPCC, “Climate Change 2023: Synthesis Report” (Geneva, Switzerland: Intergovernmental Panel on Climate Change, 
2023), 87, doi: 10.59327/IPCC/AR6-9789291691647. 
3 It should be mentioned that CDR is not without its detractors. Many have argued the risk of CDR in the context of 
negative emissions credits as prolonging continued reliance on fossil fuel emissions, meaning that CDR may not actually 
achieve the net negative emissions claimed when a whole energy system perspective is taken.1 Other work has addressed 
the uncertainties associated with many CDR approaches, especially those that proceed at a global scale (termed 
geoengineering), that can lead to uncertain effects for people and environments globally, the imposition of which are 
unacceptable or at least require substantial justification from an ethical standpoint.2, 3 Other potential objections from 
CDR could arise from the potential for future reemission of improperly sequestered carbon to the detriment of future 
generations, especially as the sale and purchase of carbon dioxide removal credits has outpaced the machinery for 
validating CDR projects. 
1. Kate Dooley, Zebedee Nicholls, and Malte Meinshausen, “Carbon Removals from Nature Restoration Are No 
Substitute for Steep Emission Reductions,” One Earth 5, no. 7 (July 15, 2022): 812–24, 
https://doi.org/10.1016/j.oneear.2022.06.002. 
2. Turaj S. Faran and Lennart Olsson, “Geoengineering: Neither Economical, nor Ethical—a Risk–Reward Nexus 
Analysis of Carbon Dioxide Removal,” International Environmental Agreements: Politics, Law and Economics 18, no. 1 
(February 1, 2018): 63–77, https://doi.org/10.1007/s10784-017-9383-8. 
3. Christopher J. Preston, “Ethics and Geoengineering: Reviewing the Moral Issues Raised by Solar Radiation 
Management and Carbon Dioxide Removal,” WIREs Climate Change 4, no. 1 (2013): 23–37, 
https://doi.org/10.1002/wcc.198. 
4 Harry B. Smith, Naomi E. Vaughan, and Johanna Forster, “Long-Term National Climate Strategies Bet on Forests and 
Soils to Reach Net-Zero,” Communications Earth & Environment 3, no. 1 (December 7, 2022): 1–12, 
https://doi.org/10.1038/s43247-022-00636-x. 
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weathering.5 Like afforestation, enhanced weathering is practically constrained by land use concerns because 

of the limited surface area available to distribute rocks for mineralization. Though the grinding of rocks 

allows for enhanced weathering to be deployed at a large scale on agricultural land, its scale is still ultimately 

capped in this respect. 

 The second type of CDR project is not limited by land use, but by other factors such as the supply of 

energy or materials. While this does not necessarily imply a lack of cumulative land requirement, the 

accumulating land requirement for Type II CDR is sufficiently small that other barriers to scaling are 

encountered first. Direct air capture (DAC) is one example of this land unlimited variety of CDR project. 

DAC entails the capture of CO2 from the atmosphere typically through relatively energy intensive chemical 

cycles using, for example, amines to fix the low concentration CO2 and later release it.6 Concentrated gaseous 

CO2 resultant from DAC is then sequestered in a conducive geological formation such as an aquifer or a 

(former) oil or natural gas reservoir. Alternatively, CO2 can be mineralized as it is during enhanced 

weathering. Though use of sequestration land for DAC does accumulate, estimates suggest that geological 

storage sites for captured carbon can accommodate thousands of gigatons of CO2, meaning that other 

factors, namely energy requirement, are prohibitive to scale.7 Another Type I CDR project is biomass energy 

with carbon capture and storage (BECCS). BECCS is essentially a combination of afforestation and DAC, 

where carbon dioxide is fixed by photosynthesis in forests or other vegetation which are then harvested and 

combusted. After combustion similar CO2 capture strategies to those used in DAC are applied (though at 

much higher efficiencies based on the concentration of CO2 in the flue gas) and carbon is similarly 

sequestered in geological sites.8 

 
5 Maya Almaraz et al., “Methods for Determining the CO2 Removal Capacity of Enhanced Weathering in Agronomic 
Settings,” Frontiers in Climate 4 (December 16, 2022), https://doi.org/10.3389/fclim.2022.970429. 
6 Moritz Gutsch and Jens Leker, “Co-Assessment of Costs and Environmental Impacts for off-Grid Direct Air Carbon 
Capture and Storage Systems,” Communications Engineering 3, no. 1 (January 16, 2024): 1–14, 
https://doi.org/10.1038/s44172-023-00152-6. 
7 Siyuan Chen et al., “A Critical Review on Deployment Planning and Risk Analysis of Carbon Capture, Utilization, and 
Storage (CCUS) toward Carbon Neutrality,” Renewable and Sustainable Energy Reviews 167 (October 1, 2022): 112537, 
https://doi.org/10.1016/j.rser.2022.112537. 
8 Clair Gough and Paul Upham, “Biomass Energy with Carbon Capture and Storage (BECCS or Bio-CCS),” Greenhouse 
Gases: Science and Technology 1, no. 4 (2011): 324–34, https://doi.org/10.1002/ghg.34. 
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 Ultimately Type I CDR projects tend to be lower cost, need less technology, and require less 

management of stored carbon, but their scale is constrained by limited land availability. Meanwhile, Type II 

CDR projects tend to be more demanding in terms of the science and engineering upon which they rely and 

for the time being at least, tend to have higher costs, but are more easily scaled. In this project I focus on a 

relatively novel CDR approach that seeks to combine the scalability of Type II CDR with the low cost and 

energy input of Type I CDR. 

 In many ways inspired by the history of rapid, large-scale biological carbon sequestration as 

performed by Azolla, here I propose an algal CDR system. Open air algal ponds can rapidly grow and 

accumulate biomass and carbon through photosynthesis much like in BECCS, but then algal biomass is 

harvested, dried and buried in arid desert land as a biomass-salt composite. Another sequestration approach 

could involve the drying of algal biomass before it could then be used as a fuel source for a biomass fuel 

plant. Then after capture from the flue gas byproduct of power generation, carbon dioxide could then be 

sequestered for long time periods through geological storage or mineralization. Such an algal Bioenergy with 

Carbon Capture and Storage (BECCS) system would benefit from the dearth of knowledge and infrastructure 

associated with geological carbon sequestration. However, limitations to the algal BECCS approach stem 

from the requirement of a second round of amine-based carbon capture (in addition to the algal carbon 

fixation) after combustion, the necessary infrastructure for BECCS combustion plants, and the high rates of 

NOx and ash production associated with algae as a combustion fuel source.9 10 As such this thesis considers 

the relatively novel sequestration method of biomass burial. 

Algal CDR is an exciting prospect because, due to their relative simplicity, single celled algae, such as 

cyanobacteria, grow faster than even the most prolific plant species like Azolla. Inspiration for this CDR 

project derives in part from the company Brilliant Planet, whose CDR model will serve as a guide and source 

of comparison throughout this thesis. Brilliant Planet is currently operating a CDR project—similar though 

 
9 Catherine Even et al., “Microalgae-Based Bioenergy with Carbon Capture and Storage Quantified as a Negative 
Emissions Technology,” Energy Nexus 7 (September 1, 2022): 100117, https://doi.org/10.1016/j.nexus.2022.100117. 
10 Hong Il Choi et al., “Performance and Potential Appraisal of Various Microalgae as Direct Combustion Fuel,” 
Bioresource Technology 273 (February 1, 2019): 341–49, https://doi.org/10.1016/j.biortech.2018.11.030. 
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not congruent to the one I propose—on a 30-hectare site in Akhfenir, Morocco.11 Though the Brilliant Planet 

model is an exciting one for prospects of achieving cost-effective and scalable CDR, I do not intend to review 

corporate practices with this thesis. Instead, I offer my own analysis of the most important issues that must 

be addressed in justifying an algal CDR project and I seek to evaluate the extent of its fiscal and social costs, 

as well as scalability. When these concerns compare with work or rhetoric advanced by Brilliant Planet, I will 

draw similarities, but this thesis will in many ways extend beyond the considerations voiced by Brilliant Planet 

in the body of academic writing and public statements that I could find. 

 This thesis considers algal CDR in a highly multidisciplinary fashion. Throughout this work I will 

draw methodology from biology, environmental science, engineering, economics, history and the social 

sciences. Given my varied methodology, in order to maintain depth I do limit my analysis in several ways. 

First, I confine the scope of my analysis to the Middle East and North Africa (MENA) region. This choice 

derives from the region’s suitability to the project in its possession of ample coastal desert alongside my 

personal experience with the region through concentrating in Near Eastern Languages and Civilizations. 

Second, I confine my analysis algal CDR to using the prokaryotic phytoplankton cyanobacteria. My choice to 

focus on cyanobacteria does not necessarily indicate them to be the ideal algal type for algal CDR—though 

they are of particular interest based on their characterization as the fastest growing photosynthetic organism.12 

Finally, I will frequently identify areas in which knowledge about the various social, legal, scientific, or 

engineering principles desired for implementing algal CDR are yet unknown in general or to me. I will 

highlight the importance of further research in these directions. Thus, this thesis will not provide a complete 

operational design and plan for algal CDR, but instead a justification of whether the creation of such a plan is 

worthwhile. 

 In the course of justifying an algal CDR project, I will address several important issues. First, in 

chapter 2, I consider the issue of nutrient depletion as an environmental side effect of algal CDR and propose 

a strategy to mitigate it. In chapter 3, I examine the issue of the long timescale over which carbon must be 

 
11 “Brilliant Planet,” 2022, https://www.brilliantplanet.com/. 
12 Isabella M. Goodchild-Michelman et al., “Light and Carbon: Synthetic Biology toward New Cyanobacteria-Based 
Living Biomaterials,” Materials Today Bio 19 (February 11, 2023): 100583, https://doi.org/10.1016/j.mtbio.2023.100583. 
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sequestered in CDR and engage with the issue of biomass decomposition. In chapter 4, I use global 

information systems to evaluate the potential long-term costs and scalability of an algal CDR project and in 

doing so demonstrate some of the sites most promising for project implementation. In chapter 5, I turn to an 

Egyptian case study and examine algal CDR from the context of its ethical implications for the residents of 

the locations in which it would be deployed and seek strategies to prevent implementation in an extractive 

and reductive fashion. In chapter 6, I consider the political limitations on algal CDR through interests and 

frameworks for climate action but also by navigating access to no longer marginal desert. Finally, in chapter 7, 

I conclude the thesis and synthesize results into the outline of an algal CDR project from an engineering 

perspective as well as an acknowledgement of the policy environment that could best support it. 
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Chapter 2 

Lysis analysis: Preventing nutrient depletion in algal CDR 

 

Introduction: 

 Photosynthesis serves as a promising strategy to accumulate large amounts of carbon for removal at 

scale because it does not require human inputs. However, the chemical composition of biomass does not 

perfectly align with the requirements for carbon dioxide removal (CDR). At an elemental level, life across all 

three domains ubiquitously relies on the nonmetals hydrogen, carbon, nitrogen, oxygen, and sulfur as well as 

the metals magnesium, potassium and zinc.13 Thus, without processing the sequestration of any biomass will 

not only entail carbon removal but also the removal of these elements and the other elemental constituents of 

the specific biomass source employed. The relative drawbacks of removal can then be inferred based on the 

extent that a particular element limits cell growth in the environment where the removal occurs. In the 

context of photosynthetic organisms, nutrient limitation is typically attributed to nitrogen, phosphorus, and 

potassium in land plant ecosystems,14 while limitation is driven by nitrogen, phosphorus, and iron in marine 

environments.15 Such nutrient limitation explains the provision of these nutrients to limited ecosystems in 

order to promote primary production though agricultural fertilizers, and in ocean iron fertilization (OIF).16 In 

designing any biomass CDR approach, it is necessary to understand the scope of the effects of nutrient 

limitation and depletion and the actions that can be taken to mitigate these effects in the operating practices 

of the CDR system and in local or global environmental contexts. 

 I will begin this chapter with a discussion of the general scope of nutrient depletion in CDR projects. 

Then, I will provide a broad quantitative analysis of the scale of nutrient depletion concerns in relation to 

 
13 Kaleigh Remick and John D. Helmann, “The Elements of Life: A Biocentric Tour of the Periodic Table,” Advances in 
Microbial Physiology 82 (2023): 1, https://doi.org/10.1016/bs.ampbs.2022.11.001. 
14 Yi-Fang Chen, Yi Wang, and Wei-Hua Wu, “Membrane Transporters for Nitrogen, Phosphate and Potassium Uptake 
in Plants,” Journal of Integrative Plant Biology 50, no. 7 (2008): 835–48, https://doi.org/10.1111/j.1744-7909.2008.00707.x. 
15 Laura A. Bristow et al., “Nutrients That Limit Growth in the Ocean,” Current Biology 27, no. 11 (June 5, 2017): R474–
78, https://doi.org/10.1016/j.cub.2017.03.030. 
16 Joo-Eun Yoon et al., “Reviews and Syntheses: Ocean Iron Fertilization Experiments – Past, Present, and Future 
Looking to a Future Korean Iron Fertilization Experiment in the Southern Ocean (KIFES) Project,” Biogeosciences 15, no. 
19 (October 5, 2018): 5847–89, https://doi.org/10.5194/bg-15-5847-2018. 
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algal CDR projects and their particular operating practices. Based on this analysis I will proceed to discuss 

strategies for nutrient separation that could be applied to algal CDR to reduce nutrient depletion, before 

turning to a deeper analysis of the utilization of cyanophages. Finally, I will discuss an experiment that I 

performed to indicate the viability of cyanophages in this goal, before drawing conclusions on the way 

nutrient depletion should be considered in the development of algal CDR projects. 

 

Nutrient depletion in CDR: 

 In a comprehensive analysis of limitations to negative emissions technologies—focusing on direct air 

capture, enhanced weathering, afforestation, and bioenergy with carbon capture and storage (BECCS)—

Smith et al. identify the factors of land use, water use, energy requirement, nutrients, albedo, and costs.17 

Smith et al. identify nutrient depletion as a limitation of BECCS and afforestation because both approaches 

accumulate nutrients in biomass which is either removed from the system in biomass harvest (BECCS) or 

 
17 Beyond nutrient limitation, these limiting factors are considered in the proposed CDR system elsewhere in this thesis. 
The economic analysis in chapter 4 considers issues of land use, water use, energy requirements, and costs. Chapter 6 
further considers issues of land use, water use, and nutrients. Note that water use concerns are often treated tangentially 
because the algal CDR system herein is designed to operate with salt water pumped from oceans. The limitation and 
costs of using scarce freshwater water would be overwhelmingly prohibitive to large-scale creation of algal ponds for 
carbon removal in arid environments. Saltwater use leads to the project’s reliance on coastal locations. 
 
Changes to albedo are not considered in this thesis. The conversion of desert land to algal ponds does entail a significant 
decrease in land albedo. That is not, however, because the effects of albedo change are negligible. The change in average 
albedo for a parcel of land for algal CDR can be approximated at 0.29 by using an albedo of 0.36 for deserts and 0.07 for 
ocean (this may be an underestimation based on the shallow nature of the ponds, but this is counteracted by the high 
absorption of chlorophyll in the dense algal biomass within the ponds).1 At the (relatively conservative) CDR land 
requirement applied in chapter 4 of 93 GT/ha/yr, 1 GT of carbon dioxide removal annually would require the 
conversion of 108,000 km2 for land use. In turn, this would entail a not insignificant reduction in global average albedo 
(currently 0.23) by about 6.1*10-5 corresponding to an increase in radiative forcing of 0.016 (W/m^2) / (GT/yr) based 
on a globally averaged solar radiation flux at the surface of 184 W/m2.2 Reasonable increases in carbon removal per 
hectare per year—considered in the sensitivity analysis in chapter 4—would correspondingly reduce this albedo change. 
Though the albedo decrease and corresponding increase to radiative forcing would amplify climate effect, and 
reciprocally decrease the extent to which an algal CDR project could claim CDR credits, these considerations are 
neglected elsewhere in this thesis due to concerns of scope. 
1. J. A. Coakley, “Reflectance and Albedso, Surface,” in Encyclopedia of Atmospheric Sciences, ed. James R. Holton (Oxford: 
Academic Press, 2003), 1914–23, https://doi.org/10.1016/B0-12-227090-8/00069-5. 
2. Ivan Muñoz, Pablo Campra, and Amadeo R. Fernández-Alba, “Including CO2-Emission Equivalence of Changes in 
Land Surface Albedo in Life Cycle Assessment. Methodology and Case Study on Greenhouse Agriculture,” The 
International Journal of Life Cycle Assessment 15, no. 7 (August 1, 2010): 672–81, https://doi.org/10.1007/s11367-010-0202-
5. 
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trapped in the growth site (afforestation). They estimate the extent of nutrient depletion for these CDR 

approaches at 54.6–82.2 kt P/Gt CO2 and 24.8–82.8 kt N/Gt CO2.18 

 Nutrient depletion has also been considered in the context of ocean-based biomass CDR. In 

considering OIF, whereby fertilization of primary production at the ocean surface leads to increased carbon 

sequestration—and nutrient depletion—via the biological carbon pump, Oschiles et al. model a doubling of 

primary productivity across the Southern Ocean as a result of iron addition.1920 Simulations result in depletion 

of 3 mmol/m3 nitrate in the first year of operation between latitudes of 40 to 70 S over which nitrate 

concentrations currently fall from 27 mmol/m3 to 3 mmol/m3 with increasing latitude. Their model shows 

such effects as approaching a steady state at 100 years with effects having more than doubled relative to the 

first year. It should be noted that this model does not actually consider iron fertilization biochemically but 

simply through an empirically derived change in primary productivity. In this approach, and about OIF’s 

actual impacts on the biological carbon pump and viability as a CDR technique, much skepticism exists.21 

Meanwhile, Wu et al. consider similar processes of nutrient depletion in the context of a macroalgae open-

ocean mariculture and sinking system.22 The study models the deployment until 2100 of 72*106 km2 of open 

ocean rafts on which macroalgae grows until buoyancy is overcome by biomass accumulation and sinking 

occurs. Over this period the process sequesters 990 Gt CO2 or an average of 12.4 Gt/yr, but in doing so 

causes substantial global decreases in surface level nutrient concentrations and correspondingly decreases 

global photosynthesis by phytoplankton with corresponding adverse effects. The considerations made for 

 
18 Pete Smith et al., “Biophysical and Economic Limits to Negative CO2 Emissions,” Nature Climate Change 6, no. 1 
(January 2016): 42–50, https://doi.org/10.1038/nclimate2870. 
19 The biological carbon pump is the process by which a relatively small fraction of marine biomass sinks to the ocean 
floor instead of decomposing whereupon carbon is sequestered through biomass incorporation into sediments or 
mineralization. For an in-depth treatment, see De La Rocha and Passow.1 

1. Christina L. De La Rocha and Uta Passow, “Factors Influencing the Sinking of POC and the Efficiency of the 
Biological Carbon Pump,” Deep Sea Research Part II: Topical Studies in Oceanography, The Role of Marine Organic Carbon 
and Calcite Fluxes in Driving Global Climate Change, Past and Future, 54, no. 5 (March 1, 2007): 639–58, 
https://doi.org/10.1016/j.dsr2.2007.01.004. 
20 A. Oschlies et al., “Side Effects and Accounting Aspects of Hypothetical Large-Scale Southern Ocean Iron 
Fertilization,” Biogeosciences 7, no. 12 (December 17, 2010): 4017–35, https://doi.org/10.5194/bg-7-4017-2010. 
21 Aaron L. Strong, John J. Cullen, and Sallie W. Chisholm, “Ocean Fertilization: Science, Policy, and Commerce,” 
Oceanography 22, no. 3 (2009): 236–61. 
22 Jiajun Wu, David P. Keller, and Andreas Oschlies, “Carbon Dioxide Removal via Macroalgae Open-Ocean 
Mariculture and Sinking: An Earth System Modeling Study,” Earth System Dynamics 14, no. 1 (February 22, 2023): 185–
221, https://doi.org/10.5194/esd-14-185-2023. 
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evaluating nutrient depletion associated with OIF and macroalgal based CDR technologies can be similarly 

applied to algal CDR systems like that of Brilliant Planet and the one I propose. I perform such an analysis in 

the next section of this chapter. 

How exactly nutrient depletion masses or fluxes should be considered varies in the context of CDR. 

One approach is to assume that CDR projects must maintain global nutrient availability and therefore 

account for costs and associated emissions due to nutrient production to balance all usage in their operating 

practices and removal calculations. Another more nebulous approach is to assume that a CDR approach must 

only account for nutrient inputs that they must actively supply during operation. This may be less than total 

depletion due to environmental nutrient inputs to a system, but requires a somewhat speculative 

consideration of the effects of nutrient depletion globally elsewhere, to the extent that net depletion occurs in 

calculating net removal that can be claimed. 

 

Modeling phosphorus depletion in algal CDR at scale: 

 The difference between BECCS or macroalgal biomass and phytoplankton-based algal CDR and the 

reason that the nutrient depletion threat must be rigorously evaluated derives from Redfield ratios. In 1934, 

Alfred Redfield identified an average common molar ratio between carbonate, nitrate, and phosphate ions in 

the surface ocean and discovered that the C:N:P ratio in phytoplankton tends towards this environmental 

ratio of 106:16:1.23 Approximation of nutrient depletion calculations based on carbon capture by 

phytoplankton can be done by the simple application of this ratio. Further, in comparison to the Redfield 

equivalent C:N:P ratio implied by Smith et al. of approximately 1820:7:4 in woody biomass or by Wu et al. of 

400:20:1 in macroalgal biomass, it is clear that CDR via algal biomass of equivalent scale have a manyfold 

larger associated degree of nutrient depletion. 

 Such nutrient depletion concerns apply to the practice of Brilliant Planet. Performing algal CDR 

through the growth of the diatom Skeletonema pseudocostatum without any biomass processing to remove 

 
23 Alfred Clarence Redfield, On the Proportions of Organic Derivatives in Sea Water and Their Relation to the Composition of 
Plankton, (University Press of Liverpool, 1934). 
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nutrients from sequestration, nutrient depletion is constrained by the Redfield ratio.24 Brilliant Planet’s 

treatment of nutrient depletion risks is brief, citing that “evidence must be provided that nutrient removals do 

not negatively impact local ecosystems (reduction of nitrogen to be less than 0.3% of the average standing 

stock per year)” without providing justification of how depletion is so limited.25 For each ton of CO2 

removed for which phosphorus and nitrogen are replaced at Redfield ratios addition of 28 grams 

diammonium phosphate costing $26.75 and 58 grams of anhydrous ammonia costing $77.03 would be 

required. This calculation assumes added nutrients are derived from conventional agricultural fertilizers and 

their current costs and may be an overestimate, but is obviously substantial.26 Additionally, nutrient additions 

to a CDR project would require net removal reductions in correspondence with embodied emissions in 

nutrient production, such as the 5.8 GJ/ton N and 1.8 GJ/ton P2O5.27 The effects of nutrient depletion in 

algal CDR require further investigation. 

 To model the effects of nutrient depletion I chose to examine phosphorus cycling. This is because 

cyanobacteria tend to be more phosphorus limited then other microalgae,28 and because colimitation is 

generally identified between nitrogen and phosphorus in the ocean, assumed to generally preclude tendency 

towards dramatic imbalance that might invalidate the phosphorus limitation only assumption made.29 The 

choice to consider phosphorus limitation alone also substantially simplifies the model and allows me to 

 
24 Tom Bradley, Jonathan Forbes, and Guy Ingram-Hardwick, “The Potential of Microalgae for Large-Scale Carbon 
Capture and Storage: A Life Cycle Assessment Based on Real-World Data” (Research Square, August 8, 2023), 
https://doi.org/10.21203/rs.3.rs-3147220/v1. 
25 Jovine et al., “Methodology: Carbon Dioxide Removal through Algal Biomass Burial” (Brilliant Planet and Eco 
Engineers, November 2023), https://www.ecoengineers.us/wp-content/uploads/2023/11/EcoEngineers-
BrilliantPlanet-Methodology.pdf. 
26 Gary Schnitkey et al., “Fertilizer Prices, Rates, and Costs for 2023,” Farmdoc Daily 12, no. 148 (September 27, 2022), 
https://farmdocdaily.illinois.edu/2022/09/fertilizer-prices-rates-and-costs-for-2023.html. 
27 Damilola A. Daramola and Marta C. Hatzell, “Energy Demand of Nitrogen and Phosphorus Based Fertilizers and 
Approaches to Circularity,” ACS Energy Letters 8, no. 3 (March 10, 2023): 1493–1501, 
https://doi.org/10.1021/acsenergylett.2c02627. 
28 Adina Paytan and Karen McLaughlin, “The Oceanic Phosphorus Cycle,” Chemical Reviews 107, no. 2 (February 1, 
2007): 563–76, https://doi.org/10.1021/cr0503613. 
29 Toby Tyrrell, “The Relative Influences of Nitrogen and Phosphorus on Oceanic Primary Production,” Nature (London) 
400, no. 6744 (1999): 525–31, https://doi.org/10.1038/22941. 
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modify the model in correspondence with an algal CDR phosphorus sink with lower risk of model 

parametrization choices leading to divergence and escape from steady state.30 

 I adapt my analysis from the phosphorus and nitrogen model proposed by Toby Tyrrell.31 Tyrrell 

employs a four-box model for the ocean with surface ocean (depth less than 500 m), the deep ocean (depth 

from 500 to 3730 m), a nitrogen fixing primary producer population (which always grows as limited by nitrate 

regardless of phosphate concentration), and an “other primary producer” population (accounting for all of 

the phytoplankton which are co-limited by nitrate and phosphate). Nitrogen and phosphorus fluxes between 

boxes in the model correspond to mixing between the two depth boxes, riverine inputs to the surface, 

photosynthetic uptake into the two algal populations in the surface layer, and the regeneration of plankton 

biomass from both populations into the surface and deep layer, as well as sedimentation. For nitrogen, two 

additional fluxes exist in terms of atmospheric nitrogen inputs into the surface box, and the denitrification of 

biomass in both the surface and deep ocean, which leads to nitrogen escape from the system. Figure 1a shows 

the reservoirs and fluxes employed by Tyrrell’s model. 

 
30 The model used by Tyrell is relatively sensitive to initial parameters and concentrations. By adapting and simplifying it, 
this sensitivity is reduced leading to my easier manipulation. 
31 Tyrrell, “The Relative Influences of Nitrogen and Phosphorus on Oceanic Primary Production.” 
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 For my purposes of CDR analysis, I 

reduce Tyrrell’s model to consider only 

phosphorus, and can thereby neglect the role 

of denitrification and the primary producers 

that drive it. Accordingly, my model contains 

only three reservoirs of deep and surface ocean 

and phytoplankton. All fluxes that consider 

phosphorus are maintained in my model, while 

nitrogen dependent parameters are ignored. I 

reduce Tyrrell’s colimitation of non-

denitrifying primary produces to the 

assumption of phosphorus limitation. Finally, I 

add an additional sink from the surface ocean 

out of the system in my model that 

corresponds to phosphorus removal via algal 

CDR nutrient depletion. This flux is set to 0 in 

the control model but raised appropriately in the two CDR scenarios considered. Figure 1b shows the 

reservoirs and fluxes employed by model. 

Though the choice to only consider phosphorus limitation of phytoplankton growth may cause 

different behavior from my model than Tyrrell’s, some credence is lent to this approach based on near 

convergence between steady states in my phosphorus only model and steady states in Tyrrell’s. Surface ocean 

phosphorus converged to 0.15*10^-3 mol/m^3 compared to 0.12*10^-3 mol/m^3 in my model when 

parameters are set similarly to Tyrrell’s model, while deep ocean phosphorus concentrations converged to 

1.72*10^-3 mol/m^3 in my model compared with 2*10^-3 mol/m^3 in Tyrrell’s. In my baseline, the total 

phytoplankton biomass reached a steady state of 15.3 Gt P compared to the 15.2 Gt P implied by Tyrrell’s 
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model. For purposes of quantifying the effects of an additional algal carbon reduction sink, I deemed this 

similarity sufficient to proceed. Figure 1c produces the reservoir flux and steady state equations for my model. 

In addition to the steady state assumption where I initialize my model with the steady state 

conditions reported above, I consider the effects of two algal CDR scenarios.32 In S2, a 1 Gt CO2 removal 

plant removes phosphorus from the surface ocean at Redfield ratios with no resupply of phosphorus to the 

ocean system. It operates from the year 2025 until the year 2400 whereafter algal CDR flux remains 0 until 

the end of the simulation in year 3000. During the period of plant operation there is a sequestration of 375 Gt 

CO2 equal to approximately 25% of historic cumulative CO2 emissions.33 Meanwhile, in S3, a 5 Gt CO2 

removal plant operates similarly but only between the years 2025 and 2100, in which time it sequesters the 

same 375 Gt CO2. Figures 2a, 2e, and 2i show the evolution of the phosphorus content in the three reservoirs 

with all values expressed in gigatons for scenarios 1 (control), 2, and 3 respectively over the whole time series 

until the year 3000. Meanwhile, Figures 2b, 2f, and 2j consider the three scenarios only until the year 2100. 

Finally, upon noting relatively wide variability in the literature about riverine phosphorus inputs to 

the ocean and its bioavailability, I reevaluated the three scenarios under a riverine flux of 5.4 Tg P/yr as 

applied by Tvig et al.34 for comparison with the influx value of 2.2 Tg P/yr used by Tyrrell. Accordingly, 

figures 2c, 2g, and 2k show the year 3000 time series for the same three scenarios as under Tyrrell’s 

assumptions, while 2d, 2h, and 2l show these scenarios under the year 2100 time series. Here, reduced effects 

correspond to the larger assumed source of phosphorus. It should be noted that both models provide a 

much-simplified understanding of nutrient cycling that a more nuanced model could better capture. For 

example, Moore et al. divide phosphorus inputs into the ocean into global, riverine, and atmospheric for a 

 
32 The steady state assumption for phosphorus may not actually hold due to erosion and fertilizer runoff as substantial 
processes transporting phosphorus from the land to the ocean. Steady state baseline is assumed because of the 
uncertainty in initial conditions (phosphorus concentration in each reservoir as well as the riverine input flux), as 
suggested by Tyrrell. The assumption of steady state produces a single equilibrium which allows me to avoid any 
necessary choice of initializing conditions. 
33 Hannah Ritchie, “Who Has Contributed Most to Global CO2 Emissions?,” Our World in Data, February 9, 2024, 
https://ourworldindata.org/contributed-most-global-co2. 
34 https://egusphere.copernicus.org/preprints/2024/egusphere-2024-258/egusphere-2024-258.pdf 
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total of 4.15 Tg P/yr and also project a 16% increase in total flux between 2000 and 2050.35 Use of a more 

nuanced phosphorus model would certainly effect results, but is left to further research for simplicity. 

 The fluctuations observed before convergence are likely non-physical, suggesting an imperfection in 

the model or numerical integration process (I integrated at the 2.4 hour interval), as overdamping due to 

environmental feedback and noise is expected to apply in the physical ocean. These fluctuations were robust 

during exposure to harmonic noise addition, so they are kept in the model, even if unwanted. Accordingly, 

steady states should be considered more informative than convergence behavior. It should be noted that 

 
35 C. M. Moore et al., “Processes and Patterns of Oceanic Nutrient Limitation,” Nature Geoscience 6, no. 9 (September 1, 
2013): 701–10, https://doi.org/10.1038/ngeo1765. 
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steady state is not achieved in either CDR scenario under either riverine flux by the year 3000, as the deep 

ocean phosphorus continues to decline (though by a small amount relative to the steady-state baseline) 

throughout the time series. Most notable from the model, however, are the effects of the CDR project on 

phytoplankton biomass. Even without considering the magnitude of the fluctuations in approaching steady 

state, both CDR scenarios substantially reduce the phytoplankton biomass phosphorus (and correspondingly 

carbon) reservoir, with corresponding effects on sequestration through the biological carbon pump, as well as 

effects higher in the food chain. 

 It should further be noted that the three-box model of the biological nutrient pump is a dramatic 

oversimplification of the nutrient depletion process that would actually occur. In particular, though Brilliant 

Planet currently operates on the Atlantic coast of Morocco where large upwelling distributes nutrient 

depletion effects relatively effectively,36 at the Gt or multi-Gt scale, dispersed algal CDR would cause nutrient 

depletion far more acutely than the global average in ocean water not as well circulated.  

 

Nutrient separation techniques: 

At the gigaton scale, the previous section demonstrates that algal CDR (without nutrient inputs) 

would be environmentally untenable. This leads to two options: the large scale and costly supply of nutrients 

to balance depletion or the separation of nutrients from carbon in harvesting biomass to directly reduce 

nutrient depletion. Here a brief description of the cyanobacterial composition as it relates to carbon, nitrogen, 

and phosphorus is productive. Most of cyanobacterial phosphorus is associated with nucleic acids and 

nucleotides as energy carriers. In periods of phosphorus excess, some cyanobacteria store phosphorus in a 

transient organelle, the poly-phosphate granule.37 Phosphorus is also contained in phospholipids within 

cellular and organelle membranes with a C:P molar ratio of 40:1 (this is the ratio found in 

phosphatidylglycerol the most abundant phospholipid in cyanobacteria and is representative of the whole 

 
36 Ekkehard Mittelstaedt, “The Upwelling Area off Northwest Africa—A Description of Phenomena Related to Coastal 
Upwelling,” Progress in Oceanography 12, no. 3 (January 1, 1983): 307–31, https://doi.org/10.1016/0079-6611(83)90012-5. 
37 Emanuel Sanz-Luque, Devaki Bhaya, and Arthur R. Grossman, “Polyphosphate: A Multifunctional Metabolite in 
Cyanobacteria and Algae,” Frontiers in Plant Science 11 (June 26, 2020): 938, https://doi.org/10.3389/fpls.2020.00938. 
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class),38 but for large cyanobacteria—such as Cyanobacterium aponium used for experimentation in chapter 4—

volume to surface area scaling laws reduce the contribution of membranes to overall biomass. Meanwhile, 

nitrogen is primarily associated with amino acids and nucleotides, and correspondingly the proteome and 

nucleic acids with which they are associated, as well as the storage polymer of cyanophycin.39 While carbon is 

ubiquitous in the organic macromolecules and polymers of cyanobacteria or any other cell, its molar fraction 

with other elements varies substantially depending on the type of macromolecule. Among the most important 

carbon stocks in cyanobacteria without association with nutrients are nonpolar lipids with an approximate 

empirical formula approaches C4H7O and carbohydrates where the empirical formula approaches CH2O.40 

Lipids and glycogen (a stochastically branched glucose polymer) alone have been shown to account for up to 

39% of dry biomass in standard growth conditions and as much as 71% under specific nutrient limited 

conditions.41 

Accordingly, if nonpolar lipids and/or glycogen could be separated from the rest of the algal biomass 

during harvesting, in principle total retention of nutrients could be achieved as half or more of biomass is 

removed for sequestration. Based on a 138:106 ratio of oxygen to carbon in cyanobacterial dry wait via the 

extension of the Redfield ratio,42 sequestration of 50% of cyanobacterial biomass composed of half each of 

lipids and carbohydrates with the empirical formulas used above would entail the sequestration of .27 g C/g 

biomass, equivalent to 79% of the total carbon content. This approach aligns with Michael Sayre’s mention of 

the exclusive burial of algal lipids as a strategy to reduce nutrient depletion in algal CDR.43 Much 

consideration has been given to issues of polarity-based separation, in research on algal biofuels. This 

 
38 Weronika Hewelt-Belka et al., “Untargeted Lipidomics Analysis of the Cyanobacterium Synechocystis Sp. PCC 6803: 
Lipid Composition Variation in Response to Alternative Cultivation Setups and to Gene Deletion,” International Journal of 
Molecular Sciences 21, no. 23 (November 24, 2020): 8883, https://doi.org/10.3390/ijms21238883. 
39 Karl Forchhammer and Khaled A Selim, “Carbon/Nitrogen Homeostasis Control in Cyanobacteria,” FEMS 
Microbiology Reviews 44, no. 1 (January 1, 2020): 33–53, https://doi.org/10.1093/femsre/fuz025. 
40 Hewelt-Belka et al., “Untargeted Lipidomics Analysis of the Cyanobacterium Synechocystis Sp. PCC 6803.” 
41 T. Monshupanee and A. Incharoensakdi, “Enhanced Accumulation of Glycogen, Lipids and Polyhydroxybutyrate 
under Optimal Nutrients and Light Intensities in the Cyanobacterium Synechocystis Sp. PCC 6803,” Journal of Applied 
Microbiology 116, no. 4 (April 2014): 830–38, https://doi.org/10.1111/jam.12409. 
42 Richard Geider and Julie La Roche, “Redfield Revisited: Variability of C:N:P in Marine Microalgae and Its 
Biochemical Basis,” European Journal of Phycology 37, no. 1 (March 1, 2002): 1–17, 
https://doi.org/10.1017/S0967026201003456. 
43 Richard Sayre, “Microalgae: The Potential for Carbon Capture,” BioScience 60, no. 9 (October 1, 2010): 722–27, 
https://doi.org/10.1525/bio.2010.60.9.9. 
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research has not only been applied to lipids as a biofuel feed source,4445 but also to glycogen.46 Next, I will 

consider the separation approaches adopted in algal biofuel production, focusing particularly on those 

processes that can separate macromolecular classes with low-energy input, though with a concurrent decrease 

to the stringency of purity requirements applied during biofuel production. 

Lipid (or glycogen) extraction from algal biomass generally relies on the disruption, lysis, or 

homogenization (though precise definitions of these terms differ, the outcome for separation is similar, so I 

will use lysis going forward) of the cells in order to release their content. This lysis can be completed by 

mechanical, physical, chemical, or biological techniques. Lysis techniques considered in relation to the algal 

context—I largely rely on techniques considered at scale in biofuel production—include mechanical pressing, 

bead beating, ultrasonication, treatment by a high pressure homogenizer, microwaving, electroporation, heat 

shock, osmotic pressure and other isotonic stress, chemical polarity driven separation, alkali or detergent 

driven chemical lysis, enzymatic lysis, and the employment of engineered or natural phages.474849505152 

However, price and energy concerns in deploying these lysis technologies for a gigaton scale CDR project are 

likely prohibitive to bead beating, ultrasonication, high pressure homogenization, electroporation, heat shock, 

polarity driven separation, and detergent lysis. Though not necessarily prohibitive, the robust nature of certain 

 
44 Iara M. P. Machado and Shota Atsumi, “Cyanobacterial Biofuel Production,” Journal of Biotechnology, Photosynthetic 
microorganisms for bio-fuel production from sun light, 162, no. 1 (November 30, 2012): 50–56, 
https://doi.org/10.1016/j.jbiotec.2012.03.005. 
45 Kristina M. Weyer et al., “Theoretical Maximum Algal Oil Production,” BioEnergy Research 3, no. 2 (June 1, 2010): 204–
13, https://doi.org/10.1007/s12155-009-9046-x. 
46 Shimpei Aikawa et al., “Glycogen Production for Biofuels by the Euryhaline Cyanobacteria Synechococcus Sp. Strain 
PCC 7002 from an Oceanic Environment,” Biotechnology for Biofuels 7, no. 1 (June 11, 2014): 88, 
https://doi.org/10.1186/1754-6834-7-88. 
47 Ramanathan Ranjith Kumar, Polur Hanumantha Rao, and Muthu Arumugam, “Lipid Extraction Methods from 
Microalgae: A Comprehensive Review,” Frontiers in Energy Research 2 (January 8, 2015), 
https://doi.org/10.3389/fenrg.2014.00061. 
48 Mohammed Shehadul Islam, Aditya Aryasomayajula, and Ponnambalam Ravi Selvaganapathy, “A Review on 
Macroscale and Microscale Cell Lysis Methods,” Micromachines 8, no. 3 (March 8, 2017): 83, 
https://doi.org/10.3390/mi8030083. 
49 Martin Axelsson and Francesco Gentili, “A Single-Step Method for Rapid Extraction of Total Lipids from Green 
Microalgae,” PLoS ONE 9, no. 2 (February 24, 2014): e89643, https://doi.org/10.1371/journal.pone.0089643. 
50 Kunal K. Mehta, Niklaus H. Evitt, and James R. Swartz, “Chemical Lysis of Cyanobacteria,” Journal of Biological 
Engineering 9, no. 1 (June 5, 2015): 10, https://doi.org/10.1186/s13036-015-0007-y. 
51 Xinyao Liu and Roy Curtiss, “Nickel-Inducible Lysis System in Synechocystis Sp. PCC 6803,” Proceedings of the National 
Academy of Sciences 106, no. 51 (December 22, 2009): 21550–54, https://doi.org/10.1073/pnas.0911953106. 
52 Zhe Sun and Zhi Zhou, “Nature-Inspired Virus-Assisted Algal Cell Disruption for Cost-Effective Biofuel 
Production,” Applied Energy 251 (October 1, 2019): 113330, https://doi.org/10.1016/j.apenergy.2019.113330. 
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cyanobacteria—such as Cyanobacterium aponium worked with in chapter 3—complicates or raises the energy 

cost of microwaving, osmotic and isotonic stress, as well as mechanical pressing. Ultimately, enzymatic and 

engineered and natural viral approaches to lysis emerge as the potentially most promising separation 

techniques because of their potential for low cost and scale. Of these, natural phages seem the simplest, 

because they do not require an alternative transduced bacterial population for producing the desired enzymes, 

and because they avoid the sociopolitical concerns of working with genetic engineered systems in open air 

ponds. 

 

Bioavailability of lysate molecules for growth: 

 A primary concern in the design of a cyanobacterial CDR system that maintains nutrient rich 

macromolecules in solution while removing carbon rich macromolecules is the extent to which these 

macromolecules can be assimilated by future generations of cyanobacterial growth. If this process can be 

done effectively, it could increase growth rates by decreasing the need for anabolism, whereas if the preserved 

macromolecules are not biologically available, they would pose an energy cost via the need to break them 

down to the conventional inorganic substrates for uptake in carbonate, phosphate and nitrate. While this area 

is not considered substantially, representing important future work, evidence from microbial mats are 

promising in these considerations. Stuart et al. demonstrate that cyanobacteria are both the primary source of 

extracellular polymeric substances and are also able to effectively assimilate these organic molecules in the 

context of hypersaline microbial mats.53 Indeed, during phage lysis of a Vibrio bacterioplankton population, 

growth rates increased while efficiencies declined, which was attributed to the uptake of organic matter from 

lysate.54 If a cyanobacterial CDR system can be designed so that the bioavailability of non-sequestered 

polymeric components of lysate remains similarly high, then the assimilation of lysate into subsequent 

generations of cyanobacterial growth could bolster high growth rates and system productivity. 

 
53 Rhona K. Stuart et al., “Cyanobacterial Reuse of Extracellular Organic Carbon in Microbial Mats,” The ISME Journal 
10, no. 5 (May 2016): 1240–51, https://doi.org/10.1038/ismej.2015.180. 
54 M Middelboe, N Jorgensen, and N Kroer, “Effects of Viruses on Nutrient Turnover and Growth Efficiency of 
Noninfected Marine Bacterioplankton,” Applied and Environmental Microbiology 62, no. 6 (June 1996): 1991–97, 
https://doi.org/10.1128/aem.62.6.1991-1997.1996. 
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Cyanophages and macromolecular separation: 

 Among the various potentially viable lysis techniques, here I consider phage lysis because of its 

potential for high scalability and low cost in alignment with CDR goals.55 Though many bacteria-

bacteriophage systems have received ample attention, such as the application of e. coli phages lambda to 

molecular cloning56 and MS2 to RNA binding experiments57 in addition to their lysis functions, applications 

of cyanophage-cyanobacteria systems are largely hypothetical. The first cyanophage was isolated from a 

freshwater environment in 1963,58 and since then cyanobacteria have been identified as a ubiquitous species 

in freshwater and marine environments globally. Cyanophages have important effects on the progression of 

harmful algal bloom forming species59 as well as on global primary productive and the biological carbon 

pump.6061 Beyond applications to understanding dynamics of primary production substantial interest has 

developed in using cyanobacteria to mitigate harmful algal blooms,62 though the natural role of phages in 

causing bloom decline has not been as well established for cyanobacteria as in other phytoplankton.63 

 Research on cyanophages as a tool for cell lysis with applications beyond the environmental phage-

host dynamic is surprisingly underdeveloped. In attempting to design a phage lysis procedure as a component 

of a cyanobacterial CDR system two indirectly related but important studies exist. Sun and Zhou demonstrate 

the potential for phage lysis in biofuel production, reporting a manifold decrease in energy requirement by 

 
55 The scope of CDR concerns of cost and scale is discussed more comprehensively in chapter 4. 
56 Sherwood R. Casjens and Roger W. Hendrix, “Bacteriophage Lambda: Early Pioneer and Still Relevant,” Virology, 60th 
Anniversary Issue, 479–480 (May 1, 2015): 310–30, https://doi.org/10.1016/j.virol.2015.02.010. 
57 Evelina Tutucci et al., “An Improved MS2 System for Accurate Reporting of the mRNA Life Cycle,” Nature Methods 
15, no. 1 (January 2018): 81–89, https://doi.org/10.1038/nmeth.4502. 
58 Robert S. Safferman and Mary-Ellen Morris, “Algal Virus: Isolation,” Science 140, no. 3567 (May 10, 1963): 679–80, 
https://doi.org/10.1126/science.140.3567.679. 
59 Edward Phlips, R.L. Monegue, and F.J. Aldridge, “Cyanophages Which Impact Bloom-Forming Cyanobacteria,” J 
Aquat Plant Manag 28 (January 1, 1990): 92–97. 
60 C. A. Suttle, “The Significance of Viruses to Mortality in Aquatic Microbial Communities,” Microbial Ecology 28, no. 2 
(1994): 237–43. 
61 Curtis A. Suttle, “Marine Viruses — Major Players in the Global Ecosystem,” Nature Reviews Microbiology 5, no. 10 
(October 2007): 801–12, https://doi.org/10.1038/nrmicro1750. 
62 Christopher R. Grasso et al., “A Review of Cyanophage–Host Relationships: Highlighting Cyanophages as a Potential 
Cyanobacteria Control Strategy,” Toxins 14, no. 6 (June 2022): 385, https://doi.org/10.3390/toxins14060385. 
63 Uri Sheyn et al., “Modulation of Host ROS Metabolism Is Essential for Viral Infection of a Bloom-Forming 
Coccolithophore in the Ocean,” The ISME Journal 10, no. 7 (July 2016): 1742–54, 
https://doi.org/10.1038/ismej.2015.228. 
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sonication required for lysis of the eukaryotic green algae Chlorella after viral infection.64 Meanwhile, Liu and 

Curtiss introduced engineered prophages based on the S22 and λ lysis cassettes into a cyanobacterial strain; 

nickel addition induced the phage into its lytic cycle, causing nearly complete lysis with similar applications to 

biofuel production.65 The potential for induction of cyanophages between lysogenic and lytic cycles offers a 

particularly exciting prospect for algal CDR applications if cyclic induction could occur at the same time-scale 

of the cycle of growth and separation and harvesting. While these papers provide interesting insights into how 

phage lysis might actually work in application at scale, as well as important physical parameters associated 

with phage lysis in terms of additional energy inputs required or characterization of phage resistance in the 

host population, neither study actually considered cyanophages. An analysis of the viability of using 

cyanophages to separate nutrient rich macromolecules from carbon dense macromolecules in cyanobacterial 

biomass must still be performed. 

 To consider cyanophage lysis I used the common system of the syn9 phage with the Synechococcus sp. 

Strain WH7803.66 I used lysate from an infection performed by Francesca Soddu with the Dr. Sallie Chisholm 

group.67 WH7803 was grown in PRO99 natural sea water medium up to 107 cells/mL and infected with 

5*1010 phage/mL; after lysis was completed bulk fluorescence had decreased by 60%. In order to test the 

effect of cyanophage lysis on nutrient separation I used two dyes. Sybr gold is a nucleic acid stain with an 

excitation peak at 494 nm and an emission peak at 538 nm. Meanwhile, Nile Red is a lipophilic stain that 

fluoresces at excitation peak between 515 and 554 nm and emission peak between 585 and 638 nm depending 

on the polarity of its solvent. As such, the wavelength of Nile Red fluorescence can indicate the local 

environment of the dye in addition to concentration information provided by fluorescence intensity. 

 
64 Sun and Zhou, “Nature-Inspired Virus-Assisted Algal Cell Disruption for Cost-Effective Biofuel Production.” 
65 Xinyao Liu and Roy Curtiss, “Nickel-Inducible Lysis System in Synechocystis Sp. PCC 6803,” Proceedings of the National 
Academy of Sciences 106, no. 51 (December 22, 2009): 21550–54, https://doi.org/10.1073/pnas.0911953106. 
66 Shany Doron et al., “Transcriptome Dynamics of a Broad Host-Range Cyanophage and Its Hosts,” The ISME Journal 
10, no. 6 (June 2016): 1437–55, https://doi.org/10.1038/ismej.2015.210. 
67 As I was not actively involved in the growth of WH8102 for this experiment, algal growth and phage amplification 
and infection procedures are not considered here. For a more in-depth consideration of algal growth parametrization 
and optimization see Doron et al.1 or chapter 3 of this thesis and the culturing of Cyanobacterium aponium UTEX3222 
which I did perform. 
1. Doron et al. 
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 I added Sybr gold and Nile Red alone and in conjunction to samples of unlysed bacteria, lysate, and 

syn9 derived from filtrate of the lysate through a 0.2 um filter as well as in a control of the saltwater media 

used in growth and lysis. I then performed flow cytometry on the various samples, exciting the Sybr gold with 

a 488 nm lights and measuring its fluorescence through a 505–530 nm filter while exciting Nile Red at a 

wavelength of 561 nm and measuring its fluoresce through filters of 561–582 nm, 600–610 nm, and 635–660 

nm. Unfortunately, the protein phycoerythrin, abundant in WH7803, has peak excitation at 564 nm and 

emission at 574 nm, thus leading to some difficulty in deciphering the Nile Red specific signal.68 

 Interpretation of flow cytometry was complicated by the saturation of phycoerythrin fluorescence at 

each of the filtered wavelengths for Nile Red stain. Thus, Nile Red visualization was not possible in the whole 

cyanobacteria species. However, the lack of any signal under any filter in the lysate and phage (lysate filtrate) 

samples after excitation by 561 nm light indicated that phycoerythrin was not localizing to lysate fractions 

observed. Signal at these wavelengths in samples with Nile Red was then attributed to effective lipid staining. 

Indeed, the unfiltered lysate samples showed two populations after exclusion based on high forward 

scattering and side scattering values in an attempt to remove counts associated with salt crystals, phages, etc. 

Both populations showed relatively high SYBR gold fluorescence, but one lacked fluorescence under 

excitation for Nile Red, while the other smaller fraction showed high fluorescence attributed to Nile Red. 

Accordingly, lysis may not have completely led to polarity induced separation. However, data show that lipids 

strongly localized to a subset of the total lysate fractions, where some nucleic acids also localized, but where 

the soluble protein phycoerythrin was absent. Thus, phage lysis led to the partial separation of lipids from 

polar and charged macromolecules of the cell. In further work, the natural process by which different 

fractions of lysate might settle or rise to the water-air interface, as well as low-energy processes that could lead 

to more complete polarity-based separation from lysate should be examined. 

 It should be clarified that this flow cytometry experiment only indicates the occurrence of separation 

at the smallest scale. Even though lipids (nonpolar) and nucleic acids (charged) have been shown to tend to 

 
68 Hui Teng Tan et al., “A Review on a Hidden Gem: Phycoerythrin from Blue-Green Algae,” Marine Drugs 21, no. 1 
(December 29, 2022): 28, https://doi.org/10.3390/md21010028. 
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separate into different lysis fragments, this does not indicate any ease of the complete separation necessary 

for a CDR project. The principles on which this separation could be driven are density and solubility. With 

lipids as less dense than water and insoluble, a process could be imagined that fosters lipid coalescence 

whereupon this lipid layer floats to the surface of the algal pond. It could then be harvested by pond 

skimming. Glycogen, which is generally soluble, is substantially denser than water and sinks after lysis, so its 

removal in addition to the lipid removal would require a distinct physical process.69 Similar to the uptake of 

organic matter from lysate, separating carbon rich fractions from lysate for sequestration requires further 

investigation. 

 

Conclusion: 

 In this chapter I have discussed the issue of nutrient depletion in the context of cyanobacterial CDR. 

First, I considered nutrient depletion across CDR projects and then modelled it in particular relation to the 

algal CDR model pursued by Brilliant Planet. This model showed that the nutrient depletion flux associated 

with a gigaton scale CDR project would have its most substantial effects in terms of a reduction of marine 

primary production. To avoid these effects, or the large amounts of nutrient supply that would need to be 

sourced to balance this depletion, I considered separation strategies. I then examined one such separation 

strategy, viral lysis, and showed that it can at the base level begin the separation process. In the next chapter I 

will examine another area of uncertainty that exists in the Brilliant Planet algal CDR model in the issues of 

sequestration and the potential for decomposition. 

  

 
69 Henrike Brust, Slawomir Orzechowski, and Joerg Fettke, “Starch and Glycogen Analyses: Methods and Techniques,” 
Biomolecules 10, no. 7 (July 9, 2020): 1020, https://doi.org/10.3390/biom10071020. 
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Chapter 3 

Searching for stability: The danger of decomposition in an algal CDR system 

 

Introduction: 

 The previous chapter identified an opportunity for improvement of the algal carbon dioxide removal 

(CDR) model by employing cyanophages to lyse cells, thereby allowing for the separation of the bulk of the 

carbon from the micronutrient rich components of biomass. This change would reduce nutrient depletion 

and pumping costs. In this chapter I examine a crucial issue for all CDR projects, one that is particularly acute 

for algal CDR: sequestration permanence. 

Because of the available academic understanding of photosynthesis, I examine the capture 

component of algal CDR with relative simplicity. However, the sequestration component of CDR requires 

further consideration. Unlike the globally ubiquitous photosynthesis, the long-term sequestration of biomass 

generally only occurs very slowly or during unique epochs or unique environments in the earth and its 

geological history. Scalable carbon sequestration through biomass burial requires a more thorough 

justification in that it is to some extent unnatural. Conceptualized differently, capture at the gigaton scale 

using photosynthesis seems intuitively achievable, as 105 GT of carbon are sequestered annually through 

photosynthesis with 49 GT attributed to marine microalgae alone.70 Sequestration through biomass burial 

happening environmentally at a scale of 0.5 GT annually then not only relies on concerns of engineering scale 

but also real scientific novelty. 

I will begin this chapter by addressing the background of carbon sequestration and decomposition as 

considered in the CDR industry as well as in the focal context of microalgal CDR and Brilliant Planet. Then I 

will introduce the motivation for the specific experiment performed before presenting the methodology of 

this experiment. Finally, I will consider the implications and generalizability of that experiment in the results 

and conclusion sections. 

 
70 Tim DeVries, “The Ocean Carbon Cycle,” Annual Review of Environment and Resources 47, no. Volume 47, 2022 (October 
17, 2022): 317–41, https://doi.org/10.1146/annurev-environ-120920-111307. 
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Background: 

 Justification of long-term sequestration is a requisite of any CDR project. At best, improperly 

sequestered carbon from a CDR project is a waste of the energy and money used in the (unsuccessful) CDR 

process as well as the money to buy the credit. Ineffective CDR could even more directly contribute 

emissions, such as through the an anaerobic decomposition of CO2 into methane—a more potent 

greenhouse gas under current atmospheric conditions—and reemitted.71 This gives rise to dual systems of 

justification of sequestration. First, in designing and seeking funding for a project a CDR company must 

justify internally and to its investors that its carbon captured can is in fact being sequestered at least for the 

thousand-year timescale.72 This primary validation may or may not be publicized under peer review for a 

novel idea due to intellectual property concerns, leaving public justification much-abridged. This first layer of 

validation is evident in the work of Brilliant Planet. By mid-2022 the only public justification that could be 

found about decomposition hinged upon an analogy between buried biomass and the Tarim Basin mummies 

of the Taklamakan Desert in China.73 Today, the Brilliant Planet website is somewhat more explicit, siting 

unpublished sequestration work by the founders in their methodology report from 2023 and offering the 

following statement on their “Our Process” website subpage: 

“We employ a ‘triple lock’ mechanism to guarantee that buried biomass remains stable.  The buried 

composite is dry and has low water activity, which inhibits degradation. It is also extremely salty and 

naturally acidic. Long-term storage has been shown by naturally preserved biomass that has remained 

stable for thousands of years under similar conditions. This means it can be permanently stored in 

simple desert landfills.”74 

 
71 Annkathrin Hömberg, Klaus-Holger Knorr, and Jörg Schaller, “Methane Production Rate during Anoxic Litter 
Decomposition Depends on Si Mass Fractions, Nutrient Stoichiometry, and Carbon Quality,” Plants 10, no. 4 (March 24, 
2021): 618, https://doi.org/10.3390/plants10040618. 
72 The CDR market is almost exclusively concerned with those CDR projects that sequester carbon for 1000 years or 
more. Projects with shorter sequestration lifetimes may be productive, but the CDR market will not offer them removal 
credits. For this reason, I treat the 1000-year timescale as requisite of CDR throughout this thesis. 
73 Sophie Purdom and Kim Zou, “Brilliant Planet Is Blooming Algae Back,” Substack newsletter, Climate Tech VC (blog), 
April 8, 2022, https://climatetechvc.substack.com/p/brilliant-planet-is-blooming-algae. 
74 “Our Process,” Brilliant Planet, 2023, https://www.brilliantplanet.com/what-we-do/our-process. 



Leonard 29 

 

The shrouded ambiguity of this initial phase of justification is lifted by the second phase of 

justification. CDR projects require external validation for serious engagement from the capture market. The 

imprecision of corporate validation by companies like Brilliant Planet has led to the oft used moniker of the 

“wild west” in relation to the young CDR industry. Carbon removal registries, such as Isometric, aim to 

regulate this “wild west” by publicly validating CDR projects before credits can be sold, thereby maintaining 

the legitimacy of the CDR credits and credibility of the industry.75 Published protocols for more established 

CDR approaches such as direct air capture (DAC), bio-oil storage, and enhanced mineralization rigorously 

evaluate the net removal rates of the projects by considering permanence of sequestration and embodied and 

process emissions that occur during removal. 

Compared to algal biomass sequestration, justification of carbon sequestration from DAC or 

mineralization is far advanced. DAC involves the same sequestration process as carbon capture and storage 

(CCS), whereby CO2 gas is pumped into geological sites such as saline aquifers or depleted oil and gas 

reservoirs, where geologic features trap the fluid. Though leakage from CCS sites does occur, the importance 

and strategies of site monitoring are well-understood and developed making DAC a relatively safe CDR 

investment.7677 Justification of carbon sequestration via mineralization is even stronger, deriving from the 

irreversibility of the mineralization reaction, and the ubiquity of lasting carbon mineralization throughout 

geologic history.78 

Prolonged algal biomass sequestration via burial, as proposed by Brilliant Planet, essentially requires 

the prevention of decomposition. Decomposition is very well-understood at a global scale as the process by 

which nearly all carbon sequestered into biomass via photosynthesis, eventually enters the soil on land or the 

ocean floor, whereupon various primarily microbial organisms break down that biomass into CO2 or other 

 
75 “A New Type of Carbon Removal Standard and Registry,” Isometric, 2023, https://isometric.com/. 
76 Nediljka Gaurina-Medimurec, Karolina Novak-Mavar, and Matej Majic, “Carbon Capture and Storage (CCS): 
Technology, Projects and Monitoring Review,” Rudarsko-Geološko-Naftni Zbornik 33, no. 2 (2018): 1–15, 
https://doi.org/10.17794/rgn.2018.2.1. 
77 Manuel Wifling, “Financial Precautions, Carbon Dioxide Leakage, and the European Directive 2009/31/EC on 
Carbon Capture and Storage (CCS),” Climatic Change 163, no. 2 (November 1, 2020): 787–806, 
https://doi.org/10.1007/s10584-020-02904-1. 
78 Peter B. Kelemen et al., “Engineered Carbon Mineralization in Ultramafic Rocks for CO2 Removal from Air: Review 
and New Insights,” Chemical Geology 550 (September 20, 2020): 119628, 
https://doi.org/10.1016/j.chemgeo.2020.119628. 
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gases which reenter the atmosphere. Though the carbon cycle is not in steady state due to anthropogenic 

emissions, the magnitude of photosynthesis means that it is almost perfectly balanced by decomposition 

globally.79 Understanding of the “necrobiome” (the population of decomposers, consisting primarily of 

bacteria, fungi, and protists) at the organismic level is much more limited and is often exceedingly broad or 

tailored to very specific environments or single organisms.80 Global data about dominant decomposition 

processes or overall rates are quite sparse.81 

To escape decomposition, the use of dryness and salt are considered. Indeed, in appropriate 

circumstances it is reasonable to believe that sequestration of dry, salty biomass is permanent. Justifications 

like those of Brilliant Planet hinge upon the concept of water activity. Primarily used in food sciences, water 

activity expresses the molar fraction of unbound water in a sample. Water activity below a certain threshold 

inhibits all cellular growth (though the threshold lacks precise consensus, 0.6 is an approximation).82 The 

prevention of biological decomposition then simply requires the prevention of water intrusion into the dry 

biomass sample.83 Salinity maintains low water activity by binding water that does intrude. Keeping biomass 

dry for 1000 years is no small feat. From its methodology report, Brilliant Planet seems to conclude that such 

stability can be maintained due to the low precipitation rates in the desert sites used for burial, the depth of 

burial to buffer surface level effects, and the encapsulation of biomass by a “geomembrane, or similar 

barrier.”84 Though Brilliant Planet acknowledges the threat of methanogenesis, it does not include them 

 
79 DeVries, “The Ocean Carbon Cycle.” 
80 M. Eric Benbow et al., “Necrobiome Framework for Bridging Decomposition Ecology of Autotrophically and 
Heterotrophically Derived Organic Matter,” Ecological Monographs 89, no. 1 (2019): e01331, 
https://doi.org/10.1002/ecm.1331. 
81 Joost A. Keuskamp et al., “Tea Bag Index: A Novel Approach to Collect Uniform Decomposition Data across 
Ecosystems,” Methods in Ecology and Evolution 4, no. 11 (2013): 1070–75, https://doi.org/10.1111/2041-210X.12097. 
82 Andrew Stevenson et al., “Is There a Common Water-Activity Limit for the Three Domains of Life?,” The ISME 
Journal 9, no. 6 (June 2015): 1333–51, https://doi.org/10.1038/ismej.2014.219. 
83 Though not primarily considered here, water intrusion is the primary vehicle of alternative processes that could lead to 
the impermanence of sequestration. Chemical processes dictate how water is bound by salts added before burial or by 
the biomass, remaining unavailable for microbial growth. Physical processes by which biomass is physically moved due 
to transportation in fluid flows in the earth, or due to surface transport with wind or water following uncovering could 
easily separate the biomass and salt, and move it to a location where it will more readily decompose. 
84 Jovine et al., “Methodology: Carbon Dioxide Removal through Algal Biomass Burial” (Brilliant Planet and Eco 
Engineers, November 2023), 3, https://www.ecoengineers.us/wp-content/uploads/2023/11/EcoEngineers-
BrilliantPlanet-Methodology.pdf. 
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directly in its expected operating costs or removal efficiencies, but instead through withheld buffer credits, 

and limits the extent of the decomposition carbon inefficiency to 4.7% without much justification.85 

In addition to Brilliant Planet, others have drawn on the concept of water activity in CDR schema. 

Yablonovitch and Deckman propose the burial of an agricultural biomass-salt composite within a 4 mm 

polyethylene barrier, while voicing skepticism about the Brilliant Planet model.86 Their paper provides 

additional environmental (as opposed to biological) justification for the viability of this sequestration 

technique in the successful germination of 2000 year old date seeds preserved during burial at the dry and 

salty shores of the Dead Sea.87 

Though this evidence provides a reasonable pathway by which sequestered biomass could be made 

recalcitrant on the scale of thousands of years it is certainly insufficient to validate the algal biomass CDR 

model. Such validation requires a justification of how the biological and environmental principles sited above 

actually apply to the real sequestration site considered as a product of the particular engineering decisions 

made in the design of the system and the process by which it operates. 

 

Experimental Motivation: 

 Determining the extent that decomposition may occur in a sequestered reservoir of carbon in the 

form of biomass is a necessarily difficult task. This is because it requires determining the extent that 

decomposition will occur over the scale of a thousand years through experimentation typically limited in 

duration to at most a few years. Furthermore, conditions that buried biomass will be sequestered under over 

the course of the thousand-year time scale following burial are quite uncertain due to the potential for 

unpredictable environmental anomaly and change, in large part as a result of climate change. 

 
85 Jovine et al., “Methodology: Carbon Dioxide Removal through Algal Biomass Burial.” 
86 Eli Yablonovitch and Harry W. Deckman, “Scalable, Economical, and Stable Sequestration of Agricultural Fixed 
Carbon,” Proceedings of the National Academy of Sciences 120, no. 16 (April 18, 2023): e2217695120, 
https://doi.org/10.1073/pnas.2217695120. 
87 Sarah Sallon et al., “Germination, Genetics, and Growth of an Ancient Date Seed,” Science 320, no. 5882 (June 13, 
2008): 1464–1464, https://doi.org/10.1126/science.1153600. 
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 Given, then, that any lab or environmental scale decomposition experiment can only consider a small 

fraction of the time series of conditions that will be experienced by buried biomass, it is necessary to 

interrogate the subset of environmental conditions of burial that will be most informative as to total long-

term decomposition processes. Decomposition is most likely to occur in periods of anomalously high rainfall 

because these are most likely to raise the water activity. This means that experiments that approximate such 

high-risk conditions can be used to assign an upper bound on the amount of decomposition likely to occur.  

In this experiment, I approximate the conditions corresponding to the five-hundred-year rain event 

corresponding to an average burial parcel. To do so I gathered soil moisture data from NASA earth data 

repository for the country of Egypt, which was available since January 1st, 2016 with a daily temporal 

resolution and 9 km spatial resolution.88 I used soil data because it is spatially resolved like the various satellite 

data sets that I use for determining actually viable burial sites in chapter 5. As such, the decomposition results 

from this experiment can be mapped to enhanced vegetation index (EVI), which is correlated to soil moisture 

in its dependence on water dependent greenery. I then examined the entire soil moisture series at several 

desert locations (deemed in chapter 5 to be suitable for biomass burial). Observations appeared 

approximately normally distributed, with long tails on the positive end. Potential burial sites examined had 

mean soil moistures between 0.03 and 0.065 m^3/m^3 and standard deviations between 0.005 and 0.01 

m^3/m^3.89 Based on these normal distributions, I calculated the maximum expected daily soil moisture at 

each cell over a span of 500 years. This corresponds to a value 4.4 standard deviations above the mean based 

on the daily observations. In the experiment, to account for limitations of the statistical analysis and changes 

to the mean and standard deviation due to climate change or other environmental shifts, I tested a 

precipitation event 5 standard deviations above the mean.90 Thus, I wanted to model a precipitation event 

where soil moisture increased from the mean (0.04 m^3/m^3) by a value of 0.035 m^3/m^3. 

 
88 P.E. O’neill et al., “SMAP Enhanced L3 Radiometer Global Daily 9 Km EASE-Grid Soil Moisture, Version 4,” netcdf 
(NASA Appears, October 28, 2021), https://doi.org/10.5067/NJ34TQ2LFE90. 
89 Burial sites were chosen based on having a maximum soil moisture observed over the whole time series of less than 
0.1 m^3/m^3. 
90 The long tails indicate the normal assumption of the data to be quite restrictive, perhaps as a result of substantial 
autocorrelation and the fact that only eight years of data are available. This depreciate the value of a more robust 
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A fully satisfactory justification of the viability of long-term sequestration would likely require 

modelling and experimental data at both the lab and environmental scales. For this project, however, due to 

the scale of algal production being undertaken in the lab and the lack of access to appropriate sites for burial, 

I analyzed decomposition at the lab scale. 

 

Methods: 

 Based on the insights above I constructed two sand columns in the lab through which, over the 

course of 1 month, I tested the effects of burial on dried biomass during an anomalous rainfall event. 

Algal growth: 

 Cyanobacterium aponium (UTEX 3222) was grown in incubation at 35 C under a combination of a 

white light and a blue/red light at a total radiative flux of 6000 lux. Light and temperature were optimized for 

growth rates at low optical density (OD) for samples in 15 mL culture tubes. Growth was performed in BG11 

media, which is primarily used for freshwater cyanobacteria, but was shown to be conducive to rapid growth 

of the brackish 3222 strain. Experimentation with the addition of NaCl up to 0.6 M (the NaCl concentration 

of sea water) had little effect on the cyanobacteria’s growth rate. Additionally, 10 mM TES buffer at pH 8 was 

added to all BG11 media to raise bicarbonate concentration. Bacteria were first grown on 1.5% agarose 

plates. Subsequently single colonies were taken from four separate growth plates and added into 12 mL of 

media. Liquid cultures were rocked (at sufficient speeds to prevent settling of UTEX 3222 which occurs at 

low to medium ODs when unrocked) while in 15 mL culture tubes. As the cultures grew, they were 

transferred into progressively largely flasks of 100 mL, 250 mL, 500 mL and 1 L. Flasks were grown in a 

separate incubator with the same light flux and temperature but shaken at 160 rpm instead of rocked.91 In 

 
Bayesian analysis and explains my conservative consideration of a 5 standard deviation rainfall event to avoid misleading 
precision in statistical analysis. 
91 The high rate of rotation—compared with the 120 rpm conventionally used—was required because of the relatively 
full nature of the flasks and the prevention of settling. 
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total 3 L of liquid cultures with optical densities ranging from 0.4 to 1 at OD 680-700 were harvested for the 

decomposition experiment.92 

Biomass collection and lipid extraction: 

 Biomass was harvested from the liquid cultures through repeated cycles of centrifugation and pellet 

removal until supernatant was clear to promote dewatering. The media was partitioned into 50 mL tubes 

which and centrifugations were performed at 5000 rpm for 5 minutes. Approximately 100 mL of wet biomass 

was obtained from the dewatering process whereupon it was oven dried for 48 hours at 65 C. From this 

process, there was a yield of 1.2 g of dry biomass. 

 Of this total biomass quantity 363 mg were allocated for lipid isolation. Lipid isolation followed the 

Folch procedure.93 This entails the addition of a 2:1 chloroform to methanol mixture to the dried biomass 

(with a volume/volume ratio of mixture to biomass is 20:1). The Folch method—and modern adaptations 

specifically applied to microalgae, often in the context of biofuels9495—then calls for the lysis of the biomass 

through the use of a homogenizer. Unfortunately, mechanical lysis of UTEX 3222 proved quite difficult. 

Various attempts to lyse the cyanobacteria proved unsuccessful, including bead milling with 30 µm silica 

beads (lacking sufficient energy to rupture the bacteria’s cell wall compared with conventional diameters of 

100-500 µm for bead lysis9697), heat shock from -80 C to 50 C, and the use of an Ultra-Turrax homogenizer 

 
92 Certain growth practices were adapted from Dr. Max Schubert and the George Church group from whom UTEX 
3222 was initially acquired. In October 2023, Schubert et al. released a preprint outlining many of the growth parameters 
of the species.1 These data generally agree well with practices and optimization I performed independently before the 
release of the preprint, and larger differences can be attributed to the Church group’s primary characterization of UTEX 
3222 under 5% elevated CO2 air, as opposed to my work under ambient air conditions (more applicable to the outdoor 
algal ponds that the CDR project described herein employs). 
1. Max G. Schubert et al., “Cyanobacteria Newly Isolated from Marine Volcanic Seeps Display Rapid Sinking and 
Robust, High Density Growth” (bioRxiv, October 30, 2023), https://doi.org/10.1101/2023.10.30.564770. 
93 J. Folch, M. Lees, and G. H. Sloane Stanley, “A Simple Method for the Isolation and Purification of Total Lipides 
from Animal Tissues,” The Journal of Biological Chemistry 226, no. 1 (May 1957): 497–509. 
94 Martin Axelsson and Francesco Gentili, “A Single-Step Method for Rapid Extraction of Total Lipids from Green 
Microalgae,” PLoS ONE 9, no. 2 (February 24, 2014): e89643, https://doi.org/10.1371/journal.pone.0089643. 
95 Ramanathan Ranjith Kumar, Polur Hanumantha Rao, and Muthu Arumugam, “Lipid Extraction Methods from 
Microalgae: A Comprehensive Review,” Frontiers in Energy Research 2 (January 8, 2015), 
https://doi.org/10.3389/fenrg.2014.00061. 
96 Mohammed Shehadul Islam, Aditya Aryasomayajula, and Ponnambalam Ravi Selvaganapathy, “A Review on 
Macroscale and Microscale Cell Lysis Methods,” Micromachines 8, no. 3 (March 8, 2017): 83, 
https://doi.org/10.3390/mi8030083. 
97 Kunal K. Mehta, Niklaus H. Evitt, and James R. Swartz, “Chemical Lysis of Cyanobacteria,” Journal of Biological 
Engineering 9, no. 1 (June 5, 2015): 10, https://doi.org/10.1186/s13036-015-0007-y. 
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operating at speeds of up to 24,000 rpm, as well as combinations of these techniques had little to no effect on 

cell counts. Even heat shock in 1.5 mL microcentrifuge tubes from ice to 90 C water for 45 seconds (which 

would not be useful for homogenization because of the substantial denaturation effects expected) back to ice 

followed by bead lysis only led to a 30% reduction in cell counts, with the remainder of cells appearing intact 

under brightfield microscopy. Because of the difficulties of lysing the cells and concerns in working with 

chloroform, the homogenization step was forgone. The following shaking incubation of the biomass mixture 

was extended to 90 minutes (in addition to the subsequent 30-minute incubation on ice) to allow for greater 

chemical homogenizing effects from the mixture. 

I followed the common deviation from the Folch with the common use of 0.9% NaCl in place of 

water to better separate the polar layer from the nonpolar layer.98 Centrifugation for 2 minutes at 2000 rpm 

produced the desired polarity separation in the mixture. The separation process caused a color bifurcation in 

the tubes, as the chloroform layer was a light green indicating the presence of the non-polar chlorophyll A, 

while the methanol layer was clear. Though the interface between the chloroform (nonpolar) and methanol 

(polar) layers did have a small amount of debris likely corresponding to unhomogenized cell wall or 

membrane, the expected polarity and color separation suggested an effective separation of the polar and 

nonpolar components from within the cell into the two layers. The polar layer and interfacial debris were 

discarded while the nonpolar layer was slowly deposited onto six separate squares of nylon mesh (see below) 

under N2 gas to quickly evaporate all chloroform. In total 92 mg were deposited from the nonpolar onto the 

nylon squares. This corresponds to a 25% yield. Given that the nonpolar fraction of cyanobacteria, like most 

biomass consists almost entirely of lipids (lipid isolation is the aim of the Folch procedure) this indicates the 

nonpolar lipid weight fraction of dry biomass as exceeding 25%. This is a promising result both for interests 

in carbon sequestration and algal biofuels, as high lipid yields are conducive to both. The experiment used 

 
98 Ranjith Kumar, Hanumantha Rao, and Arumugam, “Lipid Extraction Methods from Microalgae.” 
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nutrient rich BG11 media as opposed to nutrient limited media and other well studied techniques that have 

been shown to further boost lipid production in microalgae.99100 

Sample preparation: 

 Following drying of biomass and lipid extraction samples were prepared for burial. This procedure 

resembles Keuskamp’s tea bag index to compare decompositions rates in different biomes globally based on 

weight loss of tea bags after burial.101 Before burial all biomass and lipid samples were raised to 40% (w/w) 

salt by the addition of NaCl. Burial was performed in 75 µm nylon mesh.102 Squares of length 12 cm were cut 

from the nylon and 167 mg of biomass (corresponding to 100 g of dry biomass and 67 g of NaCl) were added 

to the center of the square and all edges were folded upward to create a pouch. The pouch was synched with 

wire above the level of the biomass, and all excess nylon above the wire was trimmed before the sealing of 

the single opening of the pouch with epoxy. The wire was removed to prevent interference with further 

packaging of samples. Eight biomass samples were created in this way. Though sealed, experimentation with 

pouches in sand showed a difficulty of preventing sand from sticking to the creases in the nylon or the epoxy 

seal; as such, in order to allow for comparative measurements of inner pouch (or nylon deposition square for 

the lipids) after burial, both the biomass pouches and the nylon squares on which the lipids were deposited 

were folded and put inside of an outer nylon pouch. Instead of using wire to synch the samples, colored zip 

ties were used to allow for easy identification without the use of any labelling and the outer pouch was sealed 

with epoxy. In total eight biomass samples and six lipid samples were prepared. 

Column setup: 

 
99 Mohammad Javad Zarrinmehr et al., “Effect of Nitrogen Concentration on the Growth Rate and Biochemical 
Composition of the Microalga, Isochrysis Galbana,” The Egyptian Journal of Aquatic Research 46, no. 2 (June 1, 2020): 153–58, 
https://doi.org/10.1016/j.ejar.2019.11.003. 
100 T. Monshupanee and A. Incharoensakdi, “Enhanced Accumulation of Glycogen, Lipids and Polyhydroxybutyrate 
under Optimal Nutrients and Light Intensities in the Cyanobacterium Synechocystis Sp. PCC 6803,” Journal of Applied 
Microbiology 116, no. 4 (April 2014): 830–38, https://doi.org/10.1111/jam.12409. 
101 Keuskamp et al., “Tea Bag Index.” 
102 The choice of 75 um mesh was intended to be smaller than the smallest particles of sand, thereby preventing any 
change of mass in the samples due to particle entry, while still being large enough to allow physical transport of the 
biomass outside of the nylon pouch or the passage of any microbial decomposers through the nylon mesh into the 
sample. 
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For this experiment, fine white laboratory sand was used. Upon reception the sand was characterized 

in various ways for comparison with the Sahara Desert where Brilliant Planet operates. Oven drying at both 

65 C and 105 C for two days caused no mass change, indicating the sand to be fully dry. However, when sand 

samples were autoclaved for 12 hours at 480 C, a 0.034% was observed corresponding to the sand’s organic 

matter content. This is less than typical soil organic matter content in the Sahara Desert of 0.1-1.2% but 

similar to those measured in other deserts like the Gibson Desert.103 Sand was mixed with water and then 

vortexed and swabbed onto LB media plates to test for the presence of any microbial activity, but no plaque 

forming units developed indicating the sand’s sterility at the start of the experiment. Before column set up, 

4% water was added to the sand used for each column so that its soil moisture would match the baseline soil 

moisture of the examined burial sites. The water was well mixed into the sand before use. Sand particle size 

was about 700 µm as compared with the very fine sand of the Sahara Desert—featuring a minimum around 

100 µm and a mode at about 200 µm.104 The sand column was operated at 25 C. Accordingly, the sand used 

represented general desert conditions well, with the notable exception of the lack of microbial content. 

I assembled two sand columns one meter in height. In their model, Brilliant Planet buries biomass at 

a depth of 1–4 m below the surface.105 Monthly soil moisture profiles taken in the Sahara Desert suggest that 

this depth is insufficient to fully protect the buried biomass from seasonal effects such as temperature 

variation.106 However, at 1 m in depth temperature effects are reduced by 32% and at 4 m they are reduced by 

77%. I used 1-meter columns for this experiment because of their approximate applicability to the actual 

burial process and their ease of use at the lab scale. The plexiglass columns had an internal diameter of 9.63 

cm. At a height of 5 cm above the column base, four separate 2 cm squares were removed from the column. 

 
103 Andrey A. Belov, Vladimir S. Cheptsov, and Elena A. Vorobyova, “Soil Bacterial Communities of Sahara and Gibson 
Deserts: Physiological and Taxonomical Characteristics,” AIMS Microbiology 4, no. 4 (December 17, 2018): 685–710, 
https://doi.org/10.3934/microbiol.2018.4.685. 
104 Joel Roskin, Itzhak Katra, and Dan Blumberg, “Particle-Size Fractionation of Eolian Sand along the Sinai-Negev Erg 
of Egypt and Israel,” Geological Society of America Bulletin 126 (December 30, 2013): 47–65, 
https://doi.org/10.1130/B30811.1. 
105 Blain, “Brilliant Planet Plans Cheap, Gigaton-Scale Carbon Capture Using Algae,” New Atlas, April 26, 2022, 
https://newatlas.com/environment/brilliant-planet-algae-carbon-sequestration/. 
106 Ahmed A. Serageldin et al., “Soil Temperature Profile for Some New Cities in Egypt: Experimental Results and 
Mathematical Model” (14th International Conference on Sustainable Energy Technologies, Nottingham, 2015), 
https://www.researchgate.net/publication/279550038_Soil_Temperature_Profile_for_some_New_Cities_in_Egypt_Ex
perimental_Results_and_Mathematical_Model. 
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These “doors” could then be taped back to the column where they would prevent the escape of any content 

of the column through the openings. Epoxy was used to attach the base of the two columns to a platform. 

Sand was then added to both columns up to the base of the doors. Doors were assigned a zip tie color and 

opened after which one biomass and one lipid sample of the appropriate color were put into the column. 

Replicate samples with the same zip tie color were placed similarly in the two columns. After all samples were 

placed without contact between them, the doors were taped shut well leaving access to the zip ties of the 

samples at a specific level. The columns were then filled with sand to 1 meter. 

In the rainfall column, the anomalous rain event was simulated by the addition of 3.5% (v/v) of 

additional water to the top of the “rainfall” column all at once. In the control column no additional water was 

added. Instead of sealing the columns to prevent evaporation, both control and rainfall columns were left 

open at the top allowing for some evaporation or condensation through this top surface. The relative 

humidity in the lab during the experiment was 25%. 

Sample removal and decomposition analysis: 

Weekly, one set of samples were removed from each column and analyzed. For the first three weeks, 

both lipids and biomass samples were removed. Since only six lipid samples were prepared, only biomass was 

removed after four weeks. After removal from the column, the outer pouch of each sample was cut open. 

The inner pouch (or the nylon square in the case of the lipids) was then weighed to indicate any change in 

mass during the burial experiment. Then a small amount of biomass, or the nylon with the lipids adhered to it 

was set aside for thermogravimetric analysis (TGA). 

Finally, the remaining biomass pouches were opened by trimming off the epoxy seal and soaked in 

20 mL of molecular biology grade water. The lipid squares were added directly to the 20 mL of water. After 

substantial vortexing to allow all dried biomass or lipids to dissolve,107 10 mL of each sample were made in 

separate tubes. For the lipids the 10 mL were drawn directly from the 20 mL dissolution tube without any 

 
107 It is of course unlikely that the nonpolar lipid layer adhered to each nylon square would fully dissolve. For this reason, 
lipid phosphorus and nitrogen measurements are considered relative to each other, not as absolute. 
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dilution, while 2 mL were drawn from the lipid tubes and diluted to 10 mL with further water. The nitrite, 

nitrate, and phosphate contents of the samples were then measured using measurement strips. 

 

Results: 

 The primary means of measuring the permanence of buried biomass sequestration was through mass 

measurement before and after burial. Unfortunately, biomass samples, which were not dried before they were 

weighed after removal from the column, absorbed water from the sand leading to mass increases in contrast 

to the mass loss corresponding to physical transport or decomposition of the biomass. That said, biomass 

transport out of the inner pouch was evidenced by the green staining on the outer pouch and on the sand 

immediately outside of it for both whole biomass and lipid samples. Accounting for increases in mass due to 

water absorption based on the TGA data discussed below—under the assumption that biomass would gain 

water while the rest of the pouch remained dry—were insufficient to reverse mass increases so are not 

presented. 

 This decomposition experiment impeded the effective interpretation of TGA results. Because 

biomass had adhered to the nylon pouches during burial, all samples measured in TGA contained both nylon 

and biomass (approximately 1:1 nylon to biomass) or lipids (approximately 4:1 nylon to biomass), but 

measurement of the exact biomass content of the samples measured for TGA could not be completed. For 

this reason, comparing different TGA samples is difficult because different samples have different amounts 

of mass. It is clear that the water fraction of the samples presented in TGA data below is an underestimate of 

water content of the sample, but the degree to which this is the case is unclear. TGA of unburied biomass 

revealed that biomass initially contained 3.24% (v/v) water content. TGA can allow for free water to be 

distinguished from bound water in a sample, which is important for consideration of water availability. The 

transition between the removal of free water to bound water is characterized by an inflection in the TGA 

curve as heating occurs after the last free water has left the sample but before the bound water begins to leave 

at a large rate (see Figure 1e). For the biomass sample before burial, only 0.36% of the sample was free water 

with the remaining 2.88% as bound water.  
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 Figure 1d depicts the water 

concentration in the various lipid and 

biomass samples throughout the 

experiment. Meanwhile in figure 1e, the 

moisture content of the sand itself is 

depicted for both sand taken from the 

top and bottom of the column. Here, 

several things are evident. First, in spite 

of the 25% relative humidity, the sand at 

the top of the column proved almost 

entirely unable to retain water in the dry 

period following the anomalous rain 

event. One week after the 3.5 cm rain 

event, soil moisture at the surface had 

already decreased to 0.00094 m^3/m^3 

and would only decrease further through 

the end of the experiment. Meanwhile, at 

the bottom of the column the data seem 

to reflect the gradual accumulation of 

water due to its slow permeation 

through the column. By the third week, 

however, the increase in soil moisture at 

the base of the column had reversed, indicating that evaporation of water through the top of the column had 

made up for the settling of water at the base of the column. 

 In the control column results were similar, though at a much smaller scale. At both the base and top 

of the column soil moisture decreased throughout the experiment (providing stronger evidence of the 
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progress of evaporation than for the rainfall event column). After one week, the top of the control column 

had 40% of the soil moisture of the top of the rainfall column, while the base of the control column was at 

only 3.3% of the rainfall column with the disparity widening as the base of the rainfall column became more 

saturated while the base of the control column dried throughout the experiment. Here the extremely low soil 

moisture (never more than 0.0028 m^3/m^3 at the top or bottom) of the control column indicates likely 

experimental error. In designing the experiment 0.04 m^3/m^3 of water was mixed into the sand of each 

column to approximate the mean soil conditions considered. The fact that soil moisture would need to 

decrease by a factor of 14 over the first week at the base of the control column does not seem with 

evaporation rates in comparison with the increasing moisture at the base of the rainfall column. It then 

appears that evaporation of the baseline water for the control column may have occurred before samples 

were even buried. Indeed, this water was mixed into the sand for the control column about three hours 

before the filling of the column. Evaporation may have occurred during this incubation, explaining the low 

soil moistures observed in the column throughout.108 

 In both columns, TGA data show the dry, salty biomass samples as containing substantially more 

water than the surrounding sand, likely indicative of sample retention of bound water. Nonetheless, by the 

end of the experiment in both the rainfall and control columns, water fraction had begun to regress towards 

the 3.24% water fraction in pre-burial biomass. 

As a total measurement of water content, the numbers reported for TGA represent a total water 

moisture which is not directly proportional to water activity. Because the conversion between TGA water 

content data and water activity is difficult, alternative instrumentation is generally used to measure water 

 
108 Further evidence for this conclusion can be drawn from a scaling analysis of evaporation. During the three hours 
between water addition to the sand (which was mixed in a tub of area 0.174 m^2), with evaporation occurring 
proportionally to surface area, evaporation would be proportional to 3 hours * area = 0.522 m^2 * hours. Meanwhile, 
during a week in the column with the exposed surface area of 0.00728 m^2, evaporation would be expected to be 
proportional to 168 hours * area = 1.22 m^2 * hours. Though tub evaporation at 43% of column evaporation per week 
is insufficient to account for the dramatically lower moisture contents in the control column this explanation is made 
more plausible given that this analysis relatively overestimates evaporation for the column because much of the sand is 
further below the evaporation surface than is the case for the mixing tub. 
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activity directly.109 However, even despite the experimental limitations in the ability to compare TGA data it 

becomes clear that moisture content in the biomass sample in the rain column (measured at 0.35) likely 

exceeded a water content of 0.7, meaning that it likely had sufficient water activity for decomposition to 

occur. In other samples it is less clear as to whether the water activity was reached, but based on the observed 

physical transport of samples out of the pouches, it seems that a failure of the membrane encapsulating 

biomass is likely to lead to substantial or complete loss of biomass over time. This data also suggest that once 

the membrane is compromised, though risk of decomposition may follow a threshold, (evidenced by the 

drying of samples by the end of the experiment), risk of physical transport is probably cumulative.110 Since 

sufficient water activity for decomposition was never achieved in this experiment, it then appears that the 

primary danger to the long-term sequestration of biomass derives not directly from decomposition but from 

the physical transport of biomass to locations in the sand where sufficient water is available for 

decomposition, or the physical trapping of water in the biomass layer. 

 Finally, I used elemental analysis to characterize the burial process. Though results could generally be 

observed for the various control samples, values in the rainfall column were often insufficient for 

measurement in the phosphorus and nitrogen tests. Additionally, conversion of data in ppb for the solution 

into a molar fraction of phosphorus in the solution produced values of 4.2*10-4 or lower for both biomass 

and lipid trials which is unrealistically low, perhaps because of the test’s design to measure inorganic 

phosphate content in water instead of particulate phosphate which is dominant in dry biomass. Nonetheless, 

in comparing the elemental analysis data between weeks, phosphate data were quite consistent in both the 

control and rainfall columns suggesting that the phosphorus containing parts of the whole biomass remained 

well-sequestered even if other parts of the sample escaped. 

 
109 Lida Zhang, Da-Wen Sun, and Zhihang Zhang, “Methods for Measuring Water Activity (Aw) of Foods and Its 
Applications to Moisture Sorption Isotherm Studies,” Critical Reviews in Food Science and Nutrition 57, no. 5 (March 24, 
2017): 1052–58, https://doi.org/10.1080/10408398.2015.1108282. 
110 This decision to apply a cumulative or threshold risk of decomposition is relevant to chapter 4 where I consider the 
economic cost of decomposition. There I use a threshold under the assumption that heavy rainfall events are likely to 
provide substantially higher risk of membrane failure than lesser events. This then situates membrane integrity as the 
only barrier to decomposition, as opposed to innate inertness of the salt-biomass composite in the absence of a 
containing membrane. 
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Conclusions: 

 Ultimately the data from the decomposition column experiment were quite noisy. Though a degree 

of impermanence of sequestration was demonstrated by observation of samples and statistical analysis of 

their change throughout the experiment, perhaps most meaningful is the large margin of error in data that 

derive from the chemistry and physics of water in the column. Many of the particularities of the water 

dynamics in the column can be attributed to specifics of column design. The column fails to approximate the 

natural environment in several ways, but perhaps most obvious from the data is the effects of the base of the 

column. Whereas water that enters the soil in the environment will generally permeate downwards until it 

reaches a stable level (i.e. the water table), here water could not go downwards beyond the base of the 1-

meter column. As such, the rainfall column can be considered to approximate a condition where the top of 

the geomembrane encasing dry biomass has failed but the bottom remains intact, thereby concentrating 

moisture at the level of the biomass. Meanwhile, the control column, though its moisture content may have 

differed from experimental design, validated the premise that extreme rainfall will indeed further the physical 

transport of biomass or chemical removal of stabilizing salts, thereby raising chances for decomposition as 

compared to the baseline. 

 Though neither column ever produced soil moistures or water activity levels in biomass sufficiently 

high to indicate the possibility of microbial growth, this effect may be an artifact of the experimental design 

(both columns substantially dried out over the course of the experiment, beyond levels that would be 

expected from environmental soil moisture data) and may not hold at the smaller scale where water content 

may be locally much higher. Ultimately, this column experiment, though in many ways inconclusive, 

demonstrates the necessity of an effective “geomembrane” or another barrier to water permeability for 

securing the viability of long-term sequestration of carbon. 

 Further research could produce more informative results about decomposition through the use of 

large samples or repeats in order to overcome the substantial noise seen here. Additionally, the drying of 

biomass samples before the collection of final masses after burial to avoid the complicating effects of water 
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absorption at this phase, a more careful column set up process to prevent any evaporation in advance, and 

protocols that more directly deal with the decomposers that are of great interest to questions of sequestration 

validity constitute potential future improvements. 

 In chapter 4, I will suppose the general validity of CDR via algal biomass sequestration, and use 

conclusions from this experiment and others to examine the scope of algal CDR. 

  



Leonard 45 

 

Chapter 4 

Scales and balances: Economic analysis of cyanobacterial carbon removal in the MENA region 

 

Introduction: 

 In the previous two chapters I have justified the technical viability in principle of cyanobacterial 

carbon removal, with the use of phages to preclude nutrients from inclusion in the sequestration process. Of 

course, implementing such an algal carbon dioxide removal (CDR) project would require far more substantial 

and technical scientific analysis than I provide in this thesis. Regardless, it is similarly requisite to consider the 

project’s suitability towards large-scale implementation. Not only must any carbon removal project be 

scientifically sound for productive deployment in addressing climate change, it must also demonstrate that it 

can be pursued at a large scale and at competitive prices. In this chapter, I provide such an economic 

justification. 

 I will first briefly consider the carbon removal market and what aspired scale and target price are 

necessary in validating my project. I will then proceed to clarify my regional focus with respect to these 

questions as well as the data sources with which I will engage in quantifying questions of scale and cost. In 

the methods section I will explain the helpful spatial metrices that form the basis from which costs and scale 

can be estimated. Here I will also introduce the various physical parameters and assumptions upon which my 

metric relies. Finally, in the results I will directly analyze the component costs of the CDR system and then 

present specific regional level data that inform my ultimately conclusions as to questions of cost and scale. 

 

Background: 

 In pursuing CDR, the scale of the climate crisis provides necessary perspective. Since the beginning 

of the industrial revolution humans have emitted 1500 GT of CO2 equivalent globally,111 with emissions still 

increasing from annual emissions of over 35 GT of CO2 and over 60 GT of total CO2 equivalent through all 

 
111 Hannah Ritchie, “Who Has Contributed Most to Global CO2 Emissions?,” Our World in Data, February 9, 2024, 
https://ourworldindata.org/contributed-most-global-co2. 
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greenhouse gases.112 This has lead the CDR industry to consider projects that can aspire to a similarly colossal 

scale; more specifically (though it is recognized that CDR will require a collection of solutions as opposed to a 

single silver bullet), research and investment are focused on projects that could achieve more than 1 GT of 

removal per year.113 

 The second important facet of aspiring CDR projects is cost. Today, the CDR techniques that have 

received external validation and are being pursued by a variety of actors (biochar, enhanced weathering, 

biooil, and DAC) report costs on the range of several hundreds to thousands of dollars per ton.114 Meanwhile, 

the sale price per ton removed in the fledgling carbon credits market has fluctuated dramatically between 

approximately $60 and $600 in CDR sales since 2020.115 This market, however, is young, operating at a small 

scale, and largely dependent on advance payments for future tons removed as demand has surpassed current 

capacities for removal.116 As such, this has led some to forecast a long-term stable price of carbon (from 

either CDR or other offsets, with the price of the latter currently around $2.50 per ton) at around $100 per 

ton.117 Accordingly, in the CDR market the $100 price level often serves as a benchmark for conceptualizing 

project costs.118 Thus, the long term viability of CDR projects highly depends on an eventual ability to 

achieve CDR costs on the scale of $100 per ton or less. 

 Brilliant planet aspires to CDR at a cost of under $50 per ton, making it an exciting option in the 

CDR market if it can receive external validation for its CDR efforts.119 Until recently, Brilliant Planet’s 

 
112 Gadi Rothenberg, “A Realistic Look at CO2 Emissions, Climate Change and the Role of Sustainable Chemistry,” 
Sustainable Chemistry for Climate Action 2 (January 1, 2023): 100012, https://doi.org/10.1016/j.scca.2023.100012. 
113 Felix Creutzig et al., “The Mutual Dependence of Negative Emission Technologies and Energy Systems,” Energy & 
Environmental Science 12, no. 6 (June 12, 2019): 1805–17, https://doi.org/10.1039/C8EE03682A. 
114 Robert Hoglund et al., “CDR.Fyi 2023 Mid-Year Progress Report,” Medium (blog), August 10, 2023, 
https://medium.com/@cdr_fyi/cdr-fyi-2023-mid-year-progress-report-656826b7e4cb. 
115 Hoglund et al. 
116 Uncertainty about future trends in the CDR market are magnified by the domination of CDR credit purchases by a 
very small number of corporate actors, with Microsoft accounting for nearly 70% of all historic CDR credit purchases, 
and Airbus, Nextgen, and Frontier combining for another 20%.1 

1 Hoglund et al. 
117 Veronica Henze, “Carbon Offset Prices Could Increase Fifty-Fold by 2050,” BloombergNEF (blog), January 10, 2022, 
https://about.bnef.com/blog/carbon-offset-prices-could-increase-fifty-fold-by-2050/. 
118 Matthias Honegger et al., “Who Is Paying for Carbon Dioxide Removal? Designing Policy Instruments for 
Mobilizing Negative Emissions Technologies,” Frontiers in Climate 3 (June 7, 2021), 
https://doi.org/10.3389/fclim.2021.672996. 
119 Mark Daly, David Lluis Madrid Garcia, and Claire Curry, “Scaling Carbon Removal” (Bloomberg NEF, June 16, 
2022), https://assets.bbhub.io/professional/sites/24/Scaling-Carbon-Renewal-White-Paper.pdf. 
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methodology and the specific costs that might actually contribute to this were addressed with little specificity 

in the company’s sparse website and sporadic press releases.120 Its August 2023 preprint on net carbon 

analysis in Nature Portfolio121 and its November 2023 methodology report as published with the group eco-

engineers,122 have provided more detail into the precise mechanics and costs of the Brilliant Planet model. 

From these reports, in addition to cost portfolios from the algal biofuel industry,123 and my own analysis, I 

assembled a list of various costs associated with an algal CDR project like that of Brilliant Planet or the one 

proposed in this thesis. Capital costs including the construction of raceway algal ponds and their initial filling, 

the pipelines necessary to pump water from the ocean to the ponds and between various growth and 

harvesting ponds, the machinery needed to mix the ponds and spray dry the biomass, the cost of land for 

growth sites (and burial sites if these are separate) and the cost of constructing operating facilities at these 

same sites, among others. Meanwhile, operating costs include labor, water pumping, electricity for algal 

growth and harvesting, energy for spray drying of biomass, production or purchase of salt and needed 

nutrient inputs, transport of dry biomass, excavation for biomass burial, monitoring to ensure continued 

sequestration, and reductions to carbon offset credit earnings due to decomposition and other greenhouse gas 

emissions associated with the project. 

 The system proposed in this thesis primarily differs from that of Brilliant Planet in terms of water 

pumping costs, nutrient supply costs, and growth and harvesting electricity cost. Water pumping costs and 

nutrient supply costs are both decreased in my system due to nutrient separation, which prevents nutrient loss 

and reduces the need for water pumping to supply new nutrient-rich seawater. I still consider the former in 

my analysis, but in conceptualizing a system with little or no external nutrient inputs neglect the latter. 

Meanwhile, operating and harvesting electricity costs differ from the Brilliant Planet model based on the cost 

 
120 Both of these have changed since autumn of 2023 since which the brilliant planet website has substantially expanded 
and publicity for the company in news outlets has increased. 
121 Tom Bradley, Jonathan Forbes, and Guy Ingram-Hardwick, “The Potential of Microalgae for Large-Scale Carbon 
Capture and Storage: A Life Cycle Assessment Based on Real-World Data” (Research Square, August 8, 2023), 
https://doi.org/10.21203/rs.3.rs-3147220/v1. 
122 Jovine et al., “Methodology: Carbon Dioxide Removal through Algal Biomass Burial” (Brilliant Planet and Eco 
Engineers, November 2023), https://www.ecoengineers.us/wp-content/uploads/2023/11/EcoEngineers-
BrilliantPlanet-Methodology.pdf. 
123 “Cost Analysis of Microalgae Biomass Systems. Final Report. Design Assumptions and Engineering Plans for 100-
Square Mile System” (CSO International, Inc., Concord, Calif. (USA), April 1, 1978), https://doi.org/10.2172/6772550. 
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of macromolecular separation—through the use of phages or other means—and the cost of ensuring the 

bioavailability of retained nutrients for subsequent growth cycles. These costs are considered later in this 

section. 

 In this analysis I choose to focus only on operating costs as opposed to capital expenditures. This 

choice reduces the need to consider capital as needed non-constantly in time. Additionally, my focus is 

motivated by the analysis provided later in this chapter’s poor suitability to evaluating infrastructural costs 

that would vary dramatically at national and subnational levels as well as by the low specificity of the design of 

the CDR system provided by this thesis. While operating costs can be approximated based on the general 

scientific principles underlying algal growth and burial which I have dealt with extensively in my lab work and 

literature on the subject, capital expenditures depend heavily on engineering choices of the system that I have 

not made here. Finally, in seeking to conceptualize this CDR project at large scale, it is easier to relate 

operating costs to overall removal costs than capital expenditure because of uncertainty in evaluating the 

lifetime of hypothetical infrastructure. Though the choice to focus only on operating expenditures limits the 

economic rigor of my analysis and the comparability with other CDR projects, it has the virtue of simplifying 

my work, allowing me to focus on those costs I can more confidently infer and calculate. 

  A final concern that should be addressed before engaging in an economic argument is the merit of 

such an argument in the context of CDR in general. Indeed, economic analyses are severely limited in the 

issues that they address. They fail to consider social and political consequences that may not produce 

immediate economic consequences (or these may be difficult to account for in a model). Furthermore, the 

economic analysis I present does not even economically quantify the benefits of CDR through mitigating the 

effects of climate change. Instead, benefits are only conceptualized in the fixed long-term price of carbon that 

is ultimately supported by the growing CDR credit market. This simplification of climate benefit into a single 

price per ton of offsets obscures the complex issues of local response and effect to the climate crisis that are 

most fundamental to any real climate analysis. Nonetheless, I undertake this economic analysis as an attempt 

to combine several types of costs into a single metric producing a single number. Moreover, this single 

number of an offset cost per ton is the primary and most simple way that different CDR projects are 
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compared and prioritized. Even if an economic argument is reductive, it is necessary for operating a CDR 

project within the reality of funding structures in carbon offset credit markets. In contrast to this economic 

analysis, I offer an explicit consideration of the social and political constraints on the cyanobacterial CDR 

project in chapters 5 and 6. 

 

Region and data: 

 In this spatial analysis, I consider cyanobacterial carbon removal in the context of the Middle East 

and North Africa (MENA) region. While the MENA region neither represents the full extent of land 

applicable to such a carbon removal system, nor is it ubiquitously suitable to such a project within every 

country in the region, I have chosen it here due to the presence of coastal deserts. Due to needs for marginal 

coastal land for algal growth ponds, and sufficiently dry land for decomposition-resistant burial of biomass, 

coastal deserts are optimally suited to such a project. Potentially suitable coastal deserts outside of the region 

also may be found in Namibia, Australia, Mexico or Chile, but the vast extent of the Sahara and Arabian 

deserts motivate a focus on the MENA region here. In my analysis, I consider the MENA countries that 

possess substantial desert areas and lack ongoing conflict (i.e. excluding Libya, Syria, Sudan, and Yemen) that 

would preclude development projects. These include Mauritania, Western Sahara, Morocco, Algeria, Tunisia, 

Egypt, Saudi Arabia, Oman, the United Arab Emirates, and Qatar. 

 To answer questions of scale and cost within these countries I use satellite derived spatial data sets. 

Specifically, I draw upon four satellite data products: Enhanced Vegetation Index (EVI), elevation, Nighttime 

lights (NTL), and near-infrared albedo. All data sources were accessed from the NASA earth data repository. 

The EVI product uses the earth’s albedo at different wavelengths in order to distinguish vegetation (primarily 

through the visible light absorbance of chlorophyll) from other land cover. I used EVI data with a spatial 

resolution of 500 m gathered at a 16-day temporal resolution.124 Meanwhile, elevation data had a resolution of 

 
124 Kamel Diden, “MOD13A1: Vegetation Indices 16-Day L3 Global 500m,” netcdf (NASA Appears), accessed March 
16, 2024, https://doi.org/10.5067/MODIS/MOD13A1.006. 
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90 m across the locations I consider.125 NTL data records measurements of visible light (specifically the 400–

900 nm range) emitted from the Earth’s surface at a spatial resolution of 540 m, measured at midnight (so as 

to distinguish from the Earth’s reflection and reemission of solar radiation).126 NTL data has historically been 

used for diverse purposes, such as determining conflict,127 but here I simply use it for the well-established 

purpose of human population density mapping.128 The NTL product I use has a monthly temporal resolution. 

The white sky albedo near-infrared albedo product I use provides albedo data in the 0.7–5.0 µm wavelength 

range at a 1000 m spatial and one day temporal resolution.129 

 Satellite data is not the only option for such an analysis. Many of the data with which I am interested 

such as land cover, human land use, and road network data might be available more faithfully and directly 

through ground level measurements and sources. Data sets released by governments at the country level that 

explicitly measure my parameters of interest could reduce many of the computational difficulties, the 

simplifications, and the approximations relied upon in my analysis. However, the coverage of such datasets is 

inconsistent across countries globally requiring different analysis processes for each country. Meanwhile, the 

accuracy of such datasets can be hard to determine, and access can be difficult to acquire if they are not 

publicly available. As such, I have chosen to employ this satellite analysis because data sources are available 

globally allowing for an analysis that is consistent, an analysis for which errors and bias can be attributed to 

my own explicit assumptions, as opposed to errors hidden within the data sources themselves. 

 

Methods: 

 
125 Michael Kobrick and Robert Crippen, “SRTMGL3: NASA Shuttle Radar Topography Mission Global 3 Arc 
Second,” netcdf (NASA Appears, February 22, 2000), https://doi.org/10.5067/MEaSUREs/SRTM/SRTMGL3.003. 
126 “VNP46A3: VIIRS/NPP Lunar BRDF-Adjusted Nighttime Lights Monthly L3 Global 15 Arc Second Linear Lat 
Lon Grid,” HDF5 (NASA LAADS DAAC), accessed March 16, 2024, https://doi.org/doi:10.1016/j.rse.2018.03.017. 
127 Chaoqing Huang et al., “Mapping of Nighttime Light Trends and Refugee Population Changes in Ukraine during the 
Russian–Ukrainian War,” Frontiers in Environmental Science 11 (January 23, 2023), 
https://doi.org/10.3389/fenvs.2023.1055100. 
128 Bin Wu et al., “A Building Volume Adjusted Nighttime Light Index for Characterizing the Relationship between 
Urban Population and Nighttime Light Intensity,” Computers, Environment and Urban Systems 99 (January 1, 2023): 101911, 
https://doi.org/10.1016/j.compenvurbsys.2022.101911. 
129 Crystal Schaff, “VNP43MA3: VIIRS/NPP Albedo Daily L3 Global 1 Km SIN Grid,” netcdf (NASA Appears), 
accessed March 16, 2024, https://doi.org/10.5067/VIIRS/VNP43MA3.001. 
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 While the code used in this satellite analysis has been provided in Appendix 1, in this section I will 

outline my motivation for and process of creating the several metrices upon which I rely in evaluating the 

specific costs that contribute to my overall determination of the economics and scalability of a cyanobacterial 

carbon removal project. Beforehand, however, I will introduce a table of the physical constants employed in 

my model. These constants are provided below, in addition to a brief description of when they are used in my 

analysis and the justification of their values. In incorporating the table I intend to provide both a cursory 

indication of the depth and scope of my spatial metrices as well as to reveal the basic assumptions on which 

my model rests, from which biases are most likely to derive. It should be noted that this table only contains 

constants for which estimates vary, are uncertain, or were produced from my own analysis. For example, 

constants like the density of sea water or the molar mass of carbon (both used in my analysis) are not 

included. Finally, constants are introduced in the (somewhat arbitrary) order that they appear in my code. 

Thus, while this ordering generally respects topical relations between values, it does not in any way indicate 

the centrality or impact of these constants on the overall analysis. 

 

Table 1: Constants used in economic analysis 

Measure Value Source Notes 

EVI range farmland 
lower cutoff 
(Mauritania) 

0.12 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
upper cutoff 
(Mauritania) 

0.27 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
lower cutoff 
(Western Sahara) 

0.33 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
upper cutoff 
(Western Sahara) 

0.12 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
lower cutoff 
(Morocco) 

0.33 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
upper cutoff 
(Morocco) 

0.12 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 
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EVI range farmland 
lower cutoff 
(Algeria) 

0.1 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
upper cutoff 
(Algeria) 

0.27 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
lower cutoff 
(Tunisia) 

0.1 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
upper cutoff 
(Tunisia) 

0.27 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
lower cutoff 
(Egypt) 

0.04 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
upper cutoff 
(Egypt) 

0.2 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
lower cutoff 
(Oman) 

0.07 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
upper cutoff 
(Oman) 

0.20 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
lower cutoff (GCC) 

0.12 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

EVI range farmland 
upper cutoff (GCC) 

0.23 Validation against true 
color satellite data 

Also based on in person observations of 
agricultural sites in Egypt, Morocco 

NTL people upper 
cutoff 

75 Based on my visual 
analysis in comparison 
with where I went in 
Egypt. 

This is the value of NTL considered to be 100% 
representative of people 

NTL threshold for 
burial 

10 
 

Burial can only happen for sites with NTL of 10 
or lower 

Historic maximum 
EVI for burial 

0.1 Based on correlation 
with soil moisture 
data130 and 
decomposition 
experiment 

Burial sites are limited to those that show a 
historic maximum EVI of 0.1 or less over the 
entire time series since 2000. 

Minimum 
excavation cost ($ 
per m^3) 

5.38 Foundation 
excavation rate131 

Due to savings with scale, I set the minimum 
excavation cost at about half the rate reported. 

Maximum 
excavation cost ($ 
per m^3) 

21.56 Same as above Due to variability of cost with surface hardness, 
I set the maximum excavation cost at about 
twice the rate reported. 

 
130 P.E. O’neill et al., “SMAP Enhanced L3 Radiometer Global Daily 9 Km EASE-Grid Soil Moisture, Version 4,” 
netcdf (NASA Appears, October 28, 2021), https://doi.org/10.5067/NJ34TQ2LFE90. 
131 Anas Ahmed Abdelbagi Hamad et al., “Construction Cost for Soil Excavation (Cut and Fill) on-Site: Computer Based 
Program Analysis,” Journal of Advanced Industrial Technology and Application 2, no. 2 (December 13, 2021): 85–92. 
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Minimum NIR 
albedo for 
excavation 

0.24 Visual validation 
against known land 
cover distribution 

Land with low NIR values is not considered for 
burial sites due to high excavation costs. 

Maximum biomass 
dry mass for liquid 
culture (g/L) 

0.33 Lab data, growth 
characterization of 
UTEX 3222132 

Growth to higher values is reported and 
observed in lab for UTEX 3222 (over 1 g/L in 
ambient air and over 30 g/L in elevated CO2) 
but plateauing occurs so this is more reasonable 
given the doubling time of 1.5 days. 

Pond depth (m) 0.3048 Adopted from values 
in biofuel production 

133 

 

Harvest interval 
(days) 

3 Adopted from values 
in biofuel production 

134 

Slightly faster than biofuel period of 4.2 days to 
account for high growth rates 

Biomass doubling 
time (days) 

1.5 Lab data with UTEX 
3222, slightly less than 
upper rates of 
cyanobacteria in the 
environment during 
blooms135 

Though the number from lab is smaller than the 
maximum reported in blooms, the system is 
operating at very high algal concentrations and 
so a decrease in doubling time is expected. In 
fact, best growth in lab conditions is less than 1 
day, but at lower concentrations, and 24 hours 
of light. 

Lysate fraction of 
biomass (w/w) 

0.5 Non-polar lipid yield 
in lab data 

25% nonpolar lipid yield from UTEX 3222 is 
increased to account for inclusion of membrane 
lipids, glycogen, or contaminants in lysate. This 
number indicates the weight fraction of biomass 
harvested. 

Carbon molar 
fraction in lysate 

0.55 Based on carbon 
molar fraction in lipids 
and lipid yield in lab 

 

Molar fraction of 
Phosphorus in 
lysate 

0.0002
6 

Redfield ratios136 This is 5% of Redfield ratio given carbon 
content assumed in lysate. 

Molar fraction of 
Nitrogen in lysate 

0.0008
6 

Redfield ratios137 This is 2.5% of Redfield ratio given carbon 
content assumed in lysate. 

Fraction nutrient 
loss before water 
recycling 

0.42 Nitrogen 
concentration effects 
on microalgal 
growth138 

High microalgal growth rates tolerate a factor of 
2 to 4 in micronutrient ratio. I conservatively set 
seawater concentration right in the middle of a 
factor of 3. 

 
132 Max G. Schubert et al., “Cyanobacteria Newly Isolated from Marine Volcanic Seeps Display Rapid Sinking and 
Robust, High Density Growth” (bioRxiv, October 30, 2023), https://doi.org/10.1101/2023.10.30.564770. 
133 “Cost Analysis of Microalgae Biomass Systems.” 
134 “Cost Analysis of Microalgae Biomass Systems.” 
135 Steven E. Baer et al., “Stoichiometry of Prochlorococcus, Synechococcus, and Small Eukaryotic Populations in the 
Western North Atlantic Ocean,” Environmental Microbiology 19, no. 4 (2017): 1568–83, https://doi.org/10.1111/1462-
2920.13672. 
136 Timothy M. Lenton and Andrew J. Watson, “Redfield Revisited: 1. Regulation of Nitrate, Phosphate, and Oxygen in 
the Ocean,” Global Biogeochemical Cycles 14, no. 1 (2000): 225–48, https://doi.org/10.1029/1999GB900065. 
137 Lenton and Watson. 
138 Mohammad Javad Zarrinmehr et al., “Effect of Nitrogen Concentration on the Growth Rate and Biochemical 
Composition of the Microalga, Isochrysis Galbana,” The Egyptian Journal of Aquatic Research 46, no. 2 (June 1, 2020): 153–58, 
https://doi.org/10.1016/j.ejar.2019.11.003. 
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Water evaporation 
per day (mm) 

3.05 Average evaporation 
in Eastern 
Mediterranean139 

I approximate precipitation as negligible over 
the largely desert sites. 

Water pumping 
efficiency 

0.715 Typical large pump 
efficiency140 

This accounts for both pump and motor 
efficiency. 

Electricity cost 
($/kwh) 

0.1 Typical cost Based on price in western Sahara. 

Darcy friction 
factor for fluid flow  

0.211 Swamee-Jain 
approximation141  

Based on fluid flow through a 50 cm diameter 
pipe for supplying a single grid cell (25 ha) algal 
farm, the turbulent flow regime was used. 
Internal roughness of pipe corresponded with 
values for galvanized iron. 

Pressure head loss 
for horizontal 
pumping (m/km) 

0.065 Darcy-Weisbach 
equation142 

Based on fluid flow properties from above 

Minimum average 
elevation for coastal 
burial site exclusion 
from sea level rise 
(m) 

10 Sea level rise 
predictions143 

I use year 2500 sea level rise predictions 
assuming moderate climate action and add a 
buffer for erosion and burial depth. This is used 
to exclude burial sites vulnerable to inundation 
by sea level rise 

Maximum distance 
from coast for 
burial site exclusion 
from sea level rise 
(km) 

5 Assumption that sea 
level incursion will not 
extend more than 5 
km from coast due to 
topography or human 
intervention (sea 
walls) 

This considers the extent to which I exclude low 
lying burial sites due to proximity to the coast. 
This somewhat arbitrary value is included to 
allow low-lying depressions where a barrier 
exists to block sea level rise to be considered for 
burial sites 

Average road 
distance as a 
percent of linear 
distance between 
burial and growth 
sites 

150 Data from US show 
travel distance as 
140% of linear 
distance to get to 
hospitals144 

I slightly decrease this distance to accommodate 
the fact that road coverage is lower in most of 
MENA region than the US. 

Trucking cost for 
biomass ($ / (ton * 
km) 

0.1034 Standard value in 
freight cost145 

 

 
139 Mohamed Shaltout and Anders Omstedt, “Modelling the Water and Heat Balances of the Mediterranean Sea Using a 
Two-Basin Model and Available Meteorological, Hydrological, and Ocean Data,” Oceanologia 57, no. 2 (April 1, 2015): 
116–31, https://doi.org/10.1016/j.oceano.2014.11.001. 
140 Bill Peacock, “Energy and Cost Required to Lift or Pressurize Water” (University of California, n.d.), 
https://cetulare.ucanr.edu/files/82040.pdf. 
141 Ruth Spierling et al., “Final Report: Scale-up of Algal Biofuel Production” (California Polytechnic State University, 
September 2018), https://www.osti.gov/servlets/purl/1475450. 
142 Spierling et al. 
143 S. Jevrejeva, J. C. Moore, and A. Grinsted, “Sea Level Projections to AD2500 with a New Generation of Climate 
Change Scenarios,” Global and Planetary Change 80–81 (January 1, 2012): 14–20, 
https://doi.org/10.1016/j.gloplacha.2011.09.006. 
144 Francis P. Boscoe, Kevin A. Henry, and Michael S. Zdeb, “A Nationwide Comparison of Driving Distance Versus 

Straight-Line Distance to Hospitals,” The Professional Geographer : The Journal of the Association of American Geographers 64, no. 
2 (April 1, 2012): 10.1080/00330124.2011.583586, https://doi.org/10.1080/00330124.2011.583586. 
145 Kishor G. Nayar et al., “Cost and Energy Requirements of Hybrid RO and ED Brine Concentration Systems for Salt 
Production,” Desalination 456 (April 15, 2019): 97–120, https://doi.org/10.1016/j.desal.2018.11.018. 
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Maximum elevation 
for growth site 
consideration (m) 

100 
 

This is somewhat arbitrary. Pumping costs do 
not seem to be much of an issue, so this is 
meant to address difficulty operating in 
mountains. 

Biomass density 
(tons/m^3) 

0.6  Microalgal biomass 
bulk density146 

 

Height of biomass 
layer during burial 
(m) 

4 
 

This and below are based on associated angle of 
incline at a burial site solely servicing a 10-ha 
growth site. 

Height of earth 
above top of 
biomass layer 
during burial (m) 

2 
 

Same as above 

EVI historical 
maximum cutoff 
for burial 

0.2 Water availability 
literature147 

Based on comparison with soil moisture data 
and water availability literature 

Percent 
decomposition in 
1000 years at 
maximum EVI 
burial site 

5 Lab decomposition 
experiment 

Decomposition experiment showed the necessity of a 
membrane to enclose buried biomass. Maximum historic 
EVI value is deemed to correlate with water intrusion 
through the membrane and decomposition stress based on 
results of the decomposition experiment correlated via soil 
moisture data.148 

Labor Cost ($/ton) 4.32 DAC labor costs149 I modify the labor cost in the DAC project by 
an increase by a factor of 2.5 due to a lower 
expected level of automation. This aligns with 
U.S. government data on labor costs for algal 
biofuel production. 

Growth and 
harvesting 
electricity cost 
($/ha/year) 

1387 Microalgae biofuel 
production costs150 

I adjust this value from the government algal 
biofuel report for inflation since 1978. 

Phage Maintenance 
cost compared to 
algae ($/$) 

0.5 
 

This value not only encompasses the 
maintenance of phage stocks, but also the 
additional energy requirement in the harvesting 
process due to addition of phage. The value is 
low, but phages are a very cheap tool for lysis. 

Post-lysis 
harvesting cost 

0.15  I assume that harvest following lysis requires no 
additional energy compared to harvest of 

 
146 A. G. Waghmare et al., “Characterization of Storage Stability of Microalgal Biomass for Its Applications as Protein 
Feed Ingredients in Animal and Aquafeeds,” Animal Feed Science and Technology 288 (June 1, 2022): 115323, 
https://doi.org/10.1016/j.anifeedsci.2022.115323. 
147 Andrew Stevenson et al., “Is There a Common Water-Activity Limit for the Three Domains of Life?,” The ISME 
Journal 9, no. 6 (June 2015): 1333–51, https://doi.org/10.1038/ismej.2014.219. 
148 While Brilliant Planet assigns a 4.7% reduction to net CDR effectiveness due to methanogenesis to a buffer pool, for 
which carbon credits are withheld until 5 years of operation can validate that buffer pool associated reductions to net 
removal have been avoided.1 I instead consider consider reductions due to decomposition explicitly in my net reductions 
though environmentally variable. 
1. Jovine et al., “Methodology: Carbon Dioxide Removal through Algal Biomass Burial.” 
149 Moritz Gutsch and Jens Leker, “Co-Assessment of Costs and Environmental Impacts for off-Grid Direct Air Carbon 
Capture and Storage Systems,” Communications Engineering 3, no. 1 (January 16, 2024): 1–14, 
https://doi.org/10.1038/s44172-023-00152-6. 
150 “Cost Analysis of Microalgae Biomass Systems.” 
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compared to algal 
growth baseline 
($/$) 

straight biomass. However, I add an energy 
input of 15% of the general energy input 
amount in order to break down nutrients for 
reuse in future growth cycles. 

Solar salt 
production cost 
($/ton) 

13 Solar salt production 
cost151 

 

Saving fraction in 
salt production due 
to coupling with 
growth ponds ($/$) 

0.4 
 

Solar salt production shares 
machinery/infrastructure with algal growth 
ponds, so we can expect a substantial decrease 
in salt production cost. 

Spray drying cost as 
a fraction of pond 
maintenance and 
harvesting cost 
($/$) 

0.33 Brilliant planet 
preprint152 and 
microalgae spray 
drying costs from 
elsewhere153 

A ratio of 7:1 is advanced in the Brilliant Planet 
pre-print in terms of greenhouse gas emissions 
associated with drying compared to pond 
maintenance/harvesting. Here I reduce to 3:1 
ratio because of the generally high prices of 
biomass spray drying. 

Buried biomass 
monitoring cost 
($/ton) 

0 
 

I neglect this cost because of low relative need 
for monitoring in the large-scale scenario I am 
focusing on. 

Carbon credit sale 
price ($/ton) 

100 Carbon offset market 
predictions154 

This is a conventional number in framing CDR 
analyses. 

% Carbon 
efficiency initial 
estimate (excluding 
decomposition) 

85 Brilliant Planet 
preprint155 

Brilliant planet considers decomposition to be 0 
but surveys many of the carbon outputs from 
sources I consider here, in addition to carbon 
intensity of capex 

 

Organizing Principles: 

 The consideration of (potentially) distinct growth and burial sites will serve as an organizing principle 

for this analysis. This is because a facility for algal growth requires different environmental factors than a 

facility for biomass burial. Nonetheless, they are both land dependent, which is what my satellite data sources 

allow me to consider in this section. As such, the decoupling of the two operations allows for the use of sites 

that may be suitable for only one of the two types of use, thereby substantially increasing scalability. 

Differences that exist between how land would be used for growth and burial inform how I consider them in 

 
151 Nayar et al., “Cost and Energy Requirements of Hybrid RO and ED Brine Concentration Systems for Salt 
Production.” 
152 Bradley, Forbes, and Ingram-Hardwick, “The Potential of Microalgae for Large-Scale Carbon Capture and Storage.” 
153 Hasti Hosseinizand et al., “Economic Analysis of Drying Microalgae Chlorella in a Conveyor Belt Dryer with Recycled 
Heat from a Power Plant,” Applied Thermal Engineering 124 (September 1, 2017): 525–32, 
https://doi.org/10.1016/j.applthermaleng.2017.06.047. 
154 Henze, “Carbon Offset Prices Could Increase Fifty-Fold by 2050.” 
155 Bradley, Forbes, and Ingram-Hardwick, “The Potential of Microalgae for Large-Scale Carbon Capture and Storage.” 
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my analysis. Generally, the requirements for algal growth land are threefold. First, land must be vacant. This 

of course is not unique to growth land as compared to burial land, but the extent of its importance differs. In 

relation to this analysis, vacancy is important not only for reasons of cost to acquire land, but also for ethical 

constraints. Though considered in greater depth in chapter 5, it is apparent that the substantial repurposing of 

land from its current use towards use in carbon removal could seriously threaten local communities and 

industries, reminiscent of colonial economic paradigms. For purposes of human land use for growth sites I 

spatially determine a probability of human use, inversely proportionate to probability of availability for carbon 

removal projects. Second, land for algal growth must be sufficiently flat and low elevation. The construction 

of algal growth ponds entails the flooding of coastal land with seawater which then requires that land to be 

flat enough for excavation to create, or the use of an already existing depression which could become a pond. 

Higher elevation of land also correlates to higher costs of pumping seawater to maintain ponds. Third and 

finally, growth land must be close to the coast for similar reasons to elevation in terms of costs associated 

with pumping water to fill and maintain ponds. 

 Whereas growth lands are continuously reused in a cyanobacterial carbon removal project, land for 

biomass burial cannot be reused once burial occurs. Fortunately, the amount of land requisite for burial is 

much lower than the need for growth lands. Under operating principles chosen here, a solid biomass burial 

layer thickness of two meters used, and a biomass density in burial of 0.506 ton/m3 as compared to maximum 

liquid culture bulk mass content of 0.33 kg/m3 with pond depth of 0.3 m, over 10,000 growth cycles (84 

years) are required for demand for burial land to equal demand for growth land. Nonetheless, over time, the 

use of burial land will increase and become non-negligible. Fortunately, within the countries I consider ample 

desert regions exist. Whereas vacant coastal deserts for growth are to some extent scarce in the MENA 

region, burial, which can occur in interior deserts is not to the same extent limited by land availability even at 

the large aspirational scales considered in this analysis. Thus, for burial, I do not consider the total amount of 

suitable land (assumed to be in excess) but instead only the location and quality of suitable land. Suitable land 

for burial must once again be vacant—in fact a more stringent vacancy cutoff was applied than for growth 

land due to the high importance of maintaining buried biomass stocks without disruption in order to achieve 
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long term sequestration—and it must also be dry. Dry, desert land is important for burial sites to prevent 

decomposition. Finally, land cover is considered in determining burial land, given that burial requires 

substantial excavation, leading to a preference for softer earth and sand. 

 

Vacant land determination: 

To determine where a cyanobacterial carbon removal system could be implemented it is first 

necessary to determine where land exists and is available for use in growth or burial sites. I triangulate land 

use in two ways. First, I use nighttime lights data to indicate human presence. To convert NTL data from its 

raw form (an unnormalized value with minimum 0 and no maximum, though peak observed values in the 

study area were about 13,000 in June in Cairo) into a vacancy probability, I use a truncated sigmoid function, 

whereby a value of 0 is assigned a probability of 0 of occupancy and values of 75 or greater are assigned a 

probability of 100%.156 

In addition to using NTL data as a proxy for human land use, in my analysis I consider agriculture.157 

Here I choose agriculture, both because it is not necessarily associated with NTL signals and so may be 

missed by the NTL metric, and because agriculture is a globally dominant form of land use, and one for 

which displacement is generally not an option in the water and agriculturally stressed countries in the MENA 

region. I use EVI data to determine the location of farmland. The use of EVI or normalized difference 

vegetation index (NDVI) data for land use classification and identification of farming has been previously 

considered in other contexts.158 EVI data shows the presence of greenery which is already well correlated with 

farmland. Before harvest, farmland reliably has a high EVI signal. Thus, maximum EVI values on a parcel of 

 
156 The choice of a truncated sigmoid function as a mollifier here is somewhat arbitrary. Alternatives such as a threshold, 
linear mollifier, arctan function or a different truncation are all viable choices. I simply chose the sigmoid function and 
the symmetric truncation (so as to remove asymptotic values and more easily set minima and maxima) based on my 
observational validation. Ultimately, I rely on this mollification throughout my analysis, but the choice is somewhat 
unimportant as the bulk of land prioritized by this analysis tends towards 0 or 1 after mollification, a result that would 
hold under other natural mollifiers. 
157 In creating this farmland classifier, I follow the methodology of a binary farmland classifier for Syria that I created in 
a group project with Alexandra Kassinis, Rey Chin, Tim Fargiano, Michael Omole, and Nicki Bugliosi in Dr. Peter 
Huybers’ class ESE168: Environmental data science. 
158 Pinar Dinc and Lina Eklund, “Syrian Farmers in the Midst of Drought and Conflict: The Causes, Patterns, and 
Aftermath of Land Abandonment and Migration,” Climate and Development 0, no. 0 (2023): 1–14, 
https://doi.org/10.1080/17565529.2023.2223600. 



Leonard 59 

 

land can distinguish between farmland and the built environment or deserts where greenery is absent. 

However, the use of maximum annual EVI values is often unable to distinguish between farmland and land 

with other non-agricultural vegetation. Though such vegetation is generally scarce in many of the countries 

considered in this analysis (e.g. Egypt), a robust classifier requires the ability to discern the two types of land 

cover. To this end, I found that in addition to their high maximal EVI values, farmland also features a low 

EVI signal immediately after harvesting occurs. In contrast, naturally vegetated locations generally maintain 

higher EVI values throughout the year. Given the time resolution of 16 days, both the maximum and 

minimum EVI values of the agricultural cycle can be seen for each parcel of land, even in locations where 

multiple cropping cycles are used throughout the year. As such, the annual EVI range proved an effective way 

to classify farmland. 

Similarly to regarding NTL data, the EVI range was converted into a probability of human use 

through mollification with a truncated sigmoid. Minimum and maximum EVI annual range values for 0 and 

100% farmland classification were determined for each country and based on both validation against true 

color satellite imagery where geometric cropping patterns visually distinguish farmland from other vegetation, 

and based on my own farmland observations of certain trial locations made in Egypt and Morocco in July and 

August 2023. 

As demonstrated by Figure ____, EVI range could effectively identify farmland in most of the 

countries considered. However, the metric proved insufficient in countries where natural vegetation 

undergoes a substantial seasonal variation in greenness. This was not the case for the evergreen mountainous 

forests of Algeria and Morocco for example. However, deciduous seasonal vegetation in the Dhofar 

governorate of western Oman proved to be characterized by an EVI range comparable or exceeding that of 

farmland in the country. To screen for this deciduous greenery in my farmland classifier, I used the 

differences in the seasonal cycles of the natural and agricultural vegetation. For example, deciduous forests in 

Oman showed peak EVI values in August and September only two months after showing minima in May and 

June. Meanwhile, agricultural greenness was generally highest in October with minima in August. 

Accordingly, I removed this deciduous natural vegetation from my classification by adding average June EVI 
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values while subtracting average August EVI values from the EVI range already used. This had little effect on 

values for farmland, where EVI values were relatively stable in this period, but reduced the values in the 

nearby deciduous forests to near zero as the range was encompassed by these two time periods. With this 

modification, farmland classification could be performed in countries where deciduous greenery precluded 

the simpler farmland classification from above. 

After NTL and EVI farmland classification were both converted to probabilities of land use, a total 

land use probability was calculated by multiplying the total probability of land vacancy due to NTL and EVI 

analyses spatially. 

 

Distance calculations between dispersed relevant sites: 

 Having decoupled my consideration of growth and burial sites, transportation and costs associated 

with distance emerge in two ways. First, it is necessary to consider the distance between each growth site and 

its corresponding burial site. Second, it is necessary to consider the distance between each growth site and the 

ocean from which the site pumps its water. Given the extensive availability of growth and burial sites as well 

as their dispersed nature, determining these distances emerges as a computationally complex task. The naïve 

approach of calculating the distance between every growth site and every coastal ocean, or similarly between 

each growth site and every burial site was not feasible given the 500 m data resolution and the area of each 

country considered at hundreds of thousands or millions of square kilometers in area. Accordingly, I used 

Voronoi diagrams. A Voronoi diagram takes a collection of points in n-dimensional space and partitions the 

space into regions for which a given seed point is closest. Depending on the resolution of the space and the 

number of seed points, Voronoi maps can be determined based on geometric principles that yield the edges 

and vertices of the space, at orders of magnitude lower computational intensity than exhaustive distance 

calculations to seed points from each point in space. Thus, I used two dimensional Voronoi maps over 

geographic space to efficiently determine distance to the ocean and distance to closest minimally viable burial 

location from each growth location. From here I could evaluate distance-based costs. Nonetheless, to reduce 
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computational complexity, once coastline, and growth and burial sites were determined, the data resolution 

was decreased to 3 km so as to facilitate the Voronoi map construction and the distance calculations. 

 Both Voronoi calculations are to some extent complicated by the fact that ideal coast for drawing 

water or burial site does not depend only on distance from a given growth site. For choice of burial site, in 

minimizing costs, burial site dependent calculations are relevant, such as excavation cost, and expected rates 

of decomposition. As these are affected by environmental factors (land cover and earth composition for 

excavation costs, soil moisture and precipitation for decomposition) they vary spatially and thus may make 

the closest minimally viable burial site ultimately more costly than a further burial site with lower excavation 

costs or decomposition rates. Similarly, for coastal land, upwelling and other factors in micronutrient 

distribution make certain ocean locations far preferred for pumping water to growth sites. To address this, 

two primary options exist. 

In the simplified approach, a general determination can be made about whether distance-based or 

site-based costs dominate. When distance costs (pumping of water to growth site, transport of biomass to 

burial site) dominate, discrepancies in site dependent costs can be disregarded in choice of pumping site or 

burial site. The site is then chosen based strictly on the Voronoi map and site-based costs are only considered 

afterwards for the chosen site. Given that Brilliant Planet identifies water pumping as the dominant cost in 

algal carbon removal, this is the approach I adopt in my analysis.159 Its use may be less well-justified for 

determination of burial site, especially for countries in which viable growth and burial sites overlap and 

transportation for burial is marginal. Alternatively, if these site-based costs dominate then optimizing costs 

would entail the choice of burial site or coastal site only based on optimizing based on the site-based factors. 

This would then apply to analysis a single pumping and a single burial site for the whole study region. 

Distance costs could then be easily calculated from all growth sites to the single burial or pumping site and 

the need for the Voronoi diagram would be abated. Though I avoid this approach because of the large size of 

the areas I study altogether, I tend in this direction by setting a strict upper limit on site-specific costs in 

 
159 Bradley, Forbes, and Ingram-Hardwick, “The Potential of Microalgae for Large-Scale Carbon Capture and Storage.” 
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determining what is a viable burial site. Thus, I greatly reduce the variety in site-specific costs by greatly 

filtering potential burial sites in advance of the Voronoi mapping. 

 A third unsimplified approach to determination of optimal pumping or burial site for each growth 

site exists. Voronoi diagrams can be implemented in n-dimensional space. Thus, in addition to the two 

geographic dimensions, a third site-specific cost dimension could be added to the space over which the 

Voronoi mapping is constructed. Voronoi regions would then be used not to indicate proximity in a spatial 

sense but in terms of the cheapest burial site, influenced both by physical distance and site-specific costs. 

However, this approach was not adopted for two reasons. First, the addition of a third dimension would 

substantially computationally complicate the creation of the Voronoi map. Though packages in python exist 

to accommodate n-dimensional Voronoi diagrams the actual determination of these diagrams requires the 

successive determination of points of intersect between n+1 different n-dimensional spheres around each 

seed point which rapidly gains complexity with increasing dimensionality. Furthermore, and more limiting is 

the unsuitability of two spatial dimensions and one site-cost dimension to a distance metric. Voronoi 

diagrams require a distance metric for determination. For the geographic Voronoi diagrams for which python 

packaging exists, a cartesian (L2) distance metric is used. However, for considering total costs in site choice, 

costs due to physical distance must be added to site-specific costs. This corresponds to an L1 (taxicab) 

distance metric. In other words, the total cost of a burial site must consider the sum of the site-specific cost 

(the z-dimension) with the cartesian distance associated costs (the x and y dimensions, which cannot simply 

be added together). Accordingly, such a Voronoi diagram would require a mixed distance metric using an L2 

metric between x and y but an L1 metric in the z-dimension. Accordingly, the intersecting spheres used to 

determine a strictly L2 metric Voronoi diagram would be replaced by overlapping right cones, respecting the 

circular proximity (L2 metric) in the xy plane while maintaining square proximity (L1 metric) in all z planes. 

Unsurprisingly, no python packages for creating such Voronoi diagrams exist. Though an interesting exercise 

in geometry, given the computational intensity, the simplified approach introduced above was instead 

adopted. That said, in actually building a cyanobacterial carbon removal system, such concerns should be 

appropriately considered. 
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Results and discussion: 

 In this section I will begin by describing in turn each of the operating costs associated with a 

cyanobacterial carbon removal system, for which I will depend on the Egyptian case study. Some of these 

costs vary spatially and are approximated by my analysis. These consist of the cost of pumping water to 

maintain algal ponds, the cost of transporting biomass from growth to burial site, excavation costs at burial 

sites, and reductions of total carbon sequestered due to decomposition of carbon after burial, and probability 

of each growth site’s availability for use. Then, I will consider several other factors which may vary 

geographically, but which I consider as constant regardless of growth or burial site due to limitations on data 

availability or computational abilities. These include costs associated with electricity at growth ponds, labor 

costs, costs of energy associated with spray drying of biomass, cost of salt for burial, cost of monitoring the 

continued sequestration of biomass, and reductions associated with greenhouse gas emissions beyond 

decomposition in the process (which effect net carbon removed). Finally, I will discuss total costs associated 

with the project and its scalability at the entire MENA level. 

 

Spatially variable costs: 

 Water pumping costs for operating algal growth ponds depend on both elevation and distance from 

the coast. Energy from pumping water is calculated in terms of the pressure head required for pumping. 

While head is most directly a measure of pressure at the exit of the pump in a system, it is a useful measure 

since a pressure head of one meter corresponds to the pressure needed to pump water vertically one meter. 

Accordingly, with a given pump efficiency it is easy to convert from the pressure head of a pump to the 

required energy for a pump system. With the price of electricity this can then be converted from an energy to 

monetary cost. Calculating pressure head requirement for the vertical component of the sea water pumping 

system is accordingly trivial. The vertical head requirement for horizontal pumping is more complicated, 

depending on the fluid flow within the pipe—a product of internal diameter, rigidity, geometry and friction of 

the piping—as well as the fluid density and pumping velocity. Here, I simply use a linear relationship between 
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horizontal pumping distance and vertical head loss. Pressure head for both vertical and horizontal water 

pumping is thus determined and converted to energy use and cost as shown in Figure ____. It should be 

noted that in operating a cyanobacterial carbon removal system, electricity contributes to total economics not 

only in terms of its direct cost but also in terms of the associated emissions due to electricity generation. 

These emissions depend on electricity source, whether on site or from the grid, and the emissions profile of 

the grid. Ideally the system would rely on on-site renewable energy production (most obviously solar given 

the desert situation of this project), for which associated emissions are very low. In my analysis, instead of 

considering emissions footprint of each use of different energy use, I apply a general carbon intensity to the 

entire project, as based on the Brilliant Planet preprint, considered below. 

 I address two sources of seawater demand at the growth sites. First, as biomass is continuously 

harvested, without perfect separation of micronutrients from the biomass that is buried, depletion of these 

micronutrients in growth ponds will occur. Thus, new nutrient rich seawater must periodically be pumped 

into ponds to maintain the micronutrient levels needed for high growth. Fortunately, as indicated in chapter 

2, the need for this cost is substantially reduced by micronutrient separation which dramatically reduces rates 

of nutrient depletion within ponds. In total, based on measured cyanobacterial growth rates, culture densities 

at which algal populations plateau, and the micronutrient separation rates achieved in viral lysis experiments, 

water requirement to maintain nutrient richness was calculated at 2,481 m3 per hectare per year. The second 

requirement for water pumping is due to evaporation. Maintaining growth requires maintaining water levels, 

so water must be pumped in at a rate equal to loss to net evaporation. This volume of water ultimately equals 

11,139 m3 per hectare growth site per year.   

 The transportation costs of moving biomass from growth site to burial site depend most prominently 

on the means of transportation and the exact composition of what is transported. The choice to transport dry 

biomass as opposed to a liquid biomass slurry is important both due to direct effects on mass with 

ramifications on energy requirements, but also due to the means of transport possible. Two potential options 

for transporting biomass between growth and burial site are piping and trucking. A pipeline is generally a far 

less energy intensive option in the long term for transporting biomass but is complicated by the potentially 
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dispersed nature of algal growth sites given that they may be situated relatively one dimensionally along 

coastlines. Additionally, transport of a biomass slurry would substantially increase the mass that is being 

transported between sites given the amount of water that would be necessary to turn the biomass into a fluid 

that could be pumped. This means two separate drying processes would be required for system operation: a 

dewatering process to create a slurry at the growth site and a later spray drying process at the burial site. 

Additionally, creation of a pipeline requires substantial infrastructure. Given that my analysis does not 

consider these capital expenditures, I instead consider biomass transport between growth and burial site via 

trucking, though I refrain from asserting the preferability—economic or otherwise—of it in relation to a 

pipeline. Using the distance from each growth site to the nearest suitable burial site, costs are calculated based 

on a scalar approximation to convert from linear distance to road distance and then an average energy 

requirement per ton per kilogram of payload in trucking. Energy costs are then converted to fiscal costs as for 

water pumping. Similarly, consideration of emissions associated with this energy is deferred until the blanket 

carbon intensity adjustment, discussed later. 

Excavation costs are associated with each burial site and depend both on the cost of excavating earth 

at the burial site and on important decisions about the depth of biomass burial under the surface and the 

thickness of the layer of buried biomass. The excavation cost per cubic meter of earth depends on varied 

factors but here I consider it as a linear function of the type of earth. Essentially, I employ the premise that 

soft earth (i.e. sand) is easier to excavate than hard earth (i.e. rock). Sand can be distinguished from other 

landcover based on albedo. Generally, sand being light in color reflects more solar radiation than darker 

surfaces. I found that high near infrared (NIR) white surface albedo data observed in the months of 

December and January (which are generally relatively wet in the MENA region) correlated strongly with 

external data about locations of desert sand. As such, I set an inverse correlation between excavation cost per 

cubic meter with NIR albedo with the minimum NIR considered in determining burial sites of 0.24 set to 

$23.54 per cubic meter and the maximum observed NIR value corresponding to sand in Morocco of 0.5 set 
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to $5.38 per cubic meter.160 In order to convert from excavation costs per cubic meter of earth to excavation 

costs dependent on mass of biomass, two physical parameters of the burial process emerge. These are the 

thickness of the biomass layer during burial and the thickness of the earth between the top of the biomass 

layer and the surface. To minimize the amount of excavation and associated costs, the use of a thick layer of 

biomass and a thin layer of earth above it is advantageous. However, such a strategy may subject the site to 

greater threats to the viability of long-term sequestration. A thick layer of biomass will extrude higher from 

the previous ground level potentially increasing its potential for erosion. Meanwhile, a thin layer of earth atop 

the biomass decreases the buffer between the various unpredictable processes that occur on the surface and 

the relatively steady state conditions of the deeper ground. For example, with a thin layer of cap earth the 

biomass layer will be more effected by inputs of water to the surface due to anomalous rainfall events which 

could lead to decomposition. In my analysis I use a thickness of biomass layer of 4 m and an earth cap 

thickness of 2 m, based on values deemed appropriate for a burial site corresponding to 10 ha of growth land. 

Excavation costs at different burial sites are depicted in Figure 3c. 

 Similarly dependent on burial site are the dangers of decomposition. In order to infer decomposition 

rates, EVI data is employed. EVI data is a natural choice for this purpose because it indicates the growth of 

plants. It then seems that it would effectively correlate with the growth of decomposers which are the 

instigator of the decomposition process. In particular, in this analysis I use the historic maximum EVI value 

observed at each parcel. The maximum is used as opposed to other characteristics of the EVI data set at a 

parcel across the time series such as current values or a mean, because peak EVI is assumed to be most 

indicative of conditions that could meet the minimal conditions to enable the physical, chemical, and 

biological processes that drive decomposition or other biomass dispersal or degradation that ultimately lead 

to impermanence of sequestration. This then relies on the tacit assumption, similarly adopted in chapter 3, 

that total decomposition over 1000 years of sequestration will not occur gradually and consistently but instead 

sporadically in the aftermath of anomalous weather events that produce favorable conditions for 

 
160 The WSA albedo data product used provides snow free albedo, thus preventing conflation of snow or ice cover with 
sand, given similar high albedo values. 
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decomposition. Given that the EVI data product is only available since 2000, maximum value corresponds to 

a 24-year maximum. This of course is nowhere near the 1000-year time scale for which it is necessary to 

justify the permanence of sequestered carbon for a carbon removal project. Furthermore, varying weather 

conditions that define, for example, the 1000-year flood or rain event in a specific location mean that historic 

values may or may not accurately reflect what should be assumed for the future. Best practices in this respect 

would probably then necessitate a Bayesian analysis of the entire time series over the period of data 

availability at each parcel, allowing for predictions of the maximum at each site that will occur over the next 

millennium as opposed to a simple historic maximum. However, such an analysis would be computationally 

intensive and is made difficult by substantial autocorrelation in EVI data at given parcels, as well as the 

dataset’s relative granularity which can have the effect of limiting observations of relatively short-lived 

anomalous precipitation and greening events, thereby leaving the data set of EVI values with long tails at the 

upper end. These tails make estimation of long-term maxima difficult and uncertain. Instead of this statistical 

analysis, the relationship between EVI and decomposition is simply set by correlation with the decomposition 

rates observed in chapter 3 derived from analysis of lower resolution soil moisture data in Egypt. Thus, the 

speculative statistical analysis is foregone in favor of correlation with my own data from the lab, even if such 

data is sparse and limited in its applicability. Predicted decomposition fractions at burial sites in Egypt are 

shown in Figure 3d. 
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Spatially constant costs: 

The project costs introduced in the following section are considered as constant regardless of choice 

of growth or burial site (though this spatial constancy may be at times crude and reductive it can greatly 

reduce computation in relation to factors that appear less dominant to overall costs). On these costs, I 

generally rely much more heavily on existing literature from Brilliant Planet about cyanobacterial carbon 

removal, as well as about CDR in general, and about algal growth for biofuel production. 
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One of the primary fixed costs is electricity usage at growth ponds for pond maintenance (cleaning, 

mixing, etc.) and biomass harvesting. I approximate pond maintenance and harvesting costs based on values 

documented in large-scale microalgal ponds for microalgal production.161 To tailor these values to my CDR 

project, increases are made to account for the higher rate of harvesting compared to the biofuel model, as 

well as increases in cost to account for the increased energy costs in maintaining phage populations in 

conjunction with algal populations. Finally, I add a similar increase in growth and harvesting energy cost to 

account for increased energy requirement in the harvesting process due to phage macromolecular separation 

as opposed to whole biomass collection, in addition to occasional energy input needed to break down 

populations of micronutrient rich macromolecules kept in the ponds for uptake in future algal generations. 

I estimated a labor cost based on values cited in the direct air capture CDR industry as well as in the 

algal biofuel industry, which approximately agree. The labor estimate is limited to growth sites because labor 

at burial sites is already included in excavation costs. With both growth and drying occurring at growth sites, 

it is reasonable to assume that growth site labor would dominate overall labor costs. 

I estimate the spray drying cost in preparation for biomass burial based on the ratio advanced by the 

Brilliant Planet preprint in terms of greenhouse gas emissions associated with drying compared to pond 

maintenance/harvesting. I then reduce this ratio, increasing the expected drying cost, based on the generally 

high prices in the literature for microalgal biomass spray drying.162 

The cost of salt as an additive for burial is based on the production cost for solar salt, and a 

reduction taken given that machinery and infrastructure for solar salt production is largely shared with algal 

growth ponds. The coupling of the processes decreases salt production cost. 

I neglect the burial site and continued monitoring costs since this analysis considers the long-term 

steady state operation of cyanobacterial carbon removal. For such an operation it is assumed decomposition 

will be well-understood and accordingly passive monitoring can be relatively dispersed across large burial sites 

 
161 “Cost Analysis of Microalgae Biomass Systems.” 
162 Hosseinizand et al., “Economic Analysis of Drying Microalgae Chlorella in a Conveyor Belt Dryer with Recycled Heat 
from a Power Plant.” 
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with the bulk of active efforts taken only in the wake of environmental events that would give cause for 

alarm. 

Finally, a ubiquitous carbon intensity (not including decomposition) of 15% is considered across my 

analysis. This value is taken from the Brilliant Planet preprint.163 It is certainly highly approximate and at 

times somewhat questionable. For example, Brilliant Planet considers losses due to decomposition or other 

post-burial losses to be zero—a very optimistic choice. Nonetheless, as a rough estimate it suffices for my 

work. 

 

Overall Scalability and MENA level analysis: 

 By summing the above-described costs in the countries of Mauritania, Western Sahara, Morocco, 

Algeria, Tunisia, Egypt, Saudi Arabia, Oman, the United Arab Emirates, and Qatar an approximation of the 

total scalability of cyanobacterial carbon removal can be inferred. The minimum cost for operating a 

cyanobacterial carbon removal system as calculated by this analysis was $57 per ton of CO2 removal. The 

total area suitable for growth land in the MENA region at a cost of under $75 per ton of removal was 

188,000 km2, while the total growth land suitable for operation under the price of $100 per ton of removal 

was 509,000 km2. Figure 4 depicts price per ton of growth land across the different countries of the region 

and overall. 

 
163 Bradley, Forbes, and Ingram-Hardwick, “The Potential of Microalgae for Large-Scale Carbon Capture and Storage.” 
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It should be noted that the costs provided in this analysis are both aspirational long-term values which are 

unlikely to be achieved immediately following construction and have limited comparability to overall costs per 

ton of the entire CDR project. By choosing only to consider operating expenses for a cyanobacterial carbon 

removal system, this analysis straightforwardly considers the bottom line of viability of cyanobacterial carbon 

removal. However, by ignoring initial capital expenditures such as the construction of algae ponds, pipelines, 

and processing plants, this analysis misses out on a critical component of economic analysis of any 

commercial facility. Figure 4a demonstrates a relative plateau in potentially usable land at between $80 and 

$85 per ton CO2. This follows from my choice to apply certain strictness in extreme environmental 

conditions. For example, an elevation cutoff for growth sites is instituted at 100 m corresponding a vertical 

pumping cost of only $5.82; I made this cutoff in an effort to remove mountainous land and land for which 

mountain ranges would substantially increase pumping costs but are not considered because costs are only 

derived from net elevation change between sea level and growth site.164 These limitations are certainly 

 
164 For example, the lowest costs seen anywhere in the model are in the Qattara depression in Egypt. Since the 
depression achieves an elevation of 130 m below sea level, pumping costs are calculated as substantially negative for the 
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imperfect and may needlessly exclude land, but prevent the proliferation of land at the far end of potentially 

viable land 

A sensitivity analysis reveals that this model is highly dependent on a few parameters. As shown in 

figure 3, most of the spatially variant costs are quite small, especially in countries where burial and growth 

sites overlap. Meanwhile, fixed costs are quite substantial. The costs of energy for growth and harvesting, 

energy for drying, salt, and labor are $35.50/ton CO2, 11.83/ton CO2, $5.20/ton CO2, and $4.32/ton CO2 

respectively. Thus, reasonable changes to parameters that contribute to either of the energy fixed costs will 

yield very different results in terms of project cost. In particular these parameters are the energy additions 

corresponding to phage maintenance (as compared to bacterial maintenance) and lysis harvest (as compared 

to harvest of unlysed cyanobacteria) as well as the choice of initial algal project for parametrization.165 A more 

robust economic analysis with a broader sensitivity analysis or broader concerns such concerns as discounting 

or local economic conditions is beyond the scope of this work. That said, such considerations would be 

necessary before making the variety of constructing and operating decisions that indicate how a 

cyanobacterial carbon removal system would be constructed and operated. The use of aspirational values for 

operating costs and the choice not to consider initial capital expenditures in construction explain the 

limitation of my analysis to the $100 per ton level. Consideration of land available for growth at higher than 

$100 per ton in these operating costs seems highly unlikely to ever be viable for project implementation 

because of the dearth of costs not considered that would leave the total cost per ton as far higher than the 

expected long-term price of carbon of $100 per ton considered in this analysis. Additionally, by considering 

land for which higher costs exist, the analysis loses robustness based on the magnification of any biases or 

shortcomings that may exist in the constants or assumptions in the model as a particular cost grows far 

outside of the generally low-cost range for which the analysis was calibrated.166 

 
region. However, this is highly unlikely to be physical as it would require power production from the pipe, in addition to 
the fact that my model does not consider energy for pumping water back into the ocean, or the fact that water needs to 
be pumped over 100 m vertically upwards before it could even enter the Qattara depression. 
165 By parametrizing my model against a 1970s algal biofuels proposal and accounting for inflation my model may 
substantially overestimate algal growth costs, and accordingly drying costs which are linked to growth costs in my model. 
166 For example, as water pumping distance grows, the simplification of necessary pressure head as the some of the 
elevation and the scaled horizontal distance loses merit. The necessity of a pipeline to cross the topography between 
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Conclusion: 

 Though this satellite analysis featured several simplifications and assumptions—which were at times 

well justified, and at others less so—the ultimate scalability and costs indicated by the analysis render the 

project promising for scalable implementation at the gigaton scale in the MENA region. Thus, the scientific 

and economic analysis of the principles of this system suggest that it could be constructed to great positive 

effect in the CDR context and the broader scope of climate action. This analysis has sought to provide a 

rigorous but simplified consideration of each of the various operating costs involved in a cyanobacterial 

carbon removal system. By using four spatially resolved data sources (EVI, NTL, albedo, and elevation) as 

well as a healthy reliance on my own data from lab and on secondary sources, I have estimated these costs. 

Though the analysis may be imprecise in terms of the overall cost per ton of cyanobacterial carbon removal 

that it offers, it is particularly powerful in the general prioritization of locations and countries implied. Within 

the MENA region, ____ and ____ emerge as the most scalable and cheapest locations for implementing a 

cyanobacterial CDR system (at least given scientific considerations), while ____ and ____ immediately appear 

much less suitable. Finally, it must again be stressed that the form of this analysis, dependent largely upon 

satellite data, may not well represent on the ground truths about land availability and ownership. Accordingly, 

chapter six provides a political analysis of these ground-level truths for the case study country of Egypt. 

Meanwhile, just as this chapter has argued the scientific viability of cyanobacterial carbon removal, in chapter 

five I will assert the ethical viability of the project (or at least those considerations that would seem to make 

ethical sustainability of the project achievable). 

  

 
coast and growth site could impact pressure head needed far more than the final elevation of the growth site. Recall the 
case of the Qattaraya depression in Egypt discussed above. 
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Chapter 5 

 Land, modernization, and nostalgia for Nubia: Layered interests in Egyptian development schema 

 

Introduction 

 In the next two chapters, I will examine the process of implementing a cyanobacterial carbon 

removal system specifically in the Egyptian context. The previous section showed Egypt to be only one of 

many potentially viable locations for deploying cyanobacterial carbon removal. Here, I consider Egypt 

primarily as a case study, not necessarily as the most suitable country to such a carbon removal system.167 

Before considering the modern political economy that would support the implementation of a 

cyanobacterial carbon removal system today in chapter 6, I will provide a brief overview of the large-scale 

development and land use projects since the colonial period in Egypt. In this chapter I aim to accomplish two 

things. First, I provide a sufficient history of land use frameworks in Egypt to commence with the more 

direct treatment of government and land provided in chapter 6. I will begin the story of land use in the 

twentieth century and follow it until the rule of Nasser. Through this process, I will address cyclic agricultural 

reforms made the Ottoman state, megaprojects of the Suez Canal, Aswan Dam, and irrigation modernization 

before the 1952 revolution and agricultural reforms of Nasser.  

 Second, and more importantly, I interrogate the Egyptian populace’s experience of state led 

development. In doing so, I maintain the backdrop of land ownership because of the dependence on land 

demonstrated for the algal carbon dioxide removal (CDR) project in which I am ultimately interested. 

Nonetheless, throughout this history, I seek an understanding of the ethical implementation of development 

based on historic successes and failures in this respect. Practically, this concerns with the Fellah class and the 

extent to which the processes of agricultural centralization and decentralization, irrigation reform, and 

Nasserist agricultural reform protected or advanced their interests. After this history I will engage with and 

 
167 This said, Egypt is of particular interest because of its relatively high levels of investment into current desert 
development projects as will be discussed in Chapter 6, and because it has demonstrated relative interest in 
sustainability—for example in hosting cop27 in Sharm al-Sheikh. Additionally, Egypt poses a lower risk of using a 
developed carbon removal system as justification for continued production of fossil fuels, as could occur in the 
wealthier, fossil fuel-producing gulf monarchies. 
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draw similar takeaways from the experience of Egyptian Nubians through the resettlement process, during 

and after the construction of the Aswan High Dam. Conceptualized differently, this chapter seeks to 

illuminate strategies for ethically implementing a project like algal CDR with respect to the Egyptian people, 

from the basis of their treatment throughout modern Egyptian land development history. Meanwhile, chapter 

6 will consider the political feasibility of cyanobacterial carbon removal with respect to the Egyptian 

government. 

 

The History of Egypt’s Modern Land Use 

 The first intervention by the West in Egypt during the colonial period came with Napoleon’s 

invasion in 1798. While the French aspired to occupy Egypt not only for its strategic location in proximity to 

British colonial India, but they also sought reform and profit from Egypt itself.168 However, the brevity of the 

French occupation precluded any substantial changes. French efforts in formalizing land policy should not be 

viewed so much as a revolution but instead as part of a natural progression of land reform already underway 

in Ottoman Egypt through the Tanzimat and preceding the more extreme reorganization of land under 

Muhammad Ali after the expulsion of the French. 

Thus, I will begin my discussion of land reform in earnest with the “founder of modern Egypt” 

Muhammad Ali Pasha.169 During the beginning of his rule, Muhammad Ali systematically disempowered the 

entrenched mamluk class (an economically and militarily powerful class in Ottoman Egypt descendent from 

the Mamluk empire). This was accomplished through the Ali’s large scale assumption of control over of 

industry, taxation of multazim and waqf lands—controlled by the mamluk or merchant class and mosques 

respectively—and even the Citadel Massacre, which directly eliminated mamluk rivals.170 

 
168 Darrell Dykstra, “The French Occupation of Egypt, 1798–1801,” in The Cambridge History of Egypt: Volume 2: Modern 
Egypt, from 1517 to the End of the Twentieth Century, ed. M. W. Daly, vol. 2, The Cambridge History of Egypt (Cambridge: 
Cambridge University Press, 1998), 123–25, https://doi.org/10.1017/CHOL9780521472111.006. 
169 Cuno 254 
170 Kenneth M. Cuno, “The Origins of Private Ownership of Land in Egypt: A Reappraisal,” International Journal of Middle 
East Studies 12, no. 3 (1980): 256–58. 
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 Yet with broader time horizons, the reign of Muhammad Ali features both periods of centralization 

and decentralization. This inconsistency derives from the fluctuating power possessed by Muhammad Ali’s 

government. At the beginning of his reign, the government was strong and Mohammad Ali substantially 

centralized land ownership, raised taxes broadly, and eliminated most forms of ownership outside the 

purview of the state. In 1816, Muhammad Ali also took a more involved role in dictating how agricultural 

land was used—where previous rulers had left this responsibility to the fallahiin (Egypt’s farming class)—by 

requiring a doubling of the production of several crops such as cotton, and prohibiting the sale of most crops 

to non-government agents.171 Land reclamation (that is, the preparation of marginal lands for agricultural use, 

see Chapter 6) increased the cultivatable land during Muhammad Ali’s reign. This was primarily due to the 

creation of the Mahmudiya canal to Alexandria, which effectively extended the western reach of the Nile 

delta.172 However, state power weakened in the 1830s and 40s at the end of Muhammad Ali’s reign. 

Accordingly, he would reinstate forms of private agricultural ownership to reduce administrative 

expenditures, even if a good deal of such land would go to Muhammad Ali himself and his descendants.173 

Regardless of the intention of these policies, land reform had the effect of surveying and codifying private 

ownership rights for landlords and the fellahin alike, laying the groundwork for subsequent evolutions of the 

twentieth century. As a result of the successive centralization and decentralization of land ownership, 

Egyptian land use would become more dependent upon (sedentary) population growth and industrialization 

domestically, in addition to pressure from foreign powers and exposure to foreign markets. 

 In the twenty years following the death of Muhammad Ali, two events greatly altered land use in 

Egypt. In the 1850s, Ali’s second successor as governor of Egypt, Muhammad Said, granted a concession to a 

French diplomat for the pursuit of the previously discarded idea of a canal through the isthmus of Suez 

between the Mediterranean and Red Seas.174 Construction began in 1859 despite British opposition and the 

canal opened in 1869. However, in 1875 financial stress caused the Khedive Ismael to sell Egypt’s share 

 
171 Cuno, 262. 
172 Cuno, 260. 
173 Cuno, 265. 
174 Sarah Searight, “‘A Dismal but Profitable Ditch’: The Suez Canal Then and Now,” Asian Affairs 47, no. 1 (January 2, 
2016): 93–100, https://doi.org/10.1080/03068374.2015.1129870. 
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(nearly half) of the canal to the British, and the canal would become a primarily British asset due to British 

naval interests in the Indian Ocean, primarily in India itself.175176 The isthmus, like all Egyptian deserts had 

been nationalized by Muhamad Ali but had otherwise been untouched by the state.177 With the isthmus 

almost entirely unpopulated before the dredging of the canal beyond the small city of Suez itself, canal 

construction can serve as one of the first models of large-scale development on predominately marginal 

desert lands that have occurred in Egyptian history. Though the canal would not directly benefit Egypt 

economically between the sale of Egyptian interests in 1875 and the nationalization of the canal in 1956, its 

construction led to ample settlement in the region, including the cities of Port Said and Ismailia. The canal 

zone serves as an interesting case study on urban expansions into the desert, which have since become 

prevalent in Egypt (see chapter 6) and is associated with a degree of lasting land reclamation. 

 Simultaneous to canal construction, the 1861 outbreak of the American Civil War would transform 

Egyptian land use. The Civil War dealt a serious blow to global cotton supplies. Meanwhile, Egyptian cotton, 

which had come to be exported to Europe under Muhammad Ali—if at a small scale compared to American 

cotton—was of high quality with even greater promise given the Nile delta’s fertility. Thus, Egyptian cotton 

production (almost exclusively for export) increased fivefold between 1860 and the end of the civil war in 

1865.178 Several factors contributed to this dramatic shift. First, there was an obvious international interest, 

primarily from textile-producing England, in maintaining cotton supply leading it to invest in Egyptian cotton 

and the country more broadly. Second, the internationally inclined Muhammad Said directed the fellahin and 

landowners both to increase land allocated to cotton production and towards growth practices that would 

tangibly increase the cotton quality. Third, and perhaps most importantly, cotton fervor occurred organically 

as most members of Egyptian agricultural society seem to have been acutely aware of the prospects of cotton 

 
175 Khedive was the new honorific for the Ottoman governor of Egygpt, used from 1867-1914 but represents the same 
political dynasty that had begun with Muhammad Ali Pasha. 
176 Searight. 
177 Ruth Kark and Seth J. Frantzman, “Empire, State and the Bedouin of the Middle East, Past and Present: A 
Comparative Study of Land and Settlement Policies,” Middle Eastern Studies 48, no. 4 (July 1, 2012): 489, 
https://doi.org/10.1080/00263206.2012.682303. 
178 Edward Mead Earle, “Egyptian Cotton and the American Civil War,” Political Science Quarterly 41, no. 4 (1926): 534, 
https://doi.org/10.2307/2142228. 
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production given the dramatic price increases.179 While the 1860s witnessed a dramatic shift in Egyptian 

agricultural production, initially with large profits, this also entailed a shift away from self-sufficient food 

production towards imports. Furthermore, Egypt’s success in cotton production in this period depended 

largely on cheap labor, without entailing any industrialization or effective automation of the industry.180 This 

meant that the dramatic land use shift around cotton in Egypt lead to substantial reliance on England. 

Interestingly, the cotton industry developed through a combination of drivers at the popular, governmental, 

and international levels, but Egypt benefited in temporary imports instead of lasting development. Its growing 

reliance on the British would also prove problematic in the near future. 

 Due to cotton production, the Suez Canal, and an increased volume of trade, the latter half of the 

nineteenth century witnessed an increased British interest in Egypt. Khedive Ismail left a mixed legacy, 

proving deft in negotiating increased Egyptian independence from the Ottomans, but also bankrupting the 

country as the cotton boom slowed.181 182 Regardless, both processes threatened British interests in Egypt. 

These culminated when, following Khedive Ismail’s deposition, Colonel Ahmed Urabi led a nationalist 

revolution against the autocratic Khedive government. Opposing Urabi’s success but skeptical of the ability 

of independent Khedives to serve its interests, the British bombarded Alexandria, ousted Urabi, and tacitly 

established Egypt as a colony in 1882.183 

 Unlike in other colonies, Britain’s colonial rule in Egypt generally operated within existing established 

Egyptian land use paradigms. By seldom introducing new land use schemes altogether and only gradually 

instituting reform, Britain largely respected Egyptian social structures and avoided popular opposition.184 It 

could then maintain a relatively small colonial bureaucracy in Egypt. Britain did, however, seek to modernize 

 
179 Earle, 533. 
180 Laura Panza, “De-Industrialization and Re-Industrialization in the Middle East: Reflections on the Cotton Industry in 
Egypt and in the Izmir Region,” The Economic History Review 67, no. 1 (2014): 146–69, https://doi.org/10.1111/1468-
0289.12019. 
181 Afaf Lutfi Sayyid-Marsot, “The Porte and Ismail Pasha’s Quest for Autonomy,” Journal of the American Research Center 
in Egypt 12 (1975): 89–96. 
182 John Newsinger, “Liberal Imperialism and the Occupation of Egypt in 1882,” Race & Class 49, no. 3 (2008): 57, 
https://doi.org/10.1177/0306396807085901. 
183 Newsinger, “Liberal Imperialism and the Occupation of Egypt in 1882.” 
184 Robert L. Tignor, Modernization and British Colonial Rule in Egypt, 1882-1914 (Princeton: Princeton University Press, 
2015), 104, 105, https://muse.jhu.edu/pub/267/monograph/book/43650. 
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the at times inconsistent structures of taxation on public and private lands established under Muhammad Ali, 

and complicated by his successors. Meanwhile, investments in agriculture increased the area of cultivated 

land. These included development of perennial irrigation in the delta and the construction of the Aswan 

Dam—completed in 1902 to provide water for upper Egypt.185 Perennial irrigation allowed for the regular 

pumping or diversion of water to agricultural land, as an alternative to natural flood irrigation, and would 

become the dominant irrigation form by 1952.186 Under the British, there initially occurred increased 

agricultural productivity, including in cotton, but agriculture would suffer from salt accumulation due to 

improper drainage in the early twentieth century.187 However, the British did not prioritize technological 

development in Egypt beyond irrigation. 188 As such, while the country’s exports increased, Egypt underwent 

little industrialization that might produce lasting benefits for Egyptians. By Egyptian independence in 1922, 

modern land use developments had expanded cultivation in the country, allowed for private property, and 

linked the country to the international economy. Yet, these land use changes were incremental and generally 

confined to agriculture. 

 Even following independence, monarchical Egypt experienced few dramatic changes in land use. 

Though, agricultural improvements had by the end of Egyptian monarchical rule in 1952 tripled the area of 

cultivated land, Egyptian development—beyond the Suez Canal—still remained confined to the Nile valley 

and delta.189 The privatization developed during the rule of Mohammed Ali and his successors and reinforced 

during the colonial period left agrarian land distributed highly unequally, concentrated in the hands of Ali’s 
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descendants.190 King Farouk and his parliament’s designs to administer land reform in the 1940s never came 

to fruition.191 192 

Land reform and the provision for the Fellah class were central in motivating Gamal Abd el-Nasser’s 

1952 coup d’etat. Nasser’s primary instrument for land reform was a series of laws which set progressively 

diminishing ceilings on the amount of land that could be controlled by an individual or by a nuclear family 

unit. In 1952, 1961, and 1969 maximum individual agrarian land ownership decreased from 200 to 100 to 50 

feddans respectively (a feddan, the primary area unit used in Egyptian land policy, equals 1.038 acres).193 

These bills aimed to distribute land to the Fellah class, particularly those with little or no landholdings. Indeed, 

though complicated by a paucity of census and other statistical data, the fraction of land held by holders with 

fewer than 5 feddan increased dramatically throughout Nasser’s rule with estimations that 350,000 families 

benefited from the reform.194 However, benefits to the lower class should not be overstated. As the reforms 

acted primarily through setting ownership limits, they allowed for the emergence of a new class of landowners 

with holdings between 10 and 50 feddans, named by John Waterbury as the rural upper class. 195 This class 

remains remarkably well-preserved and appears to have been the primary beneficiary from and since the land 

reform bills. Simultaneously, during his reforms, Nasser implemented increasing state control over how 

agricultural lands were to be used, including the mandate of crop rotations, reminiscent of the reforms of 

Mohammad Ali.196 However, these reforms failed to dramatically affect agricultural production or stability. 

Ultimately, Nasser’s reforms may have served the fellahin in terms of land ownership, but reforms were 

accompanied by their political marginalization and failed to halt increasing Egyptian reliance on agricultural 

imports amidst dramatic twentieth century population growth. 
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Though his agrarian reforms may have achieved mixed results, Nasser achieved resounding success 

in his nationalization of the Suez Canal. At the inception of Nasser’s rule, the Suez Canal served as a 

conspicuous and lingering vestige of western imperialism. Egypt had accrued none of the Suez Canal 

Company’s profits since the reign of Khedive Ismail. Accordingly, when the United States withdrew funding 

for the High Dam project in 1956 following Egyptian recognition of communist China, Nasser framed the 

nationalization of the Canal Company as a direct response in a public speech in Alexandria in 1956.197 More 

crucially, Nasser’s deft statesmanship and correct assumption that the United States would not retaliate in an 

election year garnered Egypt international support, which caused a joint Israeli-French-British invasion in 

1957 to receive stark condemnation from the United States and UN, leading to its withdrawal.198 Canal 

nationalization is of particular interest to this thesis because it established a model for modern Egyptian 

interaction with international actors, and rekindled Egypt’s appreciation of the economic prospects of its 

desert lands. 

 With limited granularity, I have traced the landmark events in Egyptian land use from the beginning 

of the nineteenth century until the rule of Nasser. This story mainly concerns the finite land of the Nile valley 

and delta, upon which Egypt’s largely agricultural economy is based and the overwhelming bulk of its 

population has historically fallen. Highly decentralized land concentrated in the hands of multazimin, 

administered outside of the purview of a weak Ottoman state, evolved to gain increasingly modern ownership 

rights and taxation structures, possessed by a new dominant class. The British bureaucracy and Kings Fuad 

and Faruk increased state involvement in how land was used but did little to secure the rights for a 

downtrodden Fellah class. Finally, Nasser’s reforms would liberate land from the various entrenched 

landowning groups, proscribing new agency to the fellahin. Throughout this period, aspirations for Egypt’s 

desert lands seldom developed beyond the realms of fancy or imagination. 

 Beyond the context this story provides for Egypt’s modern land use and development realities, this 

story can provide insight into both effective and ineffective strategies in developing land in Egypt. Certainly, 
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caution should be used in applying any conclusions drawn from this reflection to my interests in constructing 

a carbon removal system in modern Egypt given the temporal removal. At the very least, however, continuity 

in the country’s lands themselves can yield takeaways relevant to the modern context. Until Nasser’s 

revolution, leadership in modern Egypt was beholden to some external political entity, namely the Ottomans 

or the British. This meant that land would be distributed, managed or taxed in ways meant, to some extent, to 

serve non-Egyptians. Practically, policies would at surface level benefit a vague “Egypt” or its government 

but failed to create lasting benefits for the Egyptian populace. Cotton production shows an industry that 

overtook large tracts of agricultural land and did produce profits for Egypt, but ultimately was implemented 

without thought for the long-term prospects for the entire industry in Egypt. This left the country 

agriculturally and economically reliant as an underdeveloped exporter of a raw material. Similarly, the Suez 

Canal was constructed by Egyptian labor on Egyptian soil, but its proceeds quickly left Egyptian control 

entirely, extending until canal nationalization in 1956. Nationalization itself, which had great political and 

economic national benefit, led to surprisingly little long-term advantages for the canal zone cities.199 

Interests in a project can be classified as international, national, or local. Here “international” can 

indicate any non-Egyptian individual, corporate, national, or global interest. I use “national interests” to 

convey the interests of the ruling class for the future of Egypt (though not necessarily Egyptians) which 

seldom perfectly map to “local interests,” which I use to indicate the interests of generally disempowered 

groups in Egypt bound together by factors of geography, employment, or another externally imposed 

situation. More simply, local, national, and international interests refer to the interests of (certain) Egyptians, 

the interests of Egyptian government, and non-Egyptian interests respectively. Under this framework, 

colonial land use projects of the modern period can be generally understood as prioritizing international 

interests, while minimally appeasing national interests (should they exist) and disregarding local interests. In 

applying this interest framework to international corporate development like CDR, I posit that ethical 

implementation requires understanding of these discreet interests. Internationally motivated projects engaging 
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in land use on Egyptian soil (or elsewhere) must satisfy national interests as dictated by national sovereignty; 

furthermore, they should prioritize local interests in ways that create lasting benefit as demonstrated above. 

This seemingly straightforward philosophy becomes more complicated when considering competing local 

interests. To consider such a case, I will consider Nasser’s construction of the High Dam. 

 

High Dam and the Nubian Resettlement 

 To consider the interplay of local (namely Nubian) and national interests in the construction of the 

High Dam, I will briefly describe the High Dam from a technical perspective, including its agricultural and 

economic impacts, and the details of the construction process. Based on this technical background I will then 

proceed to examine the government and then the Nubian perspectives on the Nubian resettlement process. It 

is important to reiterate that this case study focuses on political events from over 50 years ago, and 

accordingly I do not argue that the events generally indicate the behavior of the Egyptian government today. I 

instead provide this case study to demonstrate the dangers of marginalizing local voices during development. 

 Constructed under Nasser between the years of 1961 and 1964, the Aswan High Dam (hereafter 

High Dam), was at the time of its construction the largest dam by flow rate and reservoir capacity in the 

world; its effects can be considered no less than revolutionary for agriculture in Egypt. Tellingly, at a 

construction cost of 500 million EGP, Strzepek estimated the dam’s value to Egypt’s 1997 GDP compared to 

a no dam baseline at 7.1-10.3 billion EGP.200 Located in upper Egypt, just South of the city Aswan, the High 

Dam has a height of 111 meters from its base; its associated reservoir, Lake Nasser, has surface elevation of 

188 m with a surface area of over 4000 km^2 and a volume of 162 billion cubic meters (bcm) at full capacity, 

though sediment accumulation has decreased this volume by some 7 billion bcm.201 Lake Nasser extends 496 
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km downstream, and a substantial fraction of the reservoir extends across the Egyptian border with Sudan.202 

The dam has a maximum power generation capacity of 2.1 GW with an average production of 800 MW.203 

 The High Dam was by no means a sudden aberration. Before the High Dam, the British had crafted 

the Aswan Dam between 1898 and 1902. Unlike the High Dam, the Aswan Dam did not completely block 

the flow of the Nile. It did, however, create a reservoir which would submerge the valley South of Aswan up 

to a height of 106 meters above sea level. Raisings of the dam and reservoir in 1912 and 1934 would raise the 

reservoir surface to 113 m and 121 m above sea level respectively.204 This dam would create a source of water 

available year-round for the previously mentioned perennial irrigation and agricultural improvements that 

occurred in upper Egypt during the British colonial period. The High Dam differed in terms of its scale and 

its purpose. The High Dam was first proposed in 1947 in a study by an Egyptian entrepreneur, Adriano 

Doninos.205 The dam would give Egypt the ability to independently regulate the Nile in its territory—as 

opposed to countervailing basin-wide regulation ideas—enabling irrigation, flood control, navigation, and 

electricity production. This meant that while Egyptian agriculture had previously operated between the river’s 

annual floods that brought both water and silt (which was nutrient rich and served as a fertilizer) to 

agricultural lands, Lake Nasser could buffer flows and prevent flooding. Given that its storage approximately 

equaled two years of average river flow, the dam would also be able to continue to provide water access 

downstream throughout multi-year droughts. In conjunction with the developed perennial irrigation 

structures, this would permit reliable access to water and year-round agricultural production throughout the 

valley and delta. Though Doninos’ High Dam proposal initially seemed outlandish, upon coming to power, 

Nasser saw that the dam could provide these benefits mentioned above while also offering his government 

more domestic control and international legitimacy as a third world country engaging in Cold War 
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development.206 Indeed harnessing the Nile, alongside powerful demonstrations of Egyptian sovereignty, 

such as canal nationalization, would bolster Nasser’s revolutionary philosophy of Egypt as the bridge from 

Arab, African, and Islamic circles to the first and second worlds.207 

 Often forgotten or ignored in stories of the High Dam’s success is the Nubian relocation.208 The 

Nubian relocation refers to the necessary resettlement of a total of 100,000 people distributed roughly evenly 

between Upper Egypt and Northern Sudan, as their homeland was inundated by the filling of Lake Nasser. 

Divided by a border, Nubia refers to a heterogeneous ethnic group with linguistic, racial, historical, and 

cultural distinctions from the Arabs long dominant in both Egypt and the Sudan. The indigenous Nubian 

economy relied on agriculture in the Nile Valley, though at a smaller scale than in Middle and Lower Egypt 

due to environmental conditions, but in the modern period a large fraction of the male Nubian population 

found employment in low skill professions in Egypt’s larger cities.209 The creation and progressive raisings of 

the Aswan Dam in the early twentieth century had each required low-lying Nubian villages close to Aswan 

either to be relocated to higher elevations or the inhabitants to move downstream of the dam.210 Unlike the 

Aswan Dam reservoir, Nasser’s decision to construct the High Dam and its associated reservoir would 

entirely inundate Nubia (including its agricultural lands and villages) in both Egypt and Sudan. Thus, in late 

1963 and early 1964, before the filling of the dam, it was necessary to relocate the entirety of the Nubian 

populace. In Egypt, villages were built in the neighboring Kom Ombo region just North of Aswan bearing 

the same names and layouts the old Nubian villages, while in Sudan the distant Khashm al-Girba on the 

Atbara River near Sudan’s Ethiopian border was chosen as the resettlement site.211 A contemporaneous effort 

to preserve the plethora of historic artifacts in Nubia, dating to Egypt’s dynastic periods, was undertaken and 

well-documented, though not considered here.212 
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 The construction of the High Dam demonstrates the confluence and conflict of several local, 

national, and international interests. A reflection on how these interests were balanced and long-term 

outcomes of this balancing can inform best practices for modern land use projects. Among the international 

interest at play in the High Dam construction are the British in French in their ousting from the Suez Canal 

Company, the interests of Sudan, and the Americans and Soviets vying for sway in post-revolutionary Egypt. 

Nasser’s national interests are diverse but included Egyptian development, construction of a national identity, 

and the Arab nationalist cause. Finally, local interests include both those in opposition and support of the 

High Dam from the fellahin, the builders of the dam, and the Nubians. Throughout High Dam construction, 

Nasser overwhelmingly prioritized the national interest; not only was the Nubian interest ignored, but by 

systematically silencing and disembodying the Nubian voice, Nasser was able to further his promotion of a 

unified Egyptian nation. In the following paragraphs I will examine governmental sources as they address the 

High Dam and Nubian resettlement, and then Nubian sources as they are available reflecting on the same 

events. In this section, I draw heavily from reports, documents, and magazines I encountered during archival 

work at the American University in Cairo. 

 Consideration of the Nubian resettlement is conspicuously absent (at least in retrospect) from the 

Egyptian government’s publicly facing communications about the High Dam.213 Such public-facing rhetoric 

from Nasser’s government is plentiful, given the military regime’s highly authoritarian nationalization of all 

Egyptian newspapers and magazines in 1960.214 One magazine, al-musawwar has since became a prominent 

 
213 In beginning my research on the High Dam and Nubian resettlement, I expected to regularly encounter justifications 
of the marginality of Nubian land, or earnest efforts to justify Nubian resettlement in the context of the dam’s benefits 
in Egyptian government communication about the High Dam. Surprisingly, the Nubians were generally simply omitted 
from this dialogue. I had expected rhetoric like the Zionist argument about the lack of a discrete people in Palestine at 
the turn of the twentieth century,1 but instead encountered dialogue resembling—though much less insidious than—
Saddam Hussein’s justification for the draining of the marshlands at the confluence of the Tigris and Euphrates in 
Southern Iraq under unpersuasive environmental concerns, which would dismantle opposition from the Ma’dan people 
who had lived there.2 
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and reliable source of rhetoric linked to the Egyptian political establishment. In the three years leading up to 

the completion of the High Dam and completion of the Nubian resettlement, three articles from the weekly 

publication, all from 1962, dealt with the High Dam. None of them mention the Nubians or their 

resettlement. One article begins by quoting Nasser: “We consider the high dam to be a monument for the 

Arab cause and the beginning for the Arab nation’s achievement of her historic and humanitarian role!”215 

While the rising waters of Lake Nasser are mentioned, they are cited to convey the grand scale of the 

engineering achievement of the dam, not the people whose homeland would be subsumed. Another magazine 

of the 1960s binaa’ al-watan, published monthly, mentioned the High Dam in two issues in 1962, but never the 

plight of the Nubians. One article describes the High Dam as “an economic revolution… an engineering 

revolution … and a political revolution,” highlighting the dam’s ability to cover it’s costs in 2 years—the 

Nubian resettlement would contribute 30 million Egyptian pounds of the total 256 million Egyptian pounds, 

the latter equal to about $ 2.5 billion today—or its ability to strengthen ties with Sudan and promote Egyptian 

neutrality because of (or in spite of) a loan from the Soviet Union.216 217 Both magazines, cogently convey 

how the High Dam contributes to Nasser’s Arab nationalist and development philosophy, without 

mentioning the Nubian cause to the Egyptian populous. 

 Internally directed government documents can provide a much more comprehensive view of the 

Egyptian government’s views on the Nubian resettlement. An ideal for the government’s view of the Nubian 

resettlement is conveyed in a speech that Nasser gave at Abu Simbel (in Nubia) in 1960, adapted from the 

translation by Hussein Fahim: “The benefits which the Nubian people will enjoy are very great. They will be 

brought together on a proper basis to build a strong and healthy community. This will eliminate the 

complaint of isolation and neglect. We are members of one family, and we will bring you together.”218 In a 

speech at the same event, the Egyptian Vice President promised “stability, prosperity, and a decent life” for 
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Musawwar, December 29, 1961, 1942 edition, American University in Cairo Rare Books and Special Collection. 
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218 Fahim, Egyptian Nubians, 36. 



Leonard 88 

 

the Nubians in Kom Ombo.219 The objective of these speeches seems twofold. First, Nasser sought to 

assuage fears of a repeat of the injustices to the Nubian people associated with the Aswan Dam and its 

raisings not only by funding resettlement and providing indemnities, but also by addressing real ongoing 

issues in the Nubian community. Second, Nasser’s nationalist inclinations are very evident in ideas of unity, 

“one family,” or “their bigger home” that was the Egyptian republic. 

 In service of this goal, the Egyptian government commissioned The Ethnographic Survey of Egyptian 

Nubia, from the Social Research Center at the American University in Cairo, whereby researchers would 

compile information about Nubia and the Nubians before and after resettlement for the dual purposes of 

preserving the history of old Nubia and informing best practices for resettlement and its aftermath.220 Among 

the products of this study are the works of Hussein Fahim, on which I rely heavily and are serves as the basis 

for modern scholarship on Nubia. It is important to note that in the actual resettlement process, the Nubian 

voice was not directly present, as resettlement relied instead on the work of various ministries.221 For 

example, the project involved engineers from several ministries including the Ministry of Reconstruction and 

New Communities, the National Building and Construction Research Institute, and the International Institute 

for Compatible Technologies. Hasan Fathy, a famous Egyptian architect, was one of the primary voices in 

reconstruction in Kom Ombo, spending substantial time working with the Nubians in Old Nubia and in 

coordinating with ministries involved in resettlement. Fathy’s communications reveal his vision for 

resettlement to greatly improve the lives of the Nubians. Fathy drew on resettlements in Nubia following the 

1933 raising of the Aswan Dam, and his own innovative but ultimately successful effort to resettle the village 

of Qurna in Upper Egypt.222 His ideas about building the new Nubian villages in Kom Ombo centered on the 

use of local materials and energies towards concrete architectural improvements, such as in roofing that 

would better suit them to the hot climate of upper Egypt, in addition to the provision of electricity generated 

 
219 Fahim, 36. 
220 “Documenting Nubian Culture and Traditions: The Social Research Center in Old and New Nubia, 1961-1975,” The 
Social Research Center AUC, accessed January 15, 2024, 
https://www1.aucegypt.edu/src/nubia.htm#The%20Ethnographic%20Survey%20of%20Nubia. 
221 Fahim, Egyptian Nubians, 37. 
222 Hassan Fathy, “Letter from Hassan Fathy to the President of the Egyptian Institution of Construction,” January 8, 
1962, American University in Cairo Rare Books and Special Collection. 



Leonard 89 

 

by the High Dam.223 224 225 Throughout the resettlement process, Fathy was able to work with Nubians in his 

decision-making, and facilitate Nubian participation in the reconstruction process itself. Fathy’s work 

demonstrates an effective balancing of national and local (Nubian) interests in the design of residences during 

reconstruction. 

 Despite the relative successes in domicile architecture, the Nubian resettlement in Kom Ombo was 

not a resounding success. Following resettlement in Kom Ombo, Fahim notes several instances of promising 

developments in economic and social services relative to Old Nubia. These developments include, higher 

energy availability and electrification, improved transportation access, and marked increases in access to social 

welfare from the government and NGOs, as well as healthcare.226 It is also evident that many of the same 

land reform practices ongoing in Nasser’s Egypt during as the Nubian resettlement were imposed in Kom 

Ombo. For example, one scholar of the Nubian resettlement, Ahmad Hamid, documents how agricultural 

land in the Kom Ombo region was divided into regions of eight to ten feddans.227 Hamid does also describe 

Nubian feelings towards resettlement from Old Nubia as bearing hamaas shadiid [intense 

agitation/excitement], which seems dubious given other accounts of Nubian despair in the face of 

resettlement, such as from Fahim and Hassan Dafalla who oversaw the Nubian resettlement in Sudan.228 229 

230 Hamid’s work, thus seems to reflect the national interests, viewing reconstruction as a success (at least 

initially), with development for economic and social progress, and implementation of the same agricultural 

reform which Nasser had hoped would bring prosperity to the rest of Egypt. 
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 Despite this apparent progress, there were problems in Kom Ombo. Fahim notes, overcrowding in 

Kom Ombo as well as water shortages, and some degree of disease transmitted by the water in canals that 

connected Kom Ombo to the Nile.231 Perhaps more seriously, he documents Nubian social erosion in Kom 

Ombo. Resettlement largely failed to allow the return of the predominantly male population of Nubians 

working in Cairo and Alexandria; he documents the proliferation of psychological hardship in Nubia which 

he terms “resettlement illness.”232 Fahim largely attributes this to a changed lifestyle for the Nubians in Kom 

Ombo, particularly difficult due to the distance from the Nile, so critical to the way of life in Old Nubia. This 

seems to align with opinions on resettlement from the Nubians themselves. Christine Gilmore documents the 

emergence of al-Sahwa al-Nubiya [the Nubian awakening], whereby the Nubian voice was publicized for the 

first time since resettlement, through Arabic language literature considering the High Dam and resettlement 

by several Nubian authors in the 1990s and 2000s.233 While the Nubian narrative had been repressed—

especially to the extent that it was critical of Nasser—and evolved between 1964 and the 1990s, Gilmore 

documents a profound melancholy in al-Sahwa al-Nubiya particularly as it related to Nubian land. In Hajjaj’s 

Nights of Musk, the Nile River is central to each of the four short stories that compose the book. Particularly 

evocative is “The River People,” the story of a girl whose fiancé goes to Alexandria for work during the 

resettlement process. He fails to return for many years, and when he finally does, he drowns in a boating 

accident, prompting the narrator to drown herself in the Nile in despair. The most poignant ideas of the story 

and the book are conveyed when the narrator says: 

“People of the River, they have hurled the dam into your vast body and bruised it. They have raised it up over 

your solemn timeless melody. Be strong, mighty meandering river, for I am like you. The dam has destroyed 

my life. I was born the year it was built and what an evil omen that was. The dam drove Siyam from the village. 

It has filled me with deep sorrow and made me suffer great loss. People of the River, smash the dam to pieces. 

Flex your muscles in anger. Bring forth an invincible flood, not around the sides but headlong around the high 

wall.”234 
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233 Christine Gilmore, “A Minor Literature in a Major Voice": Narrating Nubian Identity in Contemporary Egypt,” Alif 
(Cairo, Egypt) 35, no. 35 (2015): 52-. 
234 Haggag Hasan Oddoul and Anthony Calderbank, Layālī al-misk al-ʻatīqah [Nights of Musk: Stories from Old Nubia], 
English Translation (Cairo: The Amiercan University in Cairo Press, 2005), 105–6. 
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Not only does this quote demonstrate the personification and centrality of the Nile River to Nubian society, 

but also the malignant effects of the dam to shared Nubian identity through dispersal and to the Nubian 

psyche during the resettlement process (in-line with Fahim’s “resettlement illness”). 

 As such, the High Dam can be viewed as a large-scale development endeavor undertaken by Nasser 

in service of his national interests. While the dam has truly revolutionized agriculture and industry in Egypt, 

lessons can be drawn from how the government dealt with local (Nubian) interests in the resettlement 

process. Throughout resettlement, the Nubian voice was remarkably silenced and ignored. While tangible 

economic progress may have been made in Kom Ombo compared to Old Nubia, resettlement again 

demonstrates an achievement of national, not Nubian goals. By failing to incorporate Nubian voices into 

resettlement, the High Dam project largely separated the Nubians from their Nile-centered lifestyle and 

exacerbated conditions leading to loss of a cohesive identity via Nubian migration to Egypt’s urban centers. 

Fahim documents the beginning of a Nubian-lead process to return to the ancestral homeland and the shores 

of Lake Nasser beginning in the late 1970s.235 Though this movement gained broad Nubian support, it has 

lacked sufficient support from the Egyptian state to be achieved at scale and remains ongoing today.236 

Nubian sovereignty over their ancestral homeland is very much in question, as Nubian presence in ongoing 

plans to reclaim millions of feddans in the Toshka Lakes regions, have failed to include Nubian voices and 

ignored their claim to the land in favor of wealthy investors.237 

 The Nubian resettlement provides a powerful demonstration of the dangers of prioritizing national 

interests over local interests during development. This trend is not unique within the High Dam’s 

construction, or in development projects in general. For example, Alia Mossallam documents the successive 

glorification of the builders of the High Dam under Nasser, followed by their marginalization under Sadat to 

 
235 Fahim, Egyptian Nubians, 121–30. 
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(April 2, 2016): 127–46, https://doi.org/10.1080/19436149.2016.1148859. 
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Online, November 20, 2016, https://english.ahram.org.eg/NewsContent/1/64/250385/Egypt/Politics-/Nubian-
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serve a new political agenda.238 However, it is important to note the limits with which takeaways drawn from 

Nasser’s policies during High Dam construction in the 1960s can be applied to ideas about the 

implementation of a cyanobacterial carbon removal system today. While the Egyptian context remains similar 

in its geography, and to a lesser extent social and political structures, as compared to 60 years ago, 

development actors in modern Egypt differ greatly from those of Nasser’s time, and the social, political, and 

economic changes that have occurred in Egypt must be acknowledged. Thus, this case study should not be 

used to foster skepticism towards the national interests in Egypt’s development today, but instead to highlight 

the benefits of involving local voices in development and maintaining commitment to prioritizing these local 

interests throughout and even following the completion of any project. Of course, as such a cyanobacterial 

carbon removal project would likely represent an internationally driven project in Egypt—one that addresses 

an issue that is of great concern at the global scale, but maybe of relative secondary importance in the 

Egyptian context—it is critical to satisfy national interests in addition to local interests in any carbon removal 

project that may occur on Egyptian soil. These conclusions about interest balancing are neither novel nor 

profound but are addressed here to stress the importance of satisfying these interests not as an afterthought 

but as a prerequisite to project implementation. In the following chapter, I will consider modern land use and 

Egypt’s defining national interests today, specifically as they relate to cyanobacterial carbon removal.  
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Chapter 6 

A hazy landscape: Modern Egyptian desert development in the context of algal CDR 

 

Introduction: 

 In the previous chapter I outlined the history of land use endeavors in Egyptian history from the rule 

of Mohammed Ali until the rule of Nasser and distilled specific takeaways—such as the prioritization of 

substantive local benefit and attention to local interests—relevant towards ethically implementing an algal 

CDR system. In this chapter I will examine the history of modern desert development in Egypt through the 

lens of a “central demographic dilemma.” Though this overpopulation-urban encroachment nexus in the 

arable lands may not be the only driving force behind land reclamation or desert urban development, I posit it 

to be a helpful framework for understanding how Egypt seeks to use the desert in its long-term economic and 

human developmental goals. I will convey that despite historic shortcomings in both land reclamation and 

desert urban developments, President ‘Abd el-Fatah al-Sisi has demonstrated an ability to implement facets of 

each type of project in a way that may yield greater success. Finally, I apply these frameworks and realities that 

make it conducive or resistant to an algal carbon dioxide removal (CDR) project. It should also be noted that 

while the previous chapter sought to provide an abridged but relatively comprehensive picture of the history 

of land use in modern Egypt, this chapter will only focus on land use realities specifically relevant to my 

carbon dioxide removal (CDR) interests, centering primarily around desert land. 

 

The central demographic dilemma: 

 Any discussion of Egypt’s policies regarding desert land nonetheless is driven by the nature of 

population growth and agriculture, both overwhelmingly confined to the Nile valley and delta. 96% of 

Egypt’s population of 111 million reside within the Nile Valley and delta, despite these regions only 

accounting for 4% of the country’s total land area.239 Furthermore, Egypt’s current population is a product of 

 
239 Taher M. Radwan et al., “Dramatic Loss of Agricultural Land Due to Urban Expansion Threatens Food Security in 
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extreme recent growth. The population has increased by a factor of four since 1960 and has doubled since 

1989 as birth rates have and continue to far exceed death rates.240 Yet this population growth has been 

accomplished without substantial settlement in the desert (with the notable exception of the Canal Zone, 

today accommodating more than 2 million people). Thus, population growth has almost exclusively increased 

population density in existing urban areas or caused urban expansion into agricultural areas in the Nile Valley 

and delta. Meanwhile, the area of agricultural land in Egypt remained roughly constant through the end of the 

twentieth century.241 This has left Egypt with a central demographic dilemma. Though agricultural yields did 

improve across the twentieth century, improvements are slow and inconsistent, and high current productivity 

precludes obvious dramatic low-cost yield improvements.242 Until 1974 Egypt was a net exporter of food, but 

since agricultural imports have increased dramatically while exports have increased much more slowly.243 

Today, over half of the food consumed in Egypt is imported.244 Tellingly, in the case of Egyptian cotton, 

average yields have declined by over 40% since a peak in 1990 but remain within 70% of those achieved in 

the United States and are nearly 50% higher than those in India.245 246 247 248 As population growth increases 

crowdedness in urban areas and the expansion of the built environment atop agricultural lands, the country 

 
240 “Population, Total - Egypt, Arab Rep.,” World Bank Open Data, accessed April 1, 2024, https://data.worldbank.org. 
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242 I do not intend to discredit the possibility of yield improvements. Cotton yields in China, for example, are over twice 
those in Egypt. I only aim to distinguish such an effort from the two relatively technologically non-intensive alternatives 
considered below. As both of these efforts are geographically more relevant to an algal CDR system, yield improvements 
will not be considered further in this work. 
243 Jean-Jacques Dethier, “Trade, Exchange Rate, and Agricultural Pricing Policies in Egypt,” XF2006296314, n.d., 18. 
244 USDA, “Egypt 2020 Export Highlights,” Foreign Agricultural Service, accessed March 3, 2024, 
https://fas.usda.gov/egypt-2020-export-highlights. 
245 The precise cause of these declines is not entirely clear but may be a result of groundwater dynamics in the Nile delta. 
Cotton productivity is highly sensitive to groundwater and climate change induced saltwater intrusion into the delta, 
overpumping and salt accumulation can all negatively impact yield. See Elterabily et al.1 and Ahmed and Delin.2  
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248 Foreign Agricultural Service, “India Cotton Area, Yield and Production,” U.S. Department of Agriculture, accessed 
February 3, 2024, https://ipad.fas.usda.gov/countrysummary/Default.aspx?id=IN&crop=Cotton. 

Mohamed%20Galal%20Eltarabily%20et%20al.,%20
Mohamed%20Galal%20Eltarabily%20et%20al.,%20


Leonard 95 

 

becomes increasingly unable to meet its own growing agricultural demands. It must then rely more heavily on 

food imports, increasing vulnerability in an already import driven economy. 

Solving this critical dilemma has been a, if not the, primary long-term goal in modern Egyptian 

development rhetoric. Without a revolutionary increase in agricultural yields (beyond those seen anywhere in 

the world today) there exist two natural domestic approaches to solving this dilemma. The first approach 

creates more arable land by reclaiming currently uncultivated desert for agricultural use. The second approach 

increases the cultivation of arable lands by reversing urban sprawl within the valley and delta and moving a 

large fraction of the Egyptian population into the previously uninhabited—and uncultivated—desert. 

Immediately evident is that both approaches rely on desert development, which seldom occurred in modern 

Egypt before the end of the rule of President Nasser (see chapter 5). In 1996 President Hosni Mubarak neatly 

articulated the role of the desert in Egypt’s plight: “the conquest of the desert is no longer a slogan or dream 

but a necessity dictated by the spiraling population growth.”249 

In the first two parts of this chapter, I will in turn follow these two types of desert land use during 

the authoritarian reigns of Nasser and his military successors in Anwar al-Sadat, Hosni Mubarak, and Abd el-

Fatah al-Sisi. Though this line of succession lapses with the Arab Spring in 2011, I view Egyptian rule as 

continuously authoritarian for the purposes of this research. This is justified by the continuity of military 

power during the Muslim Brotherhood’s Mohammed Morsi’s brief rule, and the lack of any desert 

development (even if ambition in this respect existed) in the inter-revolution period.250 251 In the third part of 

this chapter, I will apply desert land paradigms to an algal CDR system, both as assets and barriers. 

 

Land Reclamation: 

 Land reclamation, or the effort to convert desert into agricultural land, is essentially an endeavor to 

redistribute water. While other factors (namely labor and money) may hinder reclamation efforts in Egypt, its 

 
249 David E. Sims, Egypt’s Desert Dreams: Development or Disaster? (Cairo, Egypt ; New York, New York: The American 
University in Cairo Press, 2015), 1. 
250 W.j. Dorman, “Exclusion and Informality: The Praetorian Politics of Land Management in Cairo, Egypt,” International 
Journal of Urban and Regional Research 37, no. 5 (2013): 1603, https://doi.org/10.1111/j.1468-2427.2012.01202.x. 
251 Sims, Egypt’s Desert Dreams, 59–61. 
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ultimate scalability is constrained by water availability. Given the centrality of water—and more precisely the 

Nile—to such a dearth of projects and conflicts throughout Egypt’s long history, before considering Egypt’s 

modern land reclamations in earnest I will provide a brief synopsis of environmental and anthropogenic 

realities of the Nile River as well as the international riparian frameworks that attempt to govern it. 

 Around 462 million people currently reside in the countries of the Nile River basin.252 253 Population 

growth indicates this number will double in the next 30 years. The Nile River serves as a critical source of 

water for personal use, electricity generation, and agriculture throughout the region. However, there is no 

complete agreed-upon framework for access to the Nile’s waters today: the downriver countries of Egypt and 

Sudan cite a 1959 colonial treaty drafted at the onset of the construction of the High Dam granting the two 

exclusive rights to the river’s waters with veto power over Nile developments upstream. This treaty allots 

Egypt 55.5 billion cubic meters (bcm) of water from the annual average of 80 bcm, while allocating 14.5 bcm 

to Sudan and 10 bcm to evaporation from Lake Nasser.254 Meanwhile, upriver countries—including Ethiopia 

where the bulk of the river’s waters originate—have begun ratifying the Comprehensive Framework 

Agreement (to which Egypt and Sudan are opposed) which would encode explicit rights for the basin’s 

upstream countries. 255 256 Meanwhile, Ethiopia is currently filling the reservoir of the recently constructed 

Great Ethiopian Renaissance Dam (GERD) on the Blue Nile. Though use of the GERD is primarily 

intended to provide electricity to Ethiopia, any drawing of water or evaporation from the reservoir will 

decrease downriver flow to Sudan and Egypt. The project, proposed and instigated by Ethiopia during the 

Arab spring period in Egypt, never received Egyptian support and remains a major source of regional tension, 

 
252 Mohammed Ombadi et al., “Retrospective Analysis and Bayesian Model Averaging of CMIP6 Precipitation in the 
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having incited mediation by the UN security council, the African Union, and other bodies.257 Additionally, 

climate change and its effects on temperature and rainfall are of political concern in the Nile River Basin. 

Though projections differ as to how mean annual river flow will vary, they agree that climate change will 

dramatically augment variability to annual Nile River flow, thereby threatening the population of the Nile 

River basin. 258 259 These effects, in combination with a lack of basin-wide cooperation, and Ethiopia’s control 

over the bulk of Nile waters through the GERD could threaten Egyptian Nile water access in a variety of 

extreme scenarios.  

 Egyptian vulnerability to Nile water scarcity contributes directly to the viability of land reclamation. 

With the Nile River and its associated aquifer as the primary source of water for reclamation (water supply 

from desalination or pumping from Egypt’s non-renewable brackish aquifers remains highly energy intensive, 

expensive, and undeveloped in Egypt260), by moving water to the desert, reclamation decreases water supply 

in the valley and delta. Given the limited water supply and lack of substantial outflow of unused water into 

the ocean, reclamation thus could seem to threaten water availability, and thus the productivity of existing 

agricultural lands. Desert land reclamation is fundamentally different than agriculture within the Nile valley 

and delta because of the Nile aquifer. This renewable aquifer, recharged by water from the river can be 

considered as an extension of the river itself in water balance calculus. Water used for agriculture in the delta 

and valley feeds this aquifer, and some delta agricultural lands rely on pumping from this aquifer instead of 

irrigation from the river.261 Thus, water used in the valley and delta partially contributes to water accessibility 

downstream. Outflow from the aquifer into the ocean also serves a critical purpose of preventing saltwater 

intrusion (particularly acute in conjunction with the effects of sea level rise) that could destroy the agricultural 

capacity of lands in the low-lying delta.262 Meanwhile, water used outside of the Nile basin for desert 
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reclamation is generally considered to be lost—either through evaporation or drainage into inaccessible 

brackish aquifers. This has led David Sims to label desert land reclamation a “zero-sum game” in terms of 

water balance.263 Quantitatively, each successfully reclaimed feddan requires 4000-5000 cubic meters of water 

annually for its continued agricultural cultivation which is lost for use in the “Old Lands” (that is, the 

traditionally cultivated valley and delta, in contrast to the reclaimed “New Lands”).264 In relation to the tens 

of millions of feddans of desert land at some point been associated with intended reclamation projects, it is 

easy to see how Egypt’s 55.5 bcm of water use could be threatened. While certain factors can affect this 

calculus (such as crop choices and rotations, drainage, agricultural or wastewater reuse, water lifting and 

pumping, and site choice for reclamation), sustained extensive desert reclamation without yield losses 

elsewhere would seem to require alternative water sources to the Nile River and aquifer.265 Furthermore, even 

reclamation efforts with Egypt’s other aquifers have been met with skepticism due to fears of depletion and 

their slow recharge rate.266 

 Regardless of any doubts about the viability of land reclamation as a solution to Egypt’s critical 

problem, land reclamation became a priority of the Egyptian government after the 1952 revolution. This is 

not to say that the concept of land reclamation was invented by Nasser or somehow foreign to pre-

revolutionary Egypt, but rather that Nasser was the first champion of land reclamation especially as a 

quintessentially desert phenomenon. In the first three decades after Nasser’s first announced reclamation 

schemes in 1954, land reclamation was characterized in many ways by bureaucratic complexity, overlapping 

responsibilities and a lack of strategic consistency. Among the groups that variously oversaw the 

implementation of reclamation projects in post-revolution Egypt were the Egyptian-American Rural 

Improvement Services Organization (created 1953), the General Authority for Desert Development (created 

1957), the Ministry of Agrarian Reform and Land Reclamation (created 1961), the Egyptian Authority for the 

Utilization and Development of Reclaimed Land (created 1966), and the General Authority for 
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Reconstruction Projects and Agricultural Development (created 1975). Though the exact relationship and 

responsibilities will not be provided here (see the UN report titled “Arab Republic of Egypt: Land 

Reclamation Subsector Review”) these groups and others were variously split, combined, and renamed, in 

association with what are now the Ministry of Agriculture and Land Reclamation, the Ministry of Water 

Resources and Irrigation, and the Ministry of Housing Utilities and Urban Communities.267 268 

 Beyond the definition and redefinition of responsibilities over land reclamation, several land 

reclamation projects were actually undertaken in the Nasser and Sadat periods. In the 1950s, Nasser allocated 

upwards of 300,000 feddans for reclamation, followed by 812,000 in the 1961 five-year plan and 1 million in 

the 1966 five-year plan.269 Primarily theses project commenced adjacent to the Nile delta and Sinai, all of 

which would use water pumped from the Nile. Given that these projects began around the time of the 

construction of the High Dam when Egypt’s regular access to Nile waters was increasing, such reclamation 

efforts would not seem to threaten water supply in the Old Lands. These projects were relatively successful, 

accounting for about 80% of the approximately 1 million feddans reported to have been successfully 

reclaimed by 1981.270 That said, actual reclamation statistics are unreliable, given inconsistencies in a single 

definition of reclamation (often uncorrelated to lasting cultivation) and government reports that reliably 

overestimated reclamation success. Regardless, it is clear that more remote desert reclamation projects have 

proven much more difficult. One such project was the New Valley project, imagined to be situated in the 

Western Desert, built around the oases lying therein and extensive use of groundwater not associated with the 

Nile. Specific land reclamation sites in the New Valley included the Siwa, Bahariya, and Farfara Oases and the 

Toshka Lakes, the latter of which will be focused on later. By 1981, These groundwater projects reclaimed 

less than 200,000 feddans, less than one third of targets.271 Ultimately, land reclamation under Nasser and 
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Sadat can be considered ambitious and exaggerated, with its sporadic successes linked to irrigation 

development and the High Dam. 

 In 1981 two events occurred that would reshape land reclamation efforts. First, Sadat was succeeded 

by Hosni Mubarak who would be an even more ambitious proponent of reclamation than his predecessors. 

Second, the desert land law number 143, would substantially simplify and streamline the process of allocation 

and development of desert land.272 Compared to Sadat, who conceptualized land reclamation in terms of 

maximizing production through corporate agriculture alongside his liberalization of the Egyptian economy, 

Mubarak’s land reform more closely resembled the policies of Nasser. In this, reclamation could not only 

satisfy Egypt’s critical problem, but also address inequality and unemployment through equitable distribution 

of lands, reminiscent of Nasser’s agrarian reforms in the Old Lands. Law 143 would rationalizae land 

management in order to permit this changed focus. This law, relating to lands outside of the zimam, or within 

two kilometers of city borders—consolidated power over desert land allocation under the General Authority 

for Reconstruction Projects and Agricultural Development (GARPAD).273 With ultimate primacy given to the 

military, GARPAD could determine on which of the remaining lands reclamation would be pursued, while 

the balance of lands resorted to the New Urban Communities Authority (NUCA), with the potential for 

urban desert developments. Law 143 remains in effect and has simplified desert development processes. 

 Subsequently began the Mubarak Program for graduates. This program would provide five feddans 

of reclaimed land and a home to interested university graduates.274 Thereby it could hope to both increase the 

cultivation of reclaimed lands and reduce unemployment and crowding in the urban areas. However, the 

project which was heavily invested in by GARPAD only settled 75,000 graduates; there graduates suffered 

from limited government services and difficulties in actual producing yields, given inconsistent irrigation to 

these reclaimed lands.275 
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 The graduates project, however, would be dwarfed in grandeur and fanfare by Mubarak’s three 

reclamation mega-projects announced in 1996 and 1998. The Toshka farms and East ‘uwaynat projects, were 

the primary foci of a renewed interest in reclamation in the New Valley which would reclaim 2 million 

feddans within ten years. The Toshka farms would rely on massive pumping of water from Lake Nasser into 

the Toshka Lakes, on the order of 5 bcm per year to reclaim 540,000 feddans (which is twice as much water 

as necessary based on 5000 feddans of water needed per feddan annually for reclamation, but realistic given 

the 260 km of canals planned for their projects and the associated water losses), while becoming an industrial 

and tourist hub.276 277 In East ‘uwaynat in southwestern Egypt, 250,000 feddans would be reclaimed using 

groundwater. Finally, the North Sinai development project would reclaim 660,000 feddans, the majority of 

which lay East of the Suez Canal, relying on water pumping from the Nile and a colossal siphon underneath 

the Suez Canal.278 Mubarak’s projects received extensive funding from the likes of Saudi prince Al-Walid bin 

Talal bin Abd al-‘Aziz, as well as media coverage in the early 2000s. However, by the time of the Arab Spring, 

skepticism towards these projects had proliferated, and they had managed to reclaim fewer than 300,000 

feddans, with levels of actual cultivation much lower.279 Generally, land reclamation projects were very costly, 

exceeding $9,000 per feddan of reclamation (let alone actual cultivation) in one Eastern delta project.280 This 

paled in comparison to the expenditure for the mega-projects where costly long-distance water pumping from 

the Nile or groundwater and the coupled de novo regional development would cost the country far more 

dearly. Mounting economic pressures—to which Mubarak’s fiscal exuberance in the desert no doubt 

contributed—would eventually instigate the 2011 revolution and regime change. 

 By the time the 2014 revolution firmly reestablished authoritarian military rule in Egypt, most of the 

Mubarak era land reclamation mega-projects had lain dormant throughout the years of economic stagnation 

and political upheaval. Despite the fraught political conditions of his ascension and the tainted reputation of 

land reclamation due to undelivered promises, in the first ten years of his presidency Abd el-Fatah el-Sisi 
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appears to have taken an ambitious approach to land reclamation, similar to his predecessors. Though the 

subject is not yet well studied, Sisi has announced the revival of Mubarak era projects including claims of 

successful cultivation of 85,000 feddans in the abandoned Toshka Lakes site in 2021.281 Sisi has planned the 

reclamation of 2 million feddans in the New Valley, a total of 1.5 million feddans in Toshka, and 460,000 

feddans in the Sinai, largely framed as a resuscitation of the failed Mubarak era mega-projects.282 His 

government has proven unafraid to lavishly allot tens of billions of dollars of Egyptian funds to reclamation 

projects. 

 External verification of these land reclamation totals could not yet be found. To this end, the coastal 

farmland classifier employed in chapter 4 (insert title) was applied to certain reclamation sites of interest. A 

farmland classifier was constructed using enhanced vegetation index (EVI) data at a 500 meter and 16-day 

resolution.283284 The range between the tenth quantile and the maximum EVI value at a given site within a 

year was shown to faithfully distinguish agricultural land from both unvegetated land (including the built 

environment and deserts) and naturally vegetated uncultivated land (Figure 1a, 1b, 1c). A threshold value of 

0.2 in the EVI annual range was used to classify farmland by year (Figure 1d, 1e, 1f).285 This farmland 

classification technique was used for the Toshka Lakes region from 2000 to 2023. It should be noted that this 

metric does not strictly convey reclamation area, but instead area under actual cultivation whereby annual 
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reclamation-projec.aspx. 
282 “Egypt Racing against Time to Add 3.5 Mln Feddans of Agricultural Land, Says Sisi - Society - Egypt,” Ahram 
Online, March 15, 2023, https://english.ahram.org.eg/News/491770.aspx. 
283 Kamel Diden, “MOD13A1: Vegetation Indices 16-Day L3 Global 500m,” netcdf (NASA Appears), accessed March 
16, 2024, https://doi.org/10.5067/MODIS/MOD13A1.006. 
284 The enhanced vegetation index product aggregates satellite measurements of the earth’s albedo at different 
wavelengths in order to indicate the spatially resolved presence of chlorophyll and vegetation. It has been commonly 
used for farmland classification. See chapter 4 for a more extensive treatment of the data source. 
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crop greening cycles have a sufficient amplitude to trigger classification. This means that reclamation statistics 

may underestimate actual reclamation (much of which presumably is yet to be cultivated) though this may be 

made up for the fact that the use of a low threshold EVI range may overestimate cropped area based on the 

granularity of the data and parcels that are only partially cultivated in space.286 Though internally consistent in 

terms of relative changes over time, reclamation areas should be considered imprecise. That said, numbers are 

confirmed by an uncited early 2000s Muslim Brotherhood estimates of 4,000 cultivated feddans in Toshka, 

with an upper limit by government claims of 41,000 feddans. 287 These numbers approximately agree with the 

satellite analysis’ increase in cultivation in the Toshka region from 6,535 in 2000 to a maximum cultivation of 

19,605 feddans in 2005 before declines and stagnation through 2013 (Figure 1g). However, following the 

2014 revolution the rate of land reclamation has witnessed a dramatic increase of about tenfold from about 

19,000 feddans in 2013 to over 40,000 in 2017 and 184,628 feddans in 2022. Simultaneously, the average EVI 

range in these lands has been increasing, indicative of higher productivity of cultivation within the total 

cultivated area. During Mubarak’s rule the EVI range remained close to the lowest EVI range of 0.2 classified 

as farmland but has increased steeply under Sisi from 0.286 in 2013 to 0.344 in 2022, now exceeding ranges 

seen in some of the Old Lands (Figure 1h).  

 
286 The choice of this threshold is somewhat arbitrary and based on comparison with true color satellite images and 
visual confirmation. The lack of non-agricultural vegetation in Egypt allows for classification sensitivity even towards 
lightly or partially cultivated lands. 
287 Sims, Egypt’s Desert Dreams, 51. 
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 Comparable analyses in other reclamation sites have shown similar increases, such as an increase 

from 163,000 feddans to 423,000 feddans in East ‘uweimat, and 52,000 to 153,000 feddans in the New Valley 

between the years of 2013 and 2023. These two projects, though less publicized then the Toshka megaproject 

demonstrate that desert reclamation with substantial levels of cultivation can succeed and lead to substantial 
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cultivation in sites using exclusively groundwater, as neither of these sites retrieves water from the Nile or its 

aquifer. 

 Modern trends in land reclamation seem to have reversed the trend of wasted capital and failed 

reclamation projects in the desert, especially when considering projects not directly proximal to the Old 

Lands. It is interesting how these land reclamation successes have not received the same level of attention 

(domestic or international) as Mubarak’s unsuccessful mega projects. It should also be noted that since 2019, 

floods in Sudan have raised the level of Lake Nasser and the Toshka Lakes to their highest ever observed, 

which can help rationalize the exponential increase in reclamation in that region.288 Indeed, even despite the 

loss of Nile flows due to the filling of the GERD which began in 2020, environmental conditions have been 

conducive to reclamation. Expected increases in Nile flow variability indicate that such conditions cannot be 

expected to continue forever, perhaps threatening the continued cultivation of these sites. Additionally, I have 

not in my analysis considered the extent to which land reclamation in Sinai or Toshka which rely on Nile 

flows has led to decreases in farmed area and yields in the Old Lands or prior reclamation sites. Further work 

could adapt the methods used in this section to consider the total area of cultivation in Egypt as well as the 

intensity of cultivation in cultivated lands in order to validate or reject Sims’ touting of reclamation as a zero-

sum game.  

 

Desert Urban Development: 

While land reclamation’s merits lie squarely on the single (though complicated) issue of water, desert 

urban development lacks such obvious constraining features. As a solution to Egypt’s central demographic 

dilemma, however, desert urban developments alone are bounded in their usefulness by the amount of land 

they can vacate for agriculture. In 2015, Radwan et al. classified 1890 km^2 of land as urban with the Nile 

delta region (extending as far South as Cairo).289 Of this, 205 km^2 were converted from barren (desert) to 

 
288 Paul Pryzborski and Robert Levy, “Two Decades of Change at Toshka Lakes,” Text.Article (NASA Earth 
Observatory, January 18, 2022), https://earthobservatory.nasa.gov/images/149334/two-decades-of-change-at-toshka-
lakes. 
289 Radwan et al., “Dramatic Loss of Agricultural Land Due to Urban Expansion Threatens Food Security in the Nile 
Delta, Egypt,” January 2019, 9. 
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urban since 1992.290 Given that desert urban land totals were relatively small before 1992 (which will be born 

out later in this section) especially in the surveyed region, this leaves 1685 km^2 of urban land as occupying 

arable land in the delta. With a combined area of agriculture and natural vegetation of 26,565 km^2 in 2015 

with 2061 km^2 of that agriculture in the New (reclaimed) Lands, this leaves urban land use on arable lands at 

a little under 6%. Applying this urban to arable fraction to the entire Old Lands would indicate that even if 

the entire population of Egypt were relocated from arable lands, agricultural land area would only increase by 

6%. Given the extent of agriculture in Egypt, this is no trivial increase, but it nonetheless pales in comparison 

to Egypt’s central demographic dilemma. As such, desert urban developments should not be considered as a 

viable approach to fully resolving the demographic dilemma, but instead evaluated as potentially servicing the 

problem alongside other explicit and implicit goals. 

Modern desert urban developments primarily trace their origin back to Sadat and his infitah 

(liberalization, literally opening) of the Egyptian economy in 1973. While Sadat’s New Towns were proceeded 

by the construction of the major canal zone cities, and certain suburban expansions into the desert outside of 

Cairo (namely the successful and well-integrated Heliopolis whose construction began in 1905), the pace of 

desert urban development since 1973 is unrivalled and the nature of these developments generally quite 

unique. The infitah was the process by which economic and geopolitical factors forced the liberalization of 

Egypt’s economy in 1973. Nasser’s policies of Arab Nationalist import substitution industrialization, yet 

hesitancy towards the use of domestic capital had already put Egypt under economic stress when the 1967 

war with Israel began.291 This war would acutely limit the ability of the state to fund the extensive bureaucracy 

that ran nationalized industry. Thus, after the return of Sinai to Egypt in 1973, and the reopening of the Suez 

Canal in 1975, Sadat loosened state control over the economy allowing for a shadow economy to form 

(untaxed, unregulated, and unofficial, relying on remittances and informal industries), while consumption by 

 
290 Taher M. Radwan et al., “Dramatic Loss of Agricultural Land Due to Urban Expansion Threatens Food Security in 
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the middle class of both Egyptian and Western goods was allowed and increased.292 The infitah relied on 

foreign investment which would be necessary for Sadat’s New Towns plan. With the creation of the Ministry 

of Reconstruction in 1974, Sadat framed his focus on building new towns in the desert primarily around 

developing novel economic foci of industry instead of the demographic dilemma. Nonetheless Sadat’s first 

two proposed cities—Tenth of October and Sadat City both located in the desert North of Cairo to the East 

and West of the delta respectively—were each designed on entirely vacant sites to host populations of 

500,000 people each.293 Sadat would begin three more cities, Sixth of October, Fifteenth of May, and Burg al-

‘Arab al-Gadida during the remaining six years of his rule (the former of which had a target population of 5.5 

million).294 The new towns built under Sadat were characterized by low densities (leading to vehicle-centric 

planning), economic self-sufficiency from Cairo, and marginal initial costs of land to stimulate the rapid 

mobilization of international and domestic developers.295 Though tracking the actual success of the New 

Towns would become a generally foggy and uncertain endeavor, often completed far after the promulgation 

of new New-Towns (hence contingent on an implicit assumption of the baseline validity of the concept), a 

1986 report would reveal three of Sadat’s five New Towns to have achieved fewer than 1000 people with 

Tenth of Ramadan at 8,509 and Fifteenth of May hosting 24,106 inhabitants.296 Though these numbers pale 

in comparison to aspirations for these cities, and certain desert urban developments would remain all but 

abandoned, they were interpreted as indicative of the time horizons needed for population growth in the New 

Towns. 

As with desert land reclamation, land use frameworks for desert urban developments would be in 

many ways rationalized by the early rule of Hosni Mubarak. Created in 1979 under Sadat, the New Urban 

Communities Authority (NUCA) would be given control over desert urban developments by Law no. 143 of 

1981 regarding desert lands, with the important exceptions of GARPAD’s option to assume control of land 

for reclamation, and opportunities for the military to claim land it deemed as “strategic regions with military 
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importance,” which would remain a vaguely defined but often cited condition.297 By 1982, Mubarak’s NUCA 

would announce another five new-towns following Sadat’s model of stand-alone desert towns. By the late 

1980s, while resolve to settle the desert remained, strategic policy around desert urban developments began to 

shift. Perhaps as a result of the USAID funded National Urban Policy Study (NUPS) bringing into question 

the merits of stand-alone desert cities as opposed to development in the underserved canal zone and upper 

Egypt—a report that remained publicly disregarded and unpublished—desert development began to focus on 

towns associated with desert expansions of existing urban areas.298 299 The New Towns could take on a 

different character without requisite self-sufficiency given their connection to existing cities. Accordingly, 

development of the New Towns in the 1980s and 90s such as New Cairo, al-Shuruq, and Sheikh Zayed was 

less industrially focused and driven by corporate development actors and high value real estate projects.300 In 

this respect, while desert urban developments under Sadat and in the early period of Mubarak’s rule had 

aimed to move population and industry out of the overpopulated urban centers like Cairo, this new paradigm 

of urban desert development overwhelmingly served a relatively wealthy, vehicle-possessing middle and upper 

class. In doing so, this generally disregarded the generally poorer population most effected by overcrowding 

in downtown Cairo. This new mode of urban expansion became more lucrative while insufficiently 

addressing the issues of overcrowding and the central demographic dilemma that had been framed as the 

leading impetuses for desert urban expansion in the first place. 

Even in attempting to attract higher-income buyers to live in the Mubarak era of desert satellite cities, 

success was seldom as immediate as may have been hoped. Certain dimensions of this delayed (and at times 

abandoned) success are outlined in the 1982 NUPS report (social distance from existing cities, inability to 

attract industry in stand-alone cities, unrationalized transportation, and spatial discontinuity within the satellite 

cities propagated by vacant lots). 301 To these Sims adds a criticism of the urban development and planning 
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strategy undertaken in building the new tones (both satellite and self-sufficient), based on their urban 

planning. The New Towns are geographically large, and discourage the development of the informal 

economy—both through economic zoning and insufficiently attractive and feasible housing options for the 

lower class that drives this economy; the lack of this informal economy then prevents the creation of vital 

central nuclei around which population mobilization can coalesce.302 

Though it may have been first acknowledged in the NUPS, by the 2000s, scholarship would latch 

onto speculation as a primary barrier to achieving population mobilization goals. NUCA subsidized land in 

the New Towns through the 1990s in hopes of catalyzing fast development. Yet, as the New Towns began to 

promise large levels of development, and particularly as the satellite towns began to cater towards a higher-

income class thereby raising property values, speculation and speculative returns on land within the New 

Towns proliferated.303 As housing prices increased, developers profited from retaining land in a nearly 

completed state of development; in some of the New Towns the number of housing units would exceed total 

population, with entire regions filled with apartment complexes lacking windows or finished interiors 

accruing value for their owners.304 Even through the end of the Mubarak regime, after NUCA subsidization 

of land in the New Towns ceased, development contracts continued to fall into the hands of large politically 

connected development groups and individuals that would develop high income housing as a safe and 

lucrative investment, regardless of income targets that developments were intended to fulfill.305 

Simultaneously, after the 1981 desert land law, the military could cease lands before NUCA could develop 

them, leading to a similarly speculative and lucrative military appropriation of valuable lands. 306 Similarly, the 

military lacked incentive to actually develop these lands (as their value grew due to surrounding NUCA or 

informal development), particularly not for lower income housing whose occupants were perceived as a 

threat to military hegemony. Though desert land use certainly increased throughout the Mubarak era, the 
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achievements of the new satellite towns were in many ways hollow—many of the towns remaining quite 

literally vacant—creating an artificial scarcity of desert lands while doing little to address the stated long term 

economic motivators. 

A particularly discouraging reality emerges in considering desert urban development in the context of 

the central demographic dilemma. It has been understood since the NUPS that the bulk of population in the 

greater Cairo area has not occurred on an East-West axis into the desert but instead North and South on top 

of arable lands of the Nile Valley.307 Essentially, as government led desert development and urban expansion 

failed to address the urban crowding in central Cairo and needs of the lower class, informal development 

occurred on top of the most easily ascertained and least regulated lands available. Ironically, due to desert 

land speculation in the zimam, these lands were actually the agricultural Old Lands, despite their inherently 

higher utility. Though technically illegal, informal expansion onto the Old Lands was seldom regulated—

perhaps as a result of their private ownership—and effectively mobilized population to these informal 

centers.308 However, the shift from tacit acceptance to assumption of administrative responsibility and 

provision of services in these suburbs by the government has been slow and lacking, further segregating a 

well-served upper class from an unregulated and underserved lower class. 

At face value, Sisi’s desert urban development policy appears derivative. To some extent, this can be 

attributed to a shortcoming in the approach I have taken of examining desert development projects 

chronologically based on Egypt’s president (from Nasser to Sadat to Mubarak to Sisi). In fact, continuity of 

military power in the Egyptian state—as enshrined in structures such as the 1981 desert land law—renders 

these regime changes less significant than they may seem.309 Whereas many government actors and corporate 

developers possess a degree of public accountability in achieving desert urban development goals, the military 

remains largely insulated from such pressures. As such, leading to and throughout the Arab Spring, while 
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general turnover of political and corporate land developers occurred, speculative military control over many 

desert urban development sites persists unaffected.310 

Nonetheless, Sisi’s desert urban development has certainly differed from that of Mubarak. His 

primary desert urban development project has been the New Administrative Capital (NAC), announced less 

than a year after his presidency began following the 2014 revolution.311 The NAC differs from previous 

projects in scale, splendor, fanfare, and desired function. With aspirations for the NAC to house 6.5 million 

occupants by 2050, it already hosts the tallest building in Africa (named Iconic tower) and features a 54 km 

elevated light rail through the desert connecting it to New Cairo and the existing Cairo metro.312 As the NAC 

nears its first inhabitants, it has been built with liberal usage of foreign construction firms, and international 

financing—including from the International Monetary Fund (IMF), China and the GCC among others—with 

estimated expenditures of $59 billion as of June 2023.313 Lavish green spaces and other water needs in the 

NAC have already led to the development of two pumping stations designed to pump 0.5 bcm of water to 

the NAC, even in the earlier phases of its development.314 Importantly, as its name suggests, Sisi plans to 

relocate the bulk of governmental bureaucratic functions from Cairo to the NAC, which may help achieve the 

ambitious population mobilization numbers. 

 Upon visiting the NAC in August 2023, I was first struck by its juxtaposed massive scale and 

conspicuous vacancy. While six lanes of asphalt approach the new capital and pass through its monumental 

gates, an inexplicable lack of traffic has seemed to allow the road-pavers to ignore the necessity of exits. As 

such, I found the drive to any particular location in the new capital roundabout and indirect, despite seldom 

remarking upon the presence of another vehicle or any other obstacle that would seem likely to preclude a 
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more direct route. Nearly every surface in the new capital sports a muted beige hue, as a haphazard veneer of 

desert dust is quick to coat the unconvincingly white surfaces of mass-produced plaster and concrete. 

No building in the new capital is unique; it seems that upon the design of a novel blueprint for a 

structure, molds are made to mass produce it dozens or hundreds of times over, before the next idea is 

triumphantly realized. It should be noted that mass production is not only deemed appropriate for housing 

complexes and monorail stations, but also for skyscrapers, banks, and even mosques. Despite the massive 

amounts of infrastructure that exist, a vast ring of sand dunes encircle the new capital, as if all development 

exercises must be quarantined until an undetermined point of suitability for display. 

When visiting the New Administrative Capital, one doesn’t see the plethora of desert urban 

developments that preceded it, most of which have been unceremoniously abandoned since the end of their 

sponsor’s regime. No one keeps score in the ongoing tousle between the desert and development. The NAC 

seems to embody a political philosophy that, though few hold illusions about who is winning, all are certain 

that the tides have shifted, and victory will be incumbent in mere years. As I ride a bus with workers from the 

NAC back to central Cairo, this optimism is infectious, though I am unsure how much to question it. In 

discussing the NAC with people across Cairo I was surprised to be met with a large degree of apathy, 

attributed to its physical, temporal or social distance from the lives of those in central Cairo. Interest in the 

NAC appeared higher from those already living or working in the satellite towns such as New Cairo, while 

any criticism of the NAC was voiced through the filter of academic curiosity, far removed from public 

rhetoric that might upset the tense and fragile political status quo of post-2014 Egypt. 

Several factors remain uncertain in the New Capital’s success in the coming decades. In the context 

of Egypt’s central demographic dilemma, it is difficult to overlook the strain that a successful NAC could add 

to Nile River water supply and agriculture. That said, with its light rail, political function, and already 

constructed economic center (around the Iconic Tower), it is easier to envision a class-diverse group 

incentivized to live or work in these centers, while still able to maintain social relations with central Cairo or 

its inner satellite towns. In such a way, it may be more able to address overcrowding and informal expansion 

over agricultural lands by the middle and lower class from central Cairo. Ultimately, however, the NAC’s 



Leonard 113 

 

ability to help the central demographic dilemma will depend on its ability to overcome speculative pressures 

and provide lower income housing. To this, some critics have voiced skepticism, labelling the NAC as a tool 

to insulate the upper class and government from the bulk of the populous and the political tumult of central 

Cairo, which demonstrated its ability to mobilize during the Arab Spring.315 Perhaps one of the largest threats 

to the success of the NAC is economic. With its heavy reliance on international capital through loans, the 

NAC is accountable to foreign states. Furthermore, the military controlled Administrative Capital for Urban 

Development, which currently controls 51% of the NAC plans to offer 5-10% of its shares on the stock 

market by the end of 2024, further complicating the web of fiscal obligations.316 Should an economic 

slowdown leave the Administrative Capital for Urban Development, particularly in the context of the 

relationship with China which is quickly becoming Egypt’s most important trade partner, unable to repay its 

loans, Egypt may require an uncertain bailout from the GCC to avoid serious repercussions, leaving the 

future of the NAC even more in question.317 318 

Both desert land reclamation and urban developments have the potential to address Egypt’s central 

demographic dilemma. However, though both projects have been pursued intensively since the rule of Sadat 

or earlier, the central demographic dilemma persists. This can be attributed to some extent to competing 

economic incentives that have shaped how both types of projects have proceeded. Nonetheless, the historic 

inability to meet deadlines and targets cannot be ignored. The first ten years of desert development under 

Abd el-Fatah el-Sisi give rise for cautious optimism for desert development as they have demonstrated 

Egypt’s ability to quickly mobilize capital to reclaim land and build massive amounts of infrastructure. 

However, the long-term economic viability of these projects, the extent to which they will abet the central 

demographic dilemma, and the effects they will have on alternative uses of desert land remain to be seen. 
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The modern desert land paradigm and algal CDR: 

 While the previous two sections of this chapter have surveyed the progress of the two primary forces 

driving the use of desert land, in this section I will directly consider the accessibility of these desert lands to an 

algal CDR project, as well as the incentives for the Egyptian government to provide land for the pursuit of 

such a project. As described in chapter 4, deployment of algal CDR at the gigaton scale requires substantial 

flat, arid, land for the creation of algal ponds and burial tombs for sequestering biomass. In particular, the 

aspired sequestration of 1 Gt CO2 per year would require 108,000 km^2 of land for algal growth (over 10% 

of the land of Egypt, though the Gt scale would almost certainly require deployment across multiple 

countries), with a smaller amount needed for burial. I will first consider Egypt’s economic interest in the 

project in the context of climate change and environmental co-benefits, through coupling with fertilizer 

production and desalination. Second, I will consider the constraints that real and artificial desert land scarcity 

would apply to the project, and reciprocally the role cyanobacterial carbon capture could play in mitigating 

any pressures that may exist on Egypt’s ongoing desert development schemes. Third and finally, I will 

consider the policies and actors that may be easily leveraged to rapidly develop such a carbon removal project 

under Egypt’s current desert development structures. 

 

Direct interest in CDR: 

 Egypt has legitimate direct interest in carbon removal. The 2021 Human Development Report 

reveals the Egyptian government’s position with respect to climate change in the context of development. 

The report labels Egypt’s primary environmental threats to be air quality, Nile River water rights and sharing, 

municipal and hazardous wastes, and climate change through its effects of sea level rise in coastal cities and 

the low-lying Nile delta and effects on water and agriculture.319 The report acknowledges most of climate 

change’s effects on Egypt through the Nile mentioned in the first section of this chapter. It also documents 

Egyptian commitment to climate action and sustainable development through incentives for development of 
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nuclear and renewable energy; that said 98% of 2021 Egyptian primary energy was from oil and gas.320 Thus, 

though ranked the most conducive for development and implementation in the MENA region, the Egyptian 

renewable energy sector is in its nascency. Optimism and ambition around renewable energy projects have 

escalated since the Arab Spring leading to the ongoing construction of GW scale solar and wind plants, but 

commitment to such projects will need to not only continue but expand to meet goals of 48 percent 

renewable energy by 2030 and 61 percent by 2040.321 

 Egyptian commitment to climate action and facilitation of a bureaucratic environment that allows for 

the ready implementation of renewable energy appears conducive to algal CDR. However, the scale of 

Egyptian climate investment in the context of its total budget should not be disregarded. With Egyptian GDP 

at about $380 billion, annual state supported private renewable energy investments of 2.5 billion per year 

represent about 0.7% of GDP.322 323 This is less than China (1.4%) and Germany (1.2%) but more than the 

United States (0.5%) in 2021.324 It is also important to clarify the distinction between investment in carbon 

removal and in renewable energy. While renewable energy produces a necessary commodity in energy for 

state usage or sale and distribution, carbon removal relies on a fledgling international carbon credits market, 

leaving its economic value uncertain. Similarly, its product in removed carbon is beneficial in reducing the 

effects of climate change, but this is a long-term global effect that is only significant when carbon removal 

occurs at the gigaton scale. As such, in the context of other acute issues that Egypt faces as cited in the 2021 

human development report—including education, health, housing, infrastructure modernization, the social 

contract and inequality, women’s rights and low labor participation, and effective and equitable governance—

it is not unsurprising that carbon removal, with its protracted and diffuse effects, would not be a top 
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priority.325 Though climate action should not be conceptualized exclusively with short term economic 

arguments (thereby producing a tragedy of the commons scenario with collective inaction leading to mutual 

disadvantage), Egyptian cumulative historic emissions of 7 billion tons accounting for only 0.47% of 

cumulation global emissions. Thus, a conflation of cumulative historic emissions with responsibility for 

negative emissions would place only a small burden on Egypt.326 Though not referencing carbon removal 

specifically, Sisi advocated for such an approach to climate action and mitigation at COP27 in Sharm El 

Sheikh in Sinai in 2023.327 Given these factors, it appears that Egypt might be a conducive environment for 

development of algal CDR, but only insofar as such a project did not rely substantially on Egyptian financing 

and produced returns for the country. 

 

Co-benefits: Marine pollution, desalination brine, and fertilizer production 

 Alongside a share of carbon removal credits and the benefits of reducing climate change, algal CDR 

could produce several co-benefits for Egypt. The first of these derives from the phage driven macromolecular 

separation performed in the algal CDR model presented here. Research on macromolecular separation in this 

thesis was driven by concerns of local and global micronutrient depletion in the surface ocean leading to 

negative effects on primary production (see chapter 2). However, the recycling of these micronutrients in 

successive rounds of algal growth in ponds is not the only way to operate such a system. In fact, in the 

context of Egypt’s Mediterranean coast, concerns exist around nutrient surpluses instead of nutrient 

depletion. Though the creation of the High Dam substantially reduced the runoff of micronutrients and 

organic matter into the Nile estuary and the Mediterranean leading to a decline in Egyptian fisheries, heavy 

usage of chemical fertilizers has counteracted this effect leading to declining water quality and algal blooms.328 

 
325 “Egypt Human Development Report 2021.” 
326 Hannah Ritchie, “Who Has Contributed Most to Global CO2 Emissions?,” Our World in Data, February 9, 2024, 
https://ourworldindata.org/contributed-most-global-co2. 
327 Nada El Sawy, “El Sisi Urges Carbon Emitters to Do More to Mitigate Climate Change,” The National, September 7, 
2022, https://www.thenationalnews.com/mena/egypt/2022/09/07/el-sisi-uses-cairo-climate-summit-to-call-on-
carbon-emitters-to-do-more/. 
328 Scott W. Nixon, “The Artificial Nile: The Aswan High Dam Blocked and Diverted Nutrients and Destroyed a 
Mediterranean Fishery, but Human Activities May Have Revived It,” American Scientist 92, no. 2 (2004): 158–65. 
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329 Furthermore, Egyptian agriculture depends on chemical fertilizers uses 1.25 million metric tons of nitrogen 

and 97,000 metric tons of phosphorous in fertilizers annually. 330 Without an easy way to recover 

micronutrients from sea water, costly large-scale production must continue. By removing nutrient rich 

byproducts from an algal CDR system for use as a fertilizer, the system could both lower Egyptian 

expenditures on fertilizer production and the associated environmental costs, while also mitigating the 

harmful effects of nutrient excess and water pollution in the Nile estuary and eastern Mediterranean. 

Quantitatively, if all nutrients were removed after each round of cyanobacterial growth and phage lysis, 1 GT 

of carbon removal (an ambitious number which is not feasible in Egypt alone, see chapter 4) would 

correspond to 113 million metric tons of nitrogen and 17 million metric tons of phosphorus that could be 

used for fertilizer.331 

 Another potential co-benefit of algal CDR is a coupling of the process with desalination. Given the 

various factors leading to water scarcity in Egypt, and with uncertainty about the viability of long-term water 

withdrawal from Egypt’s aquifers that are not attached to the Nile, desalination is the most sustainable option 

for increasing water supply. Despite the growing interest in desalination in Egypt, two limitations exist on its 

implementation in the process’ high energy cost, and the highly saline brine waste product with its negative 

environmental impacts.332 Potential for a mutually beneficial relationship between desalination plants and an 

algal CDR site exists. Given that both projects are located at coastal sites, carbon removal—which requires 

substantial amounts of salt in ensuring the permanence of burial—could source its salt from decomposition 

brine, thereby mitigating some of the damages associated with brine release into the ocean. Research has even 

shown the potential for certain cyanobacteria to perform biological desalination of hypersaline water such as 

 
329 Ahmed M. El-Zeiny, Hazem T. Abd El-Hamid, and Muhammad A. El-Alfy, “Anthropogenic Impacts on Water 
Quality of River Nile and Marine Environment, Rosetta Branch Using Geospatial Analyses,” Journal of Environmental 
Sciences. Mansoura University 47, no. 3.4 (June 1, 2018): 89–101, https://doi.org/10.21608/joese.2018.158202. 
330 Cameron I. Ludemann et al., “Global Data on Fertilizer Use by Crop and by Country,” Scientific Data 9, no. 1 (August 
17, 2022): 501, https://doi.org/10.1038/s41597-022-01592-z. 
331 Pobitra Halder and Kalam Azad, “Recent Trends and Challenges of Algal Biofuel Conversion Technologies,” 2019, 
https://doi.org/10.1016/B978-0-08-102791-2.00007-6. 
332 Elsaie et al., “Water Desalination in Egypt; Literature Review and Assessment,” 3, 4. 
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desalination brine.333 Such cyanobacteria grow much more slowly than the fast-growing species that would be 

optimized for in implementing a stand-alone algal CDR system, so would not be a large source of carbon 

capture, but the coupling of the projects could benefit both through salt supply for the carbon removal and 

brine treatment for the desalination. 

 

Leasing or purchasing government land: 

 Regardless of any theoretical Egyptian interest in the development of an algal CDR system, it would 

be necessary for the Egyptian government to sell government owned desert land to algal CDR companies for 

this to actually be achieved.334 In the first two sections of this chapter, I not only sought to illuminate some of 

the overlapping political structures and interests that govern desert land allocation and use, but also some of 

the lower-level actors incumbent in achieving or blocking the success of these desert ventures. This chapter 

revealed the hierarchy of actors in desert land use with first choice over control given to the military, followed 

by GARPAD, and then NUCA. However, speculation and corruption in distribution of lands, have created 

an artificial scarcity of desert lands particularly near the edges of the zimam and in and around the New Towns 

and other existing development sites. These overlapping bureaucratic interests have often proved to inhibit 

the rapid deployment of projects. However, the effects of these desert land use structures on an algal CDR 

system may seem reduced, due to the project’s low reliance on proximity to large urban areas. While both 

growth and burial sites require labor and are accordingly somewhat dependent on a population center, there is 

very little in the way of resource reliance (other than power and salt production, both of which could be 

performed on site or rely on cheap and infrequent distribution) that would require close links to major urban 

areas. As such, an idealized algal CDR system could operate on the most marginal and lowest cost coastal and 

highly arid internal desert lands for growth and burial respectively. This may help avoid conflict with military 

 
333 Abdul Mannan Zafar et al., “Biodesalination Using Halophytic Cyanobacterium Phormidium Keutzingianum from 
Brackish to the Hypersaline Water,” Chemosphere 307 (November 1, 2022): 136082, 
https://doi.org/10.1016/j.chemosphere.2022.136082. 
334 It should be noted that the large scale sale of Egyptian lands to foreign CDR companies would pose a substantially 
issue of sovereignty. This could be mitigated by the renting of land to algal CDR companies of sale, or by the emergence 
of Egyptian algal CDR companies. 
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or GARPAD interests, and then easily acquire land from a similarly uninterested NUCA. In this, desert land 

acquisition would proceed in the style of that for mining projects which, while they have not generally 

succeeded in modern Egypt and require some deft negotiation with various political bodies, have been 

instigated at relatively low costs and are less subject to administrative jockeying or resource reallocation.335 

 In practice, growth sites, which require low-lying coastal desert land may not be prevalent. Chapter 4 

indicated which sites would be viable for growth due to distance from the ocean, elevation, and presence of 

human activities on these lands. This demonstrated large swaths, particularly of Egypt’s Mediterranean Sea 

coast to already be under human use in spite of the primary population localization to the Nile valley and 

delta. This use is in coastal resort towns. As a relatively novel phenomenon, this coastal tourism remains 

understudied. While the resort towns have been studied in the context of climate impacts due to their low-

lying situation and vulnerability to sea-level rise,336 337 academic consideration of the forces driving the rise 

and proliferation of these desert towns has been more sparse from outside of the conventional peer review 

process.338 339 These sources reveal the rapid growth of seasonal resort towns that target primarily domestic 

and international audiences on the North coast and Red Sea coast respectively. Environmental protections on 

the Red Sea coast as well as its relative remoteness due to the mountainous nature of the eastern desert have 

to some extent checked this coastal built environment and tourism industry.340 However, such environmental 

protections would also likely interfere with land allocation for algal CDR on the Red Sea coast. I witnessed 

 
335 Sims, Egypt’s Desert Dreams, 217, 237–39. 
336 Esraa A. El-Masry et al., “Vulnerability of Tourism to Climate Change on the Mediterranean Coastal Area of El 
Hammam–EL Alamein, Egypt,” Environment, Development and Sustainability 24, no. 1 (January 1, 2022): 1145–65, 
https://doi.org/10.1007/s10668-021-01488-9. 
337 Doaa A. Elemam and Aya R. Eldeeb, “Climate Change in the Coastal Areas: Consequences, Adaptations, and 
Projections for the Northern Coastal Area, Egypt,” Scientific Journal for Damietta Faculty of Science 13, no. 2 (September 1, 
2023): 19–29, https://doi.org/10.21608/sjdfs.2023.170018.1061. 
338 Maha Zakaria Mekawi Mohamed Mansy, “Exclusionary Planning on Egypt’s Northwest Coast : The Case of Marassi 
by the Dubai-Based Developer Emaar” (Italy, 2020), 
https://www.politesi.polimi.it/handle/10589/154425?mode=complete. 
339 Zainub Ibrahim, “Tourism Development and the Environment on the Egyptian Red Sea Coast” (Master Thesis, 
University of Waterloo, 2009), https://uwspace.uwaterloo.ca/handle/10012/4268. 
340 Infrastructure Operations Division: Middle East and North Africa Region, “Egypt: Red Sea Coastal & Marine 
Resource Management” (Washington D.C.: World Bank, November 20, 1992), 
https://documents1.worldbank.org/curated/ar/888141468770078155/pdf/multi0page.pdf. 
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such political reluctance to provide land for mangrove forest growth (under similar carbon removal goals) 

while in Cairo.  

Meanwhile, the domestic tourism resort towns have already grown to occupy a narrow coastal swath 

on a large fraction of the North Coast. Driving along the easternmost 100 km of the coastal western desert 

between Alexandria and el-Alamein revealed a complete lack of vacant coast-front desert land due to the 

ubiquitous presence of these largely vacant or under development coastal resort towns. Such resort towns 

become sparser further west towards the Libyan border (Figure 2a). This North coast development precedes 

under the supervision of the Ministry of Housing and the General Authority for North Coast Reconstruction, 

which have rapidly developed land for seasonal resorts since the 1980s resembling the dynamic of general 

urban desert developments under Sisi in how they target an upper-class for whom housing is quite 

abundant.341 Even where resort towns do not exist, government interest in this land to continue the 

expansion of this tourism driven development is high which likely substantially complicate acquisition of land 

for algal CDR with the possible exception of the least accessible North coast desert lands west of Marsa 

Matruh in the 200 km of coastline before the Libyan border. Indeed, February 2024 announcements about 

$22 billion of Emirati investment in Ras el-Hekma, east of Marsa Matruh, demonstrate the limits of 

immediately coastal land availability on the North Coast.342 343 

 
341 Mansy, “Exclusionary Planning on Egypt’s Northwest Coast,” 29–33. 
342 “bein al-tarikh wa’almniat al-"22 miliar dular".. ma qissa ‘ras al-hekma’ fi misr? [Between history and hopes for 22 
billion dollars: What is the story in Egypt’s Ras al-Hekma?],” al-Hurra, February 6, 2024, 
https://www.alhurra.com/egypt/2024/02/06/%D8%A8%D9%8A%D9%86-
%D8%A7%D9%84%D8%AA%D8%A7%D8%B1%D9%8A%D8%AE-
%D9%88%D8%A3%D9%85%D9%86%D9%8A%D8%A7%D8%AA-%D8%A7%D9%84%D9%8022-
%D9%85%D9%84%D9%8A%D8%A7%D8%B1-%D8%AF%D9%88%D9%84%D8%A7%D8%B1-
%D9%85%D8%A7-%D9%82%D8%B5%D8%A9-%D8%B1%D8%A3%D8%B3-
%D8%A7%D9%84%D8%AD%D9%83%D9%85%D8%A9-%D9%81%D9%8A-
%D9%85%D8%B5%D8%B1%D8%9F. 
343 The case of Ras el-Hekma is particularly interesting in the context of chapter 5 on forced migration associated with 
development. Critics of the Emirati investment in Ras el-Hekma, have described it as a sale of Egyptian land to the 
UAE. Though the distinction is not yet clear, it is certain that the tribal residents of Ras el-Hekma have been forced to 
relocate from the sold coast twice, though they were only compensated once. The use of the word tahjir to describe this 
forced migration is the same word conventionally used to describe the Nubian resettlement (al-tahjir al-nuba).1 As such, 
this case provides evidence for concerns voiced in chapter 5 about development to the detriment of native populations, 
particularly those in the periphery of the Egyptian state. Additionally, it may support the notion that economic stress in 
Egypt may continue to cause concessions or to shape desert land use in the context of international investors like the 
UAE. 



Leonard 121 
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The possibility for an algal CDR system along the North Coast derives from the geogrophy of this 

region. Much of the North Coast is characterized by a coastal dune or rise of approximately 10–15 m in 

height (figure 2b, 2c). Atop this dune exists the new Alexandria–Marsa Matruh Road, a highway which 
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services the resort towns. Stark stratification exists across this highway with the vast majority of development 

occurring to the North of this highway where the high-end resort towns are located. South of the highway, 

the built environment is far more sparse, characterized primarily by lower income towns such as el-Daba’ and 

el-‘Alamein whose inhabitants largely depend on work at the nearby resort towns. My discussions with 

residents in El-‘alamein revealed dissatisfaction with the highly seasonal nature of life in these towns with 

limited economic opportunities in these towns very much linked to the fates of the resorts across the 

highway. South of the dune, lands are relatively low-lying and value for resort construction is far reduced by 

the dune blocking the sea view. As such, outside of the sparse lower income towns South of the highway, 

land appears much more readily available often laying vacant or used for very marginal agricultural purposes 

such as the growth of figs (such agriculture is not evident from EVI data and is only seen by driving along the 

Alexandria–Marsa Matrouh Road). As such, the construction of algal CDR facilities in the low-lying land 

South of the dune—though requiring water pumping across the Northern resort towns and the dune—may 

be viable and provide more consistent year-round economic opportunities for the population South of the 

highway. Additionally, chapters 2 and 4 demonstrated that nutrient separation before biomass burial can 

dramatically reduce the rate of nutrient depletion in algal ponds and the need to supply new water to these 

ponds; accordingly, an algal CDR system with effective separation can access lands for which higher pumping 

costs exist (either higher elevation or further from the coast) and are not as subject to the constraints of 

coastal development. 

 

Indirect pressure from within and without 
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In addition to the direct incentives for Egypt to develop an algal CDR system, certain indirect factors 

based on the country’s inconsistent historical record in desert 

land use may also prove relevant. Specifically, repeated failure to 

meet expectations in desert land use, especially when such 

shortcomings are costly, could create pressures against the 

Egyptian government. While an algal CDR project may not 

address those concerns, it may provide the country with the 

social capital of hosting an effective desert project (one for which 

it is not primarily economically responsible) which it can leverage 

to legitimize its other desert endeavors. I will consider both 

internal pressures on the government from the Egyptian 

populous, as well as external pressures from investors.  

The extent to which the Egyptian government is 

meaningfully subject to internal pressures is not clear. As an 

authoritarian state, it operates with relative freedom from popular 

pressures. Nonetheless, autocrats still owe some accountability to their people as was demonstrated by the 

ousting of Mubarak during the 2011 Arab Spring. That said, the (temporary) success of the 2011 revolution 

appears in many ways to have been contingent upon an ability for the populous to mobilize a sentiment of 

connection and alignment with the Egyptian military whose support for the revolution would quickly lead to 

Mubarak’s deposal.344 This centrality of the military in the Egyptian 2011 revolution and the following 2014 

counter-revolution have led some to conceptualize the revolutions as an interplay between autocrat and 

military without consideration of popular pressures.345 Such a conception would lead to an understanding of 

 
344 Eitan Alimi, “Army Embeddedness, Political Opportunities and Threats, and the Dynamics of Contention: 
Understanding the Varying Role of the Armed Forces in the Egyptian, Syrian, and Libyan 2011 Revolts,” International 
Journal of Comparative Sociology 64, no. 4 (August 1, 2023): 402–21, https://doi.org/10.1177/00207152221140344. 
345 Risa Brooks and Peter B. White, “Oust the Leader, Keep the Regime? Autocratic Civil-Military Relations and Coup 
Behavior in the Tunisian and Egyptian Militaries during the 2011 Arab Spring,” Security Studies 31, no. 1 (January 1, 
2022): 118–51, https://doi.org/10.1080/09636412.2022.2040585. 
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desert development in post-2014 Egypt in which both Sisi and the military are heavily involved, with aligned 

interests, as a realm where popular pressure is insignificant. This seems particularly possible should Egyptian 

desert urban development continue to primarily serve the upper and political classes, thereby insulating the 

government from the populace (regardless of the intentionality of such a process). That said, it may be over 

simplistic to entirely disregard popular opinion and the Egyptian state’s accountability to the citizenry. 

Regardless, there have been very few repercussions in terms of popular pressure to the state’s historic 

shortcomings and repeated economic losses in the realm of desert development. Whether this is a result of 

restrictions to free speech, popular disinterest, or a genuine popular belief in the viability of current projects 

despite the track record, the Egyptian populous seems unlikely to motivate a shift in desert development 

strategy. While various forms of revolutionary artistic expression proliferated after 2011, such artistic freedom 

seems to have regressed once more since 2014, not to mention less ambiguous modes of protest. 

Nonetheless, some popular opposition to desert development exists; one such example offers a sobering 

depiction of the New Administrative Capital in Figure 3.346 

 The Egyptian government’s reliance on foreign capital to implement its desert urban development 

and reclamation projects, may leave international pressure as a more potent driver of policy change should 

shortcomings continue. The first and second sections of this chapter outlined some of the several instances 

of foreign investment in modern desert development projects. Particularly prominent is the growing role of 

Chinese loans and developers. This raises the question of whether, if Belt and Road Initiative (BRI) funded 

projects like the NAC in Egypt are unable to yield returns on investment or repayments on loans, Chinese 

soft or hard power would threaten Egyptian sovereignty or at least the future of its desert development 

projects. Despite the infrastructural accomplishments of the NAC, reason for such concern exists. With a 

continued tendency of desert urban developments to generate middle and upper income housing, the already 

existent housing surplus in Egypt—though illusory for most social classes—will expand beyond the ability of 

 
346 Aly El Sayed, Manifesto, n.d., Coated Film Paper, n.d., Cairopolitan Print Collection, 
https://www.cairopolitan.com/product-page/manifesto. 
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any class to occupy these sites in the New Towns.347 348 Scholarship on the BRI is ample and beyond my 

expertise, but it seems at least plausible that through the BRI, Egypt owes some accountability to China to 

deliver in its desert development.349 350 351 352 

In such a scenario where a need for international credibility of its desert development projects 

incentivizes a diversification of Egypt’s desert development portfolio, algal CDR would only become an 

obvious component of this portfolio if it could legitimize (or actually help improve) the projects like 

reclamation and urban development in which Egypt’s explicit interests lie. Thus, a turn to carbon removal 

would hinge on valuations by the influential external actors (e.g. China) of successful carbon removal as a 

good and lucrative endeavor to the extent that it justifies shortcomings in other fields. Alternatively, if 

development of algal CDR were to consolidate improvements in the generalizable strategy of desert 

development, foster the emergence of actors or administrative structures which could be applied more 

broadly, or simply provide various nuclei of productivity around which other desert development projects 

could coalesce, general desert development capabilities would increase. This would more obviously alleviate 

unwanted pressure from external actors. 

 

Conclusion: 

 Just as an operational algal CDR system may be able to provide resources, understanding, or actors 

that could improve other types of general desert development, it can benefit from those actors and structures 

that have demonstrated the capacity for rapid expansions in reclamation and desert cities under Sisi. The 

expedited willingness with which Egypt outsourced the construction of the economic zone in the NAC to the 

 
347 Yahia Shawkat, Egypt’s Housing Crisis: The Shaping of Urban Space (Cairo: American University in Cairo Press, 2020). 
348 Confirm that Shawkat actually says this. 
349 Muhammad Ittefaq, Zahid Shahab Ahmed, and Yadira Ixchel Martínez Pantoja, “China’s Belt and Road Initiative and 
Soft Power in Pakistan: An Examination of the Local English-Language Press,” Place Branding and Public Diplomacy 19, no. 
1 (2023): 1–14, https://doi.org/10.1057/s41254-021-00212-8. 
350 Małgorzata Jakimów, “Desecuritisation as a Soft Power Strategy: The Belt and Road Initiative, European 
Fragmentation and China’s Normative Influence in Central-Eastern Europe,” Asia Europe Journal 17, no. 4 (December 1, 
2019): 369–85, https://doi.org/10.1007/s10308-019-00561-3. 
351 Linda Che-lan Li et al., “The Belt and Road Initiative in Sri Lanka: Challenges for Debt-Led Development,” China and 
the World 04, no. 04 (December 2021): 2150018, https://doi.org/10.1142/S2591729321500188. 
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World Development 141 (May 1, 2021): 105297, https://doi.org/10.1016/j.worlddev.2020.105297. 
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China State Construction Engineering Corporation and its open position towards international investors—

perhaps driven by post-2011 economic stress—all substantially ease implementation of a foreign driven 

project like algal CDR. Whereas, in pre-2011 Egypt, the flaw of desert development seemed in many ways to 

be an inability to create sufficient infrastructure, Sisi’s Egypt seems to be demonstrating an ability to 

construct—even if it remains to be seen whether such infrastructure can be used to satisfy desert 

development goals of sustained (and non-zero sum) desert agriculture or alleviation of population stress in 

the Nile valley and delta. If Egypt maintains this ability to construct in the desert, it would prove conducive to 

the rapid implementation of an algal CDR system. In the coming conclusion I will apply these takeaways 

from the context of the Egyptian political economy towards general science and policy approaches with 

regard to algal CDR. 
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Chapter 7 

Conclusion 

 

In this thesis, I have examined the concept of an algal carbon dioxide removal (CDR) system. In 

considering such a project I have employed methodology from biology, environmental science, engineering, 

economics, and the social sciences. I had three primary objectives. First, I evaluated the merits of such an 

algal approach to CDR. Second, I elucidated the principles most salient to the project’s effective, ethical, and 

sustainable implementation. Third, I identified those facets of an algal CDR system that have not yet been 

resolved, and most urgently require further consideration before it can be fully embraced. I now intend to 

synthesize the conclusions derived from the preceding work into a cogent roadmap that can inform both 

those that want to construct an algal CDR system and those interested in fostering a policy environment 

conducive to such implementation. 

Algal biomass burial as presented in this thesis is an effective, scalable, and affordable approach to 

CDR. The rate of replication and biomass accumulation by cyanobacteria are unmatched by other 

photosynthetic organisms in the world.353 Their growth rates and simplicity lend them effectively to CDR, an 

industry in which quick results and low costs are paramount. In this thesis I have presented a sequestration 

strategy by which algal biomass is harvested from ponds, dried, and buried. Despite its apparent simplicity, 

the burial of biomass as a carbon sequestration strategy is complicated by the tendency of organic carbon in 

the earth to be broken down by various decomposers into carbon dioxide or methane thereby preventing 

substantial long-term storage of carbon. In order to prevent this decomposition, I have considered the burial 

of dry biomass in desert sands with high added salt concentrations. These conditions create very low water 

activity in the biomass, which—if it can be maintained—is associated with total prevention of any microbial 

growth.354 However, my work presented in chapter 3 demonstrated the necessity of a robust membrane 

 
353 Isabella M. Goodchild-Michelman et al., “Light and Carbon: Synthetic Biology toward New Cyanobacteria-Based 
Living Biomaterials,” Materials Today Bio 19 (February 11, 2023): 100583, https://doi.org/10.1016/j.mtbio.2023.100583. 
354 Andrew Stevenson et al., “Is There a Common Water-Activity Limit for the Three Domains of Life?,” The ISME 
Journal 9, no. 6 (June 2015): 1333–51, https://doi.org/10.1038/ismej.2014.219. 
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resistant to water permeation in order to maintain the conditions of low water activity, especially during 

anomalous rainfall events that could allow decomposer growth in otherwise stably recalcitrant biomass. 

Finally, in chapter 4 I demonstrated algal CDR not only to be a viable approach on principle but with the 

potential to achieve a gigaton scale at costs as low as $57 per ton CO2 in the Middle East and North Africa 

(MENA) region. 

 Given that it is to some extent viable, I will now outline the important considerations for maintaining 

sequestration permanence and cost effectiveness in constructing an algal CDR system. First, vacant desert 

land must be acquired or leased for the construction of algal ponds. Several features are important to 

determining which desert land sites might be suitable for algal growth. From the perspective of effective algal 

growth, and pond construction and maintenance, algal ponds are preferably low-lying and close to the ocean. 

Fortunately, this constraint is greatly reduced by decreased water needs via nutrient separation discussed 

below. The site on which ponds are constructed is ideally flat and composed of soft earth to reduce 

construction costs. Meanwhile, algal growth ponds should be closely situated (or ideally contiguous) with 

sufficiently arid and undisturbed desert land that could be used for the burial of algal biomass for long-term 

sequestration. 

Social and political constraints in the use and acquisition of land are also highly important. Much of 

the land most conducive from a scientific perspective to algal growth is valued by the local groups with ties to 

the land. Unfortunately, many of these local groups have historically been marginalized and their land usurped 

by international colonial and state development. Regardless of the extent to which these projects are 

extractive or serve a greater national interest, there has been a tendency for these local communities to receive 

insufficient compensation and to remain disadvantaged following the use of their land and resources. 

Especially given that the benefits of a CDR system constructed by an international actor may be highly 

indirect for a local community, so as to avoid conforming to the historically extractive land use model, it is 

necessary to choose and operate land in a way that not only satisfies carbon removal goals but also respects 

and advances local interests in lasting development or other objectives. Finally, an understanding of the 

intertwined and developing interests in desert land in the MENA region is necessary. My Egyptian case study 



Leonard 130 

 

demonstrated the centrality of desert land to addressing the central demographic dilemma where population 

growth and fixed agricultural land and yields are creating a reliance on imports and an associated vulnerability. 

Land use for algal ponds must respect political interests in using these lands to mitigate the demographic 

dilemma. Furthermore, this land use should aim to address the dilemma through reciprocal benefit in terms 

of desert development infrastructure as well as through consistent and reliable compensation for the state that 

can be allocated towards agricultural imports. Navigating the at times complicated and overlapping political 

frameworks regarding this desert land use through a constant prioritization of mutual benefit to the state and 

the CDR producer will always be necessary. 

 After land is acquired for algal growth ponds, investments must be made into associated 

infrastructure for indoor lab scale cultivation, machinery for the dewatering and drying of biomass, pipelines 

for the pumping of  water from the ocean to the ponds and back, and other growth and harvesting facilities. 

Purified cultures of fast-growing cyanobacteria are then introduced to the algal ponds after achieving a high 

optical density and correspondingly biomass concentration. After three days, during which time the 

cyanobacterial biomass exponentially increases, separation of the macromolecules within the cyanobacteria 

can then be performed using cyanophages or another low cost, low energy lysis technique. Further research 

into cyanophage lysis as a tool for lipid and/or carbohydrate separation, as well as phage infection specific 

concerns such as the application of lysogenic and lytic cycles, as well as the mitigation of phage resistance is 

of great interest. During the separation process the aim is to reduce the cyanobacterial population to the same 

level as before the three-day growth period, so that a new cycle of growth can commence. Natural separation 

is promoted between the nutrient (phosphorus and nitrogen) rich components of the biomass and the carbon 

rich macromolecules so that a simple mechanical method such as skimming can allow removal of high purity 

carbon rich fractions for sequestration without substantially removing the nutrient components of the 

biomass. Once the carbon dense fractions of the biomass are harvested, they are dried via a technique such as 

spray drying (well-suited to the project due to the arid desert climate). Salt is then added to the dried biomass 

which can then be transported (if necessary) to a highly dry and remote (in that it should not be easily 

disturbed by human or environmental activities or processes) place for burial. In the burial process, a four-
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meter-thick layer of biomass is buried beneath 2 meters of earth. I demonstrated the necessity of 

encapsulating the biomass layer in a membrane of some sort. The exact composition of this membrane could 

vary, but cost and low energy requirement in transporting the material to the burial site should be prioritized 

in addition to a strong ability to prevent intrusion of water into the biomass sample over a thousand-year 

timescale. Potential such materials include a 4 mm layer of polyethylene355 or bentonite clay geomembranes.356 

Validation of any chosen membrane at stabilizing biomass lysate and preventing water intrusion is a key 

subject for further research in implementing successful algal CDR. Finally, once burial occurs, biomass is 

monitored for moisture content and for the release of carbon dioxide or methane that might indicate 

decomposition so that appropriate stabilization can be performed in case conditions for microbial growth and 

decomposition should be met. 

 Throughout the CDR process, several practices tangential to the removal goal itself will prove 

conducive to successful operation. Agriculture in much of the MENA region, as demonstrated by Egypt, 

relies heavily on fertilizer inputs, which are largely lost to the ocean via runoff, thereby requiring the 

expensive production of new fertilizers. In certain environments, such as the Nile delta, where fertilizer 

runoff has led to overfertilization and harmful algal blooms, separated nutrient rich layers from the 

cyanobacterial lysate could be harvested and then refined to regenerate a sustainable fertilizer, while actively 

mitigating the excessive nutrient input into the delta and the associated environmental effects. Additionally, 

due to water scarcity, much of the MENA region is currently developing or interested in developing 

desalination plants for fresh water supply. A mutually beneficial relationship between desalination and 

cyanobacterial CDR is possible with cyanobacteria having the potential to treat desalination brine and reduce 

the negative impacts of its release, and the desalination brine itself serving as a potential source of salt which 

is needed at a large scale for the creation of the biomass-salt composite needed for burial. 

 
355 Eli Yablonovitch and Harry W. Deckman, “Scalable, Economical, and Stable Sequestration of Agricultural Fixed 
Carbon,” Proceedings of the National Academy of Sciences 120, no. 16 (April 18, 2023): e2217695120, 
https://doi.org/10.1073/pnas.2217695120. 
356 De-Jun Kong et al., “State-Of-The-Art Review of Geosynthetic Clay Liners,” Sustainability 9, no. 11 (November 
2017): 2110, https://doi.org/10.3390/su9112110. 
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 The various opportunities and barriers presented here about algal CDR have been developed in the 

context of the operation of the CDR start-up Brilliant Planet which is currently operating a pilot algal CDR 

plant in Akhfennir, Morocco. Despite the marked similarities, the cyanobacterial CDR project proposed here 

differs from the Brilliant Planet system in a few key aspects. First, while the Brilliant Planet algal CDR system 

uses a diatom to fix carbon, my system uses cyanobacteria instead because of their higher capability for rapid 

growth. Second, the Brilliant Planet system buries whole biomass while devoting a substantial fraction of 

operating budget to supplying nutrients to maintain algal growth, and potentially causing serious local or 

global effects on primary production based on nutrient depletion if their model is pursued at scale. Here, I 

differ from Brilliant Planet by seeking to reduce nutrient depletion (or to extract value from the repurposing 

of nutrients for fertilizer in environments where nutrients excesses exist) through performance of polarity-

based separation of algal biomass via lysis. I, like Brilliant Planet, have not been able to provide fully 

satisfactory evidence of the recalcitrance of buried biomass. Accordingly, I have incorporated concerns about 

sequestration durability into reductions of net carbon sequestration into my cost and scale evaluation model. 

 In concluding this thesis, I retreat from the specific engineering and operating considerations of an 

algal CDR system and reassert the scope of the climate crisis that CDR hopes to address, as well as the value 

of conducive policy environments to quick and effective implementation of CDR (algal or otherwise). The 

scope of climate impacts in the context of historic and ongoing emissions necessitates carbon dioxide 

removal at the several gigaton scale that is highly unlikely to be achieved through the efforts or on the land of 

a single country, or by a single project, or even type of project. CDR will be very difficult to implement at 

scale without national and international policy that is favorable to its development. Algal CDR, for example, 

will likely be an international effort where many of the countries laying host to the removal bear little 

responsibility for historic or modern emissions that have caused the climate crisis. Accordingly, international 

collaboration on CDR will be necessary to appropriately assign economic responsibilities and the profits from 

CDR credits. Policy that regulates CDR should seek to remove bureaucratic hurdles that needlessly slow 

down implementation in such an urgent context, while also maintaining stringent requirements for validation 

of CDR projects. The former concern would benefit from a loosening of regulatory structures designed to 



Leonard 133 

 

protect the environment like the National Environmental Protection Act which might stall the construction 

of CDR projects that would otherwise have great net positive effects on the environment. The latter will 

require effective public-private partnerships in validating CDR projects so that credits are only purchased 

from projects for which prospects for sequestration on the timescale of 1000 years are very strong; similarly, 

these governments and corporations must continue the support and subsidies necessary to protect and 

expand the young CDR market. Despite the implementation barriers that must be overcome, carbon dioxide 

removal offers the only pathway of mitigating those climate impacts that are already occurring or have been 

inevitably set into action by historic emissions. 

 


