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How I Wrote My Prospectus 
Prior to actually drafting my prospectus, I spent significant time outlining each of the 
chapter/project ideas, ensuring the projects were novel (and doable). I also investigated 
comparable literature to gather methodology ideas. Once I had a clear outline of my proposed 
projects (and approval from my advisor that those projects would be sufficient), my next step was 
writing very rough drafts of each chapter to get an idea of where I needed to gather more literature 
evidence, or investigate methodologies further, to be able to fully describe and defend the project 
proposals. Then, with that information gathered, I was able to write a ~full~ rough draft (with 
citations), send to my advisor for a round of edits, and then make additions and corrections 
accordingly before sending the final version to my committee.  

Because of the timing of this process in my cohort, and differences in expectations between 
departments and advisors, my prospectus was not a heavily edited, heavily scrutinized piece of 
prose. Rather, it was written and evaluated based on two main criteria: 1) Are my research 
objectives novel and impactful? (i.e. do they clearly address stated gaps in the research field?), and 
2) Are the stated objectives and methods feasible for me to complete in the time I have remaining in 
the program?. 

Advice for Prospectus Writers 
For grad students beginning the process of writing their prospectus, I would advise two things. 
Firstly, it will be much easier for you to figure out what further research you need to do for your 
prospectus once you have a rough draft, and thus have an idea of which sections are most 
challenging to clearly articulate. It’s also easier for your advisor to provide recommendations once 
you have something tangible to work from. Secondly, remember that your prospectus is only a 
prospectus. Your hypotheses and research questions and methods and potential conclusions are 
likely to change as you actually do the work, so it’s not worth toiling too much in the details when 
this document is only meant to be a proposal.  



 

 2 

Life Cycle Sustainability Assessment of Carbon Dioxide Removal Via Enhanced Rock 
Weathering 

 
Disserta-on Prospectus: Yale School of the Environment 

Jennifer Kroeger 
 
 

CommiJee: 
Dr. Yuan Yao (Chair) 
Dr. Noah Planavsky 

Dr. James Saiers 
 
 

  



 

 3 

DISSERTATION PROSPECTUS ABSTRACT ............................................................................................. 4 
CHAPTER 1: INTRODUCTION ............................................................................................................... 5 

1.1 Carbon Dioxide Removal Via Enhanced Rock Weathering .............................................................. 5 
1.2 Life Cycle Assessment for CDR Evaluation .................................................................................... 7 
1.3 Key ERW Characteristics in LCA and Environmental Impact ........................................................... 7 
1.4 Addressing ERW LCA Literature Gaps ............................................................................................ 9 

CHAPTER 2: LIFE CYCLE ASSESSMENT OF ENHANCED ROCK WEATHERING - A UNITED STATES CASE 
STUDY ............................................................................................................................................. 11 

2.1 Background ............................................................................................................................... 11 
2.2. PART I: TECHNO-ECONOMIC AND LIFE-CYCLE ASSESSMENT OF ENHANCED ROCK WEATHERING: A CASE STUDY FROM 
THE MIDWESTERN UNITED STATES ................................................................................................................ 11 

2.2.1 Introductory Background ......................................................................................................... 11 
2.2.2 Research Objectives ............................................................................................................... 12 
2.2.3 Methodology .......................................................................................................................... 12 
2.2.4 Results and Discussion ........................................................................................................... 15 

2.3 PART II: INTEGRATION OF CO-BENEFITS INTO LIFE CYCLE ASSESSMENT OF ENHANCED ROCK WEATHERING: A U.S. CASE 
STUDY ................................................................................................................................................... 17 

2.3.1 Introductory Background ......................................................................................................... 17 
2.3.2 Research Objectives ............................................................................................................... 18 
2.3.3 Data and Methods .................................................................................................................. 19 
2.3.4 Expected Results and Outcomes ............................................................................................. 22 
2.3.5 Chapter 2 Part II Timeline ........................................................................................................ 22 

CHAPTER 3: ASSESSING SYNERGISTIC ENVIRONMENTAL IMPACTS OF A BIOENERGY SYSTEM COUPLED 
WITH ENHANCED ROCK WEATHERING .............................................................................................. 23 

3.1 Introductory Background ........................................................................................................... 23 
3.2 Research Objectives .................................................................................................................. 24 
3.3 Data and Methods ..................................................................................................................... 25 
3.4 Expected Results and Outcomes ................................................................................................ 28 
3.5 Chapter 3 Timeline .................................................................................................................... 28 

CHAPTER 4: PLANETARY BOUNDARY-BASED LIFE CYCLE SUSTAINABILITY ASSESSMENT OF ENHANCED 
ROCK WEATHERING APPLICATIONS IN THE UNITED STATES AGRICULTURAL SECTOR .......................... 30 

4.1. Introductory Background .......................................................................................................... 30 
4.2 Research Objectives .................................................................................................................. 32 
4.3 Data and Methodology ............................................................................................................... 33 
4.4. Expected Results and Outcomes ............................................................................................... 36 
4.5 Chapter 4 Timeline .................................................................................................................... 36 

PROSPECTIVE PHD TIMELINE ............................................................................................................ 37 
CITATIONS ....................................................................................................................................... 38 
APPENDIX ........................................................................................................................................ 39 

Appendix A: Chapter 1 Part I Supplementary Information .................................................................. 39 
Appendix B ..................................................................................................................................... 39 

 
  



 

 4 

Disserta(on Prospectus Abstract 
 

Enhanced rock weathering (ERW) is a proposed climate solu-on that aims to accelerate 
earth’s natural rock weathering process onto human -mescales to mi-gate greenhouse gas-
driven global climate change. Ongoing research addresses biogeochemical ramifica-ons of ERW 
applica-on on land and ocean areas. Research also explores the full life cycle impacts to enable 
effec-ve implementa-on for op-mal carbon sequestra-on. As of early 2024, only a handful of 
standard life cycle assessments (LCA) of ERW have been published. This disserta-on prospectus 
describes four LCA-based projects aimed at providing more robust, regional assessment of the 
net life cycle environmental impacts of ERW to support deployment. Chapter 1 introduces the 
primary concepts of this planned disserta-on and relevant literature, namely carbon dioxide 
removal (CDR), ERW, and LCA. This chapter also provides a review of ERW characteris-cs that are 
relevant for LCA assessment. Chapter 2 showcases a publica-on of a waste-based ERW LCA study, 
and proposes a secondary study exploring the logis-cs and ramifica-ons of co-benefit inclusion 
in an ERW LCA framework. Chapter 3 proposes a study to quan-fy poten-al synergies between 
ERW and bioenergy produc-on u-lizing LCA comparison. And finally, Chapter 4 proposes an 
explora-on into u-lizing the planetary boundaries framework for ERW assessment, providing an 
unique perspec-ve through which to contextualize ERW environmental impact according to earth 
system carrying capacity. In combina-on, these four studies will advance fundamental knowledge 
and provide prac-cal insights for the sustainability evalua-on of ERW for future implementa-on.   
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Chapter 1: Introduc(on 
 
1.1 Carbon Dioxide Removal Via Enhanced Rock Weathering 

The sixth assessment report from the United Na-ons’ Intergovernmental Panel on Climate 
Change (IPCC) reaffirms global goals to limit warming to under 2°C to avoid severe environmental 
impacts1. IPCC models show that carbon dioxide removal (CDR) from the atmosphere, in addi-on 
to greenhouse gas (GHG) emission reduc-on, is necessary to meet interna-onally-recognized 
climate change mi-ga-on goals2. CDR methods, which are also commonly referred to as net 
emissions technologies (NET) or in some cases natural climate solu-ons (NCS), move CO2 from 
the atmosphere into earth system sinks. Land-based CDR strategies include biologic sequestra-on 
from photosynthe-c pathways (afforesta-on and reforesta-on, biochar, bioenergy, soil carbon 
sequestra-on), geochemical pathways (enhanced rock weathering, wetland restora-on), and 
chemically engineered pathways (direct air capture)3. Enhanced rock weathering (ERW, also called 
‘enhanced weathering’ or ‘enhanced silicate weathering’) refers to the process by which the rate 
of chemical rock weathering is increased to uptake CO2 on human -mescales. The ERW CDR 
pathway has recently drawn increased interdisciplinary interest as a deployable climate solu-on.  

Since the late 1800s, scien-sts have understood that silicate weathering and carbonate 
precipita-on regulate CO2 levels that influence Earth’s climate4. This cycle, referred to as the Urey 
reac-on and equilibrium, buffers climate on a 100 million year -mescale inorganically4,5. The Urey 
reac-on describes the mechanism behind climate cooling that occurred during previous tectonic 
upli5s of weatherable material in Earth’s history5. With exposure to atmospheric CO2 and H2O, 
silicate rock dissolves into magnesium, calcium, and/or iron ca-ons and bicarbonate products. 
Bicarbonate is eventually mineralized and deposited in oceans as carbonate rock (CaCO3)6. This 
chemical reac-on was first proposed by Seifritz in 1990 as a natural process that could be 
leveraged to purposely sequester carbon on short -mescales6. While Seifritz postulated this 
reac-on taking place in a contained space where CO2 would be pumped over silicate materials, 
the methodology has evolved to assume that ERW would be accomplished by spreading rock 
material over land and water areas. 

In addi-on to the removal of atmospheric CO2 via bicarbonate transport and carbonate 
precipita-on, another crucial advantage of ERW implementa-on is its geochemical impact to soil 
and oceanic alkalinity. As rock material is weathered, the release of magnesium and calcium 
ca-ons introduces alkalinity to soils, as well as aqueous bodies subject to product runoff7. Alkaline 
soils (pH>7.5 ) can restrict plant growth, but the majority of cropland area is subject to growing 
acidity due to con-nued fer-lizer nitrifica-on, organic maJer buildup, and general overuse8,9. In 
fact, farmers o5en purchase fer-lizers, including limestone to specifically counteract acidity, to 
avoid crop degrada-on that can result from overly acidic soil environments. ERW’s alkaline inputs 
can therefore act as a cri-cal replacement of nutrients when applied on land, par-cularly on 
croplands that stand to gain the most co-benefit from changing soil alkalinity10,11. Silicate rock 
used for ERW also introduces potassium (K) and phosphorus (P) to soils when dissolved, which 
are other nutrients cri-cal to plant growth12,13. In aqueous systems, water acidity con-nues to 
climb as increasing amounts of CO2 from the atmosphere are dissolved into solu-on14. 
Acidifica-on, par-cularly in the oceans, has been shown to be detrimental to carbonate-based 
species, like coral, that rely on mineral assemblages for their skeletal structure15. Runoff from 
land-based ERW and ERW applied to coastal and aqueous bodies can introduce alkalinity to help 
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counteract this increasing acidifica-on7,16. Thus, the alkaline products of ERW have significant 
environmental effects beyond CDR that make ERW a promising climate change mi-ga-on tool. 
 Recent ERW literature has focused on a large breadth of ERW characteris-cs. Firstly, ERW 
literature from the last decade broadly has aimed to beJer characterize the expected net CDR 
from the strategy in different biogeochemical circumstances. This literature has u-lized geologic 
and soil modeling, namely reac-ve transport models and weathering rate models, to determine 
es-mates of tonnes per year that could be removed with ERW applied to land17,18. Literature has 
concluded that ERW could sequester between 0.5 and 5 Gt of CO2 per year if implemented 
globally17,19,20. More recent literature evalua-ng the CDR poten-al of ERW has also focused on 
the -ming of dissolu-on to understand when permanent carbon sequestra-on or associated co-
benefits would occur following applica-on21,22. Focus on the CDR poten-al of ERW has also 
prompted a recent literature surge regarding MRV (monitoring, repor-ng, verifica-on) methods 
for ERW CDR. This area of literature aims to understand how scien-sts and prac--oners can 
quan-ta-vely prove the amount of CDR realized through ERW applica-on23,24. MRV of CDR is 
cri-cal as projects, including ERW, are introduced as purchase op-ons in the voluntary carbon 
market (VCM)25. Verifying CDR from ERW faces challenges due to the uncontrolled field condi-ons 
in land applica-on, as well as op-mizing what soil or water measurements best show and connect 
geochemical changes to actual atmospheric carbon removed26.  
 In addi-on to ERW CDR accoun-ng, recent literature has aimed to inves-gate more 
unconven-onal logis-cs and opportuni-es for ERW implementa-on. A number of studies explore 
the poten-al of u-lizing non-mined source materials for ERW projects. For example, Jia et al. 2022 
and Zhang et al. 2023 evaluate the poten-al for enhanced weathering using non-hazardous 
industrial waste27,28. Renforth et al. 2011 evaluate industrial waste use for enhanced weathering, 
along with construc-on and demoli-on wastes29. This literature provides a founda-on for 
incorpora-ng circularity in ERW project planning. Addi-onally, an increasing number of studies 
are expanding on the poten-al co-benefits of ERW. Direct changes to soil alkalinity, and 
subsequent altera-ons in soil nitrogen cycling, have been shown to decrease N2O emissions from 
applica-on lands30–32. Increases in soil health from ERW alkaliza-on have been found to increase 
crop yield in both lab experiments and a field experiment in the Midwest U.S31,33,34. Literature has 
postulated that realiza-on of these impacts, as well as direct P and K addi-ons to soil, from ERW 
would also impact fer-lizer purchases and applica-on, crea-ng another indirect co-benefit from 
ERW deployment35. Ocean alkalinity from dissolved ERW products can also mi-gate nega-ve 
impacts from ocean acidifica-on36.  
 Despite CDR poten-al and addi-onal environmental benefits from applica-on, ERW has 
embodied emissions from sourcing, grinding, transport, and applica-on processes. Energy 
required for these stages of the ERW life cycle have been intermiJently reported in literature. 
Some studies, such as Renforth 2012, include propor-on-based es-mates for the percentage of 
CDR negated by upstream GHG emissions18. Other publica-ons, such as Moosdorf et al. 2014 and 
Strefler et al. 2018, provide es-mates of energy penal-es for ERW grinding and transport 
processes20,37. As of early 2024, five life cycle assessment (LCA) studies for ERW have been 
published. Lefebvre et al. 2019 and Eufrasio et al. 2022 provide LCA for land-based basalt ERW 
across a range of environmental impact categories using the CML and ReCiPe assessment 
methods, respec-vely38,39. Foteinis et al. 2023 provide an LCA of olivine-driven ERW in coastal 
environments40. Cooper et al. 2022 conduct an LCA of ERW in North America in a comparison of 
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CDR methodologies41. And Oppon et al. 2023 compare LCA results of basalt rock dust fer-lizer to 
those of standard fer-lizers for crops42.  
 
1.2 Life Cycle Assessment for CDR EvaluaLon 

LCA, one of the central paradigms in the field of industrial ecology, is a methodology used 
to analyze the environmental impacts over the en-re life cycle of a product, process, or service. 
A standard LCA is comprised of four steps specified by ISO standard 14044: defini-on of goals and 
scope of an assessment (1), an inventory of inputs and outputs of life cycle stages (2), a detailed 
assessment of environmental impacts resul-ng from this inventory (3), and interpreta-on of 
results to iden-fy hotspots of high impact and strategies for reducing environmental burdens 
(4)43. Standard LCAs also rely on the defini-on of system boundaries within which the assessment 
is conducted and relevant, and func-onal units of results that relate data to the subject’s func-on.  

LCA has been u-lized to evaluate many types of CDR pathways. Terlouw, et al. conducted 
a review in 2021 of LCAs for a set of CDR technologies, including foresta-on, bioenergy with 
carbon capture and storage, biochar, direct air capture, and ERW44. This paper found that while 
some technologies, like biochar, had dozens of associated LCAs, other technologies like ERW or 
direct air capture only had a few. The authors concluded that the understanding of CDR impact 
could be improved by increasing the number of LCA studies for overlooked technologies, 
including mul-ple impact categories in future LCAs, incorpora-ng environmental side-effects in 
reported LCAs, and clearly repor-ng LCA methodologies. In Oxford’s “State of Carbon Dioxide 
Removal” report, published in mid 2023, researchers emphasized that while literature quan-fying 
gross CDR poten-al had grown, literature incorpora-ng lifecycle emissions is incomplete, 
restric-ng the ability of the field to accurately es-mate deployment poten-al45. In this vein, the 
report concluded that a cri-cal angle for future research is to assess CDR with regard to full costs, 
hazards, benefits, and co-benefits, indica-ng that robust LCA work is crucial as the field develops. 
Addi-onally, as the VCM expands as a net zero mechanism for the business sector, guidance 
protocols established for CDR project evalua-on require LCA results in order for projects to be 
approved. Thus, LCA of CDR fulfills a clear need not only from academic CDR communi-es, but 
also from business sector pressures on CDR project planning and deployment. 
 
1.3 Key ERW CharacterisLcs in LCA and Environmental Impact 

Robust LCA literature for ERW is cri-cal for iden-fying impacQul hot spots in the strategy’s 
life cycle and maximizing environmental benefit. The following paragraphs review LCA-relevant 
considera-ons of each stage of the ERW life cycle (material sourcing, comminu-on, transport, 
and applica-on). 

 
Raw Material ExtracLon 

The first life cycle stage of ERW is the extrac-on of raw rock material in mining opera-ons. 
Basalt and olivine are commercially mined at a global scale as construc-on materials, meaning 
that mining opera-ons and infrastructure are in place for future ERW deployment18,46. Olivine is 
highly weatherable due to its mineral arrangement, but its high heavy metal content (nickel and 
chromium) creates poten-al contamina-on risks in applica-on if the metals are washed into 
watersheds and contaminate flora and fauna47,48. While basalt does not have the same heavy 
metal content, it also has a lower CDR yield poten-al than olivine, meaning that it has a lower 
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CO2 removal poten-al20,49. This difference can impact the results of an LCA significantly in 
balancing energy inputs with a func-onal unit of tonnes of CO2 sequestered. 
 Depth and thickness of the strata targeted for mining can also impact energy 
requirements. Deeper mining requires greater fuel inputs18. Mining loca-ons in rela-on to 
applica-on site climate also impact LCA calcula-ons. For example, olivine forma-ons are found 
in many tropical regions where applica-on in warm and moist condi-ons could allow for efficient 
weathering50. Energy inputs and environmental impact in the mining life stage can be mi-gated 
if waste products are u-lized for ERW. Basalt powder is o5en stockpiled as a waste product in 
mining opera-ons, and could be allocated for ERW applica-on with liJle-to-no energy input51. 
 
ComminuLon 

Grain size is one of the primary controls on ERW’s net CDR due to its influence on the 
weathering rate and the energy inputs required to crush and grind the rock material. 
Comminu-on, along with transporta-on, accounts for up to 94% of the energy required in an 
ERW life cycle18. Mining and grinding together are thought to reduce ERW net CO2 sequestra-on 
by 5-10%50. Energy inputs for crushing and grinding include electricity to support site opera-ons 
at a fixed plant, and screening and crushing equipment that require diesel fuel. A typical industrial 
pathway of crushing and grinding proceeds from primary stage crushing to secondary and ter-ary 
crushing that u-lizes screens to cycle out ultra-fine par-cles51. Literature does not address 
whether grinding infrastructure exists onsite at mining, but Lefebvre et al.’s ERW LCA find that 
comminu-on ac-vi-es offsite increase transporta-on logis-cs and distance and thus increase 
fuel use38.  

Par-cle size is an important considera-on both for fuel use and sequestra-on poten-al. 
Smaller grains with more irregularity, and thus more surface area, result in greater CO2 
sequestra-on, but also greater energy inputs along the grinding pathway20. Literature also 
suggests that par-cle size is dependent on the mining technique u-lized in the first step of the 
life cycle. If fine dust is collected at mining sites, crushing ac-vi-es may be limited13. Thus, 
balancing energy inputs and grain size-driven weathering rates for an op-mal comminu-on stage 
is cri-cal in defining system characteris-cs in future LCAs.  
 
TransportaLon 

In the exis-ng LCA outlining a Brazilian opera-on for ERW, transporta-on represented the 
greatest energy input into the process38. Common transporta-on modes include vehicle 
transporta-on of different sizes, rail freight, and waterway distribu-on via inland waterways and 
barge shipping. Iden-fying the mode that best represents realis-c opera-ons is cri-cal for a 
robust LCA and op-mizing ERW pathways from source to applica-on52. For example, truck 
transporta-on may reduce the net CO2 removal of enhanced weathering by up to 11%, but 
waterway distribu-on has lower GHG emissions by comparison18,50. Transporta-on energy inputs 
could be lowered through decentralized opera-ons with mining closer to applica-on and road 
network improvements in regions of applica-on.  
 
ApplicaLon 

The use stage of ERW (applica-on) entails infrastructure considera-ons. Applica-on of 
rock materials onto agricultural lands would u-lize exis-ng fer-lizer applica-on infrastructure, 
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fuel for which would be accounted for in an LCA38. Cyclic applica-on versus singular applica-on 
also alters expected energy inputs in an LCA. Mul-ple applica-ons increase emissions, but may 
increase sequestra-on poten-al due to increased cumula-ve rock material applica-on. As 
outlined above, applica-on of ERW to agricultural land can also beget co-benefits including 
decreased N2O emissions, crop yield increases, and subsequent fer-lizer avoidance. Field trials 
are needed to further parameterize these soil interac-ons17,53. Energy inputs from applica-on, as 
well as environmental impacts from nutrient interac-ons, are relevant LCA inputs. 
 
Runoff 

The last stage in LCA methodology is characterized by the waste, disposal, and/or 
recycling stages in a product or process life-me. For ERW applica-on on agricultural lands, this 
stage is the runoff of materials into watersheds. As men-oned earlier in this prospectus review, 
olivine applica-on poses risks of heavy metal runoff. Rock material being washed away prior to 
dissolu-on can increase water turbidity, which impacts flora and fauna survival51. This life cycle 
stage has not been included in previously published ERW LCA studies. 
 
1.4 Addressing ERW LCA Literature Gaps 
 The four studies proposed in this prospectus address mul-ple literature gaps that 
currently exist in ERW LCA.  

Previous ERW LCA literature has explored net life cycle environmental impacts of ERW on 
regional and global scales, but has not fully incorporated real-world logis-c constraints in the 
analyses. Addressing logis-c constraints is cri-cal for connec-ng ERW life cycle impact evalua-on 
to actual implementa-on planning prac-ces. It should also be noted that previous ERW LCAs have 
not focused their analyses on U.S. ERW applica-on. Chapter 2 Part I addresses both of these gaps 
through an ERW LCA grounded in real-world supply constraints in a U.S. case study to inform 
prac-cal implementa-on. Addi-onally, this study uses waste rock sourcing, bolstering 
deployment for ERW based on circular economic concepts.  

While experimental ERW literature has reported co-benefits from ERW applica-on in both 
lab and field setngs, these co-benefits have not been incorporated quan-ta-vely in previous 
evalua-ons of the net life cycle environmental impacts of ERW38,39,41,44,45. Incorpora-on of co-
benefits into an LCA framework is cri-cal for robustly repor-ng the overall sustainability of the 
CDR strategy, and can therefore support implementa-on. This is also an important gap to address 
in ERW literature because incorpora-on of these addi-onal environmental effects may affect how 
ERW is compared to other CDR technologies41. The ERW LCA proposed in Chapter 2 Part II 
addresses this gap by including co-benefit predic-on in the construc-on of ERW life cycle 
inventory and impact assessment. Addi-onally, this chapter uniquely compares LCA results for 
mined and waste-sourced ERW, which has been frequently discussed in ERW literature, but has 
not been quan-ta-vely evaluated in exis-ng publica-ons. 

A handful of ERW publica-ons have discussed the u-liza-on of ERW applica-on on 
bioenergy crops31,54, but have not modelled actual environmental impacts from harmonizing 
implementa-on of the two strategies. This is an important research direc-on because one of the 
significant limita-ons iden-fied for Bioenergy with Carbon Capture and Storage (BECCS) is 
efficient energy crop growth55, and ERW applica-on can introduce nutrient and subsequent yield 
benefits to increase this efficiency. This research topic also addresses an iden-fied need for 
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studying CDR synergies to op-mize deployment of strategies while maximizing environmental 
benefits56. There are no previous publica-ons that have quan-fied these environmental 
synergies. Chapter 3 addresses this gap by determining the life cycle environmental impacts of a 
synergized ERW-BECCS system in an LCA framework.  

Chapter 2 and 3 u-lize tradi-onal LCA methodology to evaluate ERW. However, while 
tradi-onal LCA is the standard environmental impact assessment tool u-lized in academic 
literature and environmental cer-fica-on structures, tradi-onal LCA is limited in its ability to 
define the absolute sustainability of a product or process57. The planetary boundaries framework, 
which defines absolute global earth system limita-ons, can be harmonized with LCA to evaluate 
how a product or process’s rela-ve environmental impacts may impact overall earth system 
func-oning58,59. Thus, u-lizing the planetary boundaries to assess the absolute environmental 
impacts of a CDR project can help determine how a proposed project may impact societal 
sustainability, and therefore inform implementa-on decisions aimed to maximize CDR benefits 
for earth systems. However, while this framework has been paired with LCA to assess the 
sustainability of varied products and regions60–62, it has not yet been u-lized to assess the 
planetary ramifica-ons of CDR. Chapter 4 leverages the planetary boundaries and addresses this 
research gap by evalua-ng the net environmental impacts of ERW to planetary systems in a 
planetary boundary-based LCA.  

Together, these four studies work cohesively to address gaps that currently exist in 
evalua-ng ERW with the inclusion of energy inputs and co-benefits. This research will help 
support op-mal ERW deployment in a growing carbon market. 
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Chapter 2: Life Cycle Assessment of Enhanced Rock Weathering - A United States 
Case Study 
 
2.1 Background 

Silicate rocks most commonly used in field trials and modelling for ERW are mined mafic 
to ultramafic rocks, including basalt and dunite, and other Ca- and Mg-rich silicate minerals, like 
wollastonite ore63. As men-oned in Chapter 1, ERW projects can also u-lize less tradi-onal 
materials, such as waste silicate materials (e.g., fly ash from energy produc-on), industrial wastes 
(e.g., red mug and slag), and other demoli-on wastes (e.g., cement kiln dust)27,64–66. Previous 
literature has highlighted the poten-al benefits of u-lizing waste materials for ERW, e.g., avoiding 
mining and grinding ac-vi-es to reduce emissions and costs67 and u-lizing low-cost waste 
materials27,64,66. U-lizing waste for ERW CDR is aligned with industrial ecology principles 
promo-ng circular u-liza-on of waste materials to enhance resource efficiency and waste 
management27,68.  

Exis-ng literature es-mates global ERW CDR poten-al by modeling material weathering 
with different mineral’s capaci-es to chemically weather, mineral par-cle sizes, and applica-on 
scenarios13,18,49,69–73. Previous studies have also discussed avoided emissions from nitrogen 
fer-lizer subs-tu-on31,64,74. Broadly, the literature suggests that global ERW applica-on could 
sequester 0.5–5 Gt of CO2/yr19,50,71. Embodied GHG emissions (eGHG) from mining, comminu-on, 
transpor-ng, and applying ERW material have been occasionally reported37–39,64. However, few 
studies have conducted a full life cycle assessment (LCA) for waste ERW or ERW in the United 
States (U.S.). Addi-onally, studies that have reported eGHGs have not quan-ta-vely incorporated 
co-benefits into their es-ma-on framework of net ERW benefit.  

This disserta-on chapter presents a mul--part LCA of ERW in the United States addressing 
these par-cular gaps in ERW LCA literature. Part I, -tled Techno-economic and Life-cycle 
Assessment of Enhanced Rock Weathering: A Case Study from the Midwestern United States, was 
published in Fall 2023 in Environmental Science & Technology and co-authored by Dr. Bingquan 
Zhang, Dr. Yuan Yao, and Dr. Noah Planavsky75. Text in this introduc-on, as well as the descrip-on 
below, has been reproduced from this co-authored publica-on. Part II presents an in-progress 
research project aimed at understanding the consequences of incorpora-on of co-benefits into 
an ERW LCA framework. Text in Part II is original to this prospectus.  
 
2.2. Part I: Techno-economic and Life-cycle Assessment of Enhanced Rock Weathering: A Case 
Study from the Midwestern United States 
[Writing portions excluded for copyright purposes. See 
https://pubs.acs.org/doi/10.1021/acs.est.3c01658 for published article.] 
 
 
2.2.1 Introductory Background 

This study addresses exis-ng ERW research gaps by providing an integrated, process-based 
LCA-Techno-economic assessment (TEA) op-miza-on modeling framework for ERW applica-ons 

https://pubs.acs.org/doi/10.1021/acs.est.3c01658
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in the U.S1. The framework is demonstrated by a case study in the Midwestern U.S. using stamp 
sands—waste rock grains from mining ac-vi-es—as the ERW source material. The stamp sands 
are linked to historic copper mining, and u-lizing them for ERW would also address current 
restora-on efforts prompted by degrada-ons in a nearby Na-ve American fishery76,77. The 
integrated LCA-TEA model quan-fies eGHGs and net CDR across the life cycle of stamp sand-
based EWR considering real-world infrastructure and supply chain constraints. The framework 
can be applied to other regions for quan-fying the net benefits of future ERW projects. 

 
2.2.2 Research ObjecLves 
This study addresses the following research ques-ons and tests the following hypotheses.  
 
Research Ques-on 1a: What are the embodied GHG emissions (eGHG) associated with three main 
life cycle stages of waste ERW deployment? 
 
Research Ques-on 1b: Considering eGHG quan-fied by ques-on 1a, what is the net CDR and 
carbon footprint of waste ERW deployment? 
 
Hypothesis Test 1(a & b): We hypothesize that eGHG emissions from applica-on of waste material 
for ERW in the Midwest U.S. will vary across a range of CDR applica-on assump-ons. We also 
hypothesize that net CDR and ERW carbon footprint will vary across a range of CDR yield values. 
We conduct an LCA for transport, comminu-on, and applica-on of waste ERW to quan-fy eGHGs, 
net CDR, and carbon footprint, and test these hypotheses. 
 
Research Ques-on 2: Which life cycle stages of ERW deployment account for the greatest amount 
of eGHGs? 
 
Hypothesis Test 2: We hypothesize that each life cycle stage of ERW will have a different 
contribu-on to net impacts quan-fied in ques-on 1, with applica-on likely accoun-ng for the 
smallest impact. We test this hypothesis by comparing eGHG inventory for each life cycle stage. 
 
Research Ques-on 3: What are the sensiLviLes of the analysis results from quesLons 1 and 2? 
 
Hypothesis 3: We hypothesize that ranges of inputs from literature on ERW characteris-cs, such 
as mineral type and par-cle size, and life cycle stage characteris-cs, including transport mode and 
distance, will result in a range of values for eGHGs, and subsequently, net CDR and carbon 
footprint. To test this hypothesis, we u-lize ranges of input values from literature to quan-fy 
uncertainty of results in a sensi-vity analysis included in the publica-on. 
 
2.2.3 Methodology 
 
LCA Modeling Framework 

 
1 TEA details are not included in this prospectus, as these elements of the publicaAon were led by co-author Dr. 
Bingquan Zhang. 
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Fig. 2.1 presents the integrated LCA-TEA modeling framework to es-mate the net CDR and 
cost of ERW. Note that, as indicated by footnote 1, TEA details are not included in this prospectus 
as they are not the focus of my own analysis work. This LCA es-mates cradle-to-gate net CDR (kg 
CO2e/t of waste minerals) by equa-on (2.1) and cradle-to-gate GHG emissions for carbon capture 
(CTG GHG, kg CO2e/t CO2e captured) using equa-on (2.2). “Gate” refers to the farm site and 
includes field applica-on. The carbon footprint (CF) for carbon captured by ERW is defined as net 
GHG emissions of captured CO2e (kg CO2e/t CO2e captured) as shown in equa-on (2.3), according 
to ISO standard 1406778.CDR yield (kg CO2/t mineral) u-lized in equa-ons 2.1, 2.2, and 2.3 
represents the amount of CO2 captured by source materials. As stated in the chapter background, 
eGHG (kg CO2e/t mineral) are the embodied GHG emissions associated with transporta-on, 
comminu-on, and applica-on.  

 
!"#	%&' = %&'	)*"+, − "./. (2.1) 

%5.	./. = "./.
%&'	)*"+, (2.2) 

%6 = −%&'	)*"+, + "./.
%&'	)*"+, (2.3) 

 
The LCA and TEA have consistent system boundaries, including raw material acquisi-on, 
transporta-on, comminu-on, and agricultural applica-on, as shown in Fig. 2.1.  
 
[Figure excluded for copyright purposes] 

Figure 2.1. Integrated LCA-TEA framework. eGHG (kg CO2e/t mineral) is the embodied GHG emissions 
along with ERW processes. CTG GHG emission (kg CO2e/t CO2e captured) is the cradle-to-gate GHG 
emissions for ERW. TEA and LCA models have the same system boundary (black dashed line) but different 
data flows (LCA: grey blocks and arrows, TEA: blue blocks and arrows) 

Case Study of ERW in the Midwestern U.S. 
The framework is demonstrated by an ERW case study in the Midwestern U.S., u-lizing 

stamp sands from early 1900s copper mining along Lake Superior76 (see Appendix A Fig. A1 for 
geographic context2). 360 million metric tons of these sands are currently the subject of a removal 
planning effort, as the pilings now encroach on a long-exis-ng Na-ve American fishery area in 
Buffalo Reef and act as a physical contaminant. These stamp sands are basal-c, with a SiO2 weight 
percentage of 47%, and thus comparable in CDR yield poten-al to basalt ERW featured in exis-ng 
literature (0.2–0.3 t CO2/t mineral)68,72. This composi-on similarity supports the use of this case 
study as a typical ERW project using basalt1. The CDR ranges of other minerals, such as 
wollastonite, dunite, and olivine18,69, also fall into the CDR yields explored in this study (0.2–1.1 t 
CO2/t mineral), allowing our results to inform ERW projects using other minerals. 

To transport stamp sands from the lakeshore to Midwestern croplands, this study 
considers two transport scenarios: port of Chicago and port of Duluth. Chicago is considered 
because it is the entry point to inland waterways from Lake Michigan. Duluth is selected as it is 
the largest port along the Great Lakes80 and provides an entry point into croplands north in 

 
2 Appendix A contains the Supplementary Information (SI) for the Chapter 1 Part I publication.  
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Minnesota. We assume that all stamp sands will be consumed in 20 years thus an annual material 
flow of 18 million metric tons is fixed. 

In both scenarios, stamp sands are first loaded onto barges along Lake Superior (Appendix 
A Fig. A1). Then stamp sands are transported by barge through Lake Superior and Lake Michigan 
to port in Chicago, Illinois for the Chicago port scenario and through Lake Superior to port in 
Duluth, Minnesota for the Duluth port scenario. We assume that stamp sand acquisi-on and 
barge transporta-on occur from April through October to avoid acquisi-on challenges in winter 
months. From ports, stamp sands in both scenarios are then unloaded at comminu-on plants 
around ports or along waterways for grinding. Then the ground mineral power is transferred to 
trucks for inland distribu-on to croplands. For the Chicago port scenario, stamp sands may be 
barged into inland waterways of the Illinois River to the Mississippi, Missouri, and Arkansas Rivers 
to reach substan-al cropland areas that are farther south. While these routes are detailed here 
for this case study, barge and truck transport are chosen to model broad supply chain 
opportuni-es for U.S. croplands. Barge and truck transport modes have been considered in other 
ERW literature beyond the U.S., such as in China and Brazil38,81,82. Minerals are a common cargo 
for barge transport throughout the Great Lakes beyond these specific case study ports, e.g., 
mined wollastonite transporta-on from Canada81,83. 
 
LCA Model 

The LCA model es-mates cradle-to-farm gate eGHG emissions from transport, 
comminu-on, and applica-on of ERW material onto croplands (equa-on 2.4). eGHGs in this study 
include upstream (cradle) GHG emissions from all three stages, but do not consider end-of-life 
(grave) impacts from poten-al ERW material runoff. 

 
"./. = ./.!"#$%&'"(#()'$ + ./.*'++)$,()'$ + ./.-&&.)/#()'$ (2.4) 

 
Transport emissions (Appendix A Tables A2 and A3) are assessed for diesel-powered barge 

and truck transport modes using GREET84 and NREL U.S. Life Cycle Inventory (USLCI) process 
data85. Comminu-on emissions (Appendix A Table A4) from stamp sand grinding are modeled 
using ecoinvent 3.71 electricity grid data for the U.S.86 The comminu-on electricity usage (kWh/t 
mineral) was es-mated using Bond Work Index87 (Appendix A Equa-on A1) that is a func-on of 
original and final par-cle size and the bond work index for basalt rock type, ranging from 17.10 
to 20.41 with a median value of 18.7687–89. Original par-cle size, derived from a stamp sands 
report90, ranges from 1311 to 1998μm, and final par-cle size, compiled from previous 
literature37,64,70,71,79, ranges from 50 to 150μm. These ranges are considered in our sensi-vity 
analysis and detailed in Appendix A Table A5. The Chicago and Duluth case study results are based 
on electricity data averaged for three North American Electric Reliability Corpora-on (NERC)91 
subregions overlapping with an-cipated applica-on areas (detailed electricity emission factors 
and the ra-onale for choosing these factors in Appendix A Table A6). Our sensi-vity analysis 
considers all NERC regions (Appendix A Note 3). Tractor fuel consump-on during mineral 
applica-on is es-mated using applica-on rates from literature18,38,39,49,54,69–73,79 with a parametric 
fuel consump-on model92 u-lizing equipment power data from the University of Nebraska 
Tractor Test Laboratory (NTTL)93 (detailed model documenta-on in Appendix A Note 2.1). 
Varia-ons of applica-on rates, tractor power, and collected spreader availabili-es are delineated 
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in the sensi-vity analysis. Agricultural tractor emission factors are collected from GREET94 
(Appendix A Table A7). 

The life cycle impact assessment (LCIA) for all life cycle stages is derived u-lizing 100-year 
global warming poten-al (GWP100) characteriza-on factors for CO2, CH4, and N2O (Appendix A 
Table A1), represen-ng the climate change impact in kg CO2e95. The LCIA results for applica-on 
are documented in Appendix A Table A8, and for transporta-on, comminu-on, and applica-on 
are documented in Appendix A Table A9.  

Net CDR (equa-on 2.1), CTG GHG (equa-on 2.2), and CF (equa-on 2.3) relate eGHGs from 
the LCA model to CDR yield. CDR yield depends on source material mineralogy. CDR yield data for 
different types of minerals were collected from literature (Appendix A Table A10). In this study, 
mineral categoriza-ons of basic and ultrabasic, based on SiO2 content, are used to classify CDR 
yield ranges.  
 
2.2.4 Results and Discussion 
 
Carbon Removal Performance of ERW 

The eGHG of ERW is es-mated at 72 and 45 kg CO2e/t mineral for the Chicago and Duluth 
scenarios, respec-vely, which are much smaller than CDR yields (0.2-1.1 t CO2/t mineral). 
Therefore, net CDR (calculated as the difference between CDR yield and eGHG in equa-on 2.1) is 
largely driven by CDR yield. For low CDR yield (0.2 t CO2/t mineral), net CDR for Chicago and 
Duluth scenarios are es-mated to be 128 and 155 kg CO2e/t mineral, respec-vely. Net CDR for 
high CDR yield (1.1 t CO2/t mineral) for Chicago and Duluth scenarios are 1028 and 1055 kg CO2e/t 
mineral, respec-vely. Similarly, CTG GHG and CF (equa-ons 2.2 and 2.3) largely depend on CDR 
yield, and results are subsequently reported for a CDR yield range of 0.2–1.1 t CO2/t mineral in 
Figure 2.2A–B. CTG GHG and CF for the Chicago and Duluth scenarios with low CDR yield (0.2 t 
CO2/t mineral) are 359 and 224 kg CO2e/t CO2e captured, and –0.64 and –0.78 t CO2e/t CO2 
captured, respec-vely. CTG GHG and CF for Chicago and Duluth at high CDR yield (1.1 t CO2/t 
mineral) are 65 and 41 kg CO2e/t CO2e captured, and –0.93 and –0.96 t CO2e/t CO2 captured, 
respec-vely. CTG and CF show the same paJern across the CDR yield range, decreasing rapidly 
across lower values of CDR yield (0.2 to 0.5 t CO2/t mineral) and decreasing at a slower rate as 
capture poten-al reaches the maximum range value (1.1 t CO2/t mineral). CF has nega-ve values 
since carbon removal exceeds CTG GHG emissions (Fig 2.2A–B). 

Transporta-on emissions contribute to 85.4–90.8% of the eGHGs from ERW applica-on, 
and comminu-on emissions contribute 9.1–14.6% of this total. Applica-on emissions are a much 
smaller contribu-on. While barge transporta-on has lower GHG emission intensity than truck 
transport (see Appendix A Table A3), barge transporta-on is the greatest GHG contributor due to 
supply chain configura-on. The use of stamp sands avoids emissions from mineral extrac-ons 
and relevant processes, resul-ng in small comminu-on contribu-ons76,77. Future studies can scale 
our results by expected material transporta-on distances to assess other ERW implementa-on 
scenarios along inland shipping regions.  

Our net CDR results fall within literature es-mates, which range from 225–1020 kg CO2 
captured/t material18,37,38. Compared with other CDR technologies, cropland applica-on of ERW 
is similar to that of biochar, a biomass-based CDR method. Our results indicate that biochar and 
ERW have an overlapping range of es-mated net CDR, with biochar having a large net CDR 
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midspread ranging from 429 to 1407 kg CO2 captured/t material44 due to substan-al varia-ons in 
biomass feedstock, such as straw, woodchips, grass, and other biomass residue. Addi-onally, our 
results indicate that long-range transport of waste-based ERW has a CF comparable to direct air 
carbon capture and storage (DACCS) ranging from –0.41 to –0.95 t CO2e/t CO2e captured96. Given 
the importance of transport, local deployments (< 50 km transport) will have a notably smaller 
CF. 

 
[Figure excluded for copyright purposes] 
 

Figure 2.2 Cradle-to-gate GHG emission breakdown (left y-axis) and carbon footprint of ERW (right y-
axis) for (A) Chicago port scenario and (B) Duluth port scenario. The carbon footprint was calculated 
based on cradle-to-gate GHG emissions of ERW possess and CDR yield using equation (2.2). The results 
shown in this figure were estimated based on the baseline assumptions: a barge transport distance of 1500 
km and a truck transport distance of 150 km for the Chicago scenario, and a barge transport distance of 
400 km and a truck transport distance of 250 km for the Duluth scenario. 

 
SensiLvity Analysis 

A sensi-vity analysis was conducted to understand the impacts of input parameter 
varia-ons (see Appendix A Table A11 for varia-on data). GHG emissions are highly sensi-ve to 
CDR yield, and barge and truck transport distance, as shown in Figure 2.3. Applica-on rate, final 
par-cle size, and electricity emission factor have rela-vely limited impacts on CTG GHG emissions. 

 
[Figure excluded for copyright purposes] 
Figure 2.3. Sensi-vity analysis for the cradle-to-gate GHG emissions for ERW in the U.S. 
Midwest. Only factors that have an impact of more than 1% are shown in the figure. 
 

Higher CDR yield decreases CTG GHG emissions, while longer barge and truck transport 
distances cause increases. Thus, reducing transport distance by sourcing minerals locally and 
u-lizing minerals with high CDR yield could substan-ally reduce the CTG GHG emissions. 
However, case-by-case assessment will be needed to determine region-specific environmental 
performance and the framework developed in this study can be useful. For example, as with the 
aforemen-oned case of wollastonite sourcing from Canada, with a CDR yield of 0.7 t CO2/t 
mineral18 full assessment would be cri-cal to compare the mined material with higher CDR to 
stamp sands. 

 
ImplicaLons and LimitaLons 

This study has some limita-ons that are characteris-c of ERW research at this nascent 
phase. Poten-al trace element toxicity of the basal-c stamp sand material is not addressed in this 
analysis due to a lack of data, amplified by the complicated nature of trace element accumula-on 
in soils and interplay with changing soil pH. Future ERW research should model and monitor trace 
element accumula-on, par-cularly copper and nickel, to ensure crop health57. Due to limited field 
data for ERW in the Midwestern U.S., this LCA-TEA model does not consider -me factors to 
storage or poten-al leakage. Time factors such as the dura-on to carbon storage are cri-cal for 
credit pricing and avoiding premature carbon release58. Addi-onally, the full poten-al of different 
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feedstocks may not be fully realized for an extended period of -me and if applica-ons are not 
well designed, secondary clay forma-on could limit capture even on a century -me scale12,59. 
Carbon leakage will occur as the products of ERW enter the ocean, but this is predicted to be a 
rela-vely minor inefficiency59. Further, this study does not consider ERW in the context of a 
carbon market due to the lack of a standardized market and credit structure. Recent literature 
highlights the need for standardized measurement, repor-ng, and verifica-on (MRV) of carbon 
credits to ensure high quality carbon removal58. Future ERW field work focused on MRV of carbon 
removal on croplands and carbon leakage in ocean is needed to support ERW in a market setng 
and future LCA and TEA studies. In addi-on, future decarboniza-on and technical improvement 
of U.S. transporta-on systems are not considered. This can be addressed by leveraging the data 
and sensi-vity analysis results presented in this study for dynamic, prospec-ve LCA and TEA 
analyses such as the previous study60. 

U.S. cropland offers enormous opportuni-es for implemen-ng ERW for CDR and other co-
benefits, including decreased soil erosion and increased potassium and phosphorus nutrient 
supply, resul-ng in increased crop produc-on and decreased N2O emission from cropland 
soils10,17,61. This study does not include avoided N2O emissions from fer-lizer reduc-on or 
reduced N2O emissions from changes in soil acidity and nitrogen cycling (poten-ally 10–20% of 
emissions reduc-ons31). Assessing these co-benefits requires regional considera-on of land 
suitability, crop types, and environmental condi-ons, which can be incorporated into our 
framework when site-specific data are available in the future. Our scenarios show how ERW can 
incorporate circular economy ideas into climate change ini-a-ves and how waste u-liza-on can 
fuel CDR and restore ecosystems—given that removal of the stamp sands is a priority for 
improving a genera-onal Na-ve American fishery77. This LCA-TEA framework is broadly applicable 
to ERW projects as long as relevant data are available. Further, our LCA results ranges can inform 
future ERW projects using basalts or other minerals with similar CDR yields in regions with 
comparable infrastructure. 
 
2.3 Part II: Integra(on of Co-Benefits into Life Cycle Assessment of Enhanced Rock 
Weathering: A U.S. Case Study 
 
2.3.1 Introductory Background 
 As reviewed in Chapter 1 of this prospectus, interest in ERW deployment has been 
driven partially by potential co-benefits following application. Directly, ERW can help to reverse 
soil acidity through bicarbonate addition to soil systems and improve crop health through K and 
P mineral addition7,13,35. Subsequent indirect co-benefits from this pH change include decreased 
N2O emissions from soil systems, due to changes in nitrogen cycling, increased crop yields from 
improved soil health, and avoided liming and fertilization30,32,35,63. Offsite, research also shows 
that runoff of dissolved materials into aqueous systems can contribute to reversing ocean 
acidification, as well as potentially introduce mineral benefits to aqueous species36. 
 More recently, an increased number of studies have sought to begin quantifying these 
co-benefits in both field and modelling experiments. For example, Blanc-Betes, et al. 202031 and 
Kantzas et al. 202264 model ERW deployment and model estimates for N2O reductions and 
fertilizer avoided from deployment. Chiaravalloti, et al. 202332 and Kantola, et al. 202333 report 
N2O and crop yield changes, respectively, from greenhouse and field ERW experiments 
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respectively. However, these quantifications have not yet been applied to a life cycle 
framework for ERW assessment, as discussed in a review of CDR LCA literature and an overview 
of the CDR research sector more broadly44,45. Assessing a full range of environmental costs and 
benefits will help practitioners plan future deployment and inform current and future 
applications of LCA in voluntary carbon markets (VCM) and academic research for CDR. 
 This study will address this research gap by constructing an LCA framework of ERW in 
the U.S. incorporating both indirect and direct co-benefits to determine the environmental 
impacts of ERW deployment across a range of environmental impacts beyond GHG emissions. 
Additionally, as of early 2024, four articles have provided LCA results for land-based ERW across 
a full range of impact categories38,39,41,42. However, only one of these previous publications 
explored the impacts of national supply chain constraints (Lefebvre et al. 2019), and none 
quantified impacts for ERW deployment on U.S. agriculture38. More broadly, this study will 
provide a foundation for identifying opportunities and challenges of integrating co-benefits into 
CDR assessment required for project planning. 
 
2.3.2 Research ObjecLves 
This study will address the following research ques-ons and test the following hypotheses.  
 
Research Ques-on 1: What are the full life cycle environmental impacts for virgin and waste-
sourced ERW deployment on U.S. cropland? 
 
Hypothesis Test 1: I hypothesize that full life cycle environmental impacts for virgin mined 
materials will show higher environmental impact than waste materials. I will test this hypothesis 
by comparing LCA results across a range of environmental impact categories using life cycle 
impact assessment methods (LCIA). 
 
Research Ques-on 2: What are the full life cycle environmental impacts for virgin and waste-
sourced ERW deployment on U.S. cropland when co-benefits are included and quanLfied in the 
LCA? 
 
Hypothesis Test 2: I hypothesize that integra-on of co-benefits will show altered LCA results for 
ERW, albeit marginal. I will test this hypothesis by construc-ng scenarios with and without co-
benefits integrated into the life cycle inventory (LCI), and compare LCA results from these 
different scenarios. 
 
Research Ques-on 3: What are the uncertainLes and/or sensiLviLes of the analysis results from 
QuesLons 1 and 2? 
 
Hypothesis Test 3: I hypothesize that ranges of inputs from literature on ERW characteris-cs and 
supply chain constraints will result in a range of environmental impact results. To test this 
hypothesis, I will conduct a sensi-vity analysis. 
 
Research Ques-on 4: What challenges and opportuniLes exist for incorporaLng co-benefits into 
CDR life cycle environmental impact assessments? 
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Hypothesis Test 4: I hypothesize that challenges in this study will likely come from co-benefit 
data availability. I also hypothesize that organiza-on of the assessment framework in this study 
may provide an example for LCA of other CDR strategies. I will inves-gate this hypothesis over 
the course of the project and present reflec-ons in the final publica-on.  
 
2.3.3 Data and Methods 
 The system boundary of this study will include five life cycle stages: mineral acquisition, 
transport, comminution, application, and runoff. Mined virgin material and waste material will 
be assessed in this study. This is an expansion from the published LCA described in Part 1, in 
which runoff was not considered within the system boundary and only waste material was 
considered for deployment. Two functional units – tonne of rock material and tonne of CO2e 
sequestered – will be used in this LCA. The system boundaries are illustrated in Figure 2.4 
below.  
 
[Figure excluded for confidentiality] 
Figure 2.4. System boundary for LCA Part II 
  
Research Questions 1 & 2 

The geographical bounds of this study will be ERW application to soy, maize, and 
miscanthus crops in the Midwest U.S31,54. This regional subset will include 12 states, as defined 
by the U.S. Bureau of Labor Statistics98. United States Department of Agriculture (USDA) National 
Agriculture Statistics Service (NASS) cropland data, as well as the USDA’s CroplandCROS resource, 
will be utilized as ArcGIS layer datasets for identifying the U.S. land area accounted for in this 
study99,100. GIS data provided by the Global Lithological Map (GLiM) will be used to estimate 
sourcing locations for both mined and waste basalt in the U.S., assuming that waste basalt is 
sourced from active mining sites101. Transport distances will be estimated through overlap of crop 
and rock GIS data.  
 LCI data will be sourced primarily from the ecoinvent database102, as utilized in the 
publication in Part I. USLCI data, as well as data from an updated GREET model, may also be 
utilized85,94. Unit processes representing ERW life cycle stages and co-benefits in the LCI will be 
chosen from these databases to most accurately reflect process logistics and region. Current 
literature quantifications for co-benefits are provided in Table 2.1. This is a preliminary data 
collection. While direct co-benefits are listed here for completeness, I anticipate incorporating 
the three indirect co-benefits, along with ocean alkalinization, in this expanded LCA framework. 
It is challenging to directly link direct co-benefits with LCA indicators such as GHGs emitted to 
atmosphere. Additionally, relevant environmental impacts from these direct listings are 
accounted for in subsequent indirect impacts. For example, increased soil potassium is hard to 
quantify using current LCA methods, but the avoided environmental burdens of the 
consequential potassium fertilizer avoidance could be considered in LCA .  
  

ERW Co-Benefit Literature Direct or 
Indirect 

QuanLficaLon 
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Increased Soil 
Alkalinity 

Buckingham et 
al., 2022 
 
Holzer et al., 
2023 
 
Dietzen et al., 
2018 

Direct 310 +/- 30 eq/ha/yr 
increase 
 
 
260 - 290% increase 
 
 
221% increase (CO2 
flux) 

Increased 
Ocean Alkalinity 

Renforth & 
Campbell 2021 
 
 
Research 
Strategy for 
Ocean-based 
Carbon Dioxide 
Removal and 
Sequestra-on 
(2022) 
 
Bach et al., 2019 

Direct max 10^8μEq/kg ocean 
alkalinity increase 
(wollastonite) 
 
1.5 mol atm CO2/mol 
Mg or Ca increase 
(~8500 mol Ca/t 
Wollastonite) 
 
 
 
 
100 μmol /kg increase 

Increased Soil 
Potassium (K) 

Beerling et al., 
2023 
 
Lewis et al., 2021 

Direct 23 kg K/ha/yr increase 
 
 
24 - 44% base 
potassium fer-lizer 

Increased Soil 
Phosphorus (P) 

Beerling et al., 
2023 
 
Lewis et al., 2021 

Direct 7 kg P/ha/yr increase 
 
 
26 - 66% base 
phosphorus fer-lizer 

Increased Crop 
Yield 

Blanc Betes et 
al., 2020 
 
 
Vienne et al., 
2022 
 
Jariwala et al., 
2022 
 
 

Indirect 38 - 60% increase 
(maize); -4 – 6% 
change (miscanthus) 
 
6% increase (potato) 
 
 
41% increase  
(soybean); 34%  
increase (lettuce) 
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Kantola et al., 
2023 
 
Beerling et al., 
2024 

29-42% increase 
(miscanthus) 
 
16% increase (soy);  
12% increase (maize) 

Decreased Soil 
N2O Emissions 

Blanc Betes et 
al., 2020 
 
 
 
Kantzas et al,. 
2022 
 
Val Martin et al., 
2023 
 
 
 
 
 
 
 
 
 
Chiaravalloti et 
al., 2023 

Indirect 16.4% decrease 
(maize); 8.5% 
decrease 
(miscanthus) 
 
4% decrease 
 
 
21-25% decrease  
(maize, simulated); 
12-32% decrease 
(maize, observed); 
44% decrease (soy, 
simulated); 31% 
decrease (soy, 
observed); 28% 
(simulated, North 
America) 
 
29-32% decrease 
(maize) 

Avoided 
Fer-lizer 
Applica-on 

Kantola et al., 
2017 
 
Schuiling and 
Krijgsman, 2006 
 
Lewis et al., 
2021 
 
 
 
Kantzas et al., 
2022 
 
 
Beerling et al., 
2024 

Indirect 100% lime subs-tu-on 
 
 
Lime subs-tu-on 
 
 
33.5-91.5% P fertilizer 
replacement; 1.25-
39% K fertilizer 
replacement 
 
49.13 – 112.83% P 
replacement; 20.16 – 
89.28% K replacement 
 
20-30% P fertilizer 
application rate; 25-
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40% K fertilizer 
application rate 

Table 2.1 Quantified Co-Benefits from literature for use in ERW LCA Part II 
 
 Impacts in this LCA study will be assessed utilizing TRACI and ReCiPe assessment 
methods103,104. TRACI will be used because it is a U.S.-centric tool developed by the U.S. 
Environmental Protection Agency104, matching the geographic boundaries of this study. The 
ReCiPe model, while euro-centric, will also be assessed to allow comparison to existing ERW 
studies that utilize the ReCiPe assessment method41,103. I will conduct this LCA using OpenLCA 
software. 
 
Research Question 3 
 A sensitivity analysis will be conducted to determine the range of LCIA results possible 
from appropriate ranges of input parameters. Ranges of basalt CDR yield, transport distances, 
particle size, and other project characteristics as defined by the study published as Part I will be 
used inputs for this sensitivity analysis. 
 
2.3.4 Expected Results and Outcomes 
Research Question 4 

The framework of this study will provide methodological advancement on how potential 
co-benefits can be quantitatively integrated into an LCA for CDR, specifically ERW in this case. 
The LCA results will provide useful insights on whether and what co-benefits will have significant 
impacts on the life cycle environmental implications of ERW implementations under various 
supply chain constraints, informing future LCA and ERW research focus on co-benefits 
quantification and reporting.  
 
2.3.5 Chapter 2 Part II Timeline 
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Chapter 3: Assessing Synergis(c Environmental Impacts of a Bioenergy System 
Coupled with Enhanced Rock Weathering  
 
3.1 Introductory Background 

Bioenergy with carbon capture and storage (BECCS) is a cri-cal component of climate 
change mi-ga-on strategies105,106. BECCS is considered both an emissions reduc-on and carbon 
dioxide removal (CDR) strategy. In fact, BECCS is currently the only CDR strategy u-lized in 
Integrated Assessment Models (IAMs) 2,107,108 for predic-ng climate change dynamics, signifying 
the an-cipated importance of the technology. Poten-al biomass feedstocks for BECCS include 
wood crops, forestry waste, purpose-grown crops, crop wastes, algae, and other municipal solid 
wastes109. A5er being harvested and/or collected, the biomass feedstock is then transported, 
processed, and converted into accessible forms of energy. The products from biomass conversion 
include electricity, heat, or other liquid and/or solid biofuels that are transported for use offsite 
in vehicles or industrial opera-ons109. Captured CO2 from the biomass conversion process is 
converted into CO2 streams that are injected and stored permanently underground. By u-lizing 
biomass in the produc-on of energy, rather than fossil fuels, bioenergy supports fossil fuel phase 
out as a climate change mi-ga-on technology. 

While BECCS is a promising decarboniza-on pathway, its dis-nc-on as “net-neutral” or 
“net-nega-ve” in its net CO2e output is con-ngent on the ul-mate design of the system110. 
Bioenergy use is o5en considered “net-neutral” because the combus-on of biomass in the 
process forms a closed loop with biomass growth111. This closed loop nature means that 
bioenergy is considered a renewable form of energy, assuming that biomass growth uptakes the 
carbon emiJed from biomass combus-on. However, this assump-on of net-neutrality does not 
consider the greenhouse gas (GHG) emissions from other por-ons of the BECCS life cycle, like 
transporta-on and conversion of the biomass, and land use-related emissions associated with 
feedstock cul-va-on19,112. Thus, in order for a BECCS supply chain to be net-neutral, or even net-
nega-ve, CO2 storage in injected streams or solid biochar product, as well as CO2 storage in the 
form of biomass and soil carbon in feedstock, must outweigh other life cycle emissions113,114. The 
characteriza-on of BECCS in the decarboniza-on space is also dependent on whether avoided 
emissions- fossil fuel emissions replaced by bioenergy use- are included in quan-ta-ve BECCS 
analyses44. The complexity of BECCS characteriza-on is cri-cal to untangle as it becomes a 
prominent fixture in global sustainability and carbon dioxide removal (CDR) strategies. 

Inves-ga-on of feedstock type and growth is one key area of current BECCS research55. 
While a variety of feedstock can be u-lized for bioenergy, purpose-growth non-wood crops, o5en 
called “energy crops”, have a high technical poten-al for use as a biomass feedstock. However, 
energy crops require land, water, and fer-lizer to grow, and may compete for land with food crops 
needed to support popula-ons115,116. Thus, understanding how to lessen the environmental and 
socioeconomic impact of energy crops is an important research direc-on to enable sustainable 
bioenergy supply chains.  
 Synergizing enhanced rock weathering (ERW), another CDR strategy, with bioenergy crop 
growth is one poten-al method for increasing the efficiency of purpose-growth BECCS feedstock. 
ERW leverages Earth’s natural rock weathering to store carbon from the atmosphere on human 
-mescales through the exponen-al increase of weatherable rock surface area18,50,117. Previous 
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chapters 1 and 2 of this prospectus detail logis-cs of ERW. Agricultural lands are targeted for ERW 
applica-on because dissolu-on of these silicate rocks can introduce poten-al benefits for 
agricultural soils17,51. ERW increases soil alkalinity; heavily used croplands are o5en overly-acidic 
and require amendment to raise pH and maintain soil quality11,12. The silicate minerals targeted 
for ERW contain increased levels potassium (K) and phosphorus (P), which are cri-cal addi-ons 
to cropland soil, otherwise obtained by purchasing fer-lizers13. These co-benefits of ERW have 
been shown to induce crop yield increases, as well as decreases in N2O emissions from soil 
management ac-vi-es31,63. Thus, ERW applica-on to bioenergy crops has poten-al to alter the 
overall sustainability of feedstock growth, which also influences BECCS’s ul-mate characteriza-on 
as net-neutral or net-nega-ve. 
 Previous literature has discussed poten-al ERW and bioenergy synergy54, presented select 
applica-on experiments for ERW with energy crop species31,33, and addressed phosphorus 
benefits of ERW applied to bioenergy crops34. However, there remains a gap in the literature for 
quan-fying this synergy in the broader picture of a sustainable BECCS supply chain. 
Understanding the decarboniza-on impact of combining ERW and BECCS will provide new 
insights for ERW use and BECCS planning. Addi-onally, specifically addressing the synergis-c 
effects of two CDR methods will be a novel introduc-on to CDR literature that has yet to robustly 
address how strategies can be paired together for efficient climate change mi-ga-on.  
 This project will u-lize a life cycle assessment (LCA) framework to compare ERW and 
BECCS supply chains to a combined supply chain incorpora-ng relevant feedstock impacts of ERW 
to energy crops. This study will analyze the impact of ERW to the net-nega-vity of BECCS by 
comparing life cycle impacts of BECCS with and without ERW applica-on. The results of this 
quan-ta-ve inves-ga-on will provide important insight into the poten-al magnitude of this 
par-cular CDR synergy, and provide an example for how CDR synergy can be approached via life 
cycle assessment for future CDR research. 
 
3.2 Research ObjecLves 

To characterize the environmental impacts of a synergis-c ERW-BECCS system,  this 
project will answer the following ques-ons and test the following hypotheses. 
 
Research Ques-on 1a: What are the full life cycle environmental impacts for ERW, BECCS, and an 
integrated ERW-BECCS system? 
 
Research Ques-on 1b: Considering results of ques-on 1a, what is the net life cycle GHG miLgaLon 
potenLal for synergizing ERW and BECCS, compared to their individual potenLals?  
 
Hypothesis Test 1: I hypothesize that the full life cycle environmental impacts for ERW will be 
lower across environmental impact categories compared to BECCS, and that the full life cycle 
environmental impacts of BECCS will decrease with ERW integra-on. Similarly, I hypothesize that 
net life cycle GHG mi-ga-on poten-al of BECCS will increase with ERW integra-on. I will test this 
hypothesis by comparing LCA results in varied scenarios using life cycle impact assessment (LCIA).  
 
Research Ques-on 2: What system characterisLcs drive the net life cycle GHG miLgaLon potenLal 
for a combined ERW-BECCS pathway? 
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Hypothesis Test 2a: I hypothesize that u-liza-on of different biomass feedstocks for bioenergy 
produc-on and different biomass conversion technologies will drive net life cycle GHG mi-ga-on 
poten-al for BECCS. I hypothesize that ERW logis-c assump-ons, such as material transporta-on 
distance and applica-on rate, will impact net life cycle GHG mi-ga-on poten-al for ERW. I 
hypothesize that these varia-ons will subsequently drive es-ma-ons for net life cycle GHG 
mi-ga-on poten-al of an ERW- BECCS combined system. Addi-onally, I hypothesize that inclusion 
of land use change and avoided emissions in a synergis-c ERW-BECCS scenario may be the largest 
driver of differences between the primary scenarios in this study. I will test these hypotheses by 
conduc-ng a sensi-vity analysis and uncertainty analysis across ranges of input values used in my 
data inventory.  
 
3.3 Data and Methods 
 This project will u-lize LCA to assess the poten-al synergies of ERW applica-on to 
bioenergy crops in the U.S. The U.S. operates as the leading biofuel producer in the world118 and 
includes BECCS as part of the country’s strategy for Net Zero GHGs by 2050119. Thus, this project’s 
scope aims to support current bioeconomy efforts in the na-on. The descrip-ons of data sources 
and methodologies in this sec-on align with the research ques-ons and hypotheses outlined 
above in Sec-on 3.2.  
 
Research QuesLon 1a 
 To evaluate the full life cycle environmental impacts for ERW, BECCS, and an integrated 
ERW-BECCS system, I will construct LCIs according to defined ERW, BECCS, and synergis-c 
scenarios. As described in Sec-on 3.2, I hypothesize that ERW integra-on will decrease 
environmental impacts of BECCS and I will test this hypothesis by comparing LCA results for 
different scenarios.  
 I define two exis-ng scenarios, and two novel scenarios, for this LCA comparison. The two 
exis-ng scenarios are independent ERW produc-on and independent BECCS opera-on. LCA 
results for these scenarios have been explored in previous research papers44, but will be 
recalculated in this study according to my system boundaries for scenario comparison. Two novel 
scenarios of ERW-BECCS integra-on will be evaluated with LCA in this project. The LCA for novel 
scenario 1 will analyze an ERW-BECCS system incorpora-ng N2O and fer-lizer co-benefits of ERW. 
The LCA for novel scenario 2 will analyze the condi-ons in novel scenario 1 with the addi-on of 
avoided emissions from bioenergy usage and projected land use change with the use of ERW on 
bioenergy crops. LCIA results for these two novel scenarios, compared to those of the two exis-ng 
scenarios, will answer research ques-on 1 regarding the full life cycle environmental impacts for 
the different systems. The system boundaries for each of the four scenarios are shown in Figure 
3.1 below. ERW system boundaries include both waste rock and mined rock sourcing, grinding, 
transport (mul--modal), and applica-on. These life cycle stages are detailed in the two previous 
prospectus chapters. BECCS system boundaries include bioenergy crop growth, feedstock 
transport, biomass conversion, carbon storage, and biofuel use. Four func-onal units will be 
assessed in this study: tonne (t) ERW material applied, t energy crop harvested, MJ biofuel 
produced, and t CO2e sequestered. Tonnes of ERW material applied will be evaluated to quan-fy 
ERW impacts based on material mass. Tonnes of energy crop harvested will be evaluated to 
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quan-fy synergis-c impacts of ERW to biomass growth. MJ biofuel produced will be evaluated to 
quan-fy synergis-c impacts to energy produc-on. And tonnes of CO2e sequestered will be 
evaluated to answer research ques-on 1b- quan-fica-on of net life cycle GHG mi-ga-on 
poten-al. 
 
[Figure excluded for confidentiality] 
Figure 3.1 System boundary of LCA Scenarios 
 

To fully analyze poten-al supply chains in this LCA study, mul-ple pathways for ERW and 
BECCS will be considered in the context of each scenario. In exis-ng scenario 1 (ERW), both waste 
ERW and mined ERW LCA data will be assessed in this study to provide a result range inclusive of 
mul-ple ERW strategies currently in development in the U.S75,120. In exis-ng scenario 2 (BECCS), I 
define specific feedstock, conversion, and fuel pathways. Three different energy crop feedstocks 
– maize, soybean, and miscanthus – will be evaluated because recent ERW field trials31,33 have 
presented crop altera-on results for ERW on these three bioenergy crop species. Four conversion 
pathways – three thermochemical (combus-on, gasifica-on, and pyrolysis) and one biochemical 
(fermenta-on)- will be evaluated for BECCS121,122. These pathways are aligned with the three 
ERW-relevant feedstocks, and represent pathways that are commercially available123. These four 
conversion methods are also chosen because they align to four prominent energy products – 
ethanol, biodiesel, and other long-chain drop-in biofuels (for internal combus-on), and steam for 
electricity123. Post-combus-on CCS will be the only carbon storage pathway evaluated121. While I 
introduce these pathways for exis-ng scenario 2, these pathways will subsequently be included 
in both novel scenarios. Figure 3.2 below provides a visual of the pathways considered for BECCS.  
 
[Figure excluded for confidentiality] 
Figure 3.2 Bioenergy pathways proposed for scenario comparison 
 

The ERW LCI for exis-ng scenario 1 and the ERW component of novel scenarios 1 and 2 
will be constructed u-lizing data sources detailed in Chapter 2. Specifically, I will use GREET 
transporta-on data94 and ecoinvent process data for mining, electricity usage, and farm 
amendment applica-on102 for this LCI. 
 LCI data for BECCS pathways in Figure 3.1 will be collected from a variety of sources. 
Bioenergy crop growth data will be collected for maize, soybean, and miscanthus crops purposely 
grown for biofuel produc-on. Maize is the primary biomass used for conven-onal ethanol 
produc-on124, an increasing percentage of U.S. Soybean produc-on is allocated for biodiesel 
produc-on125, and Miscanthus grass has gained aJen-on as an efficient bioenergy crop126. Public 
United States Department of Agriculture (USDA) crop records127,128 and es-mates for bioenergy 
crop percentages125,129 will be u-lized in the analysis to quan-fy current U.S. energy crop 
opera-ons. ecoinvent102 and USLCI85 data for on-farm growth will be adapted with U.S. specific 
inputs to assess the life cycle environmental impacts of feedstock growth. Transporta-on data for 
BECCS will be sourced from GREET to match ERW LCI data94. Inventory data for biomass 
processing and subsequent CO2 capture and storage will be sourced from BECCS literature. I 
iden-fy BECCS LCA literature that contains LCI data for biomass processing and post-combus-on 
CCS matching the scope of my proposed study. A preliminary set of this literature is shown in 
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Table B1 in Appendix B. Addi-onally, I will validate literature averages for the conversion stage 
with USLCI data for ethanol produc-on and soy biodiesel produc-on85.  
 LCI data for the biofuel use stage will cover the four pathways shown in Figure 3.1- 
ethanol, biodiesel, and long-chain biofuels (for internal combus-on), and steam for electricity. I 
propose using UCLCI es-mates for electricity use emissions, and similar to research in Chapter 2, 
I propose using the GREET model to obtain LCI informa-on for use of the biomass-based internal 
combus-on products85,94.  

Addi-onal LCI data for ERW co-benefits is necessary for modelling the poten-al synergy 
of ERW applica-on to bioenergy crops in novel scenario 1. Notably, the USDA’s 2018 LCA analysis 
for ethanol indicates that N2O emissions and fer-lizer usage are key impacts and inputs, 
respec-vely, for ethanol feedstock growth130. Thus, this scenario, incorpora-ng N2O and fer-lizer 
co-benefits of ERW into an integrated LCA model, aims to provide important evidence for how 
ERW and BECCS could be synergized to decrease these key impacts. In this study, ∆;%< 
(represen-ng addi-onal flows for construc-ng synergis-c LCI) is calculated based on predicted 
N2O change and predicted NPK fer-lizer avoidance, with "$01 being expected on-farm N2O 
emissions from energy crop growth102, = indica-ng the es-mated applica-on of NPK to energy 
crop31,120,131, and > indica-ng the change in NPK applica-on with ERW (%), given by literature in 
Chapter 2 of this prospectus.  

 
(Eq. 3.1)  ∆;%< = ("$01 ∙ ∆!2@234) + (=5 ∙ >562	234) + 

(=8 ∙ >8	234) +	(=9 ∙ >9	234) 
 

Novel scenario 2 will expand upon the data inventory in novel scenario 1 with the addi-on 
of a) land use change impacts from ERW-imposed yield changes and b) avoided emissions from 
biofuel use, as opposed to fossil fuel use. Previous BECCS studies44,132 have highlighted the 
importance of dis-nguishing between CO2 stored in the CCS process, versus CO2e emissions 
avoided through biofuel use, and this LCA scenario will provide a quan-fica-on of this dis-nc-on. 
Addi-onally, incorpora-ng land use change predic-on through ERW crop yield increase will 
address the concern of land use change that accompanies projec-ons of bioenergy crop 
increases133–135. I propose calcula-ng BECCS land use change with ERW by the basic model in 
Equa-on 3.2, where ∆;A234 (change in land use with ERW, in hectares) is quan-fied based on 
the predicted yield change with ERW (Δ)*"+,234	in %) for spa-al requirements (Area A) for a 
given energy poten-al of crop (e). 

 
(Eq. 3.2)   ∆;A234 =	=:(1 − Δ)*"+,234) 
 

LCIA results for the scenarios will be evaluated with both TRACI and ReCiPe. TRACI will be 
used to quan-fy results in a U.S.-based methodology104. ReCiPe will be used to quan-fy results 
that are more widely comparable to interna-onal LCA studies103. Addi-onally, because land use 
change is a significant inclusion in novel scenario 2, environmental impacts from expected land 
use change for a given area of bioenergy crop may be calculated via external model. I propose 
using the GCAM for Agriculture, Land Use, and Bioenergy136. GCAM incorporates es-mates for 
land use scenarios for the three feedstocks in the scope of my study137. Argonne Na-onal Lab’s 
Carbon Calculator for Land Use Change from Biofuels Produc-on (CCLUB)138 is another tool op-on 
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for calcula-ng this impact that could be inves-gated and used as a valida-on or comparison of 
GCAM results. I will quan-fy avoided emissions from biofuel pathways using U.S. Department of 
Energy conversions for alterna-ve fuel proper-es139. The LCA results of these scenarios will 
answer research ques-on 1a quan-fying the full life cycle environmental impacts of individual 
versus integrated systems.  
 
Research QuesLon 1b 
 In order to answer research ques-on 1b- quan-fying the net life cycle GHG mi-ga-on 
poten-al for ERW, BECCS, and an ERW-BECCS system- I will subtract the LCIA results from research 
ques-on 1a from es-mates for ERW and BECCS carbon sequestra-on poten-al. ERW CDR yield 
will be es-mated across of range of yield values (0.2-1.1 t CO2/t rock), as shown in Chapter 2. An 
average CDR yield of 0.3 t CO2/t rock will be u-lized across relevant results to reflect the 
es-mated poten-al for basalt rock, the most common source material for ERW. I will quan-fy CCS 
poten-al of BECCS using a published efficiency range for post-combus-on technology121. Results 
for this research ques-on will be reported according to the func-onal unit tonnes CO2e 
sequestered. As described in Sec-on 3.2, I hypothesize that GHG mi-ga-on poten-al of BECCS 
will increase in both novel scenarios due to ERW applica-on.   
 
Research QuesLon 2 
 I will answer research ques-on 2- iden-fying characteris-cs that drive results in research 
ques-on 1- by first iden-fying hot spots in the LCIA results. Then, I will conduct both a sensi-vity 
analysis and monte carlo uncertainty analysis to quan-fy how results for life cycle environmental 
impact and life cycle GHG mi-ga-on poten-al shi5 across value ranges of input variables. I 
hypothesize that inclusions in novel scenario 2 (land use change and avoided emissions) will be 
the largest drivers of results for research ques-on 2. I will publish full details from the sensi-vity 
and uncertainty analysis in the paper’s supplementary informa-on to ensure transparency as to 
the significance or insignificance of results.  

 
3.4 Expected Results and Outcomes 
 This project’s quan-fica-on of poten-al synergy for an ERW-BECCS system in an LCA 
framework will not only support expanding literature for carbon removal strategies cri-cal for 
implementa-on, but also work to fill a literature gap that currently exists regarding strategic 
overlap of these strategies. The results will give insight as to what ERW’s role could be in 
improving the sustainability outlook for energy crops, cri-cal for biofuel produc-on. By 
providing results for different scenarios, with different bioenergy pathways, results of this study 
will also provide awareness as to the importance of including land use and/or avoided emissions 
in the characteriza-on of BECCS sustainability. 
 
3.5 Chapter 3 Timeline 
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Chapter 4: Planetary Boundary-Based Life Cycle Sustainability Assessment of 
Enhanced Rock Weathering Applica(ons in the United States Agricultural Sector 
 
4.1. Introductory Background 
 In 2009, the concept of “Planetary Boundaries” was developed to define nine dis-nct 
earth systems that enable stable opera-on of human sociey140. The concept hypothesizes that 
transgression of the func-onal limits of these earth systems will trigger major environmental 
changes that threaten the safety of human society and development140. Since its ini-al 
concep-on, the planetary boundaries framework has been further developed and revised to 
provide more detailed boundary quan-fica-ons58,141. The framework has also been u-lized as an 
assessment method for environmental impact at global and various sub-global scales59,60.  

The planetary boundaries framework quan-fies the limit of each of its nine earth systems 
according to climate modeling of the Holocene epoch prior to anthropogenic fossil fuel 
combus-on. Opera-on below this quan-fied limit is considered the “safe opera-ng space” (SOS) 
of human society in the framework140. Beyond this limit, the updated framework defines both a 
“Zone of Increasing Risk” (ZIR) and a “High Risk Zone” (HRZ)141. The ZIR acts as a confidence 
interval for transgressed boundaries, with quan-fica-ons at the higher end of the zone indica-ng 
increased confidence in transgression. Boundary systems quan-fied in the HRZ are considered 
transgressed, according to climate impact trends.  

Opera-ng zones in the nine boundary systems are defined by different control variables 
and established quan-ta-ve zone limits58. The Climate Change boundary is defined by two control 
variables, atmospheric CO2 (ppm CO2) and total anthropogenic radia-ve forcing (W/m2), with ZIR 
transgressed at 450 ppm CO2 and 1.5 W/m2, respec-vely. The Change in Biosphere Integrity 
boundary is defined by two control variables, gene-c diversity (E/MSY; ex-nc-ons per million 
years) and func-onal integrity (% human appropriated net primary produc-vity (HANPP)), with 
ZIR transgressed at 100 E/MSY and 20%, respec-vely. The Ocean AcidificaLon boundary is defined 
by one control variable, carbonate ion concentra-on (aragonite satura-on), with ZIR transgressed 
at an aragonite concentra-on of 2.75. The Stratospheric Ozone DepleLon boundary is defined by 
one control variable, stratospheric O3 concentra-on (DU), with ZIR transgressed at 261 DU. The 
Biogeochemical Flow boundary is separated into two separate flows (phosphorus and nitrogen), 
each with one control variable. The phosphorus boundary is defined by phosphorus flow into 
oceans or soils (Tg of P/yr) and the nitrogen boundary is defined by inten-onal nitrogen fixa-on 
(Tg of N/yr), with ZIR transgressed at 100 Tg of P/yr and 82 Tg of N/yr, respec-vely. The Land 
System Change boundary is defined by one control variable, global forested land coverage (% 
remaining), with ZIR transgressed at 54%. The Freshwater Change boundary is defined by two 
control variables, blue water and green water flow disturbances, with ZIR transgressed at 50% for 
both. The Atmospheric Aerosol Loading boundary is defined by one control variable, difference in 
aerosol op-mal depth measurements, with ZIR transgressed at 0.25. And the Novel EnLLes 
boundary is defined by one control variable, percentage of synthe-c chemical released without 
tes-ng, with a yet-undefined ZIR. 

While these control variables and zone transgression quan--es are defined by the 
origina-ng ins-tute of the concept, other studies u-lizing the concept as an environmental 
impact methodology have defined alternate control indicators142. For example, Huang et al. 2020 
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chose to use regional cumula-ve and annual CO2 emissions (scaled for ocean uptake rate) as an 
indicator for ocean acidifica-on, and regional annual and monthly water withdrawals as an 
indicator for freshwater change60,143. In another example, Nykvist et al. 2013 conducted a 
sustainability assessment for Sweden and chose to use two alterna-ve variables for land system 
change- land cover conversion and agricultural land alloca-on- to indicate anthropogenic land 
altera-ons60,144. The precedent set for modifying control variables in downscaling studies enables 
the framework to be more easily adapted.  

More recently there has been a growth in literature u-lizing the planetary boundaries 
framework as an environmental assessment methodology in combina-on with LCA. This 
methodological combina-on, referred to as PB-LCA (or Planetary Boundaries- Life Cycle 
Assessment) aims to report LCA results according to the nine planetary boundaries145. A common 
PB-LCA framework assigns environmental impacts to earth system boundaries and compares 
these es-mates to regionalized carrying capacity downscaled from the global boundary values57. 
Other frameworks upscale LCA results to compare them with the carrying capacity of the global 
boundary values61. The goal of PB-LCA is to determine how the accumulated life cycle 
environmental burdens may impact or exceed defined safe opera-ng spaces59.  

PB-LCA literature sits within a larger genre of LCA-based literature evalua-ng absolute 
environmental sustainability. Absolute environmental sustainability assessment (AESA) differs 
from tradi-onal LCA in that, rather than repor-ng rela-ve environmental impact, environmental 
impact is reported according to “absolute” limits of an environmental system57. Rela-ve results 
in a standard LCA can easily be compared across studies, and are thus more widely u-lized across 
academic research and environmental cer-fica-on structures. Comparing AESA results across 
studies presents challenges because choices must be made by researchers in regards to spa-al 
scopes, sharing principles, and impact categories considered57. However, as a form of AESA, PB-
LCA can address a few key limita-ons of standard LCA. Standard LCAs cannot provide an answer 
as to whether something is “sustainable”, and thus cannot indicate clear targets for improving the 
absolute sustainability of the research subject57,146. PB-LCA can provide this characteriza-on for 
absolute sustainability, and can therefore be useful for decision-makers to formulate goals for 
lessening impact according to overall environmental limits. While exis-ng literature concedes that 
more standardiza-on and consensus is needed to define PB-LCA principles, studies also affirm 
that inves-ga-ng this methodology is par-cularly useful for decision-makers to mi-gate climate 
risks according to broader earth systems more tangibly than conven-onal LCA145.  

For this prospectus proposal, it is key to men-on that a subset of planetary boundaries 
literature has recently focused on establishing control variables and zone limits for the agricultural 
sector. As Campbell et al. 2017 emphasize, the agricultural sector is a major driver of mul-ple 
boundaries, par-cularly biospheric integrity, biogeochemical flows, freshwater use, and land-
system change147. This study, as well as research from Gerten et al. 2020 and Meir et al. 
proceedings from 2017, have downscaled planetary boundaries to the level of the global 
agricultural sector to provide evidence for how nutri-on supply for the global popula-on could 
be achieved within (or in exceedance of) safe opera-ng spaces148,149. In another study, Schulte-
Uebbing et al. 2022 inves-gate agricultural impact specifically to the biogeochemical flow 
boundary due to nitrogen pollu-on in a model using the planetary boundary framework150. They 
found that while it was possible to feed the global popula-on within the nitrogen boundary in 



 

 32 

some regions, it is not globally possible without significant improvement in nitrogen use 
efficiency. 

While PB-LCA has been u-lized for regional sustainability assessments (e.g., Taiwan, 
Sweden), industrial process case studies (e.g., laundry processing, tomato produc-on), and 
company-level footprint, PB-LCA has not yet been u-lized to understand environmental impacts 
of CDR strategies62,143,144,151,152. U-lizing the planetary boundaries framework for this purpose 
would be a unique perspec-ve, incorpora-ng CO2 removal, as well as any documented co-
benefits, in the context of broader earth system carrying capacity. This study aims to contribute 
to the growing field of PB-LCA literature by assessing the poten-al impact of ERW on the U.S. 
agricultural sector. This study will be the first to connect this assessment methodology to a CDR 
strategy. More broadly, assessing the impacts of CDR, in this case ERW, according to earth systems 
will provide impact characteriza-on perhaps more tangible in business and carbon market spaces, 
as compared to the rela-ve nature of conven-onal LCA. In the context of this prospectus, this 
study func-ons as an advanced model that addresses the limita-ons of tradi-onal LCA methods 
and informs future applica-ons of PB-LCA for CDR decision making.   
 
4.2 Research ObjecLves 
 As an entry point to using the planetary boundaries framework to quan-fy the impacts of 
ERW CDR on earth system sustainability, this project will answer the following ques-ons and test 
the following hypotheses. 
 
Research Ques-on 1a: What is the U.S. agricultural sector’s operaLonal demand for planetary 
boundaries? (Downscaling) 
 
Research Ques-on 1b: What are the net impacts of ERW applicaLon in U.S. agriculture according 
to earth systems within the planetary boundaries framework? (Upscaling) 
 
Research Ques-on 1c: From 1a and 1b, what is the potenLal of ERW to alter the U.S. agricultural 
sector’s operaLons within the framework? 
 
Hypothesis Test 1(a-c): I hypothesize that ERW applica-on to U.S. agricultural lands will result in 
a net decrease to the U.S. agricultural sector’s demand for planetary boundary systems. I will test 
this hypothesis by upscaling ERW LCA results and downscaling planetary boundary zones. 
 
Research Ques-on 2: What proporLon does each ERW life cycle stage occupy in the upscaled net 
impacts quanLfied in QuesLon 1b? 
 
Hypothesis 2: I hypothesize that each life cycle stage of ERW will have a different contribu-on to 
net impacts quan-fied in Ques-on 1b. I will conduct a contribu-on analysis to iden-fy 
environmental hot spots in the ERW supply chain. 
 
Research Ques-on 3: What are the uncertainLes and/or sensiLviLes of the analysis results from 
QuesLons 1 and 2? 
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Hypothesis 3: I hypothesize that literature ranges for ERW characteris-cs and planetary 
boundaries values will result in a range of determined results for ques-ons 1 and 2. To test this 
hypothesis, I conduct a Monte Carlo uncertainty analysis and/or sensi-vity analysis to be included 
in the publica-on.  
 
Research Ques-on 4: What are the challenges and opportuniLes for assessing CDR potenLal using 
planetary boundaries framework? 
 
Hypothesis 4: I hypothesize that challenges will likely include uncertainty regarding impact 
interconnectedness according to the nine boundary systems, while opportuni-es will likely center 
around the novelty of the framework itself. I will test this hypothesis throughout the project and 
present relevant findings in the study’s discussion. 
 
4.3 Data and Methodology 
 
Research QuesLon 1 

To answer research ques-on 1, I will upscale regional ERW impacts and downscale global 
planetary boundaries to the U.S. agricultural sector, and then compare results to understand how 
ERW can affect U.S. agriculture opera-ons in a safe opera-ng space. To answer research ques-on 
2, I will conduct a contribu-on analysis on the results in ques-on 1. 

 
ERW System Boundary 
 In this project, net environmental impacts of ERW will be assessed within the same system 
boundary space defined in both Chapter 2 Part II and Chapter 3 (Figure 2.4). This system boundary 
includes mining and/or acquisi-on, transport, comminu-on processing, and applica-on, and 
runoff life cycle stages. The func-onal unit for impacts will be 1 hectare of cropland with applied 
ERW and U.S. agricultural sector opera-ons (maize, soybean, miscanthus), assuming an average 
applica-on rate from literature (likely around 50 t/ha)12,153. Environmental impacts of ERW will 
be assessed from both mining and waste acquisi-on sourcing.  
 
Defining ERW Environmental Impacts in the Planetary Boundaries 
 Six out of nine planetary boundaries will be addressed in the project as directly and/or 
indirectly affected by ERW applica-on. These boundaries are: Climate Change, Stratospheric 
Ozone Change, Biogeochemical Flows, Ocean Acidifica-on, Land System Change, and Freshwater 
Change. Life cycle impacts from the system in Figure 2.4 will be quan-fied using TRACI and ReCiPe 
LCIA method with ecoinvent dataset in OpenLCA102–104. Addi-onal co-benefit datasets 
constructed in Chapter 2 Part II may also be u-lized in this project. ReCiPe impact categories will 
supplement TRACI because, while TRACI is U.S.- centric, ReCiPe covers a much wider range of 
impact categories, including land-system change. Table 4.1 iden-fies key impact categories in 
these methods relevant for the boundaries I plan to evaluate. Other impact assessment methods 
will be considered as necessary for aligning impacts to planetary boundary categories.  
 Predicted CDR from ERW, in kgCO2/t material, will be subtracted from the global warming 
impact category to quan-fy the net nega-ve GHG emissions from ERW applica-on. (Note that I 
state “net nega-ve” based on previous findings, already published, in Chapter I Part I). In addi-on 
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to net environmental impacts quan-fied by the LCA and expected CDR, direct and indirect 
impacts from ERW co-benefits quan-fied in an LCA framework in Chapter 2 Part II will be included 
in this LCA analysis, pending challenges in this prior project. A range of expected CDR values will 
be u-lized in this study to account for uncertainty and to provide a sensi-vity analysis for overall 
results of the study. 

These results for net environmental impacts will then be converted into indicator units 
and values for each of the six planetary boundaries addressed in the study. Indicator variables will 
be drawn from original planetary boundary control variables, but chosen based on prior literature 
to aptly reflect results. The indicator variables I will use for this conversion are defined in Table 
4.1.  

 
 

[Table excluded for confidentiality] 
Table 4.1 Proposed Control Variables and Relevant LCA Indicators for Evaluated Boundaries 
 
Upscaling Methodology 
 LCA of theore-cal ERW applica-on to U.S. cropland will be conducted for maize, soybean, 
and miscanthus crops. These crop species have previously been field tested with ERW applica-on 
and have shown beneficial results31,33. Geographic data iden-fying crop cover will be u-lized from 
the USDA Cropland Data Layer dataset100. I will upscale life cycle environmental impacts for the 
applica-on stage by scaling these hectare level results up to a na-onal level using this GIS 
es-ma-on for na-onal crop cover. I propose assessing transporta-on distances on a state level 
first, with the summa-on of state-level results represen-ng na-onal-level results. I will u-lize the 
GLiM GIS model to iden-fy state-level basalt sources, aligning with other publica-ons es-ma-ng 
basalt supply71,101. Basalt waste sources will match mining loca-ons; regional ERW business 
partners may also be contacted to determine major sourcing loca-ons for waste ERW. I will assess 
transport distances in ArcGIS by comparing basalt sources and crop cover data layers. Hectare-
level results will thus vary state-to-state, in summa-on represen-ng net life cycle environmental 
impact of ERW applica-on in the U.S. This regional-to-na-onal upscaling LCA method, u-lizing 
GIS geographical analysis, will therefore be an advancement of assessment methods used in 
previous chapters. Equa-on 4.1 summarizes the proposed model for this upscaling method, 
where the planetary boundary safe opera-ng space (SOS) impact of the U.S. agricultural sector 
with ERW for a given planetary boundary (C@C	AC	=D8;) is equal to the sum of hectare-level 
ERW net life cycle environmental impact (E'F<#	8;=), which is a func-on of transport distance 
(,) and region ('), across all states (C).  
 
(Eq. 4.1)   C@C	AC	=D8; =	∑ E'F<#	8;=(,('))>  
 
Downscaling Methodology 
 Global planetary boundaries will be downscaled to indicator variables presented in Table 
4.1. Downscaling of each boundary to the scale of the U.S. agricultural sector will be determined 
separately for each boundary. Climate Change and Stratospheric Ozone will be downscaled by 
economic propor-onality, aligning with previous literature144,155,157. Matching these previous 
examples, I would scale the Climate Change and Stratospheric Ozone planetary boundaries to U.S. 
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agricultural sector by GDP, with the sector represen-ng approximately 1.4% of global GDP, and 
thus 1.4% of the boundaries (i.e. U.S. approximately 25% of global GDP158 and agriculture 
approximately 5.5% of U.S GDP159). Biogeochemical flows and land-system change will be 
downscaled according to available cropland propor-on, and may be scaled according to 
assump-ons of phosphorus and nitrogen fer-lizer use in U.S. agriculture141. Ocean acidifica-on 
will be scaled linearly according to sector GHG emissions143,149. Water downscaling will be 
conducted based on agricultural withdrawals of water and subsequent comparison of U.S. versus 
global cropland propor-ons149. Equa-on 4.2 and 4.3 summarize the proposed model for this 
downscaling. Equa-on 4.2 models the scaling of boundaries by economic propor-onality, while 
equa-on 4.3 models the scaling of boundaries according to literature-supported consump-on 
alloca-ons. In equa-on 4.2, a scaled SOS (HC@C) for a given planetary boundary according to 
common economic principle (HC@C:,8;) is determined by the global SOS for that boundary 
(C@C8;) mul-plied by the ra-o of the GDP of U.S. agriculture to the world GDP. In equa-on 4.3, 
a scaled SOS for a given planetary boundary according to consump-on es-mates (HC@C/,8;) is 
determined by the global SOS for that boundary (C@C8;) mul-plied by the ra-o of flow 
consump-on in U.S. agriculture (6+IJ6>	-@) to the flow consump-on globally (6+IJ4'".A).  
 

(Eq. 4.2)   HC@C:,8; =	C@C8; 	 ∙ K
.&L6>	-@

.&L4'".A
M N 

 

(Eq. 4.3)   HC@C/,8; = C@C8; 	 ∙ K
6+IJ6>	-@

6+IJ4'".A
M N 

 
Equa-on 4.4 models how downscaled planetary boundary limits and upscaled ERW impacts could 
be compared to determine overall impact of ERW on the opera-on of the U.S. agricultural sector 
within its given SOS. In this equa-on, the change in SOS (∆C@C8;) is determined by the difference 
of the scaled SOS for that boundary (HC@C8;) and the upscaled ERW boundary impact from 
equa-on 4.1 (C@C	AC	=D8;).  
 
(Eq. 4.4)   ∆C@C8; =	HC@C8; ±	C@C	AC	=D8; 
 
Research QuesLon 2 
 A contribu-on analysis of LCA results from the upscaling process will determine which life 
cycle stages have the greatest impact to results in the planetary boundary framework. 
Contribu-on analysis will be conducted u-lizing output from OpenLCA. 
 
Research QuesLon 3 
 Uncertainty and sensi-vity analysis will be conducted to determine the range of 
environmental impact results in this study. Ranges for ERW characteris-cs u-lized in Chapter 2 
Part I will be replicated (albeit with updated literature) alongside co-benefit ranges (Chapter 2 
Part II) and transport ranges determined for research ques-on 1. Uncertainty analysis in a monte 
carlo simula-on will be u-lized for a results range for planetary boundaries impacts. However, a 
sensi-vity analysis will also be conducted for the ini-al upscaling of ERW because variables are 
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not independent from one another in regards to ERW characteris-cs (i.e., par-cle size may inform 
CDR yield, etc.).   
 
Research QuesLon 4 
 Challenges and opportuni-es for using planetary boundaries to evaluate CDR will be 
assessed qualita-vely throughout the course of the project. Reflec-ons will be presented in 
publica-on discussion. “Challenges” will be characterized by research elements that have to work 
within broad assump-ons or specific measurements that are removed from final analysis. For 
example, a challenge might be that data is not well interpreted for one or mul-ple planetary 
boundaries. “Opportuni-es” will be characterized by significant results (i.e., significantly reduced 
demand for planetary boundaries with ERW use). I also plan to characterize “opportuni-es” by 
exploring how these results coordinate with exis-ng carbon market protocol expecta-ons for 
ERW projects. By including this discussion, I aim to determine how assessment using PB-LCA could 
address desired outcomes expected from CDR projects in the context of the carbon market. 
 
4.4. Expected Results and Outcomes 
 This study’s results will determine how ERW applica-on to U.S. cropland impacts the 
agricultural sector’s opera-on within the planetary boundaries. Significant impact to crop 
opera-on within safe opera-ng space will bolster ERW deployment support. Insignificant impacts 
will also be key to understanding mi-ga-on gaps that would s-ll exist with widespread ERW use, 
and how large the remaining gap to sustainable opera-on would be. U-lizing the planetary 
boundaries framework will offer a novel way of assessing poten-al CDR benefits in the context of 
broader climate trends. As such, this research will provide a new perspec-ve in the nascent field 
of PB-LCA and contribute to its expanding catalog. 
 
4.5 Chapter 4 Timeline 

 
[Figure excluded for confidentiality] 
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Prospec(ve PhD Timeline 
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Cita(ons 
[Excluded in this example, 173 total citations] 
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Appendix 
 
Appendix A: Chapter 1 Part I Supplementary InformaLon 
[Supplementary Information excluded for copyright purposes. See 
https://pubs.acs.org/doi/10.1021/acs.est.3c01658 for published SI.] 
 
Appendix B 
 

Article Title Authors Year Conversion 
Pathway(s) 

Feedstock(s) Bioenergy 
Product(s) 

The Comparative 
Life Cycle 
Assessment of 
Power Generation 
from Lignocellulosic 
Biomass164 

Shen et al. 2015 Combustion, 
Gasification 

Miscanthus Electricity 

 
Review in life cycle 
assessment of 
biomass conversion 
through pyrolysis-
issues and 
recommendations165 
 
Biomass Conversion 
Technologies166 
 

 
Yu et al. 

 
 
 
 

 
 

Adams et al. 

 
2022 
 
 
 
 
 
 
2018 

 
Pyrolysis 

 
 
 
 

 
 

Combustion, 
Gasification, 

Pyrolysis, 
Fermentation 

 

 
Maize, 

Miscanthus 
 
 
 
 

 
Various 

 
Electricity 

 
 
 
 

 
 

Various 

Techno-economic 
and life cycle 
assessment on 
lignocellulosic 
biomass 
thermochemical 
conversion 
technologies: A 
review167 
 

Patel et al. 2016 Combustion, 
Pyrolysis, 

Gasification 

Maize, 
Miscanthus 

Various 

Energy life-cycle 
assessment and 
CO2emissions 
analysis of soybean-

Rajaeifar, et 
al. 

2014 Pyrolysis Soybean Biodiesel 

https://pubs.acs.org/doi/10.1021/acs.est.3c01658
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based biodiesel: a 
case study168 
 
LCA of a biorefinery 
concept producing 
bioethanol, 
bioenergy, and 
chemicals from 
switchgrass  
 

Cherubini, 
et al. 

2010 Fermentation Grasses Ethanol 

Life Cycle 
Environmental 
Impacts of Selected 
U.S. Ethanol 
Production and Use 
Pathways in 2022170 
 

Hsu et al.  2010 Fermentation Maize Ethanol 

A Life-Cycle Analysis 
of the Greenhouse 
Gas Emissions from 
Corn-Based 
Ethanol130 

ICF/USDA 2018 Fermentation Maize Ethanol 

 
Life cycle 
environmental 
performance of 
miscanthus 
gasification versus 
other technologies 
for electricity 
production171 
 

Nguyen and 
Hermansen 

2015 Gasification, 
Combustion 

Miscanthus Electricity 

A Comparative of 
Life Cycle 
Assessment of Post-
combustion, Pre-
combustion and 
Oxy-fuel 
CO2 Capture172 
 

Zhou et al. 2014 Post-
Combustion 

CCS 

N/A N/A 

Post-combustion 
carbon capture 
technologies: 
Energetic analysis 

Zhang et al. 2014 Post-
Combustion 

CCS 

N/A N/A 
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and life cycle 
assessment173 

Table B1. Literature for Biomass Conversion and CCS LCI Data 
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