
 
 

European Journal of Molecular & Clinical Medicine 
 ISSN 2515-8260 Volume 09, Issue 08, 2022 

 

1515  

Estimating the Negative Emissions: The Potential of a Portfolio of 

Technologies within the Planetary Boundaries 
 

Deepika Pandoi 1 

1 Assistant Professor, Institute of Business Management, GLA University, Mathura 

Corresponding author: deepika.pandoi@gla.ac.in 

 

 

ABSTRACT 

A changing planet has underscored the need for a new paradigm for guiding human activity. 

To that end, scientists have introduced the planetary boundaries framework which outlines a safe 

operating space for humanity. They identify nine biophysical processes that are integral to the 

stability of the Earth system. Central to the framework is the concept of the precautionary 

principle. Each planetary boundary is associated with a threshold past which nonlinear feedbacks 

are likely to occur to that process. The purpose of this research is to estimate an upper bound for 

the rate of CDR while staying within those biophysical limits. Constraints that define three 

planetary boundaries—blue water, green water, and land-system change—as well as a limit on 

overall energy use are used to maximise the negative emissions from a portfolio of technologies. 

The overall goal of this study is to provide an alternative framework for modelling carbon 

dioxide removal that produces portfolios of NETs that are distinctively different from those of 

IAMs. 
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Introduction 

The earliest documented empirical proof that carbon dioxide (CO2) is a heat-trapping gas was 

offered by Eunice Foote in 1856. She also proposed that raising the atmospheric CO2 

concentration would raise Earth's temperatures [1]. Managing the ecological and climate crises is 

arguably the Anthropocene's most important problem.  

A changing planet has underscored the need for a new paradigm for guiding human activity. 

To that end, scientists have introduced the planetary boundaries framework which outlines a safe 

operating space for humanity. They identify nine biophysical processes that are integral to the 

stability of the Earth system. Central to the framework is the concept of the precautionary 

principle. Each planetary boundary is associated with a threshold past which nonlinear feedbacks 

are likely to occur to that process. However, there are uncertainties regarding the exact locations 

of these thresholds, so the object of the precautionary principle is to stay on the safe side of 

those uncertainty intervals [2]. For instance, atmospheric CO2 concentrations in excess of 450 

ppm are expected to cause dangerous amounts of global warming and CO2 concentrations below 

350 ppm are considered safe, so out of precaution the planetary boundary is set to 350 ppm 
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[3]. At 417 ppm, current CO2 concentrations have crossed that boundary and have entered a 

zone of increasing climate risks, but they have not yet risen to dangerous levels. Stopping 

CO2 emissions would limit the risks of global warming, and potentially returning CO2 

concentrations to 350 ppm could ensure safer climatic conditions.  The planetary boundaries 

framework is not limited atmospheric CO2 concentrations; it involves several interconnected 

boundaries like freshwater use, land-system change, and biodiversity [4]. Ideally, successful 

climate mitigation would involve decreasing CO2 levels while also staying within these other 

boundaries. 

A prevalent NET in modelling scenarios is bioenergy with carbon capture and storage 

(BECCS), which involves using vast amounts of land to grow biomass for energy generation and 

sequestering the emissions from the combustion process. From an economic perspective, 

BECCS is conveniently both a means of energy generation and carbon removal. But from an 

environmental perspective, BECCS is unproven at scale and could have harmful impacts on 

the Earth system despite removing CO2 from the atmosphere. Accordingly, researchers have 

raised concerns about dependence on BECCS and other NETs in modelling scenarios [5, 6]. 

Other researchers have shown that the amounts of BECCS featured in IAMs would result in 

the transgression of multiple planetary boundaries [7].  

These side effects are not just limited to BECCS; other CDR methods would also have 

significant resource impacts [8]. Deploying a portfolio of NETs could mitigate the 

environmental side effects while also achieving CDR [9].  

 

Literature Review 

Practically all climate change modelling simulations that limit global warming to 1.5°C by the 

end of the twenty-first century with little or no overshoot involve some carbon dioxide removal 

(CDR) to achieve net zero then net negative emissions [10].  CDR can be viewed as a reversal 

of this process. Deploying any NET at the scales required in IAM scenarios is expected to 

have substantial side-effects on humans and the environment, and because none of these 

technologies exists at scale, depending on a single technology bears substantial risks [5]. 

One way of mitigating these risks is to deploy multiple NETs, a viewpoint supported by both 

earth system modelers and integrated assessment modelers, according to an expert survey [11]. 

Nemet et al. find that only a handful of studies consider more than one NET, but an 

important insight from those studies is that deploying a portfolio of NETs could reduce 

adverse impacts and dependence on any one technology while increasing overall sequestration 

potential [12]. If dependence and side effects can be minimized, CDR could be a useful tool 

for climate mitigation alongside substantial emissions cuts. 

AR refers to afforestation and reforestation, both of which achieve negative emissions 

through forest restoration.   Generally, afforestation involves planting trees where there has not 

been forest cover for at least 50 years, and reforestation involves planting trees on recently 

deforested land [10]. Compared to preindustrial levels, approximately 40% or 2400 Mha of 

forest cover has been lost [3], and recent estimates of suitable land for forest restoration, which 
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take into account current land use, range from 900 Mha to 1200 Mha [13]. The means by which 

AR is implemented are important. The efficacy of AR in northern latitudes is offset by 

decreased surface albedo, so AR is more appropriate in the tropics and subtropics [8]. 

According to Lewis et al., planting native tree species is more effective at storing carbon and 

restoring biodiversity than monoculture tree plantations [13]. The costs of AR are low compared 

to other NETs, but forest manage- ment and fire protection are crucial to maintaining carbon 

stocks. It is important to note, that AR stores CO2 in biomass, so AR alone is a limited CDR 

method because biological sequestration is less permanent than geologic sequestration and 

cannot completely address historical emissions from fossil fuels [14].  

EW involves accelerating the natural chemical weathering process of certain minerals that 

react with CO2 and water to form aqueous carbonate and bicarbonate ions. The inorganic carbon 

is sequestered for millennia as it eventually makes its way to the ocean or precipitates as 

carbonate minerals [9]. The accelerated weathering rate is achieved by crushing rocks to increase 

their surface area. Smaller particle sizes achieve faster weathering rates but more energy is 

required for comminuting. In addition, transportation and distribution require energy and the use 

of fossil fuels could decrease the net amount of CO2 sequestered. The rock dunite is considered a 

good candidate for EW because it contains high proportion of olivine, which weathers readily on 

Earth’s surface. However, olivine also contains trace amounts of nickel and chromium, which are 

harmful to the environment and can be released during the weathering process. Basalt rock is a 

safer but less effective alternate. EW can also promote storage of CO2 as organic carbon in 

biomass because the weathering process releases nutrients that are important for plant growth. In 

addition to surface area, the rate of weathering depends on many parameters including 

temperature, soil pH, runoff, and plant growth. Because of these factors, estimates of EW rates 

can span orders of magnitude [15, 16].  

DACCS refers to engineered chemical processes that result in the removal of CO2 from ambient 

air. Because atmospheric CO2 concentrations are dilute relative to the other gases present, 

capturing CO2 from the atmosphere is highly energy intensive. Although many methods 

exist, there are two prevalent CO2 capture processes in the literature and nascent industry: 

aqueous hydroxide sorbents and solid alkaline- functionalized sorbent materials. 

However on an intensive basis, different carbon removal strategies have different resource 

impacts and energy requirements. In their 2016 study, Smith et al. investigate the biophysical 

impacts of BECCS, DACCS, EW, and AR. They estimate the land, water, and energy 

implications of using each of these NETs to achieve carbon dioxide removal rates of up to 12 

GtCO2 yr−1. They find that climatically-relevant amounts of CDR from any NET would have 

substantial impacts on energy, resource use, and financial investment; however, these impacts 

differ between NETs. For instance, 12 GtCO2 yr−1 of BECCS would require between 380 to 700 

Mha of land and 720 km3 yr−1 of water while generating up to 170 EJ yr −1 of energy.* The 

same amount of CDR from afforestation/reforestation would require 970 Mha of land, and 1040 

km3 yr−1 of water. In comparison, achieving the same amount of CDR with DACCS would 
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require a negligible amount of land, 10 to 300 km3 yr−1 of water, and—at 156 EJ yr −1—a 

significant amount of energy input.   Smith et al. also consider the resource implications of 

enhanced weathering, which has a lower maximum potential than the other three NETs. EW 

deployed at a scale of 4 GtCO2 yr−1 would require 10 Mha of land, 46 EJ yr −1 of energy, and 

1.5 km3 yr−1 of water [8]. In order to put these biophysical impacts into perspective, it is helpful 

to understand planetary limits. 

 

Research Methodology 

The current study looks into the effects of a variety of negative emissions technologies on 

resources. The portfolio includes direct air carbon capture and storage (DACCS), improved 

weathering (EW), afforestation/reforestation (AR), and bioenergy with carbon capture and 

storage (BECCS) (BECCS). 

To understand the interactions between a large-scale deployment of negative emissions 

technologies and the Earth system, a linear program was formulated in which the total yearly 

rate of negative emissions was maximized within three planetary boundaries—land-system 

change, blue water consumption, green water appropriation—and an additional energy 

constraint.  

Optimizing negative emissions technologies within planetary boundaries offers an alternative 

approach to modelling climate mitigation and carbon dioxide removal. Typically, negative 

emissions technologies are deployed in integrated assessment models in the latter half of the 

21st century as a means to offset the costs of near-term emissions reductions [5, 17]. Large-

scale carbon dioxide removal would have non- negligible environmental side-effects, yet such 

impacts are often only considered as an afterthought to IAM results. Here, the land, water, 

and energy impacts of planetary-scale negative emissions are considered upfront within the 

context of the planetary boundaries framework. 

Formulating the optimization problem as a linear program offers a simple mathematical 

framework to directly address the resource implications of negative emissions technologies. 

Unlike integrated assessment models or Earth system models, the linear program has neither 

an explicit temporal component nor an explicit geographic region of interest; these 

simplifications amount to a global, spatially uniform model with a steady state approximation 

[18]. Although the model sidesteps complex questions pertaining to NETs deployment and 

scale-up, it directly informs the end goal of such processes by estimating a global upper 

bound for carbon dioxide removal. 

The LP takes as inputs 

 

• data on the land, water, and energy footprints of several NETs per t CO2 

• published estimates of the planetary boundaries for land-system change, consumptive 

blue water withdrawals, and green water appropriation 

• an energy constraint adapted from various modelling studies that feature NETs 
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In addition to an estimate of a global upper bound on the deployment of negative 

emissions technologies, the model outputs 

• The impacts of the optimized NETs portfolio on the relevant planetary boundaries 

• and shadow prices for each constraint from the associated dual LP 

              

Results and Discussion 

The model output requires substantial amounts of land, green water, and blue water relative 

to the planetary boundaries framework and the portfolio’s energy requirement is also 

significant. These requirements are similar in scale to other studies that consider the land, 

water, and energy implications of climatically-relevant deployments of NETs [7, 8, 19]. 

Different carbon removal strategies have different resource impacts and energy requirements. 

The NETs based on photosynthesis—BECCS and AR—have large land and water 

requirements but small or potentially negative energy requirements. DACCS and EW, 

however, have substantial energy requirements but smaller water requirements. DACCS in 

particular has a smaller land footprint compared to the other three NETs. Because they both 

require large amounts of land and green water, AR and BECCS appear to compete for the 

same resources. DACCS and AR do not compete in the model because they have different 

resource requirements. Shown in Table 1 are the resource impacts of the NETs portfolio 

according to the model, and shown in Figure 1 is a breakdown of each resource requirement and 

how it is allocated across the portfolio. 

 DACCS BECCS EW AR Total 

Land (Mha) <1 180 670 1200 2050 

Green water (km3 

yr−1) 

0 1000 0 7200 8200 

Blue water (km3 yr−1) 42 250 2 0 294 

Energy (EJ yr −1) 80 1 19 0 100 

Table 1: Resource impacts of the NETs portfolio. 
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Land use is an important factor to consider because most NETs are land-based and because 

large-scale deployment of NETs implies significant amounts of land use change. The total 

land footprint of the port- folio is 2050 Mha, an area similar in size to North America. Land 

use of this scale would impact terrestrial ecosystems and agriculture. Over half of the total 

land footprint (1200 Mha) is allocated for AR in order to return towards the safe side of the 

land-system change planetary boundary. Restoring 1200 Mha of forest cover would be more 

than enough to return to the safe side of the land-system change planetary boundary, but the 

model considers the possibility that the land used by the other NETs comes at the expense of 

deforestation. To reflect the potential for deforestation, only the minimum required amount of 

AR (350 Mha) is counted towards the land-system change planetary boundary (see Figure 2). 

Even though enhanced weathering contributes only 14% of the model output’s negative 

emissions, it has the second largest total land footprint (670 Mha) which constitutes 33% of the 

portfolio’s total. In reality, EW could double as a soil amendment on croplands, thus increasing 

crop yields and simultaneously sequestering carbon. Plant activity could increase mineral 

weathering rates, which would decrease the land footprint of EW, but plant and root 

interactions are difficult to account for beyond aggregate figures [20]. For this reason, such 

interactions are not considered in the model. BECCS has the third largest total land 

footprint (180 Mha) but the smallest contribution to overall negative emissions. Still, BECCS 

land use would likely be intensive and have collateral impacts if biomass comes from industrial-

scale agriculture, as is typically modeled. Monoculture at this scale would harm biodiversity, and 

intensive fertilizer use would further disrupt the nitrogen and phosphorus cycles. Alternative 

BECCS processes—like using agricultural waste as the primary feedstock or planting 

bioenergy crops in tandem with EW—could mitigate these side effects and reduce the 

technology’s land footprint. DACCS has the smallest total land footprint at around 1 Mha, but 

it contributes 30% of the portfolio’s negative emissions.  

Freshwater plays a vital role in both terrestrial ecosystems and human societies. The framework 

for approaching freshwater use has evolved over the decades to include interactions between the 

land system and environmental water flows [21]. Water use is broken down into two types: blue 

and green water. Blue water refers to bodies of water like lakes and rivers, and green water 

refers to infiltrated rain. Green water links together land systems and freshwater systems via 

runoff and evapotranspiration. For instance, land cover and land use affect the amount of 

moisture recycling and terrestrial rainfall, and terrestrial rainfall ultimately affects blue water 

availability [22]. Only BECCS and AR use green water in the model. Combined, they use 8200 

km3 yr−1, of which AR uses 88% and BECCS uses 12%. The model requires a minimum 

amount of forest restoration, so most of the available green water is allocated towards AR. This 

constraint effectively restricts the amount of BECCS in the NETs portfolio. The total blue water 

Figure 1: A breakdown of each resource footprint across the NETs portfolio. 
 



 
 

European Journal of Molecular & Clinical Medicine 
 ISSN 2515-8260 Volume 09, Issue 08, 2022 

 

1522  

requirement of the portfolio is 294 km3 yr−1, 85% (or 250 km3 yr−1) of which is used for 

BECCS.  

Carbon dioxide removal and energy systems are closely linked. BECCS has the potential to 

generate energy and DACCS requires substantial amounts of energy. IAM scenarios 

typically involve significant amounts of energy produced via BECCS and significant 

amounts of energy consumption by DACCS [33].  

This formulation reflects a worst case scenario in which the land used by the other NETs was 

previously forested land. So even though the model output includes 1200 Mha of AR, it is 

assumed that 850 Mha of AR is used to offset deforestation elsewhere. Requiring a minimum 

amount of tree restoration affects the rest of the NETs portfolio. This constraint effectively 

allocates a significant portion of the available green water towards forest-based carbon removal, 

limiting the use of green water for BECCS. The land-system change and green water planetary 

boundaries are connected; that the green water planetary boundary is nearly transgressed in the 

model indicates the scale of tree restoration rather than the scarcity of green water. The model 

does not account for the effects of evapotranspiration on terrestrial rainfall or the effects of 

green water appropriation on blue water availability; however, it is important to note that forest 

restoration on the order of thousands of mega hectares would have non negligible effects on the 

water cycle. According to Van Noordwijk & Ellison, evapotranspiration from restored forests 

could increase the amount of available green water by recycling terrestrial rainfall. Likewise 

deforestation would eliminate that recycling loop and diminish the amount of available green 

water [22].  
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Figure 2: Implications of NETs portfolio on planetary boundaries. Progress is made towards the 

safe side of the land-system change planetary boundary because there is a minimum required 

amount of AR. The control variable for green water is pushed to its planetary boundary. Blue 

water use moves the associated control variable towards its planetary boundary but it is not 

transgressed.
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Conclusions and Future Work 

This study is an initial attempt to model a portfolio of negative emissions technologies within the 

context of planetary boundaries. Maximizing total negative emissions from a portfolio of 

technologies subject to bio- physical constraints results in negative emissions rates that are on the 

same order of magnitude as results from integrated assessment models. The composition 

however differs compared to IAMs: AR provides the bulk of the portfolio’s negative 

emissions while BECCS and DACCS play smaller roles. BECCS appears prominently in 

IAMs that seek to optimize the cost of climate mitigation because BECCS can achieve 

negative emissions while simultaneously generating electricity. In this study, BECCS is 

limited because it has substantial land and water resource requirements and NETs are 

approached first from the biophysical limits outlined by the planetary boundaries framework. 

BECCS does not generate energy in the model’s base scenario, but even when BECCS does 

generate energy in alternate scenarios, it does not substantially alter the composition of the 

model portfolio because the NET is limited by land and water constraints.  

Prioritizing environmental limits over presupposed economic constraints, like GDP growth 

and in- creasing energy demand, suggests a need for a broader portfolio of NETs beyond the 

four featured in this study. Alternative configurations of those technologies exist, like 

BECCS with agricultural waste, less energy-intensive DACCS processes, and EW that can 

be combined with agricultural practices. There are also other methods of removing CO2 that 

do not appear often in a modelling context. Nature-based carbon dioxide removal strategies, 

like agroforestry, soil carbon sequestration, and ecosystem restoration, could mitigate CO2 

emissions while also improving biodiversity, nutrient flows, and overall resiliency to the 

changing climate [22, 23]. Expanding the scope of the NETs portfolio can be explored in 

future research. 

Simplifying assumptions in the construction of the model limit the results in three ways. 

One limitation of the model is that it only explicitly accounts for impacts to three planetary 

boundaries—land-system change, blue water, and green water. Implicitly, the portfolio makes 

progress towards the safe side of the climate change planetary boundary, whose associated 

control variable is atmospheric CO2 concentration in parts per million. However, the model 

estimates a maximum rate of negative emissions without assuming an explicit temporal 

component over which the NETs portfolio scales up, so the total amount of carbon dioxide 

removal is unknown. Another limitation is that the model is not region-specific. Expanding 

the model to include an explicit temporal component could offer insight into land use trade-

offs. For instance, some regions are better suited for tree restoration than others [13, 15]. In 

addition, the planetary boundaries framework includes regional thresholds which would 

provide better resolution when accounting for environmental impacts of negative emissions 

technologies. 

The extent to which carbon dioxide removal is needed to limit global warming to 1.5◦C by 

the end of the century remains an open question. The model featured in this study estimates 

a maximum rate of negative emissions subject to biophysical limits; however, that amount of 
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negative emissions may not be needed or even desired in a 1.5◦C future. Some integrated 

assessment models significantly decrease or even eliminate negative emissions technologies in 

1.5◦C scenarios by assuming lower energy demand and increased material and energy 

efficiency [11, 17], or by eschewing GDP growth in favor of rapid decarbonization. An implicit 

assumption in mainstream IAMs and broader international discourse on climate mitigation is that 

economic growth can be decoupled from CO2 emissions and material use. Consequently, this 

idea of decoupling and the insistence on economic growth has made dependence on negative 

emissions technologies to limit global warming to 1.5◦C appear all but certain. However, the 

growth paradigm has been called into question in recent years in favor of post-growth or 

degrowth scenarios [23, 24]. Ultimately, the extent to which CDR is needed is uncertain, but it 

is important to consider CDR—and climate mitigation more broadly—within the context of 

planetary boundaries and the precautionary principle. Climate change is not just an issue of too 

much CO2 in the atmosphere; it is a broader question about human activity in relation to 

ecological limits. 
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