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Methodological and cautionary note 

Data has been gathered for this report from iterated web searches, providing a large literature list, 

primarily from peer-reviewed or official sources. An initial scoping search was analysed to establish 

a categorisation of NETs which was populated with data from subsequent searches. 

Time permitted a few semi-structured telephone or face-to-face interviews with researchers and 

policy experts in the field. These were mainly used to test and explore emerging conclusions about 

particular technologies, rankings and policy approaches. 

Most of the data presented regarding specific NETs arises from the original sources. Where 

adequate detail was available, some figures have been recalculated to facilitate comparison, but in 

general the figures reflect varying underlying assumptions. The relative significance of these must 

not be over-estimated. The potential variation in energy requirement, capacity or cost of a specific 

technique relating to underlying assumptions is frequently in the same order as variation between 

techniques. Efforts to rank or compare techniques in this report must therefore be treated with 

caution. 

Furthermore, the combination of moral hazard in these technologies, and the massive uncertainties 

in predicting future capacities and costs means that the wide range of views in the literature at least 

partly reflects the authors' initial positioning regarding the severity and urgency of tackling climate 

change. In general the proponents of any given technology dominate the literature on that 

technology, and exhibit a clear proponent bias, taking an optimistic view of its potential. 

Units 

Throughout, carbon units have been converted into CO2 (or where appropriate CO2 equivalent) and 

are given in Gt (giga-tons = 1000 million tons), or Mt (million tons).  Values are given in US 

dollars, with pounds or euros roughly converted at current exchange rates. 
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Summary and conclusions 

The definition and purposes of NETs 

Negative emissions techniques or technologies (NETs) are basically methods by which greenhouse 

gases are removed from the atmosphere. 

NETs and other geoengineering techniques may offer society the possibility of avoiding climate 

tipping points, even ones that would otherwise be triggered by the emissions we have already made. 

These techniques potentially provide additional policy levers beyond reducing the rate of emissions.   

NETs may be used to balance carbon budgets, especially if natural carbon sinks are impaired by 

rapid climate change. NETs may also assist with the net decarbonisation of 'hard-to treat' sectors, 

offsetting 'recalcitrant' emissions from air travel, for example. Finally NETs might reduce the 

overall costs of meeting specific carbon budgets. 

The risk of moral hazard 

Large scale NETs are not currently available, and there are no guarantees as to when they may be 

practically and economically available. But if the potential availability of NETs means that 

mitigation is delayed, then more of our limited carbon budgets are consumed in the short term, and 

the risk that climatic systems might exceed tipping points rises by an unknown degree. This is a 

classic case of moral hazard. 

The need for NETS 

Globally we estimate that NETs delivering in the order of 20 to 50 Gt CO2 pa may be required in 

later this century. The UK's fair contribution to this consitutes 0.2 to 1.2 Gt CO2 pa. However to 

stay within safe budgets, given current estimates of maximum mitigation, we estimate that the UK 

must begin earlier. We estimate that between 2025 and 2050 the UK may need to deliver average 

NEs of around 140Mt CO2 pa). 

Assessing NETS 

A first order review of NETs which could contribute to meeting the UK's needs has been undertaken 

against seven broad criteria: Technical capacity and scalability; Controllability; Accountability; Side 

effects; Energy requirement; Status of development; and Cost. 

Potential capacity 

The highest practical potential we found was for direct air capture techniques (both supported 

amines, and wet calcination methods would appear capable of reaching levels in the order of 10 Gt 

pa). Ocean liming might also achieve such rates. 

BECCS has been estimated to be capable of delivering 2.4-10Gt pa. Our assessment suggests that 

the likely practical figure would be towards the lower end of this range. Electrochemical splitting of 

seawater might also deliver rates of this order of magnitude. 

Several technologies could deliver NETs in the order of 1-3Gt pa, including afforestation and forest 

management, changes in agricultural practice such as no-till or organic cultivation, ocean burial of 

crop residues, biochar, and ocean liming by electrochemical splitting. Soil mineralisation with 

silicates might also achieve this level. 

Several options could deliver significant negative emissions of below 1Gt pa, including magnesium 

silicate cement, timber use in construction, wetland restoration and creation, and ocean liming by 
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electrochemical splitting. 

Our central estimate for negative emissions potential in the UK (including a share of oceanic 

techniques) is 350Mt pa. This exceeds the average level estimated as an off-set to 2050 (140mt), but 

compares poorly with the levels required to contribute fairly to global efforts to reduce atmospheric 

concentrations to a safe level, of 0.2-2.3Gt pa. 

Insofar as NETs are considered able to make a contribution it seems unlikely that a single 

technology will be found to deliver all that is needed. It is strongly advised to seek a portfolio of 

practical NETs including direct air capture. Several techniques are considered to be worth pursuing 

at a basic level as 'no-regrets' strategies. These include soil carbon management in organic 

agriculture, wetland restoration, timber use in construction, afforestation and if the technique stands 

up to more detailed scrutiny, regenerative grazing. 

Readiness 

The readiness of NETs for deployment is typically very low, with major technical challenges to be 

surmounted before commercial and even technical viability can be assured. Even the most 

developed techniques are rarely above TRL 6 (first prototyping): and those which are, are typically 

small in potential capacity. Many are at or below TRL 3 - still at the level of applied laboratory 

research into critical functions, without even component validation
1
. 

Costs and commercialisation 

Even allowing for learning and novel technologies, we conclude it would not be wise to count on 

the availability of direct air capture significantly below $250/t CO2 in the coming decades. 

Similarly our analysis of BECCS costs would lead us to suggest that $100/t CO2 would be a fairly 

optimistic cost level for 2020 or even 2030. 

Beyond technology risk, the key unknown for the field as a whole is the future 'carbon price': 

(whether this is a real traded price, or a shadow price, it will be the main impact on commercial 

viability. There are two further factors that might accelerate commercialisation: energy byproducts 

and sale of captured CO2; and a number of others that may offer a marginal advantage to specific 

techniques such as management of waste materials (for biochar) and local relief of ocean acidity 

around coral reefs, for the oceanic techniques assessed; or relief of soil acidity by mineralisation. 

Overall it seems unlikely that the necessary levels of negative emission in our central scenarios 

could be achieved without deployment of technologies costing in excess of $250/tCO2 , although 

the average cost may be a little lower than this. 

Energy efficiency 

Very few proposed techniques are ruled out by sheer energy inefficiency, but until 'grid' carbon 

intensities decline significantly, many are only marginally beneficial. The total energy demand for 

delivering even 144Mt pa in the UK could be equivalent to between 12 and 104% of current 

electricity production. Scaling up low carbon energy fast enough to replace high carbon alternatives 

                                                 
1
    This report was completed before the recent GAO technology assessment report (USGAO, 2011). It might appear 

that the TRLs given here are optimistic, as the GAO has typically suggested TRLs at or below the bottom end of 

ranges identified here. However the range of technologies considered is not identical, and it appears that the GAO is 

assessing each technology against a higher benchmark of 'readiness to completely offset the effects of current 

emissions as a standalone technology'. Regardless of the exact levels, the key messages are the same: these 

technologies are far from deployment at scale, and still face serious hurdles in development. 



Page 7 /103 

is proving a major technical, financial and logistical challenge in the UK. However, maximising the 

sustainable deployment and availability of low and zero carbon energy through aggressive energy 

conservation, renewables support, and supporting measures such as greater grid interconnection 

would be a desirable precursor to the subsequent implementation of NETs, particularly direct air 

capture options. 

The practical and cost obstacles to NETs mean that they are unlikely to offer an alternative to 

conventional mitigation, but rather a potential supplement.   

Constraints and side effects 

The deployment of NETs globally and in the UK may well be constrained by several factors: most 

notably the availability of geological storage for CO2, and the sustainable productivity of biomass 

for bioenergy. 

Cautious estimates of storage would suggest 14Gt in the UK and 400Gt globally, although there 

may be much more, especially in saline aquifers or if basaltic injection is also proven viable. 

Globally reducing concentrations by 200ppm would take four times the conservative estimate of 

storage, even assuming it was all reserved for NETs, and none was consumed for fossil CCS. Even 

with a portfolio of NETs, storage limitations in the UK (spread over 75 years) would limit annual 

negative emissions to 350Mt CO2. 

Cautious estimates of sustainable biomass would suggest a maximum sequestration of biomass 

carbon of 3.3-7.5 Gt CO2 pa globally, and in the UK, annual negative emissions of 20-80Mt CO2, 

although with major transformation in agriculture, especially to reduce meat production, these 

levels could be increased. 

Managing the development of NETs 

Our estimates of costs and practical limitations mean that there is no logical argument to reduce 

mitigation activity because of the likely availability of NETs. If anything our analysis supports 

further intensification of early and sustained mitigation efforts. 

But the potential moral hazard arising from reliance on the future availability of NETs is 

exacerbated by the fact that NETs are slow to deploy, and indeed for most if not all, we cannot yet 

predict what rate of roll out, or retention of captured carbon will be sustainable. 

Even if excluded from carbon markets (an appropriate precautionary response to the moral hazard), 

within current global climate change politics, optimism about the future availability and cost of 

NETs is likely to reduce mitigation effort.  This study suggests that such optimism would be 

misplaced. 

The development of NETs should therefore be accompanied by measures to restrict the negative 

effects of moral hazard (both within and outside of carbon markets). The type of provision that 

could be explored might include the imposition of bonds on commitments of future emissions 

reduction, and the development of levies on trade in carbon futures. 

Detailed and early attention will need to be paid to the procedures for measuring, accounting and 

verifying negative emissions, regardless of whether they are incorporated into future carbon 

markets. These procedures must address retention risks, and the reality of biogenic emissions 

including the actual timing of emissions. 
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NETs are not all the same. Some can be pursued – to some degree – with 'no regrets'. These are 

techniques that are already available, such as soil management, wetland restoration and 

reforestation, which therefore involve little if any moral hazard, and undertaken with proper regard 

to social and environmental criteria, can be carried out sustainably. Others either involve significant 

risks of negative side effects (ocean fertilisation for example), or may never fulfil their promises. 

Policy implications 

The challenge for policy makers is twofold: how to stimulate development of NETs as a supplement 

to mitigation, without detracting from the necessary acceleration of mitigation activity; and how to 

manage the development and deployment of NETs so as to avoid unsustainable side effects; both in 

the presence of major uncertainties. 

Political implications 

NETs would have major implications for equity between generations if they allow mitigation to be 

postponed. They also have very practical implications for distribution between countries. In 

particular it would be socially non-optimal if the easiest and cheapest deployment of NETs (in 

global carbon markets) was claimed to facilitate continued conspicuous consumption in rich 

countries, leaving poor countries needing to develop more expensive NET options to manage their 

recalcitrant emissions. 

NETs could be politically contentious, and will need to be considered as part of international 

negotiations over fair governance of the global climate. To integrate them into international 

agreements will require resolution of already controversial debates over carbon trading; monitoring, 

reporting and verification; and the overriding issue of climate justice. 

For these reasons, as well as other already stated, it would be foolish for states or businesses to 

delay mitigation now in the hope that it will prove easier to use NETs in the future. As a previous 

UK Chancellor of the Exchequer said: 'if you are in a hole, first stop digging'.   
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Section 1: Introduction and context 

After a long period in which debate and negotiation was dominated by discussion of point targets 

for reductions in emissions, climate change policy has become much more sophisticated, with 

increasing recognition of the complex relationship between cumulative emissions, atmospheric 

concentrations of greenhouse gases and global average temperatures. 

Many governments have endorsed the view that anything more than a 2
o
C rise in global temperature  

would be unsafe, while both political and scientific debate now focuses on whether a cap of 1.5
o
C 

or even 1
o
C would be a better long term goal

2
. 

While there is still healthy debate over the appropriate target for long-term safe concentrations of 

GHGs, the yardstick promoted by James Hansen (Hansen et al, 2008), of returning CO2 

concentrations to no more than 350 parts per million (ppm) has received widespread endorsement. 

Neither temperature nor long-term concentration is directly in our control at present: our main 

policy tools aim to manipulate (and lower) the rate of human caused emissions, reducing the likely 

peak concentration, and in the longer term lowering concentrations, with consequential beneficial 

impacts on temperature. 

The relationships are complex, but climate scientists can calculate the probabilities of exceeding 

specified temperature levels related to particular concentrations or global cumulative emissions 

budgets. 

Cumulative budgets for specific periods and concentration targets, give us valuable rules of thumb 

for assessing the adequacy of climate policy, when compared with emission rates. Malte 

Meinshausen et al (2009) calculate a maximum global emissions budget of 1000Gt CO2 for 2000-

2050. 

The key point here is not the specific numbers, but the fact that unless current emissions rates are 

very rapidly cut back in virtually all parts of the world, humanity will massively exceed any 

estimated safe budget. 

When compared with IPCC scenarios, current rates of growth in emissions suggest we are on 

course for 550-700 ppm by 2100, with very real risks of temperature rises of 4
o
C or more (see 

figure 1) (Le Quéré et al 2010). 

This is a grave enough concern, but there are worse risks to consider. IPCC scenarios are based on 

broad scientific consensus, and broadly assume gradual linear change. Both system theory and the 

study of past climates suggest there could be significant thresholds in the climate system, beyond 

which rapid and potentially even irreversible change could be triggered. The response of the climate 

to additional emissions exhibits a significant lag. Even if excess emissions halted today, for the 

system to reach equilibrium again would take decades or even centuries. Past emissions already 

commit the global climate to significant additional temperature rises. We cannot say with 

confidence that these committed changes will not take us past a tipping point. 

Climate science has confirmed that climate change in geological time has exhibited rapid system 

shifts, due to positive feedback mechanisms, and many climate scientists are concerned that once 

rapid change begins, it will be impossible to manage simply through cutting emissions. Moreover, 

there is evidence to suggest that as temperatures rise, rainfall patterns change, icesheets melt and 

oceans acidify, there are further positive feedbacks that might be released: such as Arctic methane, 

rainforest wildfires, and the reversal of the oceanic carbon sink. 

                                                 
2
    Advocates of such lower temperature targets acknowledge that the climate system is already committed to a rise of 

over 1
o
C and probably around 1.5

o
C, but argue that the combination of the risk of passing thresholds triggering 

further warming, and the uneven distribution of warming around the globe, mean that efforts should be made to cap 

the rise at the lowest possible level and return average temperatures to under the target level as soon as possible. 
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Figure 1: Graph showing observed emissions to 2009 vs SRES scenarios 

 

Source: Le Quéré et al, 2010 

 

This is the context in which this report considers the potential for negative emissions techniques 

(NETs). NETs are means of withdrawing CO2 (or other greenhouse gases) from the environment 

such that atmospheric concentrations are reduced below the level that would have resulted without 

the NET. As we shall see most, if not all, NETs can be seen as a form of geoengineering. However 

NETs do not include forms of geoengineering intended to directly affect temperatures by solar 

radiation management (SRM), such as stratospheric injection of sulphate particles to mimic the 

cooling effect of major volcanic eruptions. 

NETs and other geoengineering techniques may offer society the possibility of avoiding climate 

tipping points, even ones that would otherwise be triggered by the emissions we have already made. 

These techniques potentially provide additional policy levers beyond reducing the rate of emissions. 

NETs offer the potential ability to directly influence atmospheric GHG concentrations, and SRM 

even to directly affect temperature. However SRM would have no effect on other impacts of rising 

GHG concentrations, notably ocean acidification. 

Nor are NETs necessarily entirely benign. This report considers a range of potential techniques to 

assess the potential benefits and costs associated with them, and to explore the wider implications 

for climate policy. 
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Section 2: Why might NETs be needed 

Climate change can be seen primarily as a result of an excess level of greenhouse gases in the 

atmospheric pool of the carbon cycle. The closely linked shallow oceanic dissolved carbon pool is 

also becoming overloaded with the consequence of ocean acidification. Natural means of net 

removal of carbon into other pools (oceanic, biotic, soil, geological) are too slow to deal with 

existing and expected additions from anthropogenic sources.   

Climate scientists’ efforts to estimate safe 'carbon budgets' for total anthropogenic additions 

(typically measured over specific periods) are a response to this problem, seeking to avoid the long-

term increase of atmospheric CO2 above 'safe levels'. Safe budgets would allow natural processes to 

bring the carbon cycle back into some degree of balance. 

2.1 Balancing carbon budgets 

NETs are a means by which carbon budgets can be more easily balanced. In effect they supplement 

or accelerate the natural means of carbon removal from the atmosphere (or ocean). Without NETs, 

carbon dioxide concentrations in the atmosphere will continue to increase until incremental 

emissions fall below the natural rates of carbon removal. The potential importance of NETs is 

emphasised by research which suggests that such natural processes may already be being impaired 

by the effects of climate change (such as saturation of the oceanic sink, leading to lower, slower 

transfer of CO2 from the atmosphere to the ocean); and may be damaged further (eg by forest 

wildfires). 

2.2 Offsetting recalcitrant emissions 

NETs may also offer effective offsets for 'recalcitrant' emissions (ones that are difficult or highly 

expensive to remove by current decarbonisation strategies). Aircraft emissions are commonly 

considered to lie in this category, because the high energy density of fossil fuels is particularly 

important for efficient air travel. Some industrial emissions (especially of other greenhouse gases) 

might be included also. Other emissions from dispersed sources (vehicles, domestic heating) may 

be relatively expensive, if not technically challenging, to eliminate; especially where the sunk costs 

of infrastructure (eg for fuel distribution) are significant. 

We may also consider that other impacts of decarbonisation technologies might lead us to prefer 

NETs. As a thought experiment to illustrate this approach, imagine that the only remaining approach 

to  decarbonise road transport was to increase use of biofuels. Then the undesirable side effects of 

biofuels on land-use, food supply and poverty in developing countries might be considered to 

justify the use of NETs to offset emissions remaining after aggressive improvements in vehicle 

efficiency, modal shift etc
3
. 

However, it must be recognised that without intervention, in conventional markets, the scope for 

NETs to offset specific emissions may not be allocated according to a policy hierarchy. Rather 

NETs as offsets are likely to be sold to the highest bidder. For example, one of the emerging 

companies seeking to bring its NET to market is openly hypothesising that it might sell negative 

emissions to, for example, a luxury car manufacturer, allowing the vehicles to be marketed as 'zero 

carbon' for a relatively small increment in price (Carbon Engineering, 2011)
4
. It is also possible to 

imagine financial markets establishing futures markets in NETs which allow the wealthy to 

purchase future offsets too. 

                                                 
3
    For instance, DECC's interest in NETs seems to have been particularly stimulated by the case that NETs might be 

cheaper and more practical than full decarbonisation of dispersed vehicular emissions (from road and air travel). 
4
    Lackner (2009) argues actively for the adoption of air capture as an offset in the first instance “Once it becomes 

possible to compensate for all emissions in a hydrocarbon based transportation sector, then it should also be possible 

to increase the size of the collection effort sufficiently to create a noticeable reduction in CO2 in the atmosphere.” 
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Because NETs are unlikely to ever be cheaper than point source mitigation it is unlikely that such 

measures will be used to offset point source emissions (such as those from large power stations or 

refineries). But the general principle that NETs may be purchased as offsets for emissions that 

might be otherwise expensive or unpopular to mitigate creates distributional concerns for those 

groups (or countries) unable to afford NETs. We will return to this issue in the discussion of 

implications. 

2.3 Economically efficient mitigation. 

Finally, NETs might reduce the overall costs of meeting specific carbon budgets for several reasons. 

Their effective flexibility (removing CO2 from any source) means that they could replace the most 

expensive elements of a decarbonisation strategy. Even where a potentially economic 

decarbonisation approach exists, deploying NETs to allow delay and avoid economically premature 

scrapping of high-emissions technology can reduce cost. In theory, allowing organisations and 

companies to replace facilities and technology (such as power plants, aircraft, vehicle 

manufacturing plant etc) in line with the economic investment cycles means their current 

investments yield full returns, and in imperfect markets this makes more resources available for 

investment in the low carbon alternative. 

2.4 Moral hazard 

On the other hand, large scale NETs are not currently available, and there are no guarantees as to 

when they may be practically and economically available. But if the potential availability of NETs 

means that mitigation is delayed, then more of our limited carbon budgets are consumed in the short 

term, and the risk that climatic systems might exceed tipping points rises by an unknown degree. 

This is a classic case of moral hazard, where the incentive to act against the risk of climate change 

through mitigation is reduced by the belief that the future availability of NETs insulates today's 

decision makers from those risks.   

The impacts of such a reduction in mitigation effort would be most severe if NETs failed to prove 

practical, or were not available soon enough to avoid dangerous climatic impacts. But even if NETs 

prove to be more costly than forecast, the opportunity to invest in relatively cheap incremental 

mitigation will have been foregone. In such circumstance the overall economic welfare impact of 

'NET-induced delay' could easily be negative even in the absence of dangerous climate impacts. 

In a similar way beliefs about the future availability and costs of NETs will influence governments 

in respect of what they are prepared to commit to in climate negotiations. Here the effect need not 

be negative. It is equally conceivable that governments will sign up to more ambitious carbon 

budgets over a long period if they are convinced that NETs will be available to help them deliver on 

those promises. 

Political challenges already have clearly constrained mitigation as a result of domestic politics, for 

example in the UK transport sector, the EU business sector and generally in the US – leaving 

governments under international pressure on scientific and justice grounds to to adopt tougher 

climate targets than they believe are politically (or practically) feasible. The scope to make 

commitments based partly on the future availability of NETs might allow such governments to 

strike a better compromise between domestic political survival and planetary survival. 

 

The moral hazard question: 

While NETs seem necessary to meet carbon budgets, will their potential discourage practical short-

term mitigation?  What measures can be taken to prevent the potential existence of these 

technologies serving to increase the need for their development and deployment? How can the 

moral hazard be managed and mitigated? 
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Section 3: The scale of need: carbon budgets 

Previous research by the Tyndall Centre for Friends of the Earth has sought to identify a cumulative 

safe and fair UK emissions budget. This identified that a global carbon budget of 1100 Gt CO2 e 

between 2010 and 2049 gives a 25 per cent chance of avoiding 1.5 degrees and a 70 per cent chance 

of avoiding 2 degrees. The UK share of this budget, based simply on population is roughly 10Gt-

CO2 e (Bullock et al 2010, Friends of the Earth, 2011). 

A similar approach, undertaken for this report, uses a global budget identified by Malte 

Meinshausen et al (2009) of 1000Gt CO2 for 2000-2050 (a 75% chance of avoiding 2degC). After 

accounting for emissions since 2000, this leaves just 650Gt from 2010-2050. The UK share on a 

population base is 6.28Gt-CO2 . 

Other approaches which take better account of past inequalities of emissions would lead to smaller 

still UK budgets. For example using the Greenhouse Development Rights framework, the UK 

cumulative responsibility is calculated to be over 3.5 times its population share (Baer et al 2008) 

leaving a budget in the order of 2-3Gt at most and a responsibility to pay for more mitigation 

outside its boundaries. 

Here we contrast these notional budgets with estimates of likely emissions in the UK, assuming 

aggressive mitigation. The UK CCC has set budgets to 2027 and mapped out the proposed 

reduction path from there to 2050. Using their most optimistic budgets ('intended' and 'global offer' 

levels) provides a cumulative total of around 13.6Gt- CO2 (Climate Change Committee, 2011a). 

This figure, and the budgets calculated above include a UK share of international aviation and 

shipping. 

Elsewhere FOE has also reported the results of analysis using the DECC pathways tool (Friends of 

the Earth 2010). Pursuing the most ambitious levels of mitigation (level 4) throughout the model 

delivers cumulative emissions of approximately 14Gt. FOE further estimated the effect of potential 

additional measures, and suggested that what might be described as a “level 4 plus” scenario could 

reduce cumulative emissions to around 10.25Gt without including any contribution from NETs. 

One approach to estimating the contribution required from NETs is therefore to measure the gap 

between these cumulative emissions estimates and the safe cumulative budget estimates to 2050. 

We assume that initial deployment of NETs before 2025 is extremely unlikely, and that using a 2025 

start date is probably optimistic. But for the purpose of estimation we have allowed for 25 years of 

use by 2050. On that basis we estimate a requirement for an annual rate of negative emission of 

between 50 and 290 Mt-CO2, with the 'central estimate' being that defined as the gap between the 

CCC and Tyndall (3.6Gt, or 144 Mt- CO2 pa over 25 years) (see Table 1). 

3.1 Looking to 2100 

Global safe trajectories after 2050 potentially already involve significant negative emissions (both 

embedded within assumptions of near full decarbonisation, and also to reduce atmospheric CO2 

concentrations). For example den Elzen et al for UNEP (2010) find negative emissions across all 

global industry and transport
5
 after 2050 in 75% of integrated assessment model outputs which 

generate a 'likely' chance of remaining within 2
o
C. In general they conclude that globally 5-12 Gt pa 

lower emissions than pledged would be required by 2020 to deliver a 'likely' chance of remaining 

within 2
o
C.  Even deeper cuts would be required to give a decent chance of staying within 1.5

o
C. 

Here we use two simple representative global scenarios for cumulative emissions based on the 

difference between IPCC SRES scenarios A1B (atmospheric CO2 approximately 700ppm in 2100) 

                                                 
5
   This means that NETs both compensate for any recalcitrant emissions in these sectors, and deliver an additional 

absolute reduction in atmospheric concentrations. Because the UNEP report does not identify the scale of 

recalcitrant emissions, it is not possible to quantify the implied total NET. 
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and B1 (atmospheric CO2 approximately 550ppm in 2100) and James Hansen's indicative safe level 

(350ppm CO2). We divide the needed reduction according to several different factors (share of 

current population, share of current GDP, share of current emissions and share of cumulative 

emissions). We suggest these factors would bracket any likely negotiated approach. These two 

reductions, again divided over 75 years, imply an average rate of negative emission, globally, of 21-

37 Gt pa. If NETs are introduced only after 2050 the average rate rises to 32-52 Gt pa
6
. It should be 

noted that the earlier NETs are introduced, the lower the peak in atmospheric concentrations is 

likely to be. 

The level and timing of NETs required will still significantly depend on the speed and depth of 

mitigation action (which will largely determine both cumulative emissions and the timing of peak 

emissions). If mitigation rates follow a scenario of delivery of the Copenhagen pledges followed by  

80-95%  reductions in Annex 1 countries and around 55% reductions elsewhere by 2050 (Lowe et 

al 2010) concentrations might be restricted to around 500 ppm by 2100, requiring a total negative 

emission of 1200Gt- CO2 (24Gt pa over 50 years) to achieve 350 ppm. Even with very aggressive 

mitigation including a phase out of unabated coal use by 2030 (Hansen et al 2008) there is still a 

residual negative emission required in the order of 400Gt- CO2 (50 ppm, or 8 Gt pa over 50 years). 

Table 1 and Figure 2 below illustrate our estimates of potential requirements for NETs. 

Table 1: Estimates of the potential scale of need for NETS (UK and Global) 
 
Use Budget 

deficit 
(Gt) 

Period Annual 
average 

(Mt) 

Global 
ppm 

cut 

Global 
negative 

emission 
(Gt) 

UK 
'share' 

Notes 

Offset 1.25 2010-2050 50 0 0 n/a Tyndall vs DECC pathways (max effort) 

Offset 3.60 2010-2050 144 0 0 n/a Tyndall vs CCC cumulative 

Offset 4.00 2010-2050 160 0 0 n/a Tydall vs DECC pathways 

Offset 7.32 2011-2050 293 0 0 n/a CCC vs Meinshausen 

        

Concentration 4.00 2010-2100 53 50 400 1.00% Share by population 

reduction 6.97 2010-2100 98 50 400 1.74% By current emissions 

50 ppm 13.2 2010-2100 176 50 400 3.30% By GDP (2007 data) 

contribution 25.20 2010-2100 336 50 400 6.30% By cumulative emissions (1850-2002) 

        

Concentration 16.00 2010-2100 213 200 1600 1.00% Share by population 

reduction 27.90 2010-2100 372 200 1600 1.74% By current emissions 

200 ppm 52.80 2010-2100 704 200 1600 3.30% By GDP (2007 data) 

contribution 100.80 2010-2100 1344 200 1600 6.30% By cumulative emissions (1850-2002) 

        

Concentration 28.00 2010-2100 373 350 2800 1.00% Share by population 

reduction 48.82 2010-2100 661 350 2800 1.74% By current emissions 

350 ppm 92.40 2010-2100 1232 350 2800 3.30% By GDP (2007 data) 

contribution 176.40 2010-2100 2352 350 2800 6.30% By cumulative emissions (1850-2002) 

 

For the UK, we again assume that NETs could be deployed as early as 2025, and calculate annual 

average negative emissions requirements on that basis. The resulting range is from 0.2 to 2.3Gt- 

CO2 pa. If the values resulting from consideration of historic cumulative emissions are removed the 

range falls to 0.2 to 1.2Gt pa. These are still very substantial amounts, and emphasise the critical 

importance of early and sustained mitigation regardless of the potential availability of NETs. The 

                                                 
6
   To calculate annual reductions we use the rough approximation that each ppm reduction requires a negative emission 

of 8 Gt. 
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higher end exceeds current annual emissions (around 0.6Gt), and even the lower end exceeds future 

annual emissions assuming targeted reductions are achieved in the coming decades. In other words, 

in almost all scenarios the UK will have to achieve net negative emissions by 2050 if not earlier. 

 

Figure 2:  Scenarios for UK requirement for negative emissions to 2100 
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Section 4: Definition and classification of NETs 

4.1 What are NETs 

Negative emissions techniques (NETs) are basically methods by which greenhouse gases are 

removed from the atmosphere. Most NETs described are for the removal of carbon dioxide by 

transferring it permanently or for a prolonged time into one of the other major carbon pools: in 

organic matter, the ocean or mineralised in rock (see figure 3). Many would collect or capture CO2 

and store it in a pressurised form in geological storage formations. 

 

In some proposals carbon captured from the atmosphere is utilised as part of a synthetic fuel, and 

released on combustion. Such approaches are not strictly NETs, but like biomass energy, can 

contribute to mitigation, and also like biomass, if the fuel were used in a facility with carbon 

capture technology, the overall process could contribute to negative emissions. However the present 

rationale for such synthetic fuels is primarily for mobile uses, where carbon capture is impractical 

or excessively costly. Nonetheless some such proposals are considered in the report for 

completeness. 

 

NETs can be considered a sub-set of geo-engineering techniques. Climatic geo-engineering 

techniques can be broadly divided into two categories: those which directly act to reduce global 

temperatures (Solar Radiation Management or SRM); and those which directly act to reduce 

atmospheric carbon dioxide concentrations (Carbon Dioxide Removal or CDR). Of the NETs 

included in this report virtually all are CDR techniques
7
. 

 

The Royal Society study on geoengineering (Shepherd et al, 2009) categorised CDR techniques 

according to location (land or ocean) and process (biological, physical or chemical) (Table 2). 

 

Table 2: Categorisation of carbon dioxide removal techniques (after Shepherd et al 2009) 
 

 Land Ocean 

Biological 
 

- Afforestation and land-use 

- Bioenergy with carbon sequestration 

- Iron fertilisation 

- Phosphorus/nitrogen fertilisation 

- Enhanced upwelling 

Physical - Atmosphere CO2 scrubbers ('air 

capture') 

- Changing overturning circulation 

Chemical - In-situ carbonation of silicates 

- Basic minerals (eg olivine) on soil 

- Alkalinity enhancement (with limestone, 

silicates or calcium hydroxide) 

 

Researchers at Imperial college, in work undertaken for the UK Department of Energy and Climate 

Change (DECC) have extended a taxonomy devised for carbon capture and storage (Table 3). 

 
 
 

                                                 
7
    Klaus Lackner, one of the most active advocates of direct air capture of CO2 suggests that air capture is not  

necessarily geoengineering “Air capture technology would indeed turn into geo-engineering, if in the future it would 

be used to hold the CO2 content of the atmosphere at a desired level against natural driving forces. However, as long 

as air capture is only used as a means of compensating for various CO2 emissions, it is a carbon management 

strategy like any other.” (Lackner, 2009) 
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Figure 3: Simple schematic representation of the carbon cycle 
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Table 3: Taxonomy of NETs developed by Imperial College 
 

Category Subcategory 

3A: Direct capture  3AA: Output pressurised   

3AB: Output mineralised   

3B: Bioenergy with CCS (indirect capture)  

(after McGlashan et al 2010) 

 

For this study we have adopted an approach broadly compatible with the Imperial taxonomy, but 

incorporating a more detailed recognition of different sinks and sources following the simplified 

description of the carbon cycle set out in figure 3. We use a larger set of categories of storage – 

including pressurised gas in geological stores; as well as mineralised forms and enhanced biotic or 

oceanic stores. It is important to recognise where a technique aims to increase storage in the latter 

two carbon pools, as these are potentially more susceptible to future climate change, or indeed 

unexpected feedback effects, resulting in lower carbon retention than anticipated. 

 

We maintain the direct/indirect split of the Imperial taxonomy, with 'direct' techniques drawing CO2 

directly from the relevant source (which may be atmospheric or oceanic), and 'indirect' ones relying 

on biological processes to capture the CO2 from the environment. For biotic stores there is no 

practical difference between direct and indirect techniques. The table below summarises our 

schema, with illustrative examples. See also Figure 4. 

 

Table 4: Classification of NETs used in this study, with examples 
 

Store Direct capture methods Indirect capture methods 

Mineralised Enhanced weathering Biochar 

Pressurised Air capture Bioenergy with CCS 

Oceanic (including sediment) Liming Fertilisation 

Biotic (including soil) Habitat restoration 

 

Mitigation and abatement 

In this report we use the term mitigation to apply to techniques which reduce excess anthropogenic 

emissions and abatement for the wider group of techniques which reduce net emissions. The latter 

includes NETs but the former does not. The distinction is helpful when it comes to measuring the 

benefits of NETs which also have a mitigation element, such as bioenergy with carbon capture and 

storage (BECCS). Here the enhanced biomass sink of carbon might be seen as abatement, while the 

CCS application to the use of biomass for energy production can be seen as mitigation. 

Alternatively the total abatement achieved can be broken down into a offset mitigation element 

(reduced use of fossil energy, replaced by biomass energy) and a direct abatement element (the 

carbon captured and stored). 
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Figure 4: Carbon cycle schematic showing simple classification of NETs 
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For purposes of comparing the overall efficacy of different NETs and avoiding double counting in 

carbon budgets, these differences can be significant. For example if the UK carbon budget estimates 

for achievable mitigation already include the offset element of biomass energy use, this should not 

be counted again as part of the benefit of deploying the CCS element (which turns the overall 

process into a NET (BECCS)). Further, if in such a scenario, the UK was to divert biomass away 

from pure energy production into biochar, reducing the energy gain (and thus reducing the offset 

mitigation), the net assessment of the NET would have to account for this effective increase in 

emissions (reducing the overall abatement benefit of the process). Equally if biomass for BECCS or 

biochar were to be imported, we would have to understand whether the result was a net increase in 

the flow of biomass to bioenergy, or simply a diversion from its use elsewhere. 

Bioenergy and emissions accounting 

The emissions flows relating to bioenergy are complex and for official purposes (UNFCCC 

accounting) have been greatly simplified. It is important here to rehearse some of the issues arising 

so as to minimise the risks of overestimating the possible net benefit. 

Counting the offset 

There is a clear advantage to bioenergy based techniques in comparison to other NETs. The energy 

generated is normally much greater than the amount needed to operate the capture process. Thus 

there is a surplus of (nominally) renewable energy to offset use of fossil fuels. As a result – 

assuming biomass to be carbon neutral - there can be substantial mitigation as a result of bioenergy 

use. More efficient production of energy from biomass increases the level of mitigation, replacing a 

larger quantity of fossil fuel for a similar carbon cost in bioenergy production (the emissions 

associated with growing, harvesting, transporting and processing the biomass). 

 

Although some producers of second generation biofuels have described the outcome of their 

processes as 'negative emissions' (Gregory, 2010) because the offsets from a byproduct (biogas) 

alone exceed the emissions from the production process, this is not a 'negative emission' in the 

context of this report. The process emissions still remain uncaptured, although the total mitigation 

rate has been improved, reducing the level of increase in atmospheric CO2, the overall process does 

not reduce net atmospheric CO2. 

Land-use impacts, direct and indirect. 

Bioenergy typically requires land (or water) area for production. Biomass can be grown as a 

dedicated product or, at lower production rates, as a co-product of food, fibre or timber. The direct 

impacts of using land for biomass production depend on the previous land-use. In some cases the 

net carbon sink of the soil can be increased (by reducing tillage, or increasing vegetative cover)
8
. 

More typically biomass extraction will reduce the natural carbon sink (eg through drainage, or 

removal of 'waste biomass' that would otherwise be incorporated into soil carbon etc)
9
. Most 

dramatically, clearance of forest or drainage of deep peat soils for establishment of biomass 

production can create a very large carbon debt as a result of emissions from soil and vegetation. In 

UNFCCC accounting such land-use change should be reported, but subsequent emissions from land 

use when biomass for energy is harvested or grown are excluded (Searchinger et al, 2009). Even 

where accounted for, land-use change for biomass production is averaged out in national statistics, 

not directly attributed to the bioenergy process. 

 

The situation is massively complicated when bioenergy production takes existing cropland, but the 

                                                 
8
    The net carbon sink of the crop biomass must be disregarded here, as this is what is assumed to match the tailpipe 

emissions of the bioenergy process. 
9
    Although if the removed biomass is used for energy generation, replacing fossil fuel use, or stored (eg in 

construction use), the net carbon balance can be positive. 
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indirect effect is that previously uncultivated land (forest, swamp etc) is taken into cultivation 

instead – given global markets, potentially even in a completely different country. 

Taking account of time 

Complicating the situation further is that the assumption of net neutrality in use of bioenergy – 

especially that from woody biomass - is a major simplification. Most importantly, combustion of 

biomass leads to direct emissions at the time of combustion, while those emissions are only 

'recaptured' subsequently, as new biomass grows to replace that harvested and burnt
10

. In a steady 

state, where a small proportion of the standing biomass managed for energy production is harvested 

and burnt each year, the whole system could be in balance. But if humanity increases bioenergy 

production by using a large share of the standing crop, then either there will be net emissions as the 

stock falls, or greater areas will have to be planted, taking time to restore the balance. In effect 

carbon accounting treats emissions now as equivalent to sinks in the future, regardless of the net 

effects on atmospheric CO2 concentrations. The net effect is to reduce the effectiveness of 

bioenergy NETs in the short term (possibly decades long), potentially during the very period when 

atmospheric CO2 will peak (O'Hare et al, 2009; Walker, 2010: Bird et al 2010). 

Imports and exports 

All these problems are further complicated if the biomass production (or indirect land-use change 

arising) occurs in different countries than the bioenergy consumption. 

Solving the problems of accounting for indirect land-use change, and inter-national and inter-

temporal transfers of emissions is beyond the scope of this report. For our purposes they suggest we 

should treat estimates of sustainable levels and growth rates of bioenergy production with caution, 

and base any estimates of the potential for bioenergy NETs on more conservative estimates for 

bioenergy. 

 

 

 

                                                 
10

    At a minimum this takes an annual cycle, while for woody biomass the period can be multiple decades in duration. 
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Section 5: Criteria for selection and assessment 

A first order review of NETs which could contribute to meeting the UK's needs has been undertaken 

(see annexed spreadsheet
11

 and sections 6 and 7 below). Seven broad criteria were identified as 

significant to the selection. 

 

Technical capacity and scalability: The technique can make a significant contribution to the 

overall level needed, and does not run into technical limits or become increasingly difficult or 

expensive at large scale. Ideally the technique should show economies of scale. 

 

Controllability: Use of the technique can be controlled, in particular such that it can be halted if 

unforeseen negative impacts arise. Moreover, choices about deployment should be under the control 

of democratic institutions. Corporate controlled proprietary technologies score poorly on this 

criterion. 

 

Accountability: The impacts of the technique should be capable of being adequately measured and 

accounted for. 

 

Side effects: The technique should not have unacceptable or unsustainable negative impacts. 

Ideally it will offer social, environmental or economic co-benefits. 

 

Energy requirement:  The technique should be relatively energy efficient, and have the potential to 

be run using renewable energy sources. Clearly a technology using so much energy that the energy 

supply would generate more carbon than it captured would be pointless, but a relatively inefficient 

one that could run on low grade solar or waste heat may be preferable to one requiring high grade 

heat. We discuss this in more depth below. 

 

Status: The technique should be at least theoretically proven, and ideally well advanced into 

laboratory or field trials to give a reasonable degree of confidence regarding its performance on the 

other criteria identified (see table 5 below and Appendix 1 for more detail). 

 

Cost: High cost is not necessarily a reason to exclude a technique from consideration (as the 

alternative might be costs in the order of 20% or more of the global economy, for climate 

catastrophe, as calculated by Stern (2006). But lower costs would mean earlier and more 

widespread use may be practical, and impose less burden on taxpayers for the same level of 

abatement. 

 

 

 

                                                 
11

  Available to download from https://sites.google.com/site/mclarenerc/research/negative-emissions-technologies 



Page 23 /103 

Table 5: Technology Readiness Levels 
 

TRL description Progress 

1: Basic principles observed and reported 
 

Basic research 

2: Technology concept or application formulated 
 

Basic research 

3: Analytical  and experimental critical function 
 

Applied research 

4: Component validation in laboratory environment 
 

Applied research / Early demonstration 

5: Component validation in relevant environment 
 

Applied research / Early demonstration 

6: System model or prototype demonstration in 
relevant environment 

Demonstration 

7: Prototype demonstration in operational 
environment 

Full demonstration 

8: Actual system 'qualified' through test and 
demonstration 

Working product 

9: Actual system proven in deployment 
 

Marketable product 

n/a 
 

Warranted product 

 

5.1 Energy balance and energy sources 

If energy comes from fossil sources (or grid mix electricity) the energy balance sets a limit to viable 

techniques. If it can be derived from renewable or other low-carbon sources, until such time as the 

grid is decarbonised, and surplus power available, the key issue is more likely to be opportunity 

costs. If the low-carbon energy provided for negative emissions could have been used instead to 

mitigate additional current emissions, there is no net gain. 

 

There are a number of potential exceptions worth considering. If the energy needs can be met from 

'stranded' or otherwise wasted energy then the equation may change. Advocates of particular NETs 

have identified opportunities to use, for example, desert solar, flared gas, waste process heat or 

surplus wind energy. However to treat these as essentially free resources is not accurate. In addition 

to the direct costs of harvesting such energy, there are opportunity costs in all such sources. 

Resources which are unutilised or stranded in a world of sub $100 dollar per barrel oil costs will not 

necessarily remain so as oil and energy costs generally rise. 

 

At the other extreme, even for technologies like BECCS which generate net energy, the energy issue 

should not be disregarded, for two reasons.  First, the parasitic energy load required to run the CCS 

element of the power station reduces the net output of power. Second the energy density of biomass 

is typically lower than that of fossil fuels, so more emissions have to be captured to provide an 

equivalent amount of energy
12

. However CCS capture rates are such that the carbon captured will 

significantly outweigh that which could have been mitigated by using the additional energy to 

                                                 
12

    The exact ratio depends on the carbon molecular structure. 
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replace fossil fuels elsewhere. The parasitic load therefore simply reduces the net benefit. 

 

Table 6 below summarises the issues arising in supply of energy for NETs. Overall it is likely that 

supply of energy will establish a tangible constraint to the deployment of many NETs. 

 

 

Table 6: Energy requirement and sources 
 

Energy requirement Potential low carbon 
sources 

Issues 

Electricity Stranded renewables (eg 
desert solar, remote wind) 

Possible limit to total deployment of 
generating technology. Intermittency may 
raise costs of NET. 

 Grid – 'off peak low carbon 
surplus' (nuclear or 
renewable) 

Competition with electricity storage. 
Intermittent utilisation of NET raises unit 
costs. 

High grade heat (eg for 
calcination) 

Stranded gas (flared) Competition with recovery of gas 

 CSP, or biomass combustion Possible limit to total deployment of 
generating technology 

 Nuclear heat Possible limit to total deployment of 
generating technology 

Low grade heat Waste heat from power 
stations or industry 

Competition with CHP heat recovery. 
Intermittent utilisation of NET raises unit 
costs. 

 Solar thermal Intermittent utilisation of NET raises unit 
costs. 
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Section 6: The Technologies 

This section describes and discusses the different technologies following the categorisation set out 

above, dividing them by final storage type, and their direct or indirect nature. 

6.1 Mineralised Storage Technologies 

The mineralised techniques we have identified include accelerated weathering of silicates and other 

rocks (both in situ, and in industrial facilities), and of certain industrial wastes and slags;  and the 

manufacture of magnesium oxide cement, which binds with atmospheric CO2 on hardening. We 

also include the storage of biochar residues in soil in this category. 

Natural weathering of silicates and other rocks, such as olivine, serpentine and basalt, accounts for a 

global CO2 sink of approximately 0.36 Gt CO2 pa. The weathering process can be accelerated by 

grinding up the rock to increase the surface area, exposing it to greater heat or pressure, and 

(because the development of a carbonate crust slows the process), physical agitation of rock grains 

(such as in beach sand) can also help
13

. 

One strand of research has focused on accelerating rates sufficient to use minerals as an alternative 

to amine catalysts in flue gas decarbonisation. This requires high temperatures and pressures, and 

large volumes of material, and has yet to generate practical outcomes
14

. However it has helped 

stimulate two further directions of research: spreading of mineral dusts on soil or surface waters, 

and injection of CO2 rich gas into fractured and heated basaltic rocks (as a storage mechanism, 

which could be of significant value if geological storage in oil and gas reservoirs or aquifers proves 

to be limited). 

This latter is not strictly a NET (see box), because it requires already captured CO2, but a variant on 

it has been proposed, of passing seawater  through such fractured rocks in situ, which allows 

extraction by mineralisation of some of the dissolved carbon from the water. Initial speculative 

assessment by Kelemen et al (2009) suggests this could be relatively energy efficient. 

 

'Carbfix': in situ sequestration in olivine / basalt 

Technically this should be considered a storage technique rather than a NET, but the technology testing 
could help development of NETs based on injection of less concentrated CO2 (in water, or even flue gases), 
as well as potentially overcoming restrictions on other forms of CO2 storage. It would be conducted 
underground at high pressure and temperature, although the Lamont Doherty Earth Observatory (Kelemen 
et al, 2009) has speculated that unpressurised, sea-water injection or convection into geothermally heated 
rocks could achieve practical levels of sequestration, with only an initial fracturing and heating episode to 
kick-start the process. 

The Carbfix project at Hellisheidi in Iceland is establishing a pilot facility for deep injection into basaltic rocks, 
using byproduct geothermal CO2. The test aims to capture 2kt pa, but has been delayed by over two years  
by the realisation that CO2 input mix was not pure enough and contained a 'large percentage of air', leading 

to problems with the pilot plant for separation of CO2 from H2S (Sigurðardóttir,  2011) 

Oelkers et al (2008) note some of the theoretical challenges arising. These include the availability of water 
for carbonation, the need for impermeable cap rocks, and the possible mobilization of trace and toxic metals. 
There are also large unknowns regarding the reactions of subterrestrial bacteria – significant in carbon 
dioxide conversion - which could be either positive or negative. The subseafloor biosphere may contain two 
thirds of Earth’s total prokaryotic biomass (Ader, 2011). 

                                                 
13

  We have included accelerated weathering in 'mineralised' category rather than the oceanic, on the basis that for most 

of the techniques proposed the capture takes place on land, even though the mineralised carbon may be in a 

dissolved form, which ends up in the oceans or oceanic sediment via run-off. 
14

  For example, Gerdeman et al (2003, 2007) reviewed US potential for ex-situ aqueous mineral carbonation based on 

laboratory studies using already separated CO2. They concluded that the system would require 2x the weight of CO2 

in processed mineral, and take 25% plus of the energy output of the coal plants generating the CO2 stream. 
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6.1.1  Soil application of silicates for accelerated weathering 

Application of finely ground minerals to soils has been advocated as a fertilisation technique by 

some for many years
15

 and there is evidence to support that claim
16

. However the scale of the 

benefit is unclear, and scientific studies suggest significantly smaller carbon sequestration rates than 

amateur experiments with rockdust. 

 

Assessment: Dispersed Ground Silicate Rocks 

Category: Mineral, direct, accelerated weathering. 
 

Description: The addition of ground olivine (or other silicate minerals) to soils (or surface water) to 

accelerate the natural process of carbonation of such minerals through dissolution both in the soil and in 

runoff (Shuiling & Krijgsman, 2006; Köhler et al. 2010). 

Capacity / Scalability: Estimates range widely from 10Mt- CO2 pa (if restricted to suitable agricultural 

soils in the humid tropics (Hartmann & Kempe, 2008), to 5Gt- CO2 pa (using all available land and tropical 

ocean surface waters (Köhler et al. 2010). Practical scalability would be limited by the logistical challenges 

of regular spreading of mineral dust. For the UK an optimistic estimate might reach 5Mt pa, and much 

lower figures appear more plausible.   

Limiting factors: Not all land would be suitable (acid soils or precipitation, and warm temperatures both 

speed the reactions). Runoff would become alkaline, and local rates of applications would need to be 

limited to avoid excessive alkalinisation of watercourses. At a larger scale, it has been suggested that the 

finite solubility of silicic acid would limit the overall rate of sequestration on a catchment basis, even if 

local sequestration in small trials appears more rapid. 

Side effects: There is evidence for fertilisation effects, and the mineral addition can reduce soil acidity. 

Thus it is of particular potential where soils are acidified by acid rain, and/or currently actively limed – in 

which case olivine application could replace lime application, reducing the costs. 

Estimated cost: $20-40/t- CO2 (Köhler et al. 2010). This level accounts for the costs of grinding and 

transport to the site of use, but not for costs of large scale spreading. It should be considered a lower bound. 

Current status (TRL): The method is largely conceptual, with some field trials that have been undertaken 

mainly for fertility purposes (TRL 1-5) with inconsistent measurement of carbon dioxide uptake. A current 

Tanzanian field trial by Shuiling's 'Olivine concepts' company is utilising waste olivine from gemstone 

mining. Reported laboratory research has been mainly focused on industrial scale use at high temperature 

and pressure for removal of CO2 from flue gases (eg Gerdemann et al, 2003). 

Expected development: Slow, with limited potential, little research and few trials ongoing. 

Accounting: Very challenging. There are large uncertainties over both the total potential uptake of CO2 and 

the rate.  Accelerated rates have been estimated at 0.03 to 0.4 t/ha pa for 30 years from spreading a mass of 

1-2 tons per ha (Shuiling & Krijgsman, 2006). Shuiling and Krijgsman suggest that accurate accounting 

would require measurement of CO2 in groundwater. 

Control: Fairly controllable at small scale on agricultural or forest land, but the technique raises more 

significant issues at scale, especially if aerial dispersal were to be considered over forests or seas. Moreover, 

the mineral cannot be removed from the environment if side effects arise once it has been applied to soil or 

water. 

Political acceptability: Likely to be acceptable at small scales, and even desirable where co-benefits such 

as reduced acidification or fertilisation can be obtained, but challenging at larger scales. 

 

There are locational limits – not all land is suitable. Tropical climates appear most appropriate, but 

warm and temperate areas are also practical, although generally acidic soils or rain is needed to 

ensure high uptake rates. Application is not seen as feasible in standing forest, but on (re)planting 

                                                 
15

  For example 'Remineralise the Earth' and the Seer Centre: http://www.seercentre.org.uk/research/using_rockdust.htm 
16

  One example is a Polish study of a site mineralised in 1907 which showed 4x timber volumes in 1932 compared with 

similar unmineralised sites. 
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(at the 1-2 t.ha level) delivering 0.03t-CO2/ha pa for 30 years sequestration (Shuiling & Krijgsman, 

2006)
17

. Much higher levels (16-150 t/ha)
18

 have been used in efforts to obtain fertility benefits. 

Faster weathering might be achieved through spreading on coastal zone (beaches, foreshores etc) 

presumably because of active mixing by tides and biota - though biodiversity impacts do not appear 

to have been considered. 

A recent global study by Köhler et al (2010) at the Wegener Institute suggested the global capacity 

of silicates spreading to be 1Gt- CO2 pa on all suitable land, and as high as 5Gt pa if tropical ocean 

surfaces were also treated. Shuiling & Kriegsman (2006) suggest much higher application rates, of 

much bigger particles could be possible. But this would slow the rate of mineralisation. Köhler et al 

(2010) also identify a silicic acid limit at the river basin scale for transfer to the ocean, which might 

allow higher localised rates of application, but maintain a similar cap on overall sequestration. 

Hartmann and Kempe (2008) suggest a global maximum of just 65mt, or more practical level of 

less than 10mt restricted to suitable agricultural soils. 

Shuiling & Kriegsman (2006) examine but rule out limitations from heavy metal contamination in 

ground olivine. They advocate  replacement of liming of acid soils with applications of dunite 

(ground olivine), or replacement of fertiliser application with a mix of dunite and slow release 

potassium fertiliser, to minimise costs. 

Shuiling is now advising the Dutch company 'Olivine Concepts' which is involved in multiple 

research projects, and one small trial with olivine in Tanzania. They claim sequestration costs at 

small scale using waste olivine from gemstone mining at just $5/t-CO2 . Köhler et al (2010) 

estimated $20-40 per ton, which we consider a minimum. The energy costs are not insignificant, 

estimated at up to 7-11% of the total (Köhler et al, 2010; Hartmann and Kempe, 2008), and are 

incurred 'up-front' in grinding, transporting and spreading (probably meaning that this technique 

would not repay its carbon debt for several years). 

6.1.2 Treatment of industrial wastes 

Wastes or slags rich in silicates can be used to capture atmospheric CO2. Blast furnace slag from 

steelmaking is rich in calcium silicates. It is estimated that globally there is enough slag produced 

that carbonation to calcium carbonates could store 60-170 Mt CO2 pa (Eloneva et al 2007). 

However the process is energy and chemical intensive and therefore expensive - estimated from 

Eloneva et al as $400-5,000 per ton CO2. Eloneva et al suggest using the process to produce pure 

CaCO3 as a commercial product. However this would essentially abandon the negative emission 

benefit, as precipitated calcium carbonate (PCC) is used in short life products such as paper 

making
19

. Even then the process would still need low grade waste heat (at 150
o
C) and recycled 

sodium acetate to become economic. 

Precipitated calcium carbonate is also currently produced from pulp flue gas. In theory PCC from 

any source could be stored as a NET, or used as an input for an oceanic NET such as Cquestrate 

(see below). However PCC arises in locations (forested areas) very different from those most likely 

to be employed by Cquestrate  (desert sources of limestone). Even if such integration was practical 

it seems unlikely that PCC production would be an economic approach. 

Other waste products considered for treatment as NETs include cement kiln dust and coal fly ash 

                                                 
17

  Contrasts with 0.01t/ha as the natural maximum, and estimated and measured accelerated rates of 0.03-0.40t/ha – the 

latter from exposed mineral spoil heaps. 
18

  See note 13 above. 
19

  In the pulp and paper industry, calcium hydroxide is being used for the cleansing of exhaust gases to form PCC 

(Precipitated Calcium Carbonate). During that process CO2 is removed. For example, 40 - 50 000 tonnes of CO2 per 

plant, most of which is of biotic origin, is separated and bound in this way at two Swedish pulp plants (average total 

emissions 750,000 t pa). PCC is used as a component in the production of paint, glue, sealants, plastics, rubber and 

pharmaceuticals. When these products decompose through degradation or combustion, the previously bound CO2 

returns to the atmosphere within months or a few years (Biorecro, 2011). 
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(Oelkers et al 2008). All such approaches are severely limited by the availability of the waste 

product, but may be made more cost effective insofar as carbonation provides an alternative means 

of handling the waste concerned. 

6.1.3 Magnesium Oxide Cement 

The production of cement is a major source of industrial CO2 emissions. But as cement sets it 

absorbs CO2 from the atmosphere. Magnesium oxide cement has a greater capacity to absorb CO2 

than conventional Portland cement, producing a negative net emission. 

 

Magnesium Oxide / Magnesium Silicate Cement 

Category: Mineral, direct, accelerated weathering. 
 

Description: The replacement of carbonate in cement with a magnesium oxide from magnesium silicate, 

which combines with atmospheric CO2 while setting (Vlasopolous, 2010). 

Capacity / Scalability: The maximum negative emission would be 0.4Gt pa if such cement supplanted all 

global use of Portland cement (forecast for 2015 of 4Gt cement)
20

. On the same basis, the UK could achieve 

around 1.3Mt pa. Fairly scalable, based on known industrial processes. 

Limiting factors: Demand for cement. However, with a suitable incentive, greater quantities of magnesium 

oxide manufactured in the same way might be used as an ocean additive (replacing the calcium oxide 

proposed in the Cquestrate process, and creating a larger sink than in cement). 

Side effects: Currently not strong enough to supplant all cement uses. Mining of inputs could be locally 

damaging. However reduced demand for calcium carbonate would either reduce mining elsewhere, or could 

free up that resource for use by other NETs. Significant mitigation of existing emissions from cement 

manufacture (as the process also avoids calcining of limestone, and requires lower temperatures). 

Estimated cost: Novacem claim they will be 'competitive with Portland cement' (ie zero net cost) (ref). 

Current status (TRL): Demonstrated at pilot plant level, but not yet commercialised. Proprietary 

development by Novacem (a joint venture with bond funding from major cement companies) to be 

distributed via non-exclusive licensing (TRL6-7). Supported by the UK's Technology Strategy Board (TSB, 

2010). 

Expected development: Fairly rapid. Cement manufacturers are increasingly exposed to climate policy 

tools such as the ETS, and have a clear incentive to reduce emissions in production as well as  achieve 

NETs if possible. 

Accounting: Likely to be relatively simple. However as yet the net capture rate is based on the developer's 

claims. Also the lifespan of the cement, and its fate in demolition are unclear. 

Control: Fairly controllable. But this technology is of concern as a proprietory technology. Although the 

announced corporate strategy of Novacem is non-exclusive licencing, the developers retain control over 

where and by whom this technology is used. 

Political acceptability: Likely to be acceptable. 

 

Novacem is a commercially developed low carbon cement based on Magnesium Oxide (Evans, 

2008; Vlasopolous, 2010).  It has been developed by a grouping of cement companies, but under an 

agreement to distribute the technology on a non-exclusive licensed basis. Calera in the USA is also 

developing a magnesium carbonate cement ingredient in which the carbonates are produced from 

precipitation of CO2 in seawater or other natural brines, although they have yet to identify a suitable 

location for a commercial pilot plant following the abandonment of a proposal at Latrobe in 

Australia  (Zaelke et al 2011). 

Novacem is not yet strong enough to supplant all uses of lime based cement, but if with future 

                                                 
20

  Based on Novacem's claim of up to 100 kg negative emission per ton of cement. 



Page 29 /103 

R&D, it could, then it would produce a maximum negative emission of around 0.4Gt CO2 pa (based 

on a global cement market forecast to exceed 4.0Gt pa by 2012 or shortly thereafter, and a claimed 

net sink of up to 100kg CO2 per tonne cement (Evans, 2008))
21

. Calera have reportedly claimed a 

higher relative sink, but their claims have been disputed by Ken Caldiera who has questioned both 

the scalability of the process and its net benefit, mainly on the basis that it requires prior 

manufacture of an alkaline base from relative rare mineral sources (cited by Romm, 2009). 

Novacem's developers expect parity in cost with conventional cement, but it is unclear whether this 

assumes carbon credits are available for the mitigation and negative emission. This also means that 

the technology would be too costly to use simply to produce negative emissions. 

6.1.4 Carbonates 

Rau (2011) examines the prospect of using ground carbonates, for flue gas decarbonisation, in an 

aqueous process (which could use seawater as the source). The product is bicarbonate which can be 

released into the ocean. The technique may be more suitably categorised as oceanic. It would 

require large volumes of material and is only strictly a NET if used as a CCS technique on 

bioenergy. Carbonate could also be ground for direct ocean application, enhancing the ocean sink, 

but the uptake rate is slow. 

6.1.5 Biochar 

Carbon can be stored for long periods, perhaps thousands of years in the form of charcoal in soils. 

Biochar takes advantage of this by partially combusting biomass in an oxygen-depleted 

environment to produce a carbon rich char and some useful energy. Most current research focuses 

on pyrolysis of biomass, which produces energy mainly in the form of liquid fuel and some 

synthetic or syngas. Gasification produces mainly syngas and limited amounts of char and ash. 

There has been a surge of enthusiasm for biochar, which has led to optimistic assessments of 

potential based on assumptions of high availability of sustainable biomass, potentially from 

dedicated plantations. 

Advocates of biochar state that the process could generate a potential carbon sink of 3.7 GtC- CO2 

pa by 2030 (Shackley and Sohi, 2011) rising to 20 to 35 Gt CO2 pa by 2100 (Lehmann et al., 2006). 

For our purposes, the latter estimate is considered excessive (for sustainability reasons), which the 

former may well also be optimistic in the technical rate of deployment implied. 

Lehman et al (2006)'s estimate is based on analysis which concluded that bio-fuel production using 

modern biomass could produce a biochar by-product through pyrolysis that results in 30.6 kg C 

being sequestered for every GJ of energy produced. They then calculated that by 2100, biochar 

sequestration could amount to 5.5 – 9.5Gt C yr if renewable energy demand was met through 

pyrolysis. 

Lenton and Vaughan (2009) also attempted to calculate a maximum contribution. They quantified 

the climate cooling effectiveness of biochar in terms of radiative forcing and, assuming 100% 

retention of char carbon in the soil in the first 100 years, they calculated a reduction in atmospheric 

carbon of up to 81Gt CO2 (equivalent to a reduction of 10ppm CO2) by 2050. Continuing the trend 

forward, they predicted 290Gt CO2 by 2100. This was based on a maximum rate of 11.5Gt CO2 pa 

by 2100. Lenton (2011) cites further estimates of 4.4Gt CO2 in 2035 and 11.5 in 2100, or based on 

existing biomass flows only, of 2.8-3.2Gt CO2 pa. 

However, studies that have attempted to assess sustainable application rates, and sustainable 

feedstock supply produce much lower estimates. Collison et al (2009) cite estimates that a single 

                                                 
21

 The promoters also point to a mitigation benefit of 800kg per tonne where Portland cement displaced, although this 

does not appear to account for the CO2 sink in Portland cement when setting, which may be as much as 33-66% of 

its emissions in production. 
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application of biochar every ten years to the 15m km2 of cropland available worldwide could result 

in the sequestration of up to 2.38 Gt CO2 per annum. Clearly achieving this level of application 

would be impossible in practice. 

Biochar 

Category: Mineral, indirect. 
 

Description: Storing partially combusted organic matter (char) in soil by burial, preventing the return of 

biotic carbon to the atmosphere via decomposition.  The char can be created from organic matter by 

pyrolysis or gasification, either of which provides some bioenergy (Shackley & Sohi, 2011). 

Capacity / Scalability: There are a wide range of published estimates, with plausible global maximum 

estimates at around 1Gt- CO2 pa (based on Woolf 2010). The technology itself is fairly simple and scalable, 

and can use a variety of inputs including biowastes, but there are limits to feedstocks and locations. UK 

estimates range from 4-48Mt CO2 pa by 2030 (Shackley & Sohi, 2011, McGlashan et al, 2010). 

Limiting factors: As with all indirect techniques, biochar would be limited by the availability of 

sustainable biomass feedstocks. There may also be limits to the application of char to agricultural land, 

especially char from wastes such as sewage sludge, as well as overall limits on total char storage in soil and 

practical application rates. In practice biochar would face competition from other uses for feedstocks, 

reducing capacity below the theoretical maximum. 

Side effects:  Beneficial impacts on soil fertility have been claimed, but have not been consistently 

demonstrated. Possible health impacts from erosion and wind dispersal of carcinogenic carbonised dust 

have been noted, and impacts from interactions with herbicides are being researched. 

Estimated cost: Uncertain as yet, but subject to feedstock being produced at <$100/oven dried ton the 

abatement cost is estimated as around $30 to $40/t- CO2 (Shackley & Sohi, 2011). 

Current status (TRL): Theoretically demonstrated. Small scale field trials are ongoing, both in UK and 

elsewhere (TRL 4-6). Significant commercial effort is emerging, with a particular focus on use of  

biowastes as a route to commercialisation. 

Expected development: Fairly rapid. Continued research into both pyrolysis and gasification routes, and 

into integrated bioenergy systems. The UK Biochar Research Centre in Edinburgh is a leading player. 

Amongst other initiatives the UKBRC is seeking to establish an assessment framework to underpin the 

development of standards. 

Accounting: Challenges in accurate measurement of carbon retention in soils over long timescales create 

significant issues for fair accounting. Estimates of the retention fraction range from 30% to 100% over 

different timescales, although most estimates are in the 68-90% range for 100-500 years (Shackley & Sohi, 

2011, McGlashan et al, 2010). The possible impacts of climate change, afforestation or deep 

ploughing/drainage on soils with biochar stores are not well understood. The first US commercial biochar 

operation was closed down because of fraud. 

Control: Largely controllable, and suitable for decentralised deployment.. 

Political acceptability: Variable, but generally fair. Likely to be subject to greater opposition at larger 

scales especially if associated with new plantations or land grabs. Use of biowastes may result in greater 

unpopularity. 

 

The sustainable supply of biomass would appear to be even more pressing. Woolf et al (2010) 

estimate that annual net emissions of carbon dioxide, methane and nitrous oxide could be reduced 

by a maximum of 1.0-1.8 Gt CO2 e  per year (12 % of current anthropogenic emissions), and total 

net emissions over the course of a century by 66-130 Gt CO2 e, without endangering food security, 

habitat or soil conservation.  Half of the avoided emissions are due to the net carbon sequestered as 

biochar, 30% to replacement of fossil-fuel energy by pyrolysis energy and 20% to avoided 

emissions of methane and nitrous oxide.  So the negative emission is at most 0.9 Gt- CO2 pa, and 

the remainder is mitigation. 

They consider the need for crop residues to maintain soil carbon, and as animal feedstocks, and 
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exclude conversion of currently utilised land for biomass production (with the exception of some 

conversion of grassland to agroforestry). The feedstuffs considered sustainable are  40-80% of 

sawmill, yard and other wood wastes; rice husks, 70-90% of paddy rice straw, 8-20% of cereal 

straw, waste bagasse plus 25-75% of sugar cane field trash, 12.5-25% of cattle manure, and 50-90% 

of pig and poultry manure, forestry residues equivalent to 44% of the difference between fellings 

and timber extracted; 17-175 mha of tropical grassland converted to agroforestry; 50-100% of the 

product of degraded or disused cropland not in other uses. Over half of the total biomass included 

falls in the last two categories.  For illustration, excluding them would reduce the maximum 

sequestration to around 0.4 Gt pa or 30 Gt over the century. 

For the UK, in a review for the East of England Development Agency, it has been estimated that, if 

all of the biomass resource was made available for pyrolysis to biochar production, between 21-29 

MtCO2 /yr could be sequestered (Collison et al 2009; McGlashan et al 2010). The  review estimates 

that 8-9% of UK emissions would require a “massive programme” using all available (unstated, 

30Mt plus by extrapolation) biowaste, 5Mt of forestry residue biomass and 18Mt of dedicated 

energy crops: to produce 13-14MtC of char carbon content. These figures need to be discounted by 

up to 20% to account for the energy costs of the overall process, transport etc. 

Shackley and Sohi (2011) suggest a practical total carbon abatement from biochar in the UK is 3.7-

22 Mt CO2 pa. Between 0.5 Mha (low supply scenario) and nearly 5.0 Mha (high supply scenario) 

land could be treated at a rate of just under 1.5 t per ha pa biochar and over a 20 year period (against 

a total of 17.5 Mha agricultural land in 2008). Again about half (40-50%) of the total abatement is 

the negative emission and the remainder arises from co-benefits such as reduced fertiliser use, and 

energy production): so this equates to a negative emission of 2-11Mt- CO2 by 2020. Even if 

continued escalation of capacity doubles this by 2030, it still falls short of the estimates of 

McGlashan et al (2011) of 11-48 Mt CO2 in 2030. And all these estimates are larger than would be 

derived by applying Woolf et al's (2010) global estimate to the UK land areas of crops and forests. 

Shackley and Sohi (2011) define a sustainable biochar system as one which: a) produces and 

deploys biochar safely and without emitting non- CO2 greenhouse gases; b) reduces net radiative 

forcing; and c) does not increase inequality in access to and use of resources. They conclude that 

“Systems which meet the above criteria do not exist at demonstration or commercial scale at the 

current time”. 

The estimates of costs of biochar are very wide ranging. Shackley and Sohi (2011) conclude: “If 

biochar costs £100/t a carbon abatement price of £30–40/ t CO2 would be required for the 

operation to break-even”. Shackley and Sohi calculate costs from £11-430/t-char with lower costs 

relating to straw residue feedstocks, and higher costs arising from more challenging or expensive 

waste streams. 

Biochar advocates claim significant co-benefits in the form of fertility enhancement as well as 

energy supply. Typically LCA approaches compare the whole biochar system with other bioenergy 

systems, but not with BECCS. They indicate an overall carbon balance which is significantly better 

than biomass combustion or even anaerobic digestion, but which produces less energy per unit of 

biomass (eg Hammond et al 2011). 

The LCA analyses also suggest that fertility benefits could be a significant contributor to the overall  

carbon balance, but that this benefit has yet to be consistently demonstrated. It appears to depend to 

some degree on the application rates (Karve et al 2009) nature of the feedstock, and the speed of the 

pyrolysis process (Shackley and Sohi, 2011). It should also be noted that the effects of natural 

burning in ecological systems (such as forests, heathland) is to reduce fertility, and typically thus it 

triggers subsequent increases in diversity. 

It is particularly unclear whether the use of waste derived biomass will have fertility benefits, and 

indeed whether such feedstocks will even be deemed suitable for use on agricultural land. This is 

significant as in the absence of carbon credits for biochar, the most likely route to 
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commercialisation of the technology is via payments for waste management and/or fertility benefits. 

Although Carbongold
22

 is already marketing biochar through garden centres as a soil additive this is 

a very small scale market. 

There have also been concerns raised about the health implications of release of char through 

erosion as a result of drier soils caused by climate change. POST, 2010 cite that “In a recent 

biochar field trial, approximately 30% of biochar was lost during handling as wind-blown dust 

(Husk and Major, 2010). Biochar is a form of black carbon that can accumulate in the lungs as a 

result of prolonged inhalation. It has been declared as possibly carcinogenic to humans (Group 2B) 

by the International Agency for Research on Cancer.” 

Research has also revealed poor efficacy of herbicides in biochar-amended soils (Nag et al, in 

press), with the potential implication that herbicide doses may be increased to compensate, with 

commensurate increases in health effects. 

Biochar advocates also tend to underplay or ignore the risks of unsustainable biomass import. This 

could be a significant oversight. Although current proposals tend to be for small scale biochar 

facilities, as the economic viability of large scale plantations has been questioned: and small scale, 

low tech approaches are seen as more cost effective; other bioenergy proposals have escalated 

rapidly to a level which is or will soon be reliant on significant imports
23

. The processes for 

certification and chain of custody of timber and biomass products (such as biofuel inputs) are far 

from satisfactory, and a similar risk could arise with biochar. As a result concerns about forest 

conversion to plantation or land-grabbing for bioenergy production should not be dismissed. Borras, 

(cited by Leach et al 2010) notes that “the extent and ways in which grabs play out, and their 

impacts, depends greatly on prior institutional and governance, as well as environmental, 

conditions”. 

If biomass products are diverted from current uses in developing countries to fuel biochar processes 

either locally or overseas in the rich world
24

 then there are other potential negative impacts through 

an 'indirect land use' effect as as occurred with biofuels. For example diversion of charcoal from 

local fuel supplies could result in indirect impacts on forests or other biomass sources for inefficient 

combustion which could result in increased carbon emissions in excess of the biochar negative 

emission (Roberts et al, 2010). 

Diversion of biomass, especially crop residues or manures, could also have unforeseen 

consequences for soil organic matter and erosion. Very few assessments address soil organic matter, 

yet low organic matter levels can be linked to soil degradation and food insecurity (Lal, 2004). 

The measurement and accounting challenges are major. McGlashan et al (2010) conclude that “the 

biochar process technology does not lend itself to a reliable system of verifying how much carbon is 

stored. The monitoring, verification, and reporting of the process as a carbon negative technology 

would therefore be intricate and subject to practical difficulties”. For example, the variation in 

estimates of retention rates of biochar carbon in soil is substantial, even over a period of years. 

One result is that the scope for fraud would be high, especially if carbon credits were available. This 

is not just a theoretical concern. The Pennsylvania based Mantria Industries opened the ‘world’s 

first commercial scale BioChar facility’ in August 2009 to great fanfare but no longer exists, having 

been charged for fraud by the US government regulators for using ‘exaggerated claims and 

aggressive marketing to con people into investing in biochar sequestration’ (Leach et al, 2011). 

                                                 
22

  See www.carbongold.com. 
23

  In evidence to Parliament, the RSPB cites over thirty proposals for large-scale biomass power plant with a combined 

capacity of 3.9GW and an annual wood demand of approximately 23 million oven-dried tonnes, compared to a total 

of 9.3 million tonnes of wood harvested in the UK in 2010. 

http://www.publications.parliament.uk/pa/cm201011/cmselect/cmenergy/writev/742/emr39.htm 
24

  The fact that biochar produces energy creates an incentive to locate pyrolysis facilities in the UK, in contrast to other 

NETs where the incentive to locate them outside the UK (as long as the carbon sink can be credited to the UK 

account) could be strong. 



Page 33 /103 

6.2  Pressurised storage 

Here we consider a range of direct air capture techniques, generating pressurised liquid CO2 for 

geological storage. In principle these technologies are the most easily scalable, and our estimates 

suggest that if NETs are to contribute significantly to climate stabilisation, such technologies will 

have to become economic. They have, unsurprisingly, become closely connected with debate about 

moral hazard, and even though the sector features more early stage commercial ventures than all 

other aspects of NETs put together, there remains major technical and economic uncertainty over 

whether direct air capture will ever become an economic technology, rather than a highly expensive 

(and probably too slow) backup for failure to mitigate emissions quickly enough. 

Direct air capture (DAC) raises several generic and common technical issues: how is air flow over 

the contactor surface achieved or maintained? How is CO2 captured by the process subsequently 

recovered for storage? Different potential answers have led to a wide range of proposed methods. 

Two broad approaches to air capture have emerged as front-runners in this sector: solid amine resins 

and wet chemical scrubbers. Both are at the stage of seeking venture capital. Other more speculative 

technologies in this category include zeolitic and other metal organic frameworks. 

In general, however, direct air capture requires that a flow of air be maintained over a solid or liquid 

contactor surface. Solid surfaces trialled for air capture include resin polymer panels and supported 

amine ligands (Lackner 2009). Similar approaches under consideration for flue-gas capture may also 

be applicable, notably immobilized amine sorbents or hyperbranched aminosilicates (Eisenberger et al 

2009) such as aziridine. 

The CO2 adsorbed from the air flow must then be released. Lackner (2009) is currently focused on a 

'humidity-swing' process in which the CO2 is literally washed off the amine framework. His 

currently technology produces very dilute CO2 (5-10% concentration), but his company 

(Kilimanjaro Energy (previously GRT)) is working on washing in vacuum to obtain pure CO2 at an 

unspecified extra energy and financial cost. Eisenberger, previously at the Lamont Docherty Earth 

Observatory founded the Global Thermostat company in 2009 to develop and market air capture 

techniques. It is currently pursuing aziridine based temperature-swing processes that require 

temperatures that can be achieved with waste process heat in the 75-120
o
C range. (Eisenberger et al 

2009). Drese at the Georgia Institute of Technology is investigating similar aziridine processes 

(Drese et al 2009). They are estimated to have energy requirements only 25% of those of the liquid 

amines currently being trialled in fossil CCS systems
25

 

Aqueous ammonia based systems are under advanced development for point-source CCS with 

small scale demonstration plants run by Alstom in Wisconsin in 2008-09 and Ohio since 2009. 

These systems also obtain efficiency gains over current amine systems because they need only 

process-grade heat (Ciferno et al 2005). It is unknown as yet whether they could be practically 

applied to air capture. 

Wet-scrubbing processes for air capture establish a contactor surface between a liquid capture agent 

(amine or mineral hydroxide) in a pool or spray system
26

. Conventional designs for spray systems 

are tower-based (like cooling towers), while Keith (Carbon Engineering, 2010) is pursuing cross-

flow block geometry. In wet systems the cycle can be run continuously, with counter-flows of air 

and capture agent, whereas dry systems need to go through a physical cycling process where the 

contactor surface is washed or heated and the CO2 removed, before re-exposure to the flow of air.  

Each approach has design and logistical advantages and disadvantages. In particular there are trade-

offs between absorption and regeneration costs: low absorption costs, high regeneration costs for 

hydroxide (wet calcination) systems, vice versa for suspended amines. 

                                                 
25

  Emerging carbon capture technologies. http://powerplantccs.com/blog/tag/hyperbranched-aminosilica 
26

  Because the system recycles the alkaline base (the calcium or sodium hydoxide), it would not be strongly constrained 

by the limited natural availability of such materials (Kheshgi, 1995 estimates that in direct use, all of the available 

sodium hydroxide in the world would offset about 5 GtC of CO2 emissions.). 
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Supported amine resins - “artificial trees” 

Category: Pressurised, direct air capture 
 

Description: Adsorption of CO2 directly from the atmosphere using amines in a solid form, suspended on a 

branched framework, through which air is pumped, or circulated by wind. Also described as 'artificial trees'. 

The CO2 is recovered from the amines by washing in vacuum, pressurised and injected into geological 

storage (Lackner 2009, Eisenberger et al 2009). 

Capacity / Scalability: These techniques could theoretically deliver multiple Gt sequestration by 2050. 

They are highly scalable. The basic chemicals required are widely available. Within potential storage 

constraints they could deliver up to 190Mt pa for the UK 

Limiting factors: In the long term they would probably be limited only by the availability of suitable 

geological storage for pressurised CO2, and of low carbon energy to drive the process. In the short term 

there are remaining technical challenges, significant costs barriers, and logistical obstacles to establishing 

transport and storage networks. Cost benefits compared to conventional point source CCS might be 

obtained by 'co-location' of recovery and storage, or co-location of recovery and wind power. But 

depending on the details of the technology there may be locational constraints resulting from climatic and 

weather factors (eg a requirement for a stable, dry climate). 

Side effects: No significant side effects with the possible exception of visual intrusion. This method is 

necessarily fairly dispersed and requires 'contactor' structures that expose large areas of amine to the air. 

Localised downstream effects could include negative impacts of CO2 depletion on vegetation and air 

pollution with chemicals, which are as yet poorly understood
27

. 

Estimated cost: $40-200/t- CO2 in 2030 (McGlashan et al, 2010). Even these costs seem optimistic, in 

comparison with the analysis by Socolow et al (2011). In this study we conclude that $250/t- CO2 is more 

likely. 

Current status (TRL):  TRL 3-5. Prototyping. At least two start up companies have obtained or are 

seeking venture finance for the development and testing process. 

Expected development: Fairly rapid. Much research in academic and business environments, with at least 

two start-up companies already initiated by key researchers in the field. However major costs thresholds 

remain. Costs facing Lackner's company Kilimanjaro Energy are currently estimated to be over $300/t CO2 

(based on Aston 2010). Getting below this level might enable small scale development based on distributed 

generation of CO2 to sell into existing markets for pure CO2, such as drink carbonation. Kilimanjaro Energy 

is aiming for $50 per ton to compete in the enhanced oil recovery market. 

Accounting: Fairly robust and measurable. No greater uncertainties than apply to storage of CO2 from CCS 

on power plants. Would still require resolution of carbon accounting issues associated with CCS, and may 

raise philosophical debate over the 'ownership' of atmospheric CO2, although in practice it is likely to be 

covered by the principles implicit in Joint Implementation and the Clean Development Mechanism. 

Control: Relatively controllable. Commercial technology development implies strong corporate influence 

as does the need for industrial scale mass production, and large scale logistics for collection and storage.   

Political acceptability: Likely to be high if current controversies regarding CCS in international 

negotiations can be overcome. But will be controversial if explicitly deployed as an offset technology to 

reduce other mitigation. At scale, it might also raise issues relating to the distribution of, and access to 

suitable storage. 

 

The overall capacity of air capture systems is limited in principle only by the availability of storage 

for captured CO2, or the availability of energy to power them, always taking into account then 

opportunity costs of that energy. So for example, if an aziridine system meets Eisenberger's 

optimistic estimate that a facility using the waste heat from a coal fired power station could 

                                                 
27

  Some amines and amine degradation products are carcinogenic (Booth et al, 2011). Likely losses in a dry system are 

unknown as yet. Losses in CCS are generally considered tolerable (Mulgundmath & Bowden, 2011), though one 

Norwegian pilot development at Mongstad was refused permission in 2010 on the basis of predicted pollutant levels. 
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sequester twice the CO2 emitted by the power station (Eisenberger et al 2009), it would still have to 

take into account the fact that the waste heat could alternatively have been captured and used in a 

district heating system to offset burning of gas. 

 

Negative emissions technique: Assessment  – Wet calcination systems 

Category: Pressurised, direct air capture 
 

Description: Capture of CO2 directly from the atmosphere using wet scrubbing systems based on calcium 

or sodium cycling technology. The CO2 is recovered by calcining, pressurised and injected into geological 

storage (Keith et al, 2006, Baiocchi et al 2006, Socolow et al 2011). 

Capacity / Scalability: These techniques could theoretically deliver multiple Gt sequestration by 2050. 

They are highly scalable 

Limiting factors: In the long term they are limited by the availability of low carbon heat to drive the 

process, and suitable geological storage for CCS. There are also remaining technical challenges, significant 

costs barriers, and logistical obstacles to establishing transport and storage networks. 

Side effects: Localised downstream effects could include negative impacts of CO2 depletion on vegetation 

and air pollution with chemicals. 

Estimated cost: $80-250/t-CO2 . Carbon Engineering currently cite long term cost “below $250/t”. 

Socolow et al (2011) estimate current costs over $600/t-CO2, and we conclude that in the order of $350/t- 

CO2 is plausible for 2030. 

Current status (TRL): Prototyping. Carbon Engineering seeking venture capital for development of cross-

flow slab geometry. TRL 4-6. 

Expected development: Fairly rapid. Much research in academic and business environments, with at least 

one start-up company already initiated by key researchers in the field. However major costs thresholds 

remain. May also sell CO2 for enhanced oil recovery as a step to commercial viability. 

Accounting: Fairly robust and measurable. No greater uncertainties than apply to storage of CO2 from CCS 

on power plants. Would still require resolution of carbon accounting issues, and may raise philosophical 

debate over the 'ownership' of atmospheric CO2, although likely to be covered by the principles of JI and 

CDM. 

Control: Relatively controllable. Commercial technology development implies strong corporate influence 

as does the need for industrial scale production and logistics for collection and storage.   

Political acceptability: Likely to be high, unless explicitly deployed as an offset technology to reduce other 

mitigation. 

 

The costs claims surrounding direct air capture are subject to a wide range of uncertainty, and clear 

promoter bias. With some exceptions, the range is typically between $40 and $250 per ton CO2
28

. 

Avoiding high pumping costs through the contactor appears to be critical to economic viability 

(Zeman, 2007)
29

. Solid amine systems appear to be lower cost ($40-200/t Lackner, 2009, 

McGlashan et al 2010) than wet calcination systems ($140-250, Stolaroff, 2006; Keith, 2006; 

Strand and Benford, 2009). Following the analysis of Socolow et al (2011) we note that the latter 

are closer to existing industrial processes, and cost estimates may therefore be expected to be more 

accurate, while those for solid amine systems are likely to rise as the technological challenges are 

faced in practice. 

                                                 
28

   Here we exclude Eisenberger's estimate of $25 per ton, published in Energy and Environment, as it is based on an 

unpublished further reference, and otherwise unexplained assumptions. 
29

   Herzog (2003) claimed direct air capture would be energetically impossible because of the pumping costs of air 

volume needed, but Stolaroff (2006) suggested that Herzog had assumed an inefficient analogue (a packed tower 

contactor). 
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Could air capture ever be cheaper than CCS on point sources 

This proposition has generated much discussion in the air capture community. It is significant because if not, 
then CCS on point sources will progress first, and insofar as that approach to mitigation dominates over 
alternatives such as renewable electricity, fossil CCS will take a significant share of global geological 
storage. If on the other hand DAC can be cheaper, then it could be used as a justification for continued 
unabated use of fossil fuels for functions such as electricity production. 

It would seem impractical to extract CO2 more cheaply from a much more dilute source (the atmosphere) 
than from flue gas. But the additional energy cost is not in proportion to the difference in concentration (300 
times). The enthalpy of mixing is logarithmic, so the theoretical energy required to capture atmospheric CO2 
is only∼3.4 times the theoretical requirement for capture from a 10% source at atmospheric pressure (Keith, 
2006). The energy costs also fall because we do not need to capture a very high proportion of the CO2 in air 
and have less volume/time constraints. Direct air capture could function at a 25% capture rate, while to be 
effective on flue gas, capture rates in the order of 90% are demanded, for a fixed rate of flue gas flow

30
. 

While DAC might be easier because atmosphere is relatively free of other pollutants (compared with flue 
gases), it would be potentially more difficult because of the wider variability of the atmosphere, particularly in 
terms of water vapour content, which is both higher and more variable. Water vapour can compete with CO2 
for the reactive sites on sorbents, degrading capture performance. Water vapour can also add to the thermal 
mass of a sorption system that must be heated during regeneration, adding to operating costs.(Socolow et 
al, 2011). 

DAC might also obtain cost advantages from mass production (the Lackner model) and from co-location with 
storage, reducing the costs of transport. However it is not at all clear whether other constraints on the 
location of DAC (eg co-location with cheap energy, or for stable humidity) would be stronger effects (Socolow 
et al, 2011). In the UK circumstance with most storage offshore it seems unlikely that this factor will reduce 
relative DAC costs. Either the costs of transport will be similar (for industrial scale wet calcination systems) or 
higher, because of the benefits of decentralisation of artificial trees or similar. However, transport is only a 
small proportion of the total cost

31
. 

Another argument for DAC effectiveness is that it can be operated intermittently, and therefore that it could, 
for example, be co-located with wind power, on the basis that when the wind blows there would be both 
power, and wind to transport CO2 over the contactors.  Socolow et al (2011) argue to the contrary that costs 
will be dominated by capital: therefore will rise rapidly per unit if the plant only runs intermittently. 

On balance we find it unlikely that air capture could be cheaper than point source CCS in the long run. 

Socolow et al (2011) calculate a reference cost for direct air capture, using a wet calcination 

method, based on detailed consideration of costs ratios between physicists and engineers estimates, 

and final costs of comparable technology. They take full account of the net emissions from energy 

supply
32

.  They calculated levelised costs of $600/t- CO2 for capture alone, split 60% capital, 40% 

operating costs. They conclude that 600-800 $/t- CO2 is a more realistic estimate for a current 

technology system, including compression and storage. At the $600 figure, they suggest that air 

capture would not be cost effective even for dispersed emissions, and that mitigation techniques 

such as electrification of road vehicles would be cheaper. 

However they contrast this with capture costs in post combustion CCS of $180/t- CO2 estimated 

using same methodology. This figure falls at the upper end of current estimates. For example Al 

                                                 
30

  Keith suggests energy cost would fall to multiple of just 1.8 for capturing 25% of CO2 in ambient air, compared with 

capturing 90% in flue gas, though Socolow et al (more recent, and reviewed by Keith) suggest the gain would be 

much less: “The corrections for less than complete separation are small: for flue gas, the minimum work is about 

8% less for 90% removal, 15% less for 75% removal, and 22% less for 50% removal than for 100% removal. The 

corresponding fractional reductions for direct capture are 3% for 90% removal, 5% for 75% removal and 8% for 

50% removal.” 
31

  Al Juaid and Whitmore's survey of CCS estimates (2009) suggests in 2030, costs will be $25-80 per tonne capture, 

$45-100 per tonne including compression and transport (and compression accounting for most of the $20 

increment). 
32

  For each 10g sequestered by the system a further 4 are generated by the gas for the kiln, so 14 must be captured to 

net sequester 10; and another 3 are generated by remote electricity production, so only 7 are sequestered net (so 

costs of 14 are spread over 7). 
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Juiada and Whitmore (2009) estimate capture and compression cost of $120-180/t for a first of a 

kind CCS, and $35-70/t for nth of a kind (NOAK), and 2030 costs for capture alone of $25-80/t. 

Page et al (2009) strongly critique current projections of the energy penalty of CCS, and thus 

projections of costs. They find that “energy use in existing capture operations is considerably 

greater than indicated by most projections” and conclude that “it appears unlikely that CCS will 

deliver significant CO2 reductions in a timely fashion”. Flannery (2011) notes that assumptions 

about input costs for CCS may also be overoptimistic, given the elevated demand for materials such 

as steel, and engineering skills in scenarios with very high deployment rates for a range of low 

carbon energy technologies. He also notes the absence of business models for CCS deployment, in 

the absence of which, administrative costs cannot be calculated. 

Of course CCS costs are also likely to be underestimated because of the  'sociology of expectations' 

(Hansson, 2011; Bryngelsson & Hansson, 2009; Borup et al 2006), but it seems to us unlikely given 

substantial technical development on real world pilots, that the estimates would be as far out as 

Socolow et al's estimate suggests. We conclude that the long term real costs of air capture 

(including compression and storage) are more likely to fall between the upper end of the 

proponents' estimates and the lower end of Socolow et al's in the range from $200-500/t. Based on 

the same sources we also conclude that a cost of up to $150/ton for CCS on biomass combustion 

would be a plausible figure given the even greater uncertainties associated with BECCS than with 

fossil CCS
33

. 

Commercialising Air Capture 

Moving to a commercial scale trial system (demonstrating the first of a kind costs in practice) for 

any of these technologies would be dependent on serious R&D investment of  at least several 

billion dollars (Keith, 2009). 

“Costs cannot be understood until specific processes are developed to a far greater technical depth 

than has been achieved to date. As with other energy technologies, it is not possible to determine 

the cost through small-scale university research alone. Instead, costs will only become evident with 

pilot-scale process development and when costing can be performed by contract engineering firms 

with relevant expertise” (Keith 2009). 

Nonetheless the race has started, Keith, Lackner and Eisenberger all have start-up companies 

developing prototypes with (or seeking) venture capital. Carbon Engineering, Kilimanjaro Energy 

and Global Thermostat are competing to bring DAC to market, targeting early applications for soda 

carbonation, enhanced oil recovery and private offset markets as a means of developing revenue 

streams. 

Local Impacts of air capture 

Socolow et al (2011) also note that air capture is not without local impacts: “During operation, a 

DAC system produces an output of air depleted in CO2 that can affect downstream vegetation. 

Other detrimental downstream impacts would result if highly reactive chemicals are used in the 

sorption/desorption cycles and then evaporate into the output gas or are physically entrained in it.” 

Alternative approaches to direct air capture 

Aldo Steinfeld and colleagues at the Swiss Federal Institute of Technology in Zurich are using the 

concentrated solar power technology to heat a calcium hydroxide process. A fluidized-bed solar 

reactor is used to accomplish the carbonation at 365-400°C and the calcination at 800-875°C. They 

have a fully functioning laboratory model, and plan to develop a larger field prototype within a few 

                                                 
33

This is clearly cautious in comparison with IEAGHG (2011) who suggest significant economic potential for BECCS 

at a carbon price of €50 in 2030. They also calculate that BECCS costs would be 8-10% higher than fossil CCS 

costs. 
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years with an industrial partner (Jones, 2009). 

De Richter (2008) citing previous work by Lackner and others, proposes using an 'energy tower' 

design to achieve high throughflow of air. By cooling the air at the top of an evaporation tower type 

structure in a warm dry climate, a downdraft can be established which carries air through the 

system. At the base it can be used to power turbines as well as carried over some form of contactor 

for CO2 removal. The contactor could be a sodium hydroxide spray system, but production of 

NaOH from salt would result in a large byproduct of chlorine. De Richter therefore suggests using 

the electricity generated by the tower to manufacture ammonia as the capture agent. However the 

work does not appear to have been peer reviewed, and is entirely theoretical at present. 

There is growing interest in metal organic frameworks (MOFs) for air capture of CO2 – as an 

alternative to suspended amines. Nano-systems researchers at UCLA (Banerjee et al 2008; Wang et 

al. 2008) have synthesized and screened a large number of zeolitic imidazolate frameworks (ZIFs). 

A few of the ZIFs have been shown to have good chemical and thermal stability in water and in a 

number of different organic solvents, while traditional silicon-based zeolites perform poorly in the 

presence of steam. Some have been shown to selectively absorb CO2 at room temperature (Wang et 

al 2008), but the energy cost of releasing the CO2 for subsequent storage is unclear or unknown. 

Research is currently only at the basic stage of identifying suitable MOFs for different gas 

mixes/processes. Recovery of the adsorbed CO2 would be achieved through pressure swing, thus, 

like amine resins, requiring energy to create a vacuum to get pure CO2. Socolow et al (2011) note 

that MOFs are currently 'extremely expensive' to produce. 

Researchers at the Palo Alto Research Center (PARC) have developed a fuel-cell concentrator 

capable of capturing CO2 at atmospheric concentrations. The fuel cell, which uses hydrogen gas as 

an energy source, intakes CO2 from a low-concentration source, such as the atmosphere, and 

outputs it at high concentration (Eisaman et al, 2009). This concentrated CO2 can then be combined 

with the already-present hydrogen to form the liquid fuel methanol, or it can be sequestered. 

However the technique would be limited by the very large sizes of fuel cell membranes needed to 

capture at high rates (calculated from Eisaman et al as 120m2/kg- CO2 per hour). 

The team is therefore developing the concept into a high pressure electrodialysis process in which 

air is passed through a spray tower with a counter flow of  potassium bicarbonate to generate a 

capture solution, loaded with CO2 (Eisaman et al, 2009). This is then pressurized and introduced 

into a bipolar membrane electrodialysis unit. The bicarbonate is transferred across the anion 

exchange membrane to the acid stream making it CO2 rich. The high-pressure acid stream is 

transferred to a gas evolution / separation tank where the pressure is reduced with concomitant 

release of pure CO2. The CO2-depleted acid stream is returned to the electrodialysis unit via a 

repressurization pump while the regenerated capture solution is returned to the spray tower. 

To achieve a good energy balance requires significant technical developments. While not 

demonstrated in commercial electrodialysis units, active control of the acid-base pH difference to 

achieve energy-efficient operation is an engineering task that should be easily met via flow rate 

control and the use of buffers. In contrast, the demonstration of high-pressure, high-current density 

operation for a gas-evolving solution has never been demonstrated.  PARC is therefore designing 

and implementing completely new electrodialysis stack architectures and membrane materials and 

designs to survive high-pressure, high-current-density operation (Eisaman et al, 2009). 

These latter technologies seem likely to be used for carbon recovery for fuel economically before 

capture (see box). 
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Using air capture to synthesize fuel 

Lackner (2009) estimates that using DAC to produce synthetic fuel such as methanol would already be cost 
effective using his technology at electricity prices of 2 cents per kwh (a fall of 60%). Alternatively it would 
become cost effective if gasoline prices rose by 150%. His estimate was published in 2009. Since then US 
gasoline prices have already increased by about 50%, while electricity prices have remained roughly stable 
at 5 cents per kwh. 

One company in Iceland, where electricity costs are very low due to easily utilisable geothermal, is already 
pursuing the idea, to produce so-called 'Renewable Methanol'. The motivation is to produce substitutes for 
petrol and diesel that do not require substantial modification to vehicles or production lines, while addressing 
security of supply concerns regarding oil. With current chemical engineering technologies such an approach 
would also be limited to locations with non-intermittent low-carbon electricity surpluses (IME, 2011). 

While production of such synthetic fuels are not NETs, using DAC to produce synthetic fuel is an industrial 
analogue or substitute for biofuel (theoretically carbon neutral with the exception of processing and 
distribution emissions), but with a much smaller land footprint. It could therefore enable either less impact on 
productive ecosystems, or a larger sustainable feedstock for 'indirect' NETs such as biochar or BECCS. 
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6.3 Indirect capture to pressurised storage 

This category of NETs is basically synonymous with bioenergy with carbon capture and storage 

(BECCS). In theory CCS could be applied to biomass energy in the production of electricity, 

hydrogen and liquid biofuels via gasification, post-combustion capture or oxyfuel combustion. 

 

Bioenergy with carbon capture and storage (BECCS) 

Category: Pressurised, indirect air capture 
 

Description: Carbon dioxide is captured from the emissions from the production or combustion of 

bioenergy sources. Because bioenergy is notionally carbon neutral, and can be low carbon in practice, 

capture of the majority of combustion emissions creates a net negative emission across the bioenergy cycle 

(from plant growth to energy utilisation). The main opportunities for BECCS appear to be in biomass 

combustion and ethanol fermentation (Karlsson et al 2010). 

Capacity / Scalability: These techniques could deliver 2.4-10Gt- CO2 pa sequestration by 2050, although 

the lower end of the range is considered more plausible (based on McGlashan et al 2010). They are 

relatively scalable. In the UK, limited by feedstock supply, a maximum of 46Mt pa is suggested. 

Limiting factors: The key limit is sustainable supply of bio-feedstocks (and the land to produce them on). 

In addition, if other applications of CCS or DAC have used significant amounts of geological storage before 

deployment of BECCS, then storage could also be a practical constraint. 

Side effects: Increased demand for bio-feedstocks can compete with all other functions of productive land: 

food, fibre, forestry and biodiversity. BECCS may also sustain coal combustion – with all its side effects in 

mining and air pollution – as a result of co-firing. Some applications are being driven by enhanced oil 

recovery prospects. Increased water consumption would be required both for biomass supply and for CCS 

operation. 

Estimated cost: $70-150/t- CO2 by 2020 (Keith et al 2006, Karlsson et al 2010, McGlashan et al 2010). 

Perhaps even as little as $25/t- CO2 in niches such as ethanol fermentation (Karlsson et al 2010). However, 

the cost of BECCS should be seen as the combined energy penalty and financial cost of adding CCS to a 

bioenergy system: the energy production could happen without the negative emission. The stand-alone costs 

of CCS on bioenergy are expected to be higher than on fossil fuels, and as a cautious figure, taking into 

account the critique of CCS costing noted earlier, we use $150/t- CO2 as a central estimate. 

Current status (TRL): TRL 4-6.  Pilot scale trials for ethanol. Scoping studies for other applications 

(Karlsson and Bystrom, 2011).  CCS technology is at field testing stage on conventional fossil fuel uses. 

Expected development: Fairly rapid. Ethanol applications are leading interest in the US and some other 

countries. Co-firing in fossil CCS systems seems likely to be the main development in the UK (Gough and 

Upham 2010). 

Accounting: Fairly robust and measurable. No greater uncertainties post-combustion than apply to storage 

of CO2 from CCS on power plants. However, BECCS would require resolution of emerging carbon 

accounting issues relating to the relative timing and locations of the biomass sink and the tailpipe 

emissions. 

Control: Relatively controllable. 

Political acceptability: Likely to be controversial internationally, as biofuels have set a poor precedent for 

bioenergy policy development, and CCS is already controversial in international negotiations. 

 

There is technical potential to apply any of the three major capture options within a variety of 

biomass energy systems, including CHP systems (Gough and Upham, 2010). However gasification 

approaches involve higher technology risks and higher costs (Audus & Freund, 2004), with a series 

of aborted or discontinued trials, such as that at Värnamo in Sweden (which operated as a biomass 

IGCC plant from 1994 to 2000, but despite more recent proposals for conversion to a syngas plant 

(Huisman and Brinkert, 2009), does not appear to have been operated since); or project ARBRE in 
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the UK (Piterou et al 2008). 

The near-term opportunities go beyond CCS on biomass combustion. Karlsson et al (2010) 

particularly note opportunities in pulp and paper (black liquor), and ethanol plants. Ethanol 

fermentation produces a 90% plus pure CO2 stream which should reduce the capture costs. Trials at 

US ethanol facilities have been incentivised by the prospect of CO2 sales for enhanced oil recovery. 

Strand and Benford (2009) estimate overall carbon sequestration efficiency of CCS on ethanol as 

46%. However, a large share of the carbon remains in the fuel and is released in dispersed locations. 

The upgrading process for biogas, where biogas is refined to transport fuel quality (Persson et al 

2006); and black liquor gasification, a process in which a by-product from pulp mills is converted 

into automotive fuel (Berntsson, 2008) also both create relatively pure streams of CO2 at levels of 

95-99 % concentration, although these streams retain only a small share of the total carbon passing 

through the plant. Karlsson et al (2010) suggest that either approach could be delivered for around 

$45 / ton CO2 stored (and possibly as little as $25 per ton). Zhang et al 2011, modelling the 

thermodynamics of BLG polygeneration, suggest the costs of carbon capture in the process could be 

in the order of $30-46 per ton CO2. De Visser et al 2011, estimate costs for bio-ethanol from ligno-

cellulose of just $21-32 per ton stored. 

McGlashan et al (2010) conclude that of the technologies studied in their report – which included 

biochar, artificial trees, a wet calcination system and Cquestrate -  BECCS “has the greatest 

maturity and there are no major practical barriers to its introduction into today’s energy system”. 

The sale of electricity (or other energy) supported in the UK by the renewables obligation or its 

successors is expected to support early deployment. They acknowledge that the adequate supply of 

sustainable biomass is the key uncertainty. 

Even so, Karlsson and Byström (2011) were only able to identify 16 pure BECCS projects around 

the world
34

: one of which had been terminated, after running as a pilot (because of poor results from 

the associated enhanced oil recovery), and four of which had been cancelled before operation. Only 

one is currently in operation, three under construction, and the remaining 7 in varying stages of 

scoping and evaluation. 

There are also a few fossil CCS trials being linked to bioenergy, mainly through co-firing, with the 

potential for such a trial at Hunterston in Scotland where Peel Energy want to construct a partial 

CCS coal plant and have proposed co-firing with up to 20% biomass. One different approach is 

being tested at the North Dakota Synfuels plant which began operating in 1984. It produces more 

than 54 billion scf of natural gas, and currently applies a cold methanol, physical solvent process to 

capture 3.3 Mt CO2 pa from the gas purification process. Zero (Gjerset, 2010) report that the plant 

is piloting biosyngas effectively making this a small scale biogas upgrading BECCS process. 

Lenton (2011) estimates that globally BECCS could deliver around 15Gt- CO2 pa removal in 2050 

and more than 35Gt- CO2 pa in 2100. However he notes that these figures are critically dependent 

on the availability of substantial amounts of 'abandoned cropland'. Karlsson and Byström (2011) 

estimate 5-10Gt- CO2 pa at 2050, although Dixon et al (2011) and IEAGHG (2011) show that the 

upper bound is a technical potential only, of which about one third (or 3.5Gt- CO2 pa) is expected to 

be economic with a CO2 price of $50 per tonne
35

. The IEA 'Blue' energy scenario foresees around 

2.4 Gt CO2 pa at 2050, mainly in synfuels, but also in pulp and paper and power applications (Kerr 

et al 2009). For every ton of negative emission, 1.25-1.5tons must be sequestered (based on 

McGlashan et al 2010). So 10 Gt would require 12.5-15 Gt of storage capacity. With conservative 

storage estimates, this rate could consume available storage in 14 years. 2.4 Gt pa negative 

emissions could be maintained for 55 years. 

                                                 
34

   Co-firing projects were not included in the survey. 
35

   Dixon et al conclude that the most economically viable routes for BECCS in the coming decades will be in 

dedicated or co-firing IGCC applications, even though early practical potential is higher in co-firing in power plants 

with post-combustion capture. 
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The estimated costs of BECCS should bracket those for fossil CCS, depending on whether the CO2 

source is flue gas (typically more expensive than fossil CCS), or pure CO2 (from ethanol 

fermentation for example) which should be cheaper to capture. According to IEAGHG (2011), post 

combustion or IGCC capture routes will cost 8-10% more than their fossil equivalents. In Azar's 

modelling BECCS on biomass power is introduced 20-30 years after CCS on coal, around 2040 in 

scenarios to achieve 350ppm, and around 2060 in scenarios to 450ppm (Azar et al 2006). 

The costs picture is complicated by the prospect of sale of electricity, and in countries like the UK, 

inclusion of biomass in financial incentive schemes for renewable electricity or heat generation. In 

liberalised energy markets, energy from BECCS plants will only be purchased if it is competitive 

with other sources including fossil fuel with CCS and even unabated fossil fuel (subject to any 

carbon tax or carbon price). Many researchers have focused on the level of carbon price which 

would make BECCS competitive. This is not the same as the cost per tonne of negative emission, as 

it takes account also of the notional carbon mitigation arising from treating biomass as a carbon 

neutral fuel source, and typically is offset by revenues for energy sales. 

Keith et al (2006) say BECCS would cost around $70 per ton captured from the air (about half the 

figure they estimate for direct air capture by wet calcination). At carbon prices over $22-33/tCO2 , 

he calculates that BECCS will generate electricity more cheaply than coal or gas, and at $22/t CO2 

it would be competitive with coal CCS (assuming CCS, nuclear and wind are available at 5-7cents 

per kW). These seem very optimistic. Kheshgi et al (2010), calculate a carbon price of $60-100/ton- 

CO2 is necessary to make CCS economic in fossil power generation (for NOAK plants). When 

accounting for higher costs in BECCS, and the margin between CO2 captured and net negative 

emission, the price per ton negative emission would fall in the range of $82-165/ton-CO2 . 

IEAGHG (2011) cite costs of $70-110/ton- CO2 avoided for BECCS. Karlsson et al (2010) suggest 

costs in Sweden of under $75-95/ton CO2 stored by 2020, and significantly lower by 2030. The 

2020 figure is equivalent to $90-142/ton negative emission
36

. McGlashan et al (2010) cite much 

higher costs estimated at a DECC workshop, in the order of $200-250 per ton captured (equivalent 

to $250-375 per ton negative emission). In this study, recognising the major uncertainties in CCS 

costing we use a figure of $100-150 as the most plausible for 2030, with the central estimate taken 

conservatively at the upper end of this range. 

If the cost of the NET were to be considered the whole system, these costs would be dramatically 

reduced by inclusion of renewable obligation payments (equivalent to $115-130 per ton captured) 

and the value of the electricity sold (estimated at $55-130 per ton captured)
37

 This still leaves an 

additional cost of $30-90 per ton captured (or $40 to 130 per ton negative emission). But at present 

there is no mechanism to require the fitting of CCS to bioenergy. Dixon (2010) hypothesizes that a 

EPS might be applied to biomass, or a quota for BECCS be established to overcome this. In the UK, 

permitting rules might be developed, as they have been for coal. Without such a mechanism, the 

financial returns from energy sales and renewable obligations cannot be counted against the costs of 

BECCS. In fact the costs of BECCS should be increased to take account of the energy penalty from 

adding CCS to the bioenergy process. 

As with fossil CCS the earliest opportunities in power generation may arise with retro-fit to existing 

biomass plants, with established supply chains (Karlsson and Byström, 2011). However, in the UK 

there are no biomass power plants of a scale likely to justify CCS in the near future. The 

development of biomass power is currently focused on larger scale plants in port locations, relying 

on imports of biomass, and producing primarily electricity, but in some cases heat as well. If such 

plants prove sustainable, then they are likely to be in operation when biomass CCS becomes viable.   

If they are to be permitted to proceed, it should be considered whether as well as requiring them to 

                                                 
36

   Assuming capture and sequestration of 1.25-1.5tons for every 1 ton negative emission, to allow for the energy 

penalty of CCS, and the additional inefficiency of biomass in comparison with a fossil reference fuel. 
37

   Derived from McGlashan et al (2010) who give values in £ per ton and per MWh respectively. Assuming biomass 

combustion has to capture flue gas emissions of approximately 850kg/MWh (13% more than coal). 
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meet high sustainability standards, they should also be required to demonstrate readiness for CCS 

retrofit
38

. Otherwise non CCS bioenergy could be locked in for some decades. 

Given limited sustainable biomass supplies, if the electricity market locks in non-CCS bioenergy it 

will lock-out BECCS for at least 20 years, and probably longer, with new plant constructed in the 

coming decade – with guaranteed ROCs or equivalent support - operating without CCS for perhaps 

40 years. All the existing and proposed plants lie well under the 300MW threshold for CCS 

demonstration. 

The other route to BECCS power in the UK is through co-firing biomass alongside fossil fuels, 

most likely in coal plants equipped or retrofitted with CCS. Some forms of biomass – particularly 

wastes such as manures and sewage sludge – are not seen as appropriate for co-firing in existing 

power stations, given poor emissions controls
39

. But co-firing of woodchips, energy crops or biogas 

are all practical. 

There are several pressures favouring this route. First, co-firing has been developed by electricity 

companies as a means to meet renewables obligations. Co-firing was first deployed in the UK in 

2002, reaching a peak of 15% (2.5TWh) of total renewable electricity production in 2005, falling to 

its current (2009) level of 7% (1.8TWh) of renewable generation, with over 50% of the biomass 

from derived from imports (DEFRA, 2007). 

Second, the application of CCS to fossil plant is almost certain to be economic before application to 

stand-alone biomass, as a result of carbon trading and the carbon floor price. In particular, unless (or 

until) negative emissions are tradable in the scheme, then the mitigation effect of CCS on fossil fuel 

will be more valuable than the negative emissions generated from application to biomass. IEA 

modelling also suggests a greater performance penalty from CCS on standalone biomass than co-

firing (cited by Gough and Upham, 2010). 

Third, the UK lacks a dedicated biomass supply chain at present, and co-firing may therefore be the 

optimal near-term approach to BECCS for the UK (Gough and Upham, 2010). 

In theory, co-firing of as little as 10-20% biomass in a 100% CCS coal plant could make the plant 

zero or negative emission (cited by Gough and Upham, 2010). Karlsson and Bystrom (2011) 

suggest global co-firing at 30-50% in IGCC or postcombustion CCS systems could create a net 

negative emission of 4Gt (30% level) to 9Gt (50% level). However this has serious implications for 

the level of capture and storage required. 

At 30% co-firing, total emissions stored would be five times higher than the negative emission, at 

20Gt pa. At 50% they would still be 2.33 times higher (21 Gt pa). These contrast with the estimates 

for pure biomass systems, of 1.25-1.5 times more emissions needing to be captured than the net 

negative emission. 

There is disagreement over whether co-firing would continue to lock-in use of fossil fuels, or 

weaken the lock-in effect of applying capital intensive CCS to fossil-fired power (Vergragt, cited by 

Gough and Upham, 2010). We suspect that unless new plant design enables much higher levels of 

co-firing than 15-20% - and there are serious technical limits to co-firing more than 15-20% 

biomass in existing fossil plant designs - then the lock-in effect might not be weakened by co-firing. 

In other countries, faster development of BECCS might arise through the opportunities in ethanol 

production – although this is most developed where there is a commercial market for the captured 

CO2- such as in the USA, where the opportunity is EOR (the one current BECCS pilot is an ethanol 

to EOR project in Kansas), rather than in other countries with large ethanol industries such as 

Brazil. Alternatively in Canada, Sweden or Finland, opportunities in the pulp industry may lead the 

process, although at present there is limited development, and in Sweden where there appears to be 
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   While port locations imply potentially unsustainable imported biomass, they may offer the prospect of suitability for 

the mineral carbonation with seawater capture and storage technique proposed by Rau (2011), if it proves viable. 
39

   For example, proposals by Scottish Power to co-fire sewage sludge at Longannet were rejected by SEPA. 
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much interest, there is a lack of easily available storage capacity. 

A review by Gough and Upham (2010) for the Tyndall Centre summarises the requirements for 

serious and sustainable BECCS development in the UK, even assuming the technological 

developments required proceed smoothly: 

• a strategic biomass resource strategy providing for fair and sustainable allocation between 

competing uses; 

• measures to assure the 'carbon neutrality' of biomass, and effective accounting rules; 

• availability of sites well located with respect to practical biomass supply and carbon storage; 

• a strengthened and better integrated BECCS industry and science community; 

• full integration into the regulatory system (both the ETS and electricity market reform); 

• public acceptability of the technology and the specific proposals 

We have discussed the measurability issue for biotic based systems previously.  For our purposes 

the real net negative emission from biomass energy is the amount recaptured from the atmosphere 

in new biomass less any emissions resulting from harvest, processing and capture activities (not the 

amount in the previous biomass that is harvested and burned). These are broadly equivalent over a 

large enough system area and an adequate time period. But without capture in bioenergy systems, 

there is an addition to global warming potential from emissions released on combustion, and 

recaptured only later by regrowth of biomass. On the other hand if most of the old biomass carbon 

is captured by CCS, that means the system reaches carbon neutrality earlier. 

We return to the questions of the fair and sustainable allocation of biomass between uses, the 

measurement and accounting of biomass negative emissions; and the regulatory framework in the 

general discussion below. Here we note that the current provisions in the EU ETS directive create 

uncertainty. Under Article 10a of the 2009 Directive free allocation can be given to biomass CCS, 

but not to any electricity production. This might imply that allocations can be given freely to 

ethanol production CCS, and some industrial operations but not to BECCS power generation or 

industrial operations which generate electricity. Under Article 24a EUAs can be given to activities 

reducing GHGs outside the ETS. This also would not apply to power generation with BECCS, and 

needs the host government to apply (Dixon, 2010). 

Some these issues may also be addressed by the Energy Technologies Institute which has recently 

commissioned a six-month long £0.455m Biomass to Power with CCS project. This will provide 

greater clarity on what further developments are required to better understand the biomass to power 

with CCS sector and explore at an engineering level, the cost-effectiveness, technology challenges 

and technology developments required for BECCS. The research will incorporate feedback from 

existing international demonstration projects that incorporate biomass co-firing, as well as 

dedicated biomass to power conversion. The project is being delivered through CMCL Innovations, 

in conjunction with Cambridge University, Doosan Babcock, Drax Power, EDF Energy, E4tech, 

Imperial Consultants, and Leeds University. 

Biofuels and negative emissions 

While it is theoretically possible to achieve negative emission from liquid (or other) vehicle 

biofuels, we have not found any substantiated claims in existing processes. The cellulosic ethanol 

plus biogas process of POET Project Liberty in South Dakota makes a misleading claim of negative 

emissions (Gregory, 2010) by allocating mitigation associated with the biogas byproduct to the 

biofuel alone, rather than to the whole system. Production still involves 41.8g CO2/mJ, as against an 

enhanced land-use sink of 1.7 g/mJ. The net emission of 40.1g offsets 140g (biofuel replacing 

gasoline and biogas replacing natural gas), a reduction of 70%. It does not involve CCS at present. 

The addition of CCS to the ethanol fermentation would theoretically bring the whole system into 

negative balance. 
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In the UK such an approach was explored by British Sugar. Woods et al (2005) estimated that 

capture of around 4Mt- CO2 pa could be achieved by BECCS on ethanol production meeting around 

9% of UK transport fuel needs, and that with BECCS, the whole cycle would achieve small 

negative emissions of up to 5kg-CO2/GJ of fuel delivered. This broadly tallies with Lenton's 

estimate (2011) that roughly 50% of the carbon in biomass can be sequestered through a 

combination of capture on both fermentation for ethanol and combustion of residues. 

More generally it would only seem feasible to have significant negative emissions with biofuels if 

most or all of carbon is removed and captured in production process. For example if emerging 

processes to produce hydrogen from biomass (such as Hyvolution
40

) had CCS added at the 

processing stage, they would become BECCS systems with negative emissions. But this would need 

significant alteration to vehicles and production facilities, whereas most commercial development 

effort in biofuels aims at producing fuels suitable for existing or flexfuel internal combustion 

engines, in which the carbon will remain in the fuel. This principle holds for algal biofuels too. 

Current thinking suggests that electrification of surface transport will be easier than a transition to 

hydrogen as a fuel vector, so the likelihood of low-carbon synthetic fuels from biomass creating a 

competitive NET seems low. However we note that Cella, a spin-out company from the Rutherford 

Appleton Lab at Oxford is developing novel hydrogen fuels that can be used (at least as blends) in 

existing ICEs. Their patented technology uses a technique called coaxial electrospinning to safely 

encapsulate complex hydrides using nanostructuring techniques. The result is a hydrogen fuel that 

can be handled quite safely in the open air and pumped like a fluid. There seems no immediate 

reason why this process could not be applied to bio-derived hydrogen. 

In general the option of CCS on bio-hydrogen does not appear to have been seriously considered in 

the Hyvolution project or elsewhere, and it is unclear whether the CO2 produced is pure or would 

require both purification and compression, adding to the already high costs of this route. An 

alternative route to BECCS for vehicle fuels may be the generation of Fischer-Tropsch fuels based 

on the gasification of biomass plus biochar storage. The carbon dynamics of this hypothetical 

process do not yet appear to have been assessed. 

 

Methane capture 
There are no technologies in development for methane capture for air. However Boucher (2010) suggests 
that methane capture may be cost effective even if more expensive per unit than for CO2. Methane is present 
in air at lower concentrations than CO2 (1/200th), and with higher binding energy (35kJ/mol cf around 
20kJ/mol). 

But methane recovered has nearly 900 kJ/mol energy value, and reduces radiative forcing around 20x more 
than CO2 (by weight).  Even if captured methane were combusted, there would still be a negative emission. 

Speculative proposals for methane capture include iron catalysts to remove methane from water (Sorokin et 
al 2008), genetically modified methanotrophic bacteria; and mimicking bacterial enzymes with copper based 
catalysts. 
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   http://www.biohydrogen.nl/hyvolution/24295/5/0/20 
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6.4 Oceanic storage 

Direct oceanic capture techniques take advantage of the dynamic flux of carbon between the 

atmosphere and the surface waters of the ocean. By altering surface water chemistry they utilise the 

surface of the ocean as a massive 'contactor' for extraction of CO2 from ambient air. As Rau (2008) 

puts it: “Comprising 71% of the earth’s surface (3.61 × 10
8
 km2, excluding surface roughness), the 

ocean is the ultimate air contactor for planetary scale CO2 absorption.” 

There are several approaches being investigated and promoted. All effectively increase the 

alkalinity of the surface waters, by addition of lime, or removal of hydrochloric acid, for example. 

They differ markedly in how the change is engineered. The 'Cquestrate' process promoted by 

Oxford Geoengineering begins with limestone (calcium carbonate), which is calcined to obtain lime 

(CaO) which is dispersed in the ocean. House et al (2007) suggest instead removing HCl from 

ocean water by electrochemical processing, elevating alkalinity, and subsequently returning the HCl 

after neutralising it by combination with silicate rocks (effectively also accelerating weathering). 

Rau (2008) proposes electrochemical splitting of calcium carbonate in solution to obtain dissolved 

calcium bicarbonate for ocean addition. Rau (2011) suggests seawater / mineral carbonate scrubbing 

of CO2 from flue gas, and subsequent addition of the alkaline solution to the ocean. Kruger (pers 

comm, 2011) has suggested using this scrubbing technique on bioenergy to further enhance the net 

carbon benefit. 

6.4.1 Ocean liming (Cquestrate) 

This concept has been developed and promoted in an open-source fashion by Tim Kruger of Oxford 

Geoengineering. By calcining limestone or equivalent rock, and then grinding and dispersing the 

lime into oceans, around 1.7 times as much CO2 is taken up by the ocean as would be released by 

calcining (Jenkins et al 2010). To get practical efficiencies the CO2 generated by the calcining 

process must be captured at source, along with any emissions from heat energy used. CO2 emissions 

from calcining are of relatively high purity (in comparison to power station flue gas) and capture via 

an oxy-firing process has been proposed. However, dedicated facilities would be needed, and the 

technology is not proven. Calcining requires high grade heat (850
o
C or higher), so cannot utilise 

waste thermal generation heat. It has been suggested that locating facilities in coastal deserts with 

appropriate geology could permit use of 'stranded' concentrated solar energy, or else perhaps using 

gas which is currently flared (as a byproduct of oil extraction). 

Finding suitable locations which are also close to deep-water ports, to enable distribution of the 

lime by ship (required to get suitable dispersal) may be challenging. Cquestrate suggest as an 

example, the Nullarbor Plain in Australia (of which most is not subject to protective designation 

(only 900k ha (of 27m ha) is designated for biodiversity or other special interest)).  Even in such 

locations however, the energy resource will not necessarily remain stranded, and global capacity to 

install concentrated solar power is likely to be constrained in the relevant time period. Thus for 

energy accounting, 'grid'/gas averages for carbon emissions should be applied. 

Locations for distribution are not severely constrained, although areas sensitive to raised alkalinity 

would need to be avoided. In warmer waters the addition of lime should reduce degassing of CO2, 

in cooler waters it would enhance uptake, with the same net effect. 

Neither absolute availability of suitable minerals, nor energy and ocean surface for spreading 

impose any practical limits. Although ocean carbonate precipitation is a limiting factor to the rate of 

addition (max 4.28 kg per m2), annual tens of gigatons negative emissions could be achieved with 

much lower application rates over less than 1% of the ocean surface. In practice the most likely 

limits would arise through logistical challenges in the near future, and availability of low carbon 

energy through much of this century. 
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Ocean liming 

Category: Oceanic, direct 
 

Description: The addition of calcium hydroxide (hydrated lime) (Kheshgi, 1995) or calcium bicarbonate 

solution (Rau & Caldeira, 1999 and Rau, 2011) to ocean surface waters, accelerating uptake of CO2 from 

the atmosphere, and enabling the ocean to hold a higher total CO2 store.  In the most developed proposal 

from Cquestrate, the lime would be produced by calcining limestone (with carbon capture on the calcination 

plant). (Jenkins et al 2010) 

Capacity / Scalability: Such techniques could potentially deliver multiple gigatonne sequestration by 2050. 

They are fairly scalable, with practical limits imposed only by the availability of energy and of transport 

(ships and ports). An equitable UK share of the global capacity might be 65Mt- CO2 pa. 

Limiting factors: Local alkalinity as a result of application would seriously limit point source distribution. 

Thus availability of vessels and transshipment facilities, as well as of limestone (or equivalent rocks) and 

energy supplies are the practical limits faced. The supply of suitable minerals may particularly create short 

term logistical problems. These clearly constrain the possible rates of roll-out or ramp-up of these 

technologies, but impose no meaningful upper cap. Similarly, although the rates of addition to the ocean are 

limited by chemical factors, acceptable rates of lime addition are far in excess of any likely practical 

application rates, while for calcium bicarbonate, at acceptable rates, use of 5% of the ocean area could sink 

1Gt- CO2 pa (Rau, 2008). However, if lime were produced by calcination with CCS, then storage 

availability could pose an additonal limit (around 1 tonne of CO2 from calcination would need to be 

sequestered for every 1.7 tonnes captured by Cquestrate). 

Side effects: The supply of suitable minerals may create major localised impacts on landscape and 

biodiversity. The technique reduces ocean acidity and could be deployed deliberately in specific locations to 

reduce acidification around coral reefs. At excess concentrations, impacts on sealife are unknown and could 

be negative. 

Estimated cost: $30-60/t- CO2 at 2030 (Jenkins et al, 2010, McGlashan et al, 2010). Rau and Caldiera 

(1999) estimated $18-128/t-CO2 . 

Current status (TRL): TRL 2-4. Largely conceptual, with small scale laboratory research. Field trials 

presently prevented by legal measures designed to prevent ocean dumping, and possibly also captured by 

CBD moratorium on geoengineering
41

. 

Expected development: Medium. Discussions at London Convention scientific sub-group are ongoing that 

would potentially lift the legal restrictions. Cquestrate is undertaking research into the technique in an 

open-source way, deliberately publishing its findings to prevent the creation of intellectual property. 

Cquestrate has received funding support for its research from Shell, based on agreement to the open-source 

approach (Jenkins et al 2010). There are still major technical hurdles in the development of dedicated 

calcining or bicarbonate facilities. 

Accounting: Fairly robust. Potential uptake is fairly well quantified, and the dynamics of the ocean mean 

that at practical application rates, a new equilibrium is most likely achieved within 12 months. Uncertainties 

remain over long-term retention, especially in the face of continued climate change. 

Control: It requires industrial scale logistics. The dynamics of oceans imply swift recovery on termination. 

It requires detailed negotiation both over acceptability of deliberate ocean addition, and over attribution of 

carbon sequestered (given that oceans are generally considered common property, and principles developed 

under the Clean Development Mechanism and Joint Implementation may not directly apply). 

Political acceptability: Likely to be controversial, if for no other reason than the requirements for easing of 

current controls over ocean dumping. 

 

Costs estimates for Cquestrate range from $30-$60 per ton, based on scaling up to 100Mt pa 

capacity (ref McGlashan et al 2010 and Jenkins et al 2010). Based on estimates presented by 

McGlashan et al (2010) this would require approximately 10 dedicated ships of the largest bulk-

carrying class, modified for ocean discharge of the cargo. It would require a significant slice (25% 
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Which permits only 'small scale' trials in a 'controlled setting'. 
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of all yards capable of producing ships of this size) of the world's shipbuilding capacity to produce 

10 such ships in one year. 

Commercial viability faces two substantial hurdles. First, governance under the 1972 London 

Convention. Current work to address ocean fertilisation research issues under the convention (see   

below) could be relatively easily extended to embrace liming and related techniques. Second, the 

resolution of mechanisms to provide access to carbon credits or equivalent. It has been speculated 

that the management of ocean acidity in particularly sensitive locations, such as coral reefs, could 

provide an alternative source of revenue if the governance hurdle were overcome. 

As with all techniques storing carbon in the oceans, there is a risk of re-emission as a result of rising 

future temperatures. However the net effect of the liming would persist into the new temperature 

related equilibrium. 
 

6.4.2 Electrochemical splitting of seawater 

This process would electrolyse seawater, splitting it into a strong acid (HCl – which would be 

removed), and a strong base, making the returned water more alkaline (enabling more net CO2 

uptake) (House et al 2007). The HCl would be subsequently neutralised by combination with 

silicate rocks and returned in a form of accelerated weathering. The process basically parallels the 

established chemistry of the chloralkali process. It is energy intensive, requiring large amount of 

electricity, and reliable electrolysis of seawater faces technical challenges, for instance due to 

contaminants (as a result of this obstacle, splitting of synthesised brine has been suggested as an 

alternative, increasing the already large material volumes involved). 

The large volumes involved mean that the establishment of coastal plants to implement the process 

is seen as the only practical approach. House et al (2007) calculate that sequestration of 3.7Gt CO2 

pa would be possible with 100 large plants (each of equivalent throughput to large sewage treatment 

works 60m3/sec). The size of individual plants would be limited by the local effects of increased 

alkalinity on sealife in the release zone. 

Neither Shepherd et al (2009), nor the concept developers consider the technique likely to be 

commercially viable in near future, despite the potential of a low carbon energy  production offset 

from running HCl fuel cells. The process could have negative side effects from emissions of 

bromine and chlorine byproducts, including accelerating ozone depletion. House et al (2007) 

conclude “substantial laboratory and field research is needed to better understand the process’s 

effect on biogeochemical cycles and other unintended consequences; to develop efficient and robust 

large-scale hydrogen–chlorine fuel cells; and to develop processes to more efficiently separate 

seawater into acid and base with large throughput.” 

6.4.3 Liming by electrochemical splitting of calcium carbonate 

Rau (2008) proposes electrochemical splitting of calcium carbonate. Normally relatively inert, once 

dissolved in an electrolysis cell, hydrogen and calcium bicarbonate can be produced. The basic 

chemistry is understood, but capture and retention rates are as yet unclear. Rau estimates that the 

energy demand could be lower than for commercial hydrogen production, and the hydrogen 

byproduct can offset energy costs, bringing the overall cost of the negative emission close to $100 

per ton CO2. However a large supply of calcium carbonate would be required and the process is 

fairly extensive: Rau estimates that achieving just a 1Gt sink would involve altering 5% of the 

ocean surface, so distributing the bicarbonate would be logistically much more challenging than for 

the Cquestrate process. 

6.4.4 Ocean fertilisation 

Carbon dioxide is fixed from surface waters by photosynthesis. Some of the carbon taken up sinks 

in the form of organic matter. In the deep ocean, this material is used as food by bacteria and other 
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organisms. Respiration re-releases the CO2 at depth. The combined effect is called the ‘biological 

pump’ and it moderates the CO2 concentration of surface water. The ability of the biological pump 

to draw carbon down into deeper waters is theoretically limited by the supply of nutrients available 

for algal growth in the surface layer. 

Methods have been proposed to add otherwise limiting nutrients to the surface waters, promoting 

algal growth, and thus enhancing the biological pump. However local stimulation of algal carbon 

production by nutrients does not result in  removal of the same amount of carbon from the 

atmosphere. Most of the CO2 is re-released as a result of respiration in surface water, and only a 

small fraction is finally transported and sequestered deep in the water column or in the sediments. 

Moreover, there may also be an offsetting decrease in algal production ‘downstream’ of the 

fertilised region. 

Proper assessment of the effectiveness of fertilisation would require a consideration of the entire 

ocean carbon system, and the use of ocean carbon models, which are typically not well enough 

developed for this task. Carbon removal by ocean fertilisation methods is therefore not easily 

verifiable, either by direct measurements or by modelling 

Over the majority of the open oceans the ‘limiting nutrients appear to be nitrogen or phosphate. 

Thus the addition of such 'macro-nutrients' has been suggested. Indeed the transfer of such nutrients 

from fertiliser use on soils is creating a natural effect, albeit with potentially negative consequences 

where local concentrations of nutrients become excessive. Indeed the impacts of excess 

mobilisation of nitrogen and phosphorus are so great that Rockstrom et al (2009) include these 

trends in their proposed set of planetary boundaries: calculating that the world is already in 

overshoot beyond the safe level of nitrogen mobilisation, and close to the limit for phosphorus. 

These findings suggest proposals to increase such flows should be treated with great caution. 

Some important regions of the oceans, such as the Equatorial Pacific and Southern Ocean, have 

abundant nitrogen and phosphorus, but have been shown to be limited by the lack of iron. These are 

the ‘High Nutrient Low Chlorophyll’, or HNLC regions). Adding iron has been considered easier 

than adding macronutrients, as the volumes required to stimulate the same level of algal uptake of 

carbon are much smaller.  Fertilisation with nitrogen, if fully effective, might lock up in the order of 

6 carbon atoms for each atom of nitrogen. One atom of phosphorus might sequester about 100 

atoms of carbon whereas one atom of iron could theoretically stimulate production of 100,000 

organic carbon atoms. However all are subject to the same problems of measurement and 

verification, as well as the recirculation of carbon in surface waters.. 

According to Lenton and Vaughan (2009) sequestration at depth would only be increased by 0.21–

0.50 Gt pa by alleviating nitrogen limitation. From Lenton and Vaughan we can calculate that 

roughly doubling global phosphate mining could generate an additional sink of 0.53 Gt pa if 

nitrogen availability does not limit uptake of phosphorus. Removing the iron limitation globally is 

estimated to create additional sequestration below 500m depth of roughly 1Gt pa (Lenton and 

Vaughan, 2009). Shepherd et al (2009) suggest a total capture of 1Gt pa across all fertilisation 

methods would be about the maximum practical, and further implies that this might be reduced if, 

as appears likely from small scale experiments, the proportion of carbon transported to depth from 

iron fertilisation is negligible. 

Phosphate addition is seen as the most promising ocean fertilisation approach, partly due to a long 

residence time (which makes the effects more difficult to reverse if undesirable side-effects arise. It 

would also be the most expensive as phosphate is highly demanded in agriculture. Phosphate is also 

limited in supply on a millennial scale (Lenton and Vaughan, 2009) However at present almost 70% 

of global phosphate production ends up in coastal waters as a result of run-off, rather than in plant 

growth. Some does trigger additional carbon sequestration, but some also triggers eutrophication, 

damaging existing oceanic biota. Better management of existing and additional phosphate supplies 

could theoretically result in less eutrophication and more sequestration by targeted release. 



Page 50 /103 

Ocean Fertilisation 

Category: Oceanic, indirect 
 

Description: Increasing ocean productivity through addition of limiting nutrients such as iron, phosphate or 

nitrogen, with the expectation that dead biological matter will sink into the deep ocean and add to stored 

carbon there. However there is great uncertainty surrounding the basic effectiveness of these proposed 

techniques, especially with respect to the net rate of transfer of algal carbon into the deep ocean (Shepherd 

et al 2009). 

Capacity / Scalability: Global estimates range from zero to 2 Gt pa (Shepherd et al 2009, Lenton and 

Vaughan, 2009). Scalability poor or unknown. UK scope estimated by share of global as 2-36Mt pa. 

Limiting factors: Impacts on ocean biology from excess applications. Paucity of suitable locations where 

algal growth potential is limited by specific nutrients. Sustainable supply of phosphate. 

Side effects:  Proponents have claimed the technique might enhance fishery productivity, but there is also 

also a real risk of increased anoxia from algal blooms, or other negative effects of eutrophication. The 

effects may also redistribute ocean productivity from one area to another, with potential social impacts. 

Estimated cost: There are no credible costs estimates given the high uncertainty around sequestration rates. 

For purposes of presentation below, we use a figure of $50/t-CO2 . 

Current status (TRL): 1-4. Even the basic propositions remain unproven, especially for iron. Small scale 

trials with iron indicated very limited carbon sequestration. Modelling results for phosphates and nitrates 

appear more positive. 

Expected development: Slow. There is generally a strong precautionary approach to intervention with 

oceans, and the uncertainties of this set of techniques make it unlikely that they will be progressed rapidly. 

Accounting: Almost impossible in the absence of improved ocean systems models. Retention rates of 

carbon are highly uncertain, with possible rapid re-release, and offsetting impacts on neighbouring 

unfertilised ocean areas. 

Control: Poor. Once fertilisers are released into the ocean, they cannot be recovered. However the 

dynamism of the ocean system means negative effects may be short-lived. 

Political acceptability: Low. Despite work ongoing at London convention to address issues around field 

trials for fertilisation, such projects are highly controversial. The recent meeting of the International 

Programme on the State of the Ocean has been reported to have opposed ocean fertilisation even while 

calling for support for development of air capture of CO2 to help tackle ocean acidification. 

 

The Royal Society (Shepherd et al, 2009) also rate the 'safety' of ocean fertilisation techniques as 

low, with potential for unintended and undesirable ecological side effects such as increasing oxygen 

used for respiration and so increasing anoxic regions of the ocean (‘dead zones’). 

Early estimates of costs (IPCC, 2005, cited by Jones 2008) ranged from $5-30 per ton CO2, 

depending on the type of nutrient. However more recent work has cast doubt on the effective rate of 

capture and retention, and thus on such cost estimates and Shepherd et al (2009) suggest that the 

techniques are unlikely to be cost-effective. 

Even experimentation with ocean fertilisation is currently constrained. The CBD has urged states to 

ensure that ocean fertilisation activities do not take place until there is an adequate scientific basis 

on which to justify such activities and a ‘global transparent and effective control and regulatory 

mechanism is in place for these activities’.   

The 1972 London Convention and Protocol also restrict such activities. Work is under way to 

develop an assessment framework to help judge whether a proposed ocean fertilisation activity is 

‘legitimate scientific research’ consistent with the aims of the Convention. Until this guidance is 

available, Contracting Parties are to use ‘the utmost caution and the best available guidance’ in 

evaluating scientific research proposals to ensure protection of the marine environment consistent 

with the Convention and Protocol. Best available guidance is suggested to include assessment of 



Page 51 /103 

potential effects on the marine environment including their nature, temporal and spatial scales and 

duration of the expected impacts based on ‘reasonably conservative assumptions’ (Rogers & 

Laffoley, 2011). 

6.4.5  Physical intervention in oceanic overturning 

Most of the CO2 in the deep sea is transported there by the overturning circulation (the ‘solubility 

pump’) and not by biologically-driven sedimentation. Proposals have been made (cited by Shepherd 

et al 2009), by the likes of James Lovelock, to enhance upwelling rates locally using vertical pipes 

to pump water from several hundred metres depth to the surface and also to promote downwelling 

of dense water in the subpolar oceans. This could theoretically speed the transfer of surface water 

rich in both CO2 and  algal material into the depths, or provide additional nutrients from depth to 

stimulate the biological pump. 

Intervention to increase flows by 1 million m3/s, is considered by Shepherd et al (2009) to 

constitute a very substantial engineering challenge. Estimates suggest that increasing downwelling 

by this amount would increase ocean uptake of carbon by only ~0.01 GtC/yr, and that increasing 

upwelling to the same degree could at best lead to sequestration of only ~0.02 GtC/yr (Zhou and 

Flynn, cited in Shepherd et al, 2009; and Lenton and Vaughan, 2009). A less optimistic assessment 

found that the amount of carbon sequestered by the ocean pipes proposal would depend critically on 

location and may well be negative, for example leading to release, rather than uptake, of carbon 

from the ocean (Yool et al. 2009 cited by Shepherd et al, 2009). 

6.4.6 Oceanic deposition of biomass wastes 

Strand and Benford (2009) advocate the sinking into oceanic depths of bales of biomass weighted 

with stones. They suggest this would be best undertaken in active siltation zones (such as the 

seaward edge of deltas) to best simulate the conditions in which biomass was converted to oil and 

gas in previous geological eras. This could be considered a mineralisation technology, but has been 

categorised here as storage in ocean sediments. 

They calculate that 30% of crop residues (their estimated sustainable level, allowing for soil organic 

matter maintenance) could sequester 2.2 Gt-CO2 . For the UK, on a pro rata share of cropland, this 

would imply almost 5Mt- CO2 pa. The technique would compete with biochar and bioenergy-based 

approaches demand for limited biomass. Although Strand and Benford calculate that it is more 

efficient than either as a pure carbon sequestration technique, it would be more expensive (with no 

energy product) and would not contribute to displacement of fossil fuel use. 



Page 52 /103 

6.5 Biotic Capture 

“Long-term C (bio)sequestration in a terrestrial system is calculated to be a fraction of net 

ecosystem productivity and is referred to as the net biome productivity (NBP). Global annual values 

for NBP have varied considerably during the last decades, between 0.3 and 5.0 Gt. The current 

global NBP is around 3 Gt per year” (Jansson et al, 2010). 

Mechanisms to increase the net sequestration in terrestrial systems include land-use change, 

management practices and use of genetic manipulation techniques. 

The most promising options act to increase long-term carbon storage in soils. It has been suggested 

that a net increase of between 84 and 150 Gt CO2 could be sequestered as soil organic carbon over a 

100-year span by implementing land-management changes such as reforestation, afforestation, and 

improved agricultural practices (Thomson et al. 2008). Terrestrial sequestration in the scenario 

reaches a peak rate of 1.83-2.57 GtC02 pa in mid-century with contributions from agricultural soils 

(0.77Gt CO2 pa), reforestation (forest soils) (1.14GtC02 pa) and pasture (grassland soils) (0.55Gt 

CO2 pa). 

Sequestration rates vary over time and with different technology and policy scenarios. Lovell and 

Ward (undated), suggest that the potential in pasture soils could be much greater than Thomson et al 

estimate. They argue that rotational grazing of rangelands can stimulate vegetation growth and deep 

rooting, dramatically increasing the carbon stored in soil. They optimistically estimate a potential 

over 500Gt in 'a few years' if the technique were applied across the world's 5 bn ha of rangelands. 

However in consideration of any approach based on storage in soils or vegetation, we must be 

aware of the potential impacts of climate change on both stores and fluxes. These are complex. 

Drier conditions may permit more wildfires, dry out and oxidise carbon in wetlands or soils. 

Wildfires in peatlands or forests where carbon stores had been actively enhanced could release more 

carbon than in a reference scenario. Wetter conditions associated with storms can involve more 

erosion. Warmer temperatures might raise biological productivity in some climates, leading to 

increased fluxes of carbon. In determining best policy options more research will be needed into the 

likely scale and direction of such effects. 

6.5.1 Afforestation and forest management 

A similar global estimate to Thompson's is cited by the Royal Society review of CDR techniques 

(Shepherd et al 2009). They suggest that 1.5-3 Gt- CO2 pa (including forest restoration and slowing 

deforestation) could be practical by 2030 at carbon prices of $20-100 per ton. It must be noted that 

this figure would not even eliminate the current net loss from tropical deforestation (5.5Gt- CO2 

pa). 

Higher estimates – from 4.0-9.5Gt- CO2 pa - have been made, but the higher rates at least would 

seem impractical. Richard Birdsey of the US Forest Service estimated (2001) that the US could 

raise the forest carbon sink by 730mt- CO2 pa in 20-30 years by increasing the area planted (by 23-

45m acres), greater uptake of agroforestry uptake, higher productivity (eg via fertilisation), and 

better use of timber
42

. A very crude application of this average increase to the global forest area 

would imply that an increase of 9.5Gt pa would be possible globally). In practice it is highly 

unlikely that the opportunities available in the US could be implemented globally. 

In an early pan-tropical study it was suggested that reforestation practices in 52 tropical countries 

could result in additional sequestration of 200 Gt- CO2 by 2050 (Butcher et al. 1998) or around 

4Gt- CO2 pa. Lenton (2011) reviews several estimates, where the central range is from 0.8-3Gt- 

CO2 pa by 2030, rising to as much as 5Gt- CO2 pa by 2050. 

                                                 
42

   Assuming new plantation creating a sink of around 6t-CO2/ha pa, this implies productivity of existing forest areas 

raised by over 1t/ha pa. 
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Forest management and extension 

Category: Biotic 
 

Description: Increasing forest area by planting new forest or extending agro-forestry on suitable land, and 

/or enhancing management of existing natural and plantation forests to maximise the carbon sink. 

Capacity / Scalability: Global estimates typically lie in the range of 1.5-3Gt pa, although such figures 

typically also include avoided deforestation (current estimates of carbon emissions from tropical 

deforestation are in excess of 5Gt pa) (Shepherd et al 2009, Nelson et al 2009). Scale is limited by 

availability of land, even if multi-use forestry and agroforestry becomes prevalent. The UK opportunity is 

estimated at 2-6 Mt pa, probably at the upper end (based on Nelson et al, 2009, and Scottish Government, 

2010). The net climate benefits of afforestation are significantly higher in tropical forests than temperate. 

Limiting factors: Availability of suitable land and growth rates limit the rate of negative emission, as does 

water demand (by restricting appropriate sites or creating an offsetting emission from water supply). The 

scope of management tools to maximise carbon sink, such as increased use of fertiliser, or silicate mineral 

dressing on acid soils is also practically limited. 

Side effects:  Depend on the nature and control of the forest management systems. Nelson et al (2009) 

found close compatibility between sustainable management systems for social and biodiversity benefits, 

and carbon sequestration in the USA. On the other hand, establishment of new plantations for timber, palm 

oil and biomass has been associated with severe social and environmental impacts, and social impacts could 

arise from exclusion of traditional or indigenous forest uses in favour of higher sequestration. 

Estimated cost: The estimates cited above would be viable at carbon prices of $20-100/ton (Shepherd et al 

2009). 

Current status (TRL): 6-7. Techniques are already in practical use, although rarely primarily for carbon 

management, so there is further research to be undertaken to ensure optimum implementation. 

Expected development: Slow, due to competition for land in practice, and small marginal benefits of 

additional research. We can however expect to see continuing research into genetically modified species 

encompass issues of carbon accumulation in timber or in forest soils. 

Accounting: There are outstanding challenges in accurate measurement of carbon fluxes and retention. 

Moreover the impacts of planting on soil carbon are variable and disputed, and impacts via albedo and 

evapotranspiration effects on temperatures are not fully established. 

Control: Variable. Possible to reverse, even after planting. Technology can be deployed easily at 

community level, yet control over land is increasingly placed in corporate hands. Recent defeats for 

proposals to part privatise forests in UK maintain democratic control here. 

Political acceptability: Variable. Processes of afforestation and plantation conversion are actively resisted 

in many countries, especially where they are, or appear to be, land grabbing practices. REDD
43

 has 

generated controversy in international negotiations in several respects, even though it is generally seen as 

an 'easy win' compared with other topics. 

Globally, afforestation and reforestation have been estimated to have the potential to increase the 

amount of carbon sequestered in terrestrial biomass by up to 7Gt- CO2 per year by 2050 (Dahlman 

et al 2001). Dahlman et al estimate costs in the order of $10-20/t-CO2 . Hansen et al (2008) 

calculate a 2030 maximum rate of sequestration in forests and forest soils of 5.9Gt- CO2 on the 

assumed basis that current net deforestation will decline linearly to zero between 2010 and 2015, 

and that uptake of carbon via reforestation will increase linearly until 2030. 

Here we use the Royal Society global figures (Shepherd et al 2009) as the most likely to be 

practical by 2030. For the UK however we estimate figures based on three sources. Based on 

Birdsey (2001), a figure of 7.25 Mt-CO2 pa can be derived for the UK forest estate. 

We also extrapolate from a spatially explicit watershed scale study in Oregon, which found that 
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carbon storage could be doubled through changed land use policies that were beneficial over a wide 

range of economic and ecosystem services (Nelson et al 2009). Realistic policy changes in this area 

could potentially increase carbon sequestration by 5 Mt-CO2 in an area of around 30,000 km2. This 

is the area of the UK forest estate. It should be noted that the Nelson study implies keeping more 

standing crop (a 'conservation' strategy) rather than increasing product for bioenergy, but the two 

are not necessarily incompatible in the longer term. 

We also note the Scottish Government estimate that planting 15,000ha a year may be possible in 

Scotland and could sink 0.45Mt-CO2 pa by 2020 and more later (Scottish Government, 2010). 

Overall therefore, including both changed management and new planting, we suggest that 5-6Mt- 

CO2 pa might be a reasonable estimate. 

While Nelson's work suggested that sustainable forest management could support both carbon, 

social and biodiversity goals, unfortunately forest management, and especially plantation forestry in 

some developed and many developing countries has been marked by serious problems and 

conflicts. These have not been resolved through international negotiations under either the CBD or 

the UNFCCC, and with ongoing controversy over whether and how climate finance could be 

brought to bear on forest management, even the low figures suggested may not materialise. 

Measurement of carbon sequestration in forests is reasonably advanced but relies on detailed flux 

measurements which cannot be replicated for all projects. Acceptable rough approximations will 

need to be agreed. Moreover the net benefit of new planting will depend on previous land-use, and 

in particular on the mobilisation of existing soil carbon in the planting process. 

In addition, all these figures may be over-optimistic in terms of impact on temperatures, as they do 

not account for the albedo effects of forestry. A recent modelling study by Arora and Montenegro 

(2011) estimated that even reforesting all or half the world's cropland (by 2060) would reduce 

global temperatures in 2100 by just 0.45°C and 0.25°C respectively, despite cumulatively removing  

880 or 440Gt-CO2 . In effect the value of average forestry as a NET in terms of impact on 

temperature is roughly halved
44

. Arora and Montenegro also found that a given area of tropical 

forest is around three times as effective at reducing warming as the same area of high-latitude 

forest, emphasising the importance of reversing tropical deforestation. 

6.5.2 Wetland soil carbon storage 

Several types of wetland soil can hold very high levels of carbon, and accumulate it through plant 

growth, followed by anaerobic storage. Here we look briefly at the scope for storage in peatlands, 

tidal salt marsh and mangrove swamp. In each case there is scope to restore degraded habitat or 

create new areas, in each case, raising carbon storage rates. 

In the UK, and probably also in Europe, North America and Russia, peatland is likely to offer most 

potential. In the UK we have significant areas, in many cases damaged by drainage (which at worst 

turns a net sink into a net source of CO2 as the stored carbon oxidises), with negative impacts on 

biodiversity value.  Active growing peat bog accumulates 0.7-1.1tCO2 /ha pa (Chmura et al 2003)
45

, 

although as bogs age (measured in tens of thousands of years) emissions of methane can come to 

dominate the carbon exchange (Maltby and Immirzi, 1992). Using a country specific estimate of 

accumulation, the IUCN Peatland Programme estimates that peatland rewetting in Scotland, over 

600,000ha could create an additional 2.4mt- CO2 pa abatement by 2015. The UK as a whole could 

restore 800,000 ha in a similar timescale (3.2 Mt- CO2 pa). This can be roughly divided into a 0.8Mt 

negative emission and mitigation of 2.4Mt of emissions. The sink would be prolonged, but for 

purposes of costing, assuming a conservative 25 year improvement, would mean a cost of $10-

20/ton- CO2 abated (IUCN-UK, 2010). 
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   A rough estimate of the value of sequestering 880Gt through some other route can be estimated. Arora and 

Montenegro calculate that atmospheric concentrations of CO2 would be reduced by 90 ppm. Without the offsetting 

temperature effects of forestry, this could reduce temperatures by in the order of 1
o
C. 

45
   Raised mires and valley bogs tend to accumulate the most, blanket bog the least. 



Page 55 /103 

 

Wetland habitat restoration 

Category: Biotic. 
 

Description: Rewetting and restoration of peatlands, tidal salt marshes and mangrove swamps to enhance 

anaerobic storage of dead organic matter (Parish et al 2008; Chmura et al 2003). 

Capacity / Scalability: Estimates of maximum potential are unconfirmed, but lie in the order of several 

hundred million tons pa (Joosten, 2010). Maybe 3Mt pa for the UK, mainly in Scotland (based on IUCN-

UK, 2010, and IMCG 2004). 

Limiting factors: Suitable land and locations. Climatic factors. 

Side effects: Positive biodiversity, water management and coastal protection gains. Can reduce agricutural 

productivity. 

Estimated cost: $10-20 per ton (based on IUCN briefings for Scottish Government). Worrall et al (2010), 

however imply that measures at this cost level may only reduce the net emission from damaged peatlands in 

the UK, and that to restore a net sink, higher costs will be incurred. 

Current status (TRL): Demonstrated for habitat management, but early stages for carbon management. 

TRL 4-6. 

Expected development: Variable: could be of significant local interest for biodiversity reasons. 

Accounting: Challenging. Carbon accumulation and retention factors highly uncertain; implications for 

methane disputed. 

Control: Fairly controllable, and easily reversible. 

Political acceptability: Likely to be acceptable, with progress on inclusion in land-use accounts. 

Mechanisms for inclusion in carbon markets remain uncertain. 

 

The co-benefit for biodiversity would be significant: indeed the IUCN target level for rewetting 

800,000ha is based on meeting the UK's biodiversity action plan targets. There would also be gains 

for water quality, and reduced flooding, as erosion of damaged bogs is a source of particulates and 

discolouration in water, while active bogs are good water filters and catchment reservoirs. However 

it must be noted that increasing the carbon store in peat-bogs could be susceptible to climate 

changes - especially lower rainfall. 

Globally there are around 19m km2 of peatlands of which 500 000 km2 are degraded. Total CO2 

emissions from this area may exceed 2 Gt (including emissions from peat fires). Only part of this 

area is available for rewetting. Taking account of the likelihood that the benefits of reduced 

emissions and a reestablished CO2 sink may be partly countered by additional methane emissions, 

peatland rewetting is estimated to have the potential to globally abate several hundred MtCO2-e pa 

(Joosten, 2010). 

Globally there are much smaller areas of  mangrove swamps and tidal salt marshes than of peatland, 

but sulphate levels in these ecosystems mean methane production is negligible, and the annual sink 

per hectare is much bigger at 7-8t/ha (Chmura et al 2003). Globally there are at least 200,000 km2 

left of these habitats – but in the absence of an estimate of the potential to restore or create new 

habitat in these categories we cannot quantify the carbon benefit. However both mangrove swamps 

and tidal salt marsh are key coastal habitats with massive biodiversity interest, and in the case of 

mangroves, vast economic value as fish nurseries. Moreover both habitats are important for coastal 

adaptation to higher sea levels. 

For wetland habitat restoration, the measurement and verification of net carbon stored is 

challenging, especially in peatland, given the potentially countervailing methane emissions. 

Nonetheless, maximising opportunities for wetland habitat restoration is recommended regardless 

as a no regrets strategy that should create a small negative emission. 



Page 56 /103 

6.5.3 Construction material 

According to the US Forest Service, 330 Mt- CO2 was estimated to be locked up in wood products 

worldwide in 2008 (cited by Jansson et al, 2010)). Increasing this level can be achieved by 

increasing timber use in construction , furniture and other durable products, or by extending the 

lifespan of those products in use (for example by refurbishing timber buildings). 

Roughly 0.8-1 t CO2 can be stored per m3 of timber used, with a lifespan measured in decades 

(Reid et al 2004). Furthermore using timber in construction also typically reduces embedded carbon 

in comparison with steel or concrete. Currently UK construction uses around 6m m3 of timber, over 

85% of which is imported. This is expected to increase with increased timber-frame construction 

being favoured by the push for low carbon building. Currently around one quarter of new homes are 

timber framed. Elsewhere in Europe the average is almost 70%. A detailed market analysis would 

be needed to quantify the overall potential for construction timber as a NET. 

Further, given the unsustainable impacts of logging of primary forests, and the shortcomings of 

timber certification and regulatory systems, increased demand for construction timber could have 

negative side-effects on forests and the biodiversity and communities that depend on them. 

Concrete can also be fabricated using cellulose as the aggregate element, locking the carbon into the 

concrete matrix. Hemp is being used as a feedstock for construction materials in this way and 

others, notably in the proprietory product hemcrete. This is a blend of a lime based binder and the 

woody core of the hemp plant (shiv) used as a thermally efficient walling material (Hemcrete, 

undated). The manufacturers claim that in producing insulation panels from hemcrete, 110kg 

capture of CO2 is achieved per tonne of material produced, based on the net sink in the hemp (partly 

offset by the lime used). This would also have a mitigation benefit if it supplanted conventional 

building materials such as plasterboard. 

The product was initially only available for non-structural uses, but is now able to substitute 

'concrete' in block form. However the block production process is reported to be currently only 

carbon neutral (not a net sink) (Hemcrete, undated). Detailed costings are not available, but a first 

order estimate based on the available market prices for block suggests that even if the block 

production could match the net sink of the panels, the cost per ton of CO2 would be in excess of 

$1700. 

6.5.4 Wood burial 

Scholz and Hasse (2008) and Zeng (2008) suggest that dead or live trees be harvested and buried 

under anaerobic conditions in trenches, brown coal open pits, surface mining sites, the bottoms of 

selected lakes, or in aboveground shelters. It is estimated that the practical sequestration potential 

for this wood burial would amount to around 4-10 Gt CO2 per year, with the largest share for 

tropical forests (Zeng et al 2011). Scholz and Hasse (2008) estimated that to sequester the entire 

current annual CO2 emission (around 25Gt-CO2) by tree planting and burial would require 1 billion 

ha and suggest a cost around 50 euros per t-CO2 . Zeng (2008), more optimistically, suggests $14/t- 

CO2 (range $7-28) with no allowance for the value of timber foregone, or for costs of storage. 

Subsequently Zeng (pers comm) has indicated that around $50/t-CO2 might be plausible. 

However, these calculations do not appear to account for the amount of CO2 emitted during the 

harvest, transport, and burial of the timber, nor for the real-world logistical difficulties in such an 

exercise, such as finding suitable sites. As a result Köhl and Frühwald (2009) suggest Scholz and 

Hasse's estimates are an order of magnitude too large. 

Nor is it clear how great an increase in harvesting rates (or decrease in timber use for other 

purposes) would be required to achieve this level. Unless BECCS is severely constrained by the 

availability of storage, then it seems unlikely that wood burial would be preferable, given the loss of 

utility from the biomass foregone. 
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On a smaller scale, Lenton (2011) estimates that a removal of 1.2Gt CO2 pa could be achieved by 

burial of all forest residues, and a further 0.7Gt CO2 pa by burial of 30% of crop residues. However 

he cautions about the impact on other ecosysten services, and the risk of methane generation in 

anaerobic decay. 

6.5.5 Changing agricultural practices 

The practice of agriculture can significantly affect both the fluxes and stores of carbon in soils. Two 

particular approaches have been advocated in the literature: no-till agriculture which avoids 

ploughing and theroretically therefore reduces losses of carbon through oxidation and erosion; and 

organic agriculture which emphasises the use of manures and composts to build soil organic matter 

content (and thus fertility). 

 

Changed agricutural practices to increase soil carbon 

Category: Biotic. 
 

Description: Two alternative approaches have been proposed: 'no-till' agriculture, which is posited to 

reduce the loss of carbon through oxidation when ploughing, thus enhancing the natural soil sink (Lal et al 

2004; and organic soil management, using manures and composts to increase the levels of soil organic 

content (Azeez, 2009). Genetic manipulation of crops to increase the carbon content of root masses has also 

been suggested as a potential contribution to soil carbon restoration (Jansson et al 2010). 

Capacity / Scalability: Estimates of maximum potential are unconfirmed, but lie in the order of 2.3Gt pa. 

For the UK this would translate to around 11Mt pa (Lal et al 2004, Azeez, 2009). 

Limiting factors: Suitable soils and agricultural systems. Maximum levels of soil carbon may be reached 

after some years or decades of soil improvement (Azeez (2009) suggests that organic techniques could be 

used at the levels estimated above for at least twenty years). 

Side effects: No-till requires more herbicides but can reduce fertiliser applications. Organic practices might 

divert biomass from other NETs, and can result in lower yields, but would also reduce chemical fertiliser 

consumption and generally enhance biodiversity. 

Estimated cost: Low to negligible. No-till is potentially competitive with conventional agriculture. Organic 

techniques bring other unquantified co-benefits to offset their additional costs. 

Current status (TRL): These techniques are already fairly widely used, although not typically for carbon 

capture. The effectiveness of no-till has been questioned on the grounds that it simply redistributes carbon 

within the soil profile – which organic techniques apparently do not – and on the grounds that eroded soil 

can become a carbon sink on redeposition (Baker et al 2007). GM approaches are also at a very early stage 

of development. Therefore TRL 2-7, as some fairly basic science must be still undertaken. 

Expected development: Fairly slow. 

Accounting: Challenging. Retention factors for incorporation of crop residues can be very low (0.14 over 

20 years according to Strand and Benford, 2009), and those for manures and composts are potentially 

variable. As noted above, the apparent gains from no-till are disputed. 

Control: Fairly controllable, and widely available. 

Political acceptability: Likely to be acceptable, although mechanisms for inclusion in carbon markets are 

uncertain and might be disputed. Use of GM likely to be much more controversial. 

 

In the past few centuries of mechanised agriculture, some 78 billion metric tons of carbon once 

trapped in the soil have been lost to the atmosphere in the form of CO2 (Lal, 2004). Farmers in the 

United States already use no-till methods on almost two fifths of cropland. This is estimated to save 

60 Mt- CO2 annually. Lal et al (2004) estimate the figure could rise to 300mt pa if all farmers in the 

US adopted no-till. However, the value of no-till is disputed by Baker et al (2007), who claim there 

is no evidence from gas exchange studies, and argue that no-till merely results in higher soil carbon 
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in surface layers, rather than deeper. Here we accept Lal's approach, which implies that no-till 

practices will raise soil carbon levels closer to those typically found under permanent pasture. 

Nonetheless, we should note Strand and Benford's (2009) comparative calculations. They estimate 

that no-till practices achieve effectively only 14% carbon retention of crop residues over a 10-20 

year horizon, and suggest much higher levels can be achieved through bioenergy recovery (34%) or 

ocean disposal (92%).   

The alternative of organic practices is advocated by the Soil Association, based on a detailed meta-

study of soil research in organic agriculture which found higher (and accumulating) soil carbon in 

organic farm soils (Azeez, 2009). If this can be replicated by conversion to organic elsewhere, it 

would be equivalent to a soil carbon sequestration rate of approximately 2tCO2 /yr for each hectare 

of cultivated land converted, for at least the next 20 years. This would equate to 11.7 million t CO2 

pa across all UK cultivated land. The durability of this store is unknown as Azeez does not provide 

data on the total inputs of manures and composts, and a retention figure cannot be calculated. 

Although most studies in Azeez's (2009) reported sample did not sample subsoil, those which did 

found elevated carbon levels there too, suggesting that Baker's critique (2007) - even if valid for no-

till agriculture -  would not apply to organic methods. However, soil organic matter and carbon 

content increases in organic agriculture are the result of use of manures and composting. In pure 

carbon terms these techniqus might not be optimal (reducing manure supply by lower ruminant 

stocking densities would reduce methane emissions; while both manures and compostable crop 

residues could be converted to biochar or BECCS feedstock, or (in the case of crop residues) ocean 

buried). All of these approaches are likely to lead to greater negative emissions for the same inputs. 

On the other hand, enhanced soil fertility from composting and manuring would also mean less use 

of chemical fertilisers (and thus less N2O emissions, and less nitrogen mobilisation), creating an 

additional mitigation benefit. In sustainability terms, maintaining and enhancing soil quality is 

probably a sound 'no regrets' strategy, and therefore in considering sustainable biomass supplies, we 

have given greater credence to studies that reserve significant shares of crop residues and manures 

for managing soil fertility. 

6.5.6 Genetic manipulation of crops, grasses and trees 

In a rather speculative assessment Janssen et al (2010) note several mechanisms for enhancing 

carbon offsets and sequestration in soils via genetic engineering: 

1. Modifying photosynthesis to increase productivity (eg by engineering cold tolerance into C4 

plants). They estimate, optimistically, this could deliver an increase in net primary productivity of 

3Gt pa by 2050 if an average 50% increase in productivity were achieved and implemented across 

the total cropped area (18m km2).  Of the increment they estimate 1Gt could be retained in soil 

carbon. If forests and plantations were to be replaced with genetically modified trees, they claim the 

total sequestration could rise to 2-3 Gt pa. 

2. Plants with higher phytolith production (which captures more carbon in roots: 0.5-1Gt pa. 

3. Plants with higher lignin content, resulting in more durable carbon stores in residues in soils 

(and in materials such as timber): 0.5-1Gt pa. 

4. Engineering crops with resistance to drought and salinity, to enable build-up of organic soils 

in arid and semi-arid regions: 2-3Gt pa. 

Jansson et al (2010) do not offer a view of the likely speed of loss of carbon from soil, 

acknowledging the chance that climate change might accelerate soil carbon losses, but noting that 

pre-agricultural aggregate soil carbon was higher than at present by 44-537 Gt, and implying that a 

similar level could be sustainably sequestered. This may appear optimistic, but their 1 Gt pa figure 

for croplands is not dissimilar to figures extrapolated from studies of no-till, or organic agriculture 

techniques for potential rates of gain which could be maintained for decades (based on Lal et al, 

2004, and Azeez, 2009).   
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Section 7: Overall assessment 

This section brings together the analysis and review in section 6 above to assess NETs 

comparatively against the criteria set out in Section 5. 

7.1 Capacity and scalability 

Earlier we calculated that the global demand for NETs could be in the order of  20-35 Gt- CO2 pa if 

mitigation efforts are not substantially increased. From our assessment it seems unlikely that any 

one NET could deliver such levels of abatement. The summary table (table 7) reports our best 

estimates for annual potential. These are largely based on 2030 or 2050 estimates (allowing for a 

period of technical development and rollout over the next 20-40 years. Because of the variety of 

sources and uncertainties, they are no more than a broad guide to the relative scale of potential. 

Below we set out potential in several overlapping scale categories. 

10 Gt pa plus: The highest practical potential we found was for direct air capture techniques (both 

supported amines, and wet calcination methods would appear capable of reaching levels in the order 

of, or even above 10 Gt pa)
46

. Ocean liming might also achieve such rates. Tree burial has also been 

claimed to have this level of potential, but with limited consideration of logistical and site 

constraints. 

 

2-10 Gt pa: BECCS has been estimated to be capable of delivering 2.4-10Gt pa. Our assessment 

suggests that the likely practical figure would be towards the lower end of this range. 

Electrochemical splitting of seawater might also deliver rates of this order of magnitude. Use of 

genetic modification in agriculture and forestry has also been estimated to offer potential of this 

scale: however the assumptions required regarding global uptake of modified crops to achieve such 

levels appear unrealistic. 

 

1-3 Gt pa: Several technologies could deliver NETs in the order of 1-3Gt pa, including 

afforestation and forest management, changes in agricultural practice such as no-till or organic 

cultivation, ocean burial of crop residues, biochar, and ocean liming by electrochemical splitting. 

Soil mineralisation with silicates might also achieve this level. 

 

Less than 1 Gt pa: Several options including magnesium silicate cement, timber use in 

construction, wetland restoration and creation, and ocean liming by electrochemical splitting. Ocean 

fertilisation also falls into this order of magnitude, but with additional uncertainties and side effects 

that would lead us to discount it. 

 

Insofar as NETs are considered able to make a contribution it therefore seems unlikely that a single 

technology will be found to deliver all that is needed. While monopolistic dominance is typical of 

open-ended economic systems, biogeochemical systems are characterised by feedbacks and scale 

limitations which mean it is strongly advised to seek a portfolio of practical NETs, also excluding 

those with the largest risks and potential side-effects such as ocean fertilisation. 

 

Several techniques are considered to be worth pursuing at a basic level as 'no-regrets' strategies. 

These include soil carbon management in organic agriculture, wetland restoration and sensitive 

afforestation. 

                                                 
46

   It should be noted that air capture techniques will probably not generate 1:1 reductions on atmospheric CO2 

concentrations because of re-emission from the oceans to restore equilibrium- but the effect is probably marginal, 

especially as oceans are not yet in equilibrium with rising atmospheric concentrations. 
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 Table 7: Summary of estimates of capacity and scalability of NETs 
 

Technology Potential 
capacity 
(Global pa) 

Potential 
capacity 
(UK pa) 

Limiting factors 

Soil mineralisation with silicates 1 Gt 0.5-5.0 Mt Suitable land. Finite solubility of silicic acid 

Mineral carbonation in autoclaves n/a n/a Energy requirement 

Seawater injection into basalts Multi Gt n/a Suitable locations, energy requirements 

Carbonation of blast furnace slag 0.06-0.17 Gt negligible Slag supply 

Magnesium silicate cement 0.4 Gt 1.3 Mt Demand for cement 

    
Biochar (pyrolysis) 0.9-3.0 Gt 2-48 Mt Sustainable biomass supply and 

Biochar (gasification) Included in 
above 

Included in 
above 

suitable soils for storage 

    
DAC (supported amines) 10 Gt plus 190 Mt For 75 years. Storage capacity, energy supply. 

DAC (fluidised bed) n/a n/a Storage. 

DAC (wet scrubbing) 10 Gt plus 190 Mt For 75 years. Heat supply. Storage capacity. 

Electrodialysis n/a n/a Material supply and fabrication, storage. 

Zeolites / metal-organic frameworks n/a n/a Material supply and fabrication, storage. 

    
BECCS (combustion) 2.4-10.0 Gt 21-82 Mt Storage. Sustainable supply of biomass. 

BECCS (ethanol fermentation) 0.05 Gt 0.9 Mt Sustainable supply of biomass. Storage. 

BECCS (Black liquor / pulp) 0.25-0.38 Gt negligible Storage. Sustainable biomass supply. Suitable 
facilities. 

Biogas (upgrading) n/a n/a Storage. Sustainable biomass supply. Suitable 
facilities. 

Biohydrogen w/ CCS n/a n/a Storage. Sustainable biomass supply. 

    
Ocean liming (via calcination) Multi  Gt 57 Mt Within 30 yr. Energy for calcination. Vessels and 

port facilities 

Ocean liming (electochemical 
splitting) 

1 Gt 10-18 Mt Sustainable CACO3 supply. Application rates. 

Removal of HCl 3.7 Gt 37-65 Mt Ocean alkalinity. Platinum supply. 

    
Ocean fertilisation (iron) 0-1 Gt n/a Impacts on ocean biology. Suitable locations 

Ocean fertilisation (macro-nutrients) 0.2-0.5 Gt n/a Sustainable supply of phosphorus 

Ocean burial of biomass 2.2 Gt 5 Mt Sustainable biomass supply. Impacts on deep 
ocean biology 

    
Forest extension and management 1.5-3.0 Gt 5-6 Mt Land availability. Climate. 

Wetland restoration 0.1-0.5 Gt 3 Mt Land availability. Climate. 

No-till or organic soil management 2.3 Gt 11 Mt Land availability 

GM crops or trees 5-8 Gt 14-22Mt Land availability, impacts on genetic diversity. 

Timber use in construction 0.5-1 Gt 1 Mt Construction demand. Sustainable timber supply. 

Cellulose aggregate concrete n/a n/a Land availability. 

Anaerobic tree burial 5-15 Gt n/a Suitable sites. Energy consumption. 

 

 

Figure 5 below presents our conclusions on scale, costs and readiness in a graphical manner. The 

bubbles are equivalent in size to our estimates of annual global capacity, and they are located 
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against axes of technical readiness (where higher = more ready), and cost. The costs – which are 

given here as single figures rather than ranges - should, as elsewhere, be treated as highly uncertain, 

and at best indicative. 

Figure 5: Provisional global assessment of NETs: scale, cost and readiness 

 

To allow some degree of comparison of scale a 'global indicative' need bubble has been included:  

based on a fairly central estimate of an annual requirement of 30Gt-CO2 . Clearly in carbon terms it 

would be preferable for this to be available at low cost, but for clarity it has been placed to the right 

of the chart. 

In constructing a potential package to meet carbon budget needs, it is important to recognise that 

some of the techniques are exclusive options: the same biomass cannot both be retained in forests, 

and turned into biochar; magnesium silicate cement and construction grade timber cannot both build 

the same house; nor can the same geologic storage be used twice. In particular, as discussed below, 

limitations to geological storage might limit us to an average of 16-20Gt per year sequestered (and 

thus a smaller net negative emission). Thus techniques which rely on other stores (biotic, or even 

oceanic) may also need to be considered to meet indicative needs. 

Figure 6 below sets out schematically, a possible scenario and package of NETs. It is based on 

IPCC SRES A1B adapted broadly in line with the analysis of Lowe et al (2010) as described earlier, 
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combined with a cumulative package of NETs of roughly1200Gt, estimated as necessary to achieve 

350 ppm. 

Figure 6: Schematic contrasting mitigation and NETs in a 350 ppm scenario 

 

The package requires around 540Gt of geological storage for direct air capture and BECCS 

deployment. As noted elsewhere this may be greater than the amount available, especially if fossil 

CCS has played a significant role in mitigation. It includes a range of biotic techniques (forestry, 

soil management, wetlands restoration and biomass use in construction). It includes bioenergy (both 

BECCS and biochar), rather than biomass burial. All these along with soil mineralisation and 

magnesium cement are introduced in 2030, with a 40 year roll out to peak rates from 2070 onwards 

(peak rates match the levels shown in Figure 5). It includes ocean liming but not fertilisation; which 

along with direct air capture follows a similar growth rate to 2070, and continued, though slower 

growth thereafter. 

It can be seen from this that a challenging package of NETs which stretches storage limits still only 

contributes less that half of the total reduction in the cumulative budget (accounting for 150 ppm 

reduction in a total reduction of around 350 ppm). 

There are also some possible synergies between different techniques which might help increase the 

total benefit of a package of NETs: for instance, insofar as biochar or soil mineralisation have 

benefits for productivity, then the potential sustainable yields of biomass may be raised. The 

oceanic bicarbonate method for flue-gas capture (Rau 2008) could be applied to bioenergy, 

lowering the costs of capture. However, even accounting for the recovery of hydrogen, the energy 

penalty from this method would appear to be 3-4 times larger than for conventional amine CCS. On 
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the other hand, the mineral carbonation in seawater approach (Rau 2011) would appear to be 

competitive in energy terms. 

The readiness of most NETs for deployment is typically very low, with major technical challenges 

to be surmounted before commercial and even technical viability can be assured. Even the most 

developed techniques are rarely above TRL 6 (first prototyping): and those which are, are typically 

small in potential capacity. Many are at or below TRL 3 - still at the level of applied laboratory 

research into critical functions, without even component validation. It is therefore fairly speculative 

to estimate possible roll-out speeds, and estimates contained in the literature typically assume that 

the technical challenges have been met, before making crude estimates based on infrastructure, 

supply chains and development analogues. Hansson (2011) explains how such estimates – however 

rough – can drive inappropriate expectations and policy targets (in the context of CCS). Socolow et 

al (2011) also cast doubts on the credibility of the estimates of costs and roll-out for such early 

stage technologies. 

McGlashan et al (2010) suggest that while it is premature to estimate roll-out rates for direct air 

capture techniques, the logistics around BECCS, biochar and even Cquestrate lend themselves 

better to such analysis. In all cases they estimate that annual rates of 50-60Mt CO2 (could be 

achieved in 10-12 years. 

Combining these estimates with rates of technical development in chemical and physical 

engineering, would suggest that the 2030-2050 horizon for deployment at scale is not infeasible, 

especially for techniques like air capture that might demonstrate economics of scale. We judge that 

biochar, BECCS and Cquestrate are less likely to benefit from significant economies of scale, due to 

the logistics of local supply and the limits to overall deployment in the case of biomass. Indeed they 

may well experience diseconomies of scale as the most suitable locations for facilities or 

transhipment are fully occupied. 

Table 8 summarises our central estimates for negative emissions potential in the UK. Including a 

share of oceanic techniques in the order of 65Mt- CO2 pa, the total comes to almost 280Mt (0.28 

Gt) pa. This exceeds the average level required as an off-set to 2050, but compares poorly with the 

levels calculated in Section 1 above to contribute to global efforts to reduce atmospheric 

concentrations to a safe level, of 0.2-2.3Gt pa. While table 8 is cautious in many respects it should 

be noted how heavily the total figure relies on direct air capture of one form or another. It should 

also be noted that the figures for BECCS do not take account of the risk that new biomass 

electricity generation will be constructed without CCS (or even CCS readiness), thus reducing the 

scope for BECCS before 2050. 

Even in the face of limits from storage capacity, direct air capture will probably need to play the 

most significant role in delivering negative emissions globally. In readiness terms these 

technologies fall in the TRL range 2-6, with the most developed being the most energy intensive 

and likely more expensive options of wet calcination systems. 

Given the practical and cost obstacles to NETs more generally, this would lead to the conclusion 

that they should not be treated as an alternative to conventional mitigation, but rather as a potential 

supplement.  Relying on the cost effective development of air capture to the scale implied above 

would be a high risk strategy. 

Modelling approaches confirm that such levels of deployment may be needed to deliver safe 

atmospheric concentration, but not that they would be delivered at the likely cost levels we foresee.   

Azar et al (2006) report modelling of 350 and 450 ppm scenarios involving NETs from 2040 and 

2060 respectively. Eisenberger et al (2009) describes an emissions scenario with aggressive 

development of NETs (at an average cost of $25/t CO2 – a significantly lower cost than we 

anticipate). His models predict peaking in emissions in 2020 and aggregate negative global 

emissions by about 2075. The CO2 concentration peaks around 440ppm, and returns under 400 by 

2100.   
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Table 8: UK level summary of capacity (annual negative emissions, 2050) taking 
account of main constraints 
 

NET Potential 
(Mt CO2 pa) 

Notes 

Silicate spreading 0.5  

Novacem 1.8 Assumes significant increase in cement use 

Biochar 27 Less if BECCS at rate below, due to limited supply 

DAC 144 Based on storage limit, less BECCS 

BECCS 46 Assumed to have earliest access to storage 

Ocean liming 65 UK current emissions share of global potential 

Ocean burial of crop residues 10 Would probably reduce biochar or BECCS 

Peatland restoration 3  

Reforestation / forest management 6  

Agricultural land/soils 11  

   

Total 277.5 Only BECCS use of biomass included. 

 

 

7.2 Costs and commercial viability 

Costs influence both long-run potential and the rate at which a technique will be deployed. We have 

cited many estimates of likely costs for the technologies described in the literature. These range 

from as little as $8 to more than $1000 per ton of CO2 abated. Many estimates fall within a range of  

$50-250 (see Table 9 below). This should not surprise us, as at an effective carbon price of $250 or 

more, economically viable levels of mitigation are capable of drastically reducing global emissions 

– if not swiftly enough to avoid the risks of rapid climate change
47

. Higher costs estimates would be 

typically unlikely to be seen as worth pursuing or even publishing. 

McGlashan et al summarise their emerging findings as indicating “technical potential for CO2 

abatement at prices below $200/tCO2 , and … [even] for below $100/tCO2 .  But these numbers 

carry a strong health warning – some of these technologies are at the very early stages of 

development and more research is needed on barriers and costs from development to 

implementation.” 

Socolow et al are even less convinced: “Experience suggests that the high costs estimated here 

using methodology used in industry may well be underestimates. Cost estimates in industry are 

almost always higher after the completion of pilot plant operations than when the principal guide to 

the estimate is laboratory results. Among the reasons for this escalation in estimated cost is the 

realization of the necessity for compromises in materials choices, process conditions, component 

efficiencies, and component lifetimes.” 

They continue: "For nearly every new technology, the initial cost estimates developed in industry, 

as well as the costs actually delivered in projects, are higher than initial cost estimates found in 

academic, government, and consultant studies." 

In other words estimates by advocates will be exceeded in reality. We would add that many 

estimates in the literature are made by advocates or based on data provided by them, and not all are 

peer reviewed. Without any malicious intention, given the strong information asymmetries in such a 
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 As demonstrated by marginal cost curve analyses used by the Committee on Climate Change.. 
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technical area, it seems likely that commercial developers in particular (dominant in the direct air 

capture area for example) would be required to over-estimate their benefits to obtain funding, even 

if they see the technology as a 'last resort'. 

Table 9: summary of costs estimates and routes to commercial viability 
 

Technology Costs estimate 
($/t-CO2) 

Alternate route(s) to commercialisation 

Soil mineralisation with silicates 20-40 Soil fertilisation / alkalinisation 

Mineral carbonation in autoclaves n/a None 

Seawater injection into basalts n/a Fossil CCS storage 

Carbonation of blast furnace slag 300-500 Sale of PCC 

Magnesium silicate cement 'parity' with 
Portland cement 

Cement market 

   
Biochar (pyrolysis) 8-300 Waste management, energy revenues 

Biochar (gasification) n/a suitable soils for storage 

   
DAC (supported amines) 40-300 Commercial markets for pure CO2, EOR 

DAC (fluidised bed) n/a Commercial markets for pure CO2, EOR 

DAC (wet scrubbing) 165-600 Commercial markets for pure CO2, EOR 

Electrodialysis n/a CO2 markets, synthetic fuels 

Zeolites / metal-organic frameworks n/a CO2 markets, synthetic fuels 

   
BECCS (combustion / co-firing) 70-250 

(BIGCC 60-82) 
Energy market incentives, co-firing with fossil fuels 

BECCS (ethanol fermentation) 45+ EOR 

BECCS (Black liquor / pulp) 45+ Energy revenues 

Biogas (upgrading) n/a CO2 markets 

Biohydrogen w/ CCS n/a CO2 markets 

   
Ocean liming (via calcination) 51-64 Local ocean alkalinisation (for reef protection) 

Ocean liming (electrochemical 
splitting) 

n/a Local ocean alkalinisation 

Removal of HCl 100-180 Local ocean alkalinisation, sales of hydrogen byproduct 

   
Ocean fertilisation (iron) n/a None 

Ocean fertilisation (macro-nutrients) n/a None 

Ocean burial of biomass 75 None 

   
Forest extension and management 20-100 Multi-use forest benefits 

Wetland restoration 10-20 Payment for biodiversity benefits or coastal protection 

No-till or organic soil management n/a Operating savings (no-till); organic conversion grants 

GM crops or trees n/a Unknown 

Timber use in construction Negligible in most 
applications 

Construction market trends 

Cellulose aggregate concrete 1500+ Construction market trends 

Anaerobic tree burial 14-50 None 
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Research into the sociology of expectations (Borup et al, 2006: Hansson, 2011) confirms that 

uncertainties and adverse cost trends are typically ignored in the advocacy of new technologies 

(such as CCS), and that this typically leads to underestimates of costs and overestimates of 

technical viability. 

In particular, Hansson (2011) notes that in the area of CCS (a good analogue for some NETs), a 

learning rate (cost reduction percentage for each doubling of installed capacity) of 13% is often 

cited, based on experience with FGD. However, he further cites real world studies to suggest coal-

power related technology learning rates can be as low as 0-0.5%, with 13% the upper limit. 

The costs are also shown schematically in Figure 7 below, which plots a notional marginal 

abatement cost curve using our 'central' estimates of costs taken from the ranges in Table 9. For the 

technologies with significant activity and analysis we have been better able to come to a judgement 

on the validity of the costs estimates of proponents, whereas for techniques with few published 

materials we have had to rely more closely on such estimates. This means the cost curve shown in 

Figure 7 should be treated with extreme caution. 

As noted previously Socolow et al estimate that real costs of a technically feasible air capture 

system would be in the order of $600-800/tCO2.  David Keith has challenged a number of the 

assumptions and figures used by Socolow – although noting that in certain respects the estimates 

may be over-optimistic also (Keith and Holmes, 2011). 

Even allowing for postive learning rates and novel technological breakthroughs, we conclude it 

would not be wise to count on the availability of direct air capture significantly below $250/tCO2 in 

the coming decades. Similarly our analysis of BECCS costs would lead us to suggest that 

$100/tCO2 would be a fairly optimistic cost level for 2020 or even 2030, especially if development 

of CCS generally remains slow, and Figure 7 uses a figure of $150/tCO2 . 

Overall it seems unlikely that the necessary levels of negative emission in our central scenarios 

could be achieved without deployment of technologies costing in excess of $250/tCO2 , although 

the average cost may be lower than this. It should be noted that costs would have to be reduced 

dramatically to compete with mitigation. Mckinsey & Company (2009) conclude that of 70Gt BAU 

emissions in 2030, 43Gt could be mitigated by techniques costing less than $100/tCO2 e, and almost 

35Gt by techniques costing no more than $40/tCO2 e. 

At $140/tCO2 Pielke (2009) estimates adequate air capture would cost 2.7% of global GDP in 2100 

(which is in the same order as Stern's estimates of the costs of mitigation (Stern (2006)). At $250 

the cost becomes more like 5%, even given his optimistic view of economic growth during the 

century. 

Even for public sector deployment of NETs, it is important that costs are minimised, and equally 

significantly the rate of investment in developing and deploying a technology will at least in part 

reflect its relative costs. 

Beyond technology risk, the key unknown for the field as a whole is the future 'carbon price': 

(whether this is a real traded price, or a shadow price, it will be the main impact on commercial 

viability). Other regulatory regimes apart from carbon markets can also create an effective carbon 

price. Carbon Engineering believe that "Under regulatory systems such as the proposed low-carbon 

fuel standards, research suggests that the value of these negative emissions credits could be 

significantly higher than current (EU-ETS) credits." (Carbon Engineering, 2010). 

We have therefore sought to identify alternative routes to commercial viability for different 

technologies. This also allows us to identify where techniques with limitations as NETs might be 

overemphasised by market mechanisms for development. 
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Figure 7: Provisional marginal abatement cost curve for NETs 
 

Broadly there are two key factors that might accelerate commercialisation: energy byproducts and 

sale of captured CO2; and a number of others that may offer a marginal advantage to specific 

techniques such as management of waste materials (for biochar) and local relief of ocean acidity 

around coral reefs, for the oceanic techniques assessed; or relief of soil acidity by mineralisation 

(Table 9 also summarises these). 

Generation of energy byproducts applies to all the bioenergy techniques including biochar. It may 

also at some point become viable for methane capture, and for electrochemical splitting, which can 

produce a hydrogen byproduct.  Energy generation is likely to mean that such techniques, 

particularly those linked to bioenergy, become commercially viable before other categories, 

especially if market framework regimes for energy production provide support for such energy 

sources. However it must be remembered that unless regulation requires it, bioenergy production 

can be carried out at a lower cost without the application of CCS. 

Electricity market reform in the UK is expected to provide both a carbon floor price and direct 

support for low-carbon generation. The former will probably be too low alone to stimulate 

investment in most NETs, and it is as yet unclear what mechanisms and levels will be provided in 

the latter (but they would anyway only apply to methods which generated energy byproducts). 

Commercial uses for captured CO2 vary. Where enhanced oil recovery (EOR) is already practised 

using injection of CO2, there is a market worth up to $50 per ton. CO2 for chemical and food 

industry uses such as carbonation of drinks can be worth significantly more if pure and in the right 

locations (although the global market is just 102-227Mt pa for all industrial uses of CO2, dominated 

by chemical feedstock uses such as for production of urea (IME, 2011) and the majority of the CO2 

in such uses is re-released within a year). The market for EOR is larger. One estimate of the total 

market in the USA alone is 7.5Gt- CO2 over 30 years (250Mt- CO2 pa) (Ferguson et al 2008). 

And in the face of increasing scarcity of easily extracted oil, it is also believed that carbon for 

synthetic fuels could be competitive where electricity is cheap and plentiful (and the global market 

could be in the order of 6Gt pa (IME, 2011) although in practice the limited supply of reliable, 

cheap low carbon electricity would significantly reduce this market size. Any technique that 

generates relatively pure CO2, including all direct air capture methods and BECCS can potentially 

tap into these markets. 
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Other Incentives 

Most NETs are still at the stage that they require access to funding for research and development. 

This could take the form of public funds, or investment by venture capitalists, or large corporations. 

We have noted previously where start-up companies have obtained or are seeking venture capital. 

Here it is worth noting two other initiatives established to provide an incentive for NETs. 

The Virgin Earth Challenge, launched by Virgin Group Founder and entrepreneur Richard Branson,  

former US vice-president Al Gore, Sir Crispin Tickell, James Hansen, Tim Flannery and James 

Lovelock in February 2007, offers up to $25 million for a commercially viable, scalable and 

sustainable way to remove greenhouse gases from the atmosphere
48

. As yet the prize goes 

unclaimed despite the public claims of companies like Kilimanjaro Energy (previously GRT), 

Global Thermostat and Carbon Engineering. In a recent Green Futures article, Alan Knight, 

Director of the Earth Challenge, highlighted that there “are a handful of top entries, but neither we 

[Virgin Earth Challenge], nor our team of external expert reviewers had enough confidence that a 

clear one-off prize-winning package has emerged”
49

. 

In the USA Senate Energy & Natural Resources Committee Chairman Democrat Jeff Bingaman and 

Republican Sen. John Barrasso, have introduced legislation that would also award monetary prizes 

for the development of technology to capture CO2 from the atmosphere or from lower-GHG 

emitting sources and sequester it. The aim is to stimulate innovation, rather than providing 

subsidies.  The legislation would have the U.S. share intellectual property rights to the technology. 

The proposal has yet to pass through the Senate and it is entirely unclear whether the amounts on 

offer would incentivise such sharing of intellectual property. 

7.3 Energy costs 

In general the state of development of NETs means that estimates of the energy requirements of 

technologies are largely, and in some cases wholly theoretical. While researchers tend not to assume 

that the thermodynamic minimum level of energy use can be achieved, until practical experience 

comes into play, estimates of inefficiencies are likely to remain highly uncertain. 

We have taken published estimates and converted them into a common metric: g- CO2 / kWh 

energy requirement (Table 10 below). However, we must be very cautious comparing the claimed 

energy costs of different NETs as most have not been calculated on an explicitly comparable basis. 

The table also shows – simplistically - how this energy requirement compares with the carbon 

intensity of grid energy now, and in 2030 if the the CCC target for virtual decarbonisation were met. 

These figures are multiples: so ocean liming might now capture 1.5 times the CO2 emitted if 

powered from electricity. The simplification of treating all energy demand as electricity is 

unrealistic for techniques such as wet calcination. The effect is to make them seem less effective 

now (as heat could be obtained more efficiently from gas than from grid electricity), and more 

effective in 2030, as low carbon heat is unlikely to be available to the same degree as low carbon 

electricity. 

For BECCS we can treat the energy cost of the NET as the energy penalty of the CCS - at a grid 

average, as the energy used to power the CCS could otherwise be sold (offsetting other generation 

on the grid). Although there is more (flue pipe) carbon generated (and thus captured) per unit of 

electricity generated by a biomass plant, the energy penalty is also higher on a stand-alone plant. 

The BECCS energy cost per ton of negative emission will therefore be similar to the flue gas CCS 

figures shown in the table for comparison. 
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   http://www.virgin.com/subsites/virginearth/terms.html 
49

   http://www.forumforthefuture.org/greenfutures/articles/Virgin_25million_fix David Addison, Research Executive of 

the Earth Challenge, has suggested that they will probably execute an interim stage to support the work of the top 

NET entries further in collaboration with other organisations and stakeholders. 

http://www.forumforthefuture.org/greenfutures/articles/Virgin_25million_fix
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Table 10: Summary of energy efficiency of some NETs 

 

 
 
 
 
NET (source) 

Energy 
requirement 

(g/kWh) 
 

Cf :  grid 
electricity 

(550 
g/KWh) 

 

Cf: 2030   
grid (50 
g/KWh) 

 

Equivalent 
TWh 

needed to 
deliver 

144Mt pa 

Expressed 
as % of 

2009 
electricity 

production 

 
Supported amines (Lackner, 2009) 

 
3166 

 
5.8 

 
63.3 

 
45.5 

 
12% 

Supported aziridine (Eisenberger et al 2009) 2000 3.6 40.0 72.0 19% 

      

Ocean liming (Cquestrate) (Jenkins et al 2010) 827 1.5 16.5 174.1 46% 

Electrochemical ocean liming (House et al 
2007) 

662 1.2 13.2 217.5 58% 

Electrochemical HCl removal (Rau, 2011) 827 1.5 16.5 174.1 46% 

      

Wet calcination (Carbon Energy) 419 0.8 8.4 343.7 91% 

Wet calcination (Keith, 2009) 384 0.7 7.7 375.0 99% 

Wet calcination (Bacchiocchi et al 2006) 365 0.7 7.3 394.5 104% 

Wet calcination (Zeman, 2007) 470 0.9 9.4 306.4 81% 

Fuel cell/electrodialysis (Eisaman et al 2009) 453 0.8 9.1 317.9 84% 

      

In-situ peridotite carbonation (Keleman & 
Matter 2008) 

2779 5.1 55.6 51.8 14% 

Solar reactor (Nikulshina et al 2009) 64 0.1 1.3 2250.0 595% 

Steel slag (Eloneva et al 2007) 37 0.1 0.7 3891.9 1030% 

      

BECCS / Flue gas CCS (Herzog  et al 2009) 2083 3.8 41.7 69.1 18% 

BECCS / Flue gas CCS (Socolow et al 2011) 2702 4.9 54.0 53.3 14% 

BECCS / Flue gas CCS 2050 (McGlashan et al 
2010) 

4478 8.1 89.6 32.2 9% 

      

 

Very few proposed techniques are therefore ruled out by sheer energy inefficiency, although until 

the grid carbon intensity declines significantly, this will have a serious impact on the net effect of 

deployment in many countries, and will rule out more options. 

The thermodynamic minimum energy (TDM) required to remove CO2 from a mixture where its 

initial concentration is 0.04% (characteristic of air) is 497 kJ/kg CO2 (21.86 kJ/mole). At this level 

7,243 g CO2 would be captured per kWh of energy input. Compression adds a further 

thermodynamic minimum of 10kJ/mole (making the maximum equivalent to 4,950 g CO2 per 

kWh), but compression technology is proportionately closer to the minimum in this area
50

, so while 

significant, this additional need is not dominant. 

The best figures in the table for air capture are still at about 2.5 times the thermodynamic minimum. 

Nonetheless, as for the costs and capacity estimates of technology advocates, we would suggest 

healthy scepticism is merited for these figures too. 
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  Compression energy costs are 100-150KWh/ tonne CO2, or 16-24 kJ per mol. The TDM is 10kJ per mol. 
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Socolow et al (2011) estimate energy use for CCS (including compression) of just 3.5 xTDM (on 

the basis of perfect conversion of primary energy: given use of coal or gas to generate the electricity 

needed raises it to around 9 times) and for direct air capture (wet calcination) of  435 kJ / mol or 

around 15- 20 times TDM. 

Even if the figures in the table are roughly right, the additional energy generation requirement 

needed for NETs, would be very significant, even for the best technologies. 

In interpreting the figures above, it should be remembered that only some of the NETs in the table 

(notably the supported amine methods) use only electricity. The comparison with electricity 

generated is given only as a benchmark, not to indicate that the energy would all be consumed in 

the form of electricity. The total energy consumed in the UK is more than five times greater than the 

amount of electricity. 

Nonetheless, the total energy demand for delivering even 144Mt pa in the UK could be equivalent 

to between 12 and 104% of current electricity production (or roughly 2-20% of all energy 

production). Scaling up low carbon energy fast enough to replace high carbon alternatives is already  

proving a major technical, financial and logistical challenge in the UK: doing so even faster to 

power NETs could even make the whole strategy impractical, especially if the more efficient NETs 

fail to materialise for technical reasons. On the other hand this analysis suggests that maximising 

the sustainable deployment and availability of low and zero carbon energy through aggressive 

energy conservation, renewables support, and supporting measures such as greater grid 

interconnection would be a desirable precursor to the subsequent implementation of NETs, 

particularly direct air capture options. 

The difficulty of providing that level of additional energy supply could be eased by running the 

NET intermittently to help with grid balancing, but this would raise unit costs by requiring a higher 

capital spend to achieve the same overall rate of capture. Inevitably the implied demand here will 

add to pressure for development of non-renewable low carbon energy sources, such as fossil fuels 

with CCS, and both nuclear fission and fusion. 

We have not conducted the same calculations at a global scale. However, Roger Aines (cited by 

Jones 2009) of Lawrence Livermore National Lab (California) has estimated that to offset global 

aviation emissions in 2030 (just 0.25Gt) would require 900TWh - equivalent to 100 nuclear plant or 

current global installed wind power 2009. McGlashan et al (2010) calculate that using the most 

efficient direct air capture technology capturing 10Gt- CO2 would require up to 3% of world 

electricity. 

7.4 Global limits to deployment 

This is a critical issue. If the deployment of NETs is limited on aggregate this will directly affect 

whether they can deliver the outcomes outlined in section 1 above. It would also raise serious 

questions regarding the ethics of using limited capacity to permit emissions offsetting, exacerbating 

the moral hazards involved. And because prices reflect supply, not just technology cost, for any 

specific NET which is limited, the limitation will affect the price that will be demanded to deliver it. 

This in turn would affect the overall costs and total potential of a portfolio of NETs. 

There are many potential environmental, economic and social limits. For example, an underlying 

resource (land area, or a particular material) could be limited in availability. The environmental 

impacts of deploying the technique or providing the materials for it could be cumulatively too 

severe, or could limit its deployment to certain places. Other criteria (such as a requirement for high 

ambient temperatures), could also limit the locations available and thus limit the overall scale. The 

cumulative energy demands might reach levels that (at least temporarily) limit expansion, especially 

if additional demand drives up market prices for energy, or reduces security of energy supply. 

Here we consider a number of potential limiting factors identified from our review of possible 

NETs. 
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Geological storage capacity 

Geological storage for compressed liquid CO2 is required for several categories of NET, including 

direct air capture techniques and BECCS. Geological storage has been demonstrated for several 

decades as a result of the use of reinjected CO2 for enhanced oil recovery. The technique also 

underlies the development of carbon capture and storage technologies for fossil fuel combustion, 

and has therefore attracted intensive research. In general it is considered that estimates of storage 

capacity in disused oil and gas fields can be treated as relatively robust, whereas estimates of 

capacity in saline aquifers are much more uncertain. In a major review the IPCC (2005) concluded 

that 200Gt capacity is virtually certain and 2000Gt likely
51

. 

UK experience characterising storage capacity suggests that it is wise to be cautious, as revised 

figures in the order of 10-20% of initial estimated capacity are not unusual after detailed study 

(Haszeldine, pers comm). This might suggest a global figure in the order of 400Gt
52

. More practice 

of CO2 storage will help further improve estimates. At current estimated levels there is no apparent 

need to delay trials of fossil CCS in the interests of reserving storage space for the product of NETs. 

But at the current state of knowledge it seems likely that storage capacity could be a limitation 

within the next 50-150 years, and strategies which favour fossil CCS over renewable energy cannot 

be recommended. 

The global requirement for storage for NETs can be estimated in several ways. One modelling 

exercise examined plausible uptake of fossil and bioenergy CCS to derive an estimate of overall use 

(Azar et al, 2006, 2010). This suggests total storage to 2100 of 350-500Gt CO2 with 2.5-10Gt CO2 

per year from BECCS between 2050 and 2100 (no air capture is included in the modelling), 

delivering an end concentration in the atmosphere of between 350 and 450 ppm. This would imply 

that feasible storage capacities could be exhausted in the process of achieving a safe atmospheric 

concentration, leaving little or no capacity for ongoing use of either CCS on fossil fuel or for NETs 

as an offset for otherwise recalcitrant emissions. 

As we will see below, delivering 2.5-10Gt- CO2 for sequestration from BECCS may be impractical 

in the face of land availability for sustainable biomass supply. Since BECCS generates energy, 

while DAC consumes it, if DAC is required to make up some of the total negative emission, we 

would expect it to require at least as much, if not more storage space, having to compensate for the 

additional emissions involved in the energy system. Socolow et al (2011) estimate that in their 

reference DAC system for every 7 tons of 'negative emission', 14 tons would have to be 

sequestered. 

An alternative global estimate can be derived by estimating the amount of CO2 that needs to be 

removed from the atmosphere to reduce atmospheric concentrations by 1 ppm, and then multiplying 

up to the required reduction. Socolow et al provide a figure of 8Gt per ppm reduction
53

. This 

simplification includes several offsetting factors. It assumes no re-equilibration between the ocean 

and atmosphere, which would probably slightly increase the removal required. It is a figure for 

removals (not net sequestration, which would need to be higher to take account of the energy use 

for the DAC, or the energy penalty (and reduced energy density of biomass replacing fossil fuel) in 

the case of BECCS. On the other hand it assumes that all the work of delivering the reduction is 

done with NETs, and all CO2 geologically stored. In calculating a sequestration figure, these factors 

mean the figure is likely to be overestimated. For our purposes, however it is a reasonable first 

order approximation. 

Taking Socolow et al's figure of roughly 8 Gt CO2 per ppm, a 50 ppm reduction therefore requires 

                                                 
51

   Biorecro interpret the same study as indicating 1675-11000 Gt capacity, although the higher figure is completely 

dominated by highly uncertain saline aquifer estimates. 
52

   The IPCC also suggest a figure of 550Gt, which may prove realistic on this basis. Higher estimates would be best 

treated as speculative for the time being. 
53

   Elsewhere a more precise figure of 7.8Gt per ppm has been given. Here we use the figure of 8 Gt- CO2 as a round 

figure, recognising that any given negative emission will involve some 'leakage' in one form or another. 
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removal of 400Gt CO2. A 200ppm reduction (from 550 to 350) requires removal of 1600Gt, and a 

350 ppm reduction (say, from 700 to 350) would require removal of 2800Gt. Even if these are only 

order of magnitude approximations they suggest we should be seriously concerned about storage 

capacity, especially if fossil CCS is deployed in substantial amounts in the coming decades (as 

foreseen by the IEA (Kerr et al, 2009), and many others).  

At the UK level the CCC similarly considers that there is a long-term constraint on cost-effective 

CCS storage capacity. They suggest this could “limit medium-term deployment of CCS in power 

generation, given the likely need for long-term use of CCS in energy-intensive industries”. This 

takes no account of possible future need or demand for storage capacity for NETs (with the 

exception of a limited amount of BECCS which is included in the power sector by CCC). Lenton 

and Vaughan (2009) draw a similar conclusion: “Putting economic concerns aside, the main 

feasibility constraint is the size and accessibility of geologic reservoirs for storing the captured 

CO2”.   

The Climate Change Committee cites estimates that practical UK CO2 storage capacity in depleted 

oil and gas fields alone might total 3,500 Mt CO2 by 2030
54

, and notes a recent study by the 

Scottish Centre for Carbon Storage (SCCS, 2009) which identified Scotland’s available capacity 

within saline aquifers to be in the range 4,600 to 46,000 Mt CO2 
55

.  The EU Geocapacity study 

estimates Europe as a whole may have space for 117Gt CO2; of which the UK territory accounts for 

14Gt (equivalent to 60 years worth of large point source emissions). These numbers may be 

significantly reduced in practice by public opposition to storage under land, as has been seen 

recently in Germany. 

In the short term (mid-2020s and beyond), the CCC suggest, assuming CCS is successfully 

demonstrated at scale, that future deployment is most likely to be constrained by access to 

infrastructure (i.e. CO2 pipelines and storage facilities), including issues around planning approval, 

licensing and consents. These factors would also potentially limit any roll-out of BECCS or DAC in 

the 2030-2050 period, and perhaps beyond. 

In conclusion, there is clear potential to approach feasible storage limits, especially if high levels of 

CCS deployment continue throughout or beyond this century (see table 11 below). 

In the table below, the 'use of storage' column is based on a conservative estimate of 14Gt available 

for the UK (the EU Geocapacity study estimate (Vangkilde-Pedersen et al, 2009)). This implies 

approximately 4 Gt in oil and gas, and the remainder in saline aquifers. Also, for simplicity the table 

assumes all deployed NETs use pressurised geological storage. Both factors are conservative. 

We recognise that it is important to undertake early development of geological storage schemes, so 

as to better understand the resource and its limitations, but that should be followed by detailed 

review, rather than unregulated expansion of fossil CCS. 

However, it must be noted that other storage techniques are being investigated. Rau (2011) has lab 

tested a method for scrubbing CO2 from flue gas and storing in seawater as bicarbonate ions
56

. This 

may offer an alternative to geological storage if it can be scaled up effectively. The in situ 

mineralisation strategy of injection into basaltic rocks (Kelemen & Matter 2008; Oelkers 2008) has 

shown some promising results and could potentially increase storage capacity dramatically. 

However it is at an early stage. The estimates of capacity are highly uncertain, while the potential 

impacts and acceptability of the heating and fracturing potentially required to prepare the rock for 

                                                 
54

   Translating the capacity available in these fields into numbers of CCS facilities, this could store 30 years of output 

from nearly 20 GW of coal-fired plants, operating at 75% load factor (or at least 40 GW of gas-fired plants, due to 

the lower carbon-intensity of gas) (CCC, 2011). 
55

   This wide range reflects the uncertainty over the storage capacity of saline aquifers; relatively little physical testing 

has been undertaken to confirm their suitability and integrity, in contrast to oil and gas fields which have been fully 

evaluated during decades of exploration and production (CCC, 2011). 
56

   This would not contribute to ocean acidification, and may even alleviate it. 
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storage are presently unknown. 

Similarly the mineral carbonation in seawater approach advocated by Rau (2011) is at a very early 

stage of development, and although it could theoretically be applied to BECCS flue gas, it would 

almost certainly be limited by logistics and material flows to coastal power station sites. Thus to 

rely on these more speculative forms of storage for the deployment of NETs would add a further 

layer of moral hazard. 

 

That storage capacity is limited at all raises further complexities for the political negotiations 

around deployment of NETs, especially given the extreme geopolitical disparities in likely storage: 

for instance India is estimated to have very little domestic storage capacity. Questions of how access 

to storage is distributed and if necessary rationed (by something more than a price mechanism) will 

need to be answered. 

Below we have estimated UK limits based on territorial availability of storage. Climate politics 

however might dictate that geological storage, and oceanic storage (if not biotic) are treated as the 

common property of all humanity. This would reduce the UK's claim somewhat. Assuming 

distribution of storage by population would reduce UK access to 2-20Gt, and even on the basis of 

current emissions, to 3.5-35Gt (in each case using the IPCC's 200-2000Gt as the baseline). 

 

Table 11: Implications for UK territorial geological storage of NETs budgets 
 

Use Budget 
deficit (Gt) 

Period Annual 
average (Mt) 

% of storage 
used up 

Offset 1.25 2010-2050 50 9 

Offset 3.60 2010-2050 144 26 

Offset 4.00 2010-2050 160 29 

Offset 7.32 2011-2050 293 52 

     

Concentration 4.00 2010-2100 53 29 

reduction: 6.97 2010-2100 98 50 

50 ppm 13.2 2010-2100 176 94 

contribution 25.20 2010-2100 336 180 

     

Concentration 16.00 2010-2100 213 114 

reduction: 27.90 2010-2100 372 199 

200 ppm 52.80 2010-2100 704 377 

contribution 100.80 2010-2100 1344 720 

     

Concentration 28.00 2010-2100 373 200 

reduction: 48.82 2010-2100 661 349 

350 ppm 92.40 2010-2100 1232 660 

contribution 176.40 2010-2100 2352 1260 

 

It should be clear from the above that if use of NETs could be limited by availability of storage 

capacity, then CCS on fossil fuels becomes a competitor for that capacity. This suggests an 

additional mechanism whereby the potential availability of negative emissions in the future might 

act to restrain deployment of promising mitigation technology today. Advocates of CCS are keen to 

dismiss fears of shortage of capacity, but typically they consider timescales of 40-60 years, in which 

CCS might be seen as a bridging technology, rather than a century or longer, over which NETs 

might be necessary. 
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Sustainable (and ethical) supply of biomass 

There is a vast, diverse and burgeoning literature on the sustainable (and ethical) supply of 

feedstock for bioenergy, much of it stimulated by the debate over the impact of biofuels demands 

(primarily from Europe and the USA) on land-use and food supply around the world. As global 

trade in other forms of bioenergy grows they will face all the same issues, and for this study, it 

remains impossible to accept a single definitive estimate of bioenergy capacity. 

The IEA (Bauen et al 2009), suggests global sustainable potential bioenergy production of 200-500 

exajoules (EJ) by 2050, compared with a  forecast world energy demand of 600-1000 EJ, and a 

technical (unsustainable) bioenergy potential as high as 1500 EJ. The 'sustainable potential' would 

involve substantial new areas of production and around 100 EJ from increased crop yields. Even 

though most biomass scenarios (like the IEA) see enhanced productivity and harvests from crops 

and woodland as more significant than new cropped area, the impacts are still likely to be 

significant, and assumptions of crop land made surplus by intensification to European levels with 

European levels of chemical use (eg Ladanai and Vinterbäck, 2009) would seem extremely 

unrealistic. Ecofys for WWF (Singer, 2011) has constructed a global energy scenario with 

aggressive energy efficiency and renewables development which includes around 100 EJ of 

bioenergy including 10-15EJ from algae. They note that even this level of bioenergy may raise 

sustainability challenges. 

The Ethics of Bioenergy 

The ethical questions raised by bioenergy generally and biomass supply for it are similar to those raised by 
biofuels. Here we adapt the work of the Nuffield Council on Bioethics (2010) report on biofuels to suggest 
some relevant principles: 
 
“i. [Bioenergy] development should not be at the expense of people‘s essential rights (including 
access to sufficient food and water, health rights, work rights and land entitlements). 
ii. [Bioenergy] should be environmentally sustainable. 
iii. [Bioenergy] should contribute to a net reduction of total greenhouse gas emissions and not 
exacerbate global climate change. 
iv. [Bioenergy] should develop in accordance with trade principles that are fair and recognise the 
rights of people to just reward (including labour rights and intellectual property rights). 
v. Costs and benefits of [bioenergy] should be distributed in an equitable way. 
... 
vi. If the first five Principles are respected and if [bioenergy] can play a crucial role in mitigating 
dangerous climate change then, depending on additional key considerations, there is a duty 
to develop such [bioenergy].” 

 

 

An alternative projection suggested a renewable biomass energy supply of 180 to 310 exajoules per 

year (Berndes et al, 2003). Using a combination of the ranges cited by Bauen et al and Berndes et 

al, and assuming that 50% of it could be equipped with CCS, (rather than being used in localised or 

dispersed facilities as heat and vehicle fuel) would imply 13-33 Gt pa negative emission, or 18-50 

Gt sequestered
57

. Such rates would have serious implications for global storage capacity. 

On the other hand the sustainable scenarios of possible availability for biochar (Woolf et al, 2010) 

suggest only 1-2.27 Gt carbon in biomass or 3.3-7.5 Gt CO2 pa sequestered at 90% capture rates. In 

terms of energy supply, the top end of this range is similar to that in the Ecofys scenario (Singer 

2011). In other words a strict set of sustainability criteria would reduce BECCS potential to 15-20% 

of conventional projections. At these levels storage would not be an issue, even though the amount 

sequestered would need to be some 28% higher than the net negative emission, to account for the 
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  This is based on the ratio between primary energy and CO2 captured in BECCS calculated by McGlashan et al 

(2010) of 0.9-0.11Mt/PJ 



Page 75 /103 

energy penalty and the lower mitigation effect (from McGlashan et al 2010). 

Lenton (2011) notes that significant increases in biomass supply rely on projections of continued 

trends in availability of abandoned cropland, noting scenarios with a supply of abandoned cropland 

generally up to 0.6–1.3 Gha in 2050 and approximately double this in 2100, with high end estimates 

that “up to 3.6 Gha of agricultural land could in theory become available by 2050, if land use 

patterns are optimized and very efficient agricultural systems adopted”. It is not clear to what extent 

such analyses rely on historic trends in productivity (such as those generating the now reversed set-

aside policies of the EU), or on abandonment of land due to degradation. Here we choose to take a 

cautious view of such land availability estimates, considering that much 'abandoned' land in the past 

will have been replaced by new cropland from forest clearance. 

An increase in biomass production is also likely to be associated with higher water consumption, in 

some locations through irrigation, and more widely as a result of increased evapotranspiration. 

Berndes (2008) estimates that more ambitious scenarios for increased biomass could double global 

evapotranspiration from crops. Water availability is therefore likely to limit sustainable biomass 

supply. 

Socolow et al (2011) note that many questions remain regarding the long-term sustainability of 

biomass energy strategies, including “how to sustain very high yields for many decades, how to 

preserve forest benefits when priority is given to carbon storage, how to preserve soil quality and 

yield while removing nutrients, and how to protect biodiversity while introducing new species”.  

And while new processing technologies might extract more energy from the feedstock, this will 

make no significant difference to the level of negative emission achievable. On the other hand 

diverting biomass to biorefineries to extract other useful products will not necessarily reduce the 

potential negative emission, and may even increase it if such facilities can be equipped with CCS.      

Sustainable domestic biomass production in the UK can almost certainly be increased, although 

here too there is debate as to by how much. The UK Biomass stratgey from DEFRA, suggested 

increasing recovery of wood from both managed and currently unmanaged woodland, increasing 

production of perennial energy crops (to around 1 Mha, and without resulting land use change) and 

increasing supply of energy from waste. This would provide a potential biomass resource equivalent 

to 96.2 TWh (DEFRA, 2007). 

The Tyndall review of BECCS (Gough and Upham, 2010) also cites a subsequent detailed study 

modelling the spatial yield, demand and costs of energy crops in England and Wales, estimating that 

around 75 TWh biomass energy could be produced at a cost approaching that of traditional fossil 

fuels, with an increase in the land area used for energy crops to 1.5 Mha (defined as the area of 

environmentally compatible bioenergy potential in the UK).  McGlashan et al (2010), for 

comparison cite 4 scenarios with 30-106 TWh outputs in 2030 (before accounting for a CCS 

penalty). Friends of the Earth (2011) using DECC pathways calculate a maximum level of 181-264 

TWh in 2030, using up to 2mha extra land (assuming additional potential to transfer land from meat 

production). This would therefore imply capture and sequestration rates of 31-270 Mt CO2 pa for a 

net negative emission of 21-215Mt pa. 

We have chosen not to consider the import of biomass here, although the market is moving rapidly 

in that direction. Until sustainability of supplies can be better assured and certified, we would not 

wish to rely on imports, even if a case could be made for using the biomass close to proven storage, 

with an otherwise low carbon energy system to maximise the net negative emission. 

These are all maximum figures for particular scenarios, assuming that biomass is directed 

preferentially to BECCS. The UK Climate Change Committee (CCC) (2011b) effectively questions 

whether this would be a wise strategy. In their renewables report of May 2011 they advocate that 

bioenergy should be focused on uses which can't be otherwise decarbonised – especially heat 

requirements, rather than on power generation.  Although the CCC see BECCS as a "possibility" in 

the industrial heat sector from 2030, they cite sustainability concerns and demands from other 
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sectors as a reason to “assume no new investment in biomass in the power sector beyond 2020”
58

. 

To the extent that additional biomass resource is available to the UK power sector on such a 

timescale, for instance because of constraints in deploying bioenergy heat options, the CCC argues 

that this biomass should be used in ways that avoid lock-in to power generation for the longer term. 

The CCC suggests that this might imply co-firing in existing coal plants or new biomass generating 

capacity designed to operate flexibly in a back-up or ‘mid-merit’ role rather than as baseload
59

. 

They recommend that “any long-lived biomass generating capacity designed to operate at baseload 

and added before CCS has been proven should be designed to allow CCS retrofit. Given current 

uncertainties over viability of CCS, a cautious approach under which there is limited investment in 

biomass assets would be appropriate” (Climate Change Committee. 2011b). 

If the UK Government follows these recommendations the potential capacity of BECCS may be 

reduced, and will almost certainly be delayed until CCS is subsequently adopted in industrial 

applications, although more biochar, at smaller scales and producing liquid and syngas fuel might 

fit better into the CCC approach. 

Modelling by the Energy Technologies Institute, for the CCC (2011b) suggests BECCS at an 

average of 8.5% of power generation in 2050. The CCC does not specify total generation for 2050. 

Given growth to 460 TWh in 2030, and further demand to use electricity for heat and vehicle fuel, 

one could assume 600 TWh. On that basis this would imply a negative emission from BECCS of 

around 50 Mt- CO2 pa plus any amount achieved through industrial BECCS. 

Other reviews have been even less positive about the potential of BECCS – mainly because of 

competition for land. For instance Lenton and Vaughan (2009) concluded “we are sceptical about 

the feasibility or desirability of the BECS option, as currently framed”. They reviewed the 

Biosphere Carbon Stock Management (BCSM) concept of Read (2008) as an input for their review 

of geoengineering options, commenting that “the land areas involved in such scenarios … appear 

to be in conflict with food production and/or the preservation of natural ecosystems. Furthermore, 

arguments that such scenarios would generate revenue ... appear questionable”. The latter critique 

would appear to be based on the difficulty of justifying the extra costs of CCS on power generation, 

and indeed, conceiving of the NET as the application of CCS to bioenergy, it is a net energy and 

financial cost, which will require public support. Jepma (2008) also critiques Read, noting how 

much additional cultivation is required, and past failures to bring large large areas into production 

for food. 

If sustainable biomass is limited, then we need to briefly consider what 'best use of biomass supply' 

would be. This can be paraphrased as the choice to “burn, bury or both”. 

Alternative uses of biomass may be more carbon efficient than BECCS. Strand and Benford (2009) 

argue that: "As long as fuels exist with higher energy yield-to-carbon content (E/C) ratios than 

biomass, it will always be more energy efficient and less carbon polluting to sequester the biomass 

in the deep oceans, and use those fuels with higher E/C ratios for power generation, rather than to 

burn biomass for power generation". 

They directly compare biomass ocean storage (92% stored) with use of crop residues for ethanol 

production with CCS (in which 46% of original biomass carbon is stored and 38% offsetting fossil 
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  The CCC base their projections on availability of sustainable bioenergy on IEA work and a range of sources for 

biogas, including WRAP, NNFCC and DEFRA. They conclude that if all available bioenergy were to be used in 

industry (e.g. reflecting higher availability of low carbon alternatives elsewhere) this could supply around 65% of 

heat demand from industry and could reduce emissions by around 30 MtCO2 . This is also assuming a continued 

growth of biofuels penetration according to the Gallagher Review in 2020 (30 TWh), rising above this in line with 

the IEA’s BLUE Map scenario through the 2020, resulting in around 60 TWh (25% by energy in liquid fuels) by 

2030. 
59

   At present the balance of capital (high) and fuel costs (low) means that, like coal plants, biomass plants are designed 

to run as baseload rather than for balancing purposes. 
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carbon) (Strand and Benford, 2009). But other forms of BECCS can be more efficient at carbon 

sequestration than ethanol. Even though the energy penalty in ethanol CCS is low (only 15%) 

because the CO2 stream is pure, most of the carbon in biomass remains in the ethanol and goes out 

of vehicle tailpipes. For BECCS on centralised power generation, based on the averages presented 

in McGlashan et al (2010), we estimate that the overall net sequestration efficiency would be 78%
60

 

This still falls short of burial, but once the mitigation benefits of bioenergy power replacing fossil 

fuels are included, BECCS would appear preferable. 

In comparison to biochar, BECCS has both higher energy recovery and higher sequestration, but 

relies on access to geological storage, and is most likely commercial within a developed energy 

grid. Biochar might be more appropriate for decentralised energy, and where geological stores/ CO2 

pipelines are far distant, or exhausted. Biochar advocates also suggest lower cost thresholds, as well 

as citing agronomic benefits. 

While burial may be better in pure sequestration terms, as long as there is a scarcity of accessible 

renewable energy, both biochar and particularly BECCS are likely to be more viable, as they also 

provide a source of low carbon power, which can help mitigate existing emissions. However it must 

be noted that before these processes become commercially viable, even with sale of power, they 

may be accelerated by commercial approaches which reduce overall carbon efficiency (such as the  

sale of CO2 for enhanced oil recovery). Biochar may well be the best niche option for certain 

biomass streams – particularly localised wastes, although it neither maximises sequestration or 

energy recovery. 

Even without heat recovery, BECCS is arguably best in overall carbon terms (mitigation and 

negative emission). So advanced forms of BECCS which maximise energy recovery as heat as well 

as power, and have access to secure storage for the CO2 captured, are likely to be optimal for the 

limited supply of sustainably tradable biomass. Nonetheless, at present there remain very real 

contradictions: 

 an efficient scale to justify CCS on biomass is larger than most local heat markets, and 

therefore incentivises inefficient, electricity only plants; 

 similarly the best locations to serve heat markets are not necessarily ideal for carbon storage; 

 system energy losses in transportation are typically higher for large scale plants 

 increasing the overall level of biomass use, even if marginally increasing the planted area, 

creates a carbon debt which lasts for decades (according to best estimates: Walker et al 

2010, Bird et al 2010), so sustainable supply of biomass – in both carbon and other terms – 

is limited in both total and in rate of growth that can be achieved towards the theoretical 

upper limit. 

We have not calculated the offset benefit of carbon storage in construction timber, wich could be 

significant if concrete or steel is replaced. While maximising use of timber in construction may be 

merited, the overall market size for construction means that the wider choice between BECCS and 

other biotic-based approaches will remain. 

Future biomass conversion technologies such as 2
nd

 generation biofuels will do little to reduce the 

land constraint on NETs, as they act primarily by increasing the energy conversion from a similar 

amount of biomass carbon. They could however, significantly increase the mitigation benefit from 

biofuels. On the other hand, development of effective algal feedstocks might allow the productions 

of greater levels of biomass to sustainably support NETs, and thus relieve the land constraint. 
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  For every 100 tons carbon in biomass, 83 would be sequestered, and 17 emitted in, or as a result of the processing. 

And an additional 7 tons would be emitted as a result of the lower energy density of biomass compared to the fuels it 

replaces, reducing net sequestration efficiency to 78%. 
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Other Potential Constraints 

Our review of NETs sought to identify suggested environmental, resource and logistical constraints. 

We identified a wide range, including localised effects on ocean alkalinity and oxygen content from 

liming and fertilisation respectively (see also Table 7). Some enhanced weathering techniques 

would also be limited by their chemical effects on run-off and watercourses. 

While the absolute scale of resources of the main chemicals required for certain NETs such as 

calcium carbonate would be nowhere near reached in delivering the aggregate negative emissions 

foreseen in this report, there may be limits arising from the costs or localised impacts of larger scale 

extraction (which for some techniques reaches the scale of eg global coal mining). Similarly for 

those techniques reliant on movement of large volumes of material (including Cquestrate, ocean 

burial of biomass, bioenergy reliant on trade in biomass) shipping and port capacity could provide a 

prolonged logistical constraint. 

But for most NETs the materials required are in small volumes and are used in cyclical fashion (eg 

amines, calcium carbonate in wet scrubber systems). Availability of suitable chemical feedstocks for 

amine based systems seems unlikely to be an issue. Monoethanolamine (MEA), for example, is a 

relatively minor product of the ethylene productions chain which sends much larger volumes of 

feedstocks for MEA into lower value uses such as fabrics. Too little is known about the 

characteristics of feasible zeolites or metal organic frameworks, and this question would need to be 

more closely reviewed if such technologies seemed likely to become commercially viable. 

One possible exception is the HCl splitting approach of House et al (2007) which as published 

suggests use of the fuel cell requiring platinum. De Richter (2008) suggests the quantities of 

platinum needed would limit deployment. 

The availability of land (and water) is clearly an issue for bioenergy and biotic approaches, but the 

footprint of air capture facilities and oceanic techniques seems unlikely to be a major constraint, 

although in wealthy countries such as the UK, there is likely to be opposition to the siting of such 

facilities in many, if not most locations. Socolow et al (2011) calculate the land requirements for a 

cumulative 400Gt CO2 negative emission. They estimate this would require 800m ha of forest, in 

addition to the existing 2200m ha, though if energy crops were used to fuel BECCS, only 80m ha 

would be required (plus geological storage capacity), because of faster crop growth rates. The 

former seems impractical, while the latter may be possible (although it significantly exceeds the 

estimates provided above for sustainable biomass production). 

 

Summary of obstacles and limitations 

Figure 8 overleaf summarises our assessment of NETs using the categories set out in section 4 

above, and a simple qualitative traffic light system, in which green indicates that it seems likely that 

obstacles are limited or can be relatively easily overcome; red indicates severe or potentially 

insurmountable obstacles; and amber anything in between. Amber might also indicate too great 

uncertainty to place a technique in either of the other categories. 

In making this categorisation we have assumed an aim of deployment within the limits and levels 

set out elsewhere in this report. So for example while recognising that large-scale deployment of 

biochar or BECCS could lead to land-grabs and food insecurity, these factors have been taken into 

account in limiting what we consider to be sustainable capacity, rather than appearing as red boxes 

in this assessment. 
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Figure 8 : A high level assessment of obstacles to deployment of NETs 

NET Accountability Side effects Status Cost

Soil mineralisation with olivine   

Olivine carbonation in autoclaves

Seawater Injection into basaltic rocks

Blast furnace slag / waste carbonation

Magnesium Silicate Cement 

Biochar – pyrolysis

Biochar – gasification

Supported amines for direct air capture 

Fluidised bed (CaO) for direct air capture  

Sodium or calcium air scrubbers 

Electrodialysis

Metal organic / zeolitc frameworks

BECCS – combustion / co-firing

BECCS – ethanol fermentation

BECCS - black liquor / pulp

Biogas – upgrading 

Biogas and biohydrogen

Gasification – BIGCC

Ocean liming (calcination) (eg C-questrate)

Removal of HCl (through electrochemical splitting)

Ocean liming (electrochemical splitting)

Ocean fertilisation (iron)

Ocean dumping of crop residues

Habitat restoration: peatlands and other wetlands  

No-till or organic agriculture practices

Genetic manipulation of crops and trees

Timber use in construction

Tree burial in anaerobic conditions

Cellulose Aggregate Concrete 

Capacity / 

scalability

Energy 

requirement

Ocean fertilisation (macro-nutrients – phosphates, 

ammonia)

Forest restoration / creation and enhanced 

management
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7.5 Co-benefits 

We include a brief discussion of co-benefits here, as these would increase the cost-effective or 

economically optimum deployment of the associated NET above its direct carbon value. 

However we find very few co-benefits in most NETs: at least in comparison to mitigation 

(McLaren, 2010). Even the likely employment potential from a new industry is unlikely to comprise 

more than partial compensation for the cost (although it could be useful socially in economic 

downturns, if Governments choose to include NETs in counter-cyclical investments). The UK does 

not seem well placed from our review to obtain a lead in the development of particular NETs to the 

extent of creating a technology export market. 

There may be soil fertility benefits to be obtained from biochar, mineralisation or soil management, 

and possible biodiversity and water management benefits from afforestation, if undertaken with 

more sensitivity than past forestry. 

More generally there may be possible research spin-off benefits (eg for CO2 scrubbing in enclosed 

environments - submarines, spacecraft), and for other air purification or environmental remediation 

technologies; as well as blue sky scientific benefits that cannot be predicted (but equivalent benefits 

to the latter would arise from more or less any equivalent investment in cutting edge science and 

technology). 

There are also possible spin-off benefits in carbon recycling techniques for future low-carbon fuels 

to replace unsustainable biofuels. 

7.6  Technological developments 

Our review of the literature also sought to identify other areas of research and technological 

development which could have a bearing on the future development of NETs and affect the general 

assessment. These are summarised here. 

The key field is that of carbon capture from flue gas. Pre-combustion capture techniques such as 

IGCC have not entirely been forgotten, and these may converge with ongoing research into use of 

hydrogen as an energy vector, which continues apace despite the current vogue for assuming 

electrification will drive decarbonisation of surface transport. We noted earlier the potential nano-

tech breakthrough of a liquid matrix for hydrogen, allowing it to be used at normal temperatures 

and pressures. 

However the post-combustion capture field is more vibrant. A second generation of techniques to 

replace MEA amine systems are already under exploration, along with a wide range of capture 

agents. Herzog et al (2009) concluded that only amine or ammonia processes are current candidates 

for demonstration scale, and both are working at pilot scale. Alternative amines such as KS1 have 

been assessed (Zeman 2007). More distant prospects include oxygen looping (under investigation at 

Chalmers University in Sweden and the University of Vienna (Pröll et al 2009; Bolhàr-

Nordenkampf et al 2009)),and zeolite pressure swing (being examined by Brandini at Edinburgh). 

The US Defense Advanced Research Projects Agency programme is funding a wide range of 

capture technology investigations. 

A number of US commercial start-ups such as Skyonic, Greensols and Carbon Sense Solutions are 

developing solid capture techniques forming carbonates or bicarbonates (to avoid the costs of 

compression and transport, and to obtain a saleable product) (Constanz, 2009). Novomer has 

developed catalysts to combine CO2 from flue gas, natural gas reforming or ethanol fermentation 

into new polymers (polypropylene and polyethylene carbonates), again offering an alternative to 

geological storage. Mantra Energy Alternatives is using CO2 as a feedstock for formic acid and 

other chemicals through a proprietary electrochemical reduction process. The lifespan and fate of 

CO2 in such products is unclear. 

http://www.darpa.mil/
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The post-combustion capture and direct air capture research frontiers have many common features. 

Socolow et al (2011) highlight that “the evolving exploratory and fundamental research program 

for post combustion capture could lead to new materials, such as sorbents and catalysts, with far 

superior properties relative to materials available today, such as metal-organic frameworks 

(MOFs)”. These include nano-materials. 

On the other hand they also point out that the direct air capture research frontier has unique 

challenges: “It will require sorbents with greatly enhanced properties for cycling CO2, yet capable 

of being taken through thousands of sorption and desorption cycles with minimal degradation of 

performance and at moderate cost. One frontier is new binding chemistries, based on mimicry of 

aspects of photosynthesis or on inorganic chemical systems that have no analogues in biology. A 

second frontier of air capture is the search for improvements at the level of chemical engineering 

systems, where strategies very different from those used for industrial capture today can be 

imagined. Notably, solid adsorbents, where the sorbent is chemically bonded to a rigid substrate, 

may be more relevant to an open system like air capture rather than to industrial capture where 

closed systems are used. A third frontier is associated not with gas separation, but with the 

challenge of lowering the cost of transporting large volumes of air through the sorption unit.” 

Another relevant field with great diversity is focused on biofuels and biorefining (and other low 

carbon fuels). As noted above, with the exception of algal systems (van Iersel and Flammini, 2010), 

the techniques under development are unlikely to alleviate the constraints on bioenergy approaches 

to NETs. But there is potential for breakthroughs in synthetic fuels (Tran, 2010), or bioprocessing 

and biorefining (Eggar, pers comm), to change the dynamics of bioenergy and carbon markets. 
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Section 8: Policy challenges arising 

The key policy challenges arising are in the management of moral hazard, and in the development 

of accounting and assurance techniques for NETs. 

8.1 Management of moral hazard 

The moral hazards involved with NETs fall into two broad categories. 

1. The expected availability of NETs leads to reduced or delayed mitigation activity, increasing 

the risks of dangerous climate change. 

2. The actual availability of NETs is used to offset continuing emissions (slowing the increase 

in atmospheric concentrations) rather than to actively reduce atmospheric concentrations. 

Both flow from the capacity of those deciding to take the 'easy option' (in each case mitigating less) 

to convince themselves that they will not be personally affected by the current or future 

consequences of those decisions. 

Addressing these problems has consequences both for international and national governance. 

Will availability of NETs reduce mitigation effort? 

Technical analyses and modelling confirm that the expected availability of NETs would reduce 

mitigation in the short term. Keith et al (2006) conclude that “In an optimal sequential decision 

framework with uncertainty, existence of air capture decreases the need for near-term 

precautionary abatement”. To elaborate, they say “The result can be understood as the reduction of 

the environmental irreversibility: it is optimal to pollute more when it is possible to clean up 

afterward than when it is not.”  The work was part funded by API and Exxon. 

However, this conclusion is highly dependent on the assumption of broadly linear and reversible 

impact of rising CO2 concentration. Indeed, Keith et al (2006) use IPCC 1997 estimates of welfare 

impacts of climate change, and only a weak non-linearity of impact, assumed to accelerate at 500-

600ppm. If instead, significant non-linearities or tipping points might be expected, then DAC would 

be rationally deployed alongside abatement to reduce the risk of passing such thresholds. Keith et al 

acknowledge that their modelling does not encompass the prospect of rapid irreversible impact: 

"while air capture removes irreversibility in CO2 concentration increases, it does not protect 

against irreversibilities in the climate system’s response to forcing." 

An example of the economic impact is explored by Azar et al (2006, 2010), who model scenario 

costs for returning atmospheric CO2 levels to 350 and 450 ppm with and without the availability of 

BECCS. Their models do not include any other NETs. 

They find that the end goal can be achieved more quickly and affordably with BECCS, but that 

CCS is forecast to be introduced on fossil power later in scenarios with BECCS available than it is 

otherwise, and cumulative emissions are significantly higher in scenarios with BECCS. Peak 

concentrations are therefore significantly higher, with commensurate risks to the climate system. 

Higher cumulative emissions arise in the BECCS scenarios because of the long lifespan of CO2. To 

achieve the equivalent effect in 2100 of not emitting 1 tonne (on average) earlier in the century 

requires a negative emission in 2100 of just 0.36t (Azar et al, 2006)
61

. 
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  The 350 ppm scenarios without BECCS rely heavily on solar hydrogen in the late twenty-first century, as the residual 

emissions from fossil power with CCS would be too high to allow atmospheric concentrations to decline. The costs 

of 350ppm with BECCS are estimated to be less than half of the costs with only fossil CCS ($6.1trillion cf 

$13trillion), because expensive solar hydrogen is needed later (Azar et al, 2006). 



Page 83 /103 

Parson (2006) draws similar conclusions: 

“Because air capture enables faster future reductions in atmospheric CO2 concentration in 

the future, it increases the reversibility of current emissions. Although significant 

irreversibilities remain, this effect reduces the value of early mitigation as a precaution 

against the risk that future climate damages will be large. Consequently, the prospect of future 

air capture reduces optimal near-term mitigation and total mitigation costs along the optimal 

path.” 

However, as Parson continues, these conclusions rely on several unexplored assumptions. These 

include: 

 that performance and costs of NETs in practice is as good as presently projected, 

 that future political and economic conditions make NETs feasible and acceptable for large-

scale use, 

 that competent actors and institutions are present with the resources, authority, and 

incentives to deploy NETs (Parson, 2006). 

Parson concludes: 

“The less we do in the near term, the more we rely on the realization of all these benign 

future conditions – technological, economic, and political – that will enable more to be 

done, cheaper, later ... The challenges arise from how these options [NETs] interact 

with likely biases, conflicts, and other pathologies of choice in a policy setting. The 

essential problem is that while introducing these options improves the optimal response, 

it may also move the likely response further away from optimality [but] ...we cannot 

avoid these decision challenges by pretending to ignore the technical options that raise 

them”. (Parson 2006) 

Socolow et al (2011) argue, with reference to air capture and for different reasons, that in practice 

the potential availability of NETs should have little if any impact on the economic optimum level of 

mitigation. “For at least the next few decades, unless there are dramatic cost reductions, direct air 

capture can be expected to be substantially more expensive than many other currently available 

options for reducing decentralized emissions.” 

Socolow et al's analysis of costs leads them to conclude that there is “no support for arguments in 

favour of delay in dealing with climate change that are based on the availability of direct air 

capture as a compensating strategy.” They are not disputing the theoretical economic implication 

that projected availability of a robust and affordable NET would reduce the incentive to mitigate 

now: but their best judgement, on the evidence available, is that there will not be any such 

technology available on the timescale in which mitigation is required to reduce global emissions 

close to zero. 

There is also a major uncertainty over whether a technology, even if scientifically demonstrated, 

could be deployed at scale. Regulation for air capture and other NETs is undeveloped and 

untested
62

. For instance most NETs might be expected to rely on carbon markets or trading systems 

to enable deployment – but the inclusion of such techniques in current carbon trading schemes is 

contested and likely to be delayed in international negotiations. Those involving introducing 

materials to the oceans are currently prevented by the London Convention, and like all geo-

engineering, might be prevented or slowed by provisions under the Convention on Biological 

Diversity. So the political and regulatory context might not be amenable to the delivery of NETs. 
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  It may not follow typical environmental regulation which has sound incentives for cost minimisation and innovation; 

and an asymmetry of persistence (difficult to establish, but once adopted, little pressure for roll-back) arising from 

sunk costs and irreversible adaptations (Parson, 2006). In other words, once in place, environmental regulation is 

defended by those businesses which have spent money complying, especially by investing in new equipment or 

infrastructure 
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It has been suggested that availability of air capture may reduce the need for international political 

agreement (Parson 2006). However this contention only seems plausible if costs fall dramatically. 

Otherwise it would be subject to a massive free-rider problem with any country investing in air 

capture only receiving a tiny fraction of the overall benefit. Opportunities for wealthy 

philanthropists to buy NETs as an altruistic gesture notwithstanding, adequate and rapid uptake of 

NETs would seem to be dependent on international agreement. This need not take the form of 

agreement to establish a global carbon market or trading scheme, but it must at least set national 

targets and agree monitoring and verification regimes that would allow countries to deploy NETs as 

a contribution towards their targets (indeed the targets for some countries could eventually be for 

negative emissions levels). 

In section 7 we discussed the routes to commercialisation for NETs. In the absence of these 

operating strongly, NETs such as air capture may be, by definition, a 'public works' project. Military 

procurement may offer an instructive proxy. Military procurement is typified by overspend and 

pork-barrel politics, with tough industry lobbying from the beneficiary firms resisting continued 

political pressure to cut budgets. For air capture this would imply higher than necessary costs and a 

degree of lock-in to particular technologies; which is particularly undesirable in such an early stage 

technology. 

The main option to a public procurement route would be through the operation of carbon trading 

schemes. It has been suggested that to properly include NETs in carbon trading would require the 

redesign of schemes to allow trading over time periods, and formal trading of promises of future 

negative emissions. Clearly this would also require mechanisms such as insurance and bonding 

against bankruptcy of actors obligated to provide future air capture. Even if such a route was not 

taken, NETS would have negative impacts on the current (poor) functioning of trading schemes. 

NETs would not only compete to generate carbon credits, saleable at current market values, but 

would have a major impact on the trading values of carbon futures, depressing their value and thus 

disincentivising current mitigation. 

Where delay may be beneficial at the margin is where use of NETs as an offset allows a delay in 

phasing out an emissions source until such point as the sunk costs of the original investment have 

been recovered. In theory – because of the imperfections in capital markets - that would make it 

more likely that the organisation concerned had the resources to invest in a lower carbon 

replacement. 

In economic terms, because of their flexibility in application, NETs theoretically establish a cap on 

the carbon price
63

. There would be no economic reason to adopt more expensive strategies to 

mitigate emissions at source, rather than paying the cost of a NET to clean up afterwards. Of course 

there could still be social or other environmental reasons to adopt more expensive mitigation 

strategies, where there are co-benefits to health or positive distributional consequences that are not 

captured in relative economic costs and carbon prices (McLaren, 2010). 

The survey of costs estimates in this report suggests that such a cap on carbon prices might possibly 

even fall below the £70/tCO2 suggested by Climate Change Committee and UK Government 

proposals for a carbon floor price as the appropriate level for the UK in 2030, although our 

conclusion would suggest this is unlikely. 

However were such a carbon price cap to arise from NETs, it would raise a serious conflict, insofar 

as there are constraints to the total deployment of NETs (eg in the availability of carbon storage) or 

the rate at which they can be deployed. In these circumstances the use of NETs instead of other 

available, but more costly, mitigation tools may seem 'economically' efficient, but it would impair 

our ability to return atmospheric GHG concentrations to a safe level in a timely fashion. In other 
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   Rather naively, the Institution of Mechanical Engineers, in their recent policy statement on air capture (IME, 2011) 

see this as the main policy benefit, believing that it would simplify climate negotiations. 
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words the carbon price would not be acting as a perfect signal because of its failure to incorporate 

the risks of abrupt change in the climate system while in 'overshoot' of atmospheric concentrations. 

While economically, NETs might be seen to cap the carbon price, morally, they can be argued to do 

the opposite, and set a floor on it. This relies on the view that the availability of safe and robust 

NETs create a moral obligation to take action to return greenhouse gas concentrations to safe levels 

(an obligation which was meaningless previously without the capacity to act on it). In turn this 

implies an obligation to set a carbon price which enables their uptake. Sadly, in the real world, such 

an obligation will be resisted, as has the existing equivalent obligation to undertake mitigation to a 

safe degree. 

Furthermore, the inclusion of NETs in today's poorly functioning and badly regulated carbon 

markets would be likely to make them even more susceptible to speculation and irrational trading 

behaviour. 

Thus the development of NETs should be accompanied by measures to restrict the negative effects 

of moral hazard in carbon markets. As a precautionary measure NETs should be excluded from 

carbon markets at least until such time as these markets are functioning robustly, and 

provisions are in place to minimise moral hazard. The type of provision that could be usefully 

explored might include the imposition of bonds on commitments of future emissions reduction, and 

the development of levies on trade in carbon futures. 

NETs are not a rapid response mechanism 

The potential moral hazard arising from reliance on the future availability of NETs is exacerbated 

by the fact that NETs are slow to deploy, and indeed for most if not all, we cannot yet predict what 

rate of roll out, or retention of captured carbon will be sustainable. If mitigation is delayed because 

of availability of NETs this becomes more significant. 

Socolow et al (2011) set out, for air capture, two theoretical scenarios: one of gradual deployment 

alongside mitigation, in which a 50ppm net reduction in atmospheric CO2 can be achieved in a 

century, with a build rate of eighty 1Mt air capture plants each year. This is judged to be entirely 

feasible. On the other hand an emergency programme to achieve the same reduction in a decade 

would require 800 1Mt plants each year, seriously stretching industrial capacities and supply 

chains
64

. On the other hand, Swart et al (2009) suggest that of  'drastic' climate policy responses, 

carbon dioxide removal raises the least serious governance challenges. 

One conclusion might be that if we don't incorporate NETs early enough, we may be left with no 

choice but to resort to solar radiation management (SRM) methods of geoengineering. In general, 

for emergency response, possible rate of air capture technology roll-out would be a limiting factor. 

Lenton and Vaughan (2009) assess geoengineering options at century and millennium timescales. 

They contrast carbon dioxide removal and SRM: finding more potential for SRM at the century 

level, although air capture could play a significant role. The relative efficacy of different techniques 

varies (not just the efficacy of broad categories). They suggest that phosphorus fertilisation and 

afforestation / biochar would become disproportionately more effective on millennial timescale 

(although it is unclear what retention time has been assumed for biochar). 

Lenton and Vaughan (2009) conclude: 

“If combined with strong mitigation, air capture of CO2 by plants providing bio-energy, 
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  Socolow et al (2011) actually suggest a realistic emergency response would need to deliver up to 6 times more 

reduction in concentrations (presumably because it would be necessary because levels had been allowed to grow 

with little restraint, and a threshold may have been crossed, both factors that would suggest a great reduction in 

concentrations was required). Their emergency programme would therefore require 4,800 new plants a year (48Gt 

capacity, which they contrast with the total 'capacity' of the world's current stock of fossil fuel plants (12Gt pa 

emissions)). 
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followed by carbon storage, might be able to return atmospheric CO2 to pre-industrial 

levels sometime next century, thus removing the need for shortwave geoengineering to 

cool the climate beyond that time.” 

8.2 Accounting for negative emissions 

NETs raise practical and philosophical issues for carbon accounting. In practical terms many NETs 

still involve large uncertainties regarding the volumes of greenhouse gases captured and retained. 

Direct measurement is often impractical. There are also significant uncertainties regarding the 

timescale over which capture is achieved. For the sub-set of 'indirect' techniques involving 

bioenergy, there are existing simplifications and heuristics to allow carbon accounting under 

UNFCCC rules, but these cover up equally significant uncertainties regarding the impacts of land-

use change on biotic and soil carbon, and the real timescales of carbon accumulation in biomass, 

which mean the short term benefits of bioenergy and BECCS may be seriously overstated. 

If NETs were to be incorporated in carbon trading schemes, all these issues will have to be resolved, 

along with some that arise from the nature and definition of existing trading schemes. 

In existing schemes such as the ETS, credits are conceived and defined in terms of emissions: there 

is no concept of a negative emission, and no current practical way of defining a NET credit in ETS 

because of the relationship between credits and the total cap which allows prices to be created. 

Ascui (2009) questions whether NETs can be included in a capped system at all. 

Similarly there is no relevant category of credits in the Kyoto mechanisms for most NETs. It may be 

possible to define some types of NET as a class in land-use and forestry (like storage in wood 

products) (Ascui 2009). Even for biotic techniques there is a major challenge in that biogenic 

sources are not currently included in emissions accounting (Searchinger et al, 2009). Thus including 

biogenic sinks as negative emissions would not be balanced, but accounting for them as the net 

results of land-use change may be practical. In principle, if we begin to account for accelerating the 

biogenic sink, we should also account for accelerating biogenic sources. 

Accounting only for CO2 extracted from the biotic cycle and stored elsewhere would distort effort 

towards engineered solutions, with geological stores, rather than potential biotic stores. The fact that 

CO2 from pulp and paper facilities, for example, is accounted for in land-use change, rather than at 

the end of the pipe, means efforts to mitigate there have received less attention than efforts to 

mitigate fossil emissions. 

There are added complexities once biomass crosses national boundaries (Searchinger et al, 2009; 

Kim et al 2009). The offset abatement in fossil fuel use is counted in the country where the biomass 

is used, but the land-use change impacts (if accounted properly at all) are counted in the country 

from which it was sourced, further discouraging proper systems level analysis of the impacts, 

which, when conducted for biofuels, have exposed much lower (if any) mitigation benefits that 

originally expected. And those original expectations have led to sub-optimal or indeed 

dysfunctional policy measures such as the EU's biofuels requirements. 

It would be easier in theory to include NETs in CDM, where the structure of ‘baseline and credit’ 

could encompass NETs (Ascui, 2009). However the inclusion of CCS has already proved politically 

controversial in CDM. Moreover, the mechanisms of CDM have proved vulnerable to manipulation, 

with studies suggesting the majority of CDM projects may not be delivering the full claimed level 

of mitigation (Wara & Victor, 2008; Rosendahl & Strand, 2009). Given the practical uncertainties of 

NETs, to incorporate them in CDM without closing existing loopholes, would seem unwise. 

More broadly, given that the availability of NETs will be limited by capacity and/or price, there is a 

fundamental philosophical question about how they should be allocated. Is trading of negative 

emissions morally acceptable, or practical, given the shortcomings of trading markets so far? In the 

same way as trading is an alternative to a carbon tax as an incentive to cut emissions, so negative 

taxes (or subsidies) could be awarded for negative emissions. The logic of a global carbon tax 
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system as suggested by Stiglitz (2006) may more easily encompass negative emissions than the 

already distorted carbon markets created by trading systems, which in turn have exacerbated 

political conflicts over climate change. 

Retention and leakage from carbon stores 

All NETs raise the question of long term retention and leakage rates. The accounting, monitoring 

and verification systems must be able to handle variable rates of retention over variable timescales, 

yet do so without experimental evidence on which to base long-term assumptions (we can't wait 

even a hundred years to measure real retention rates in geological stores, forests, soils, and the 

ocean before determining rules for estimating and verifying sequestration). For biological, soil and 

ocean systems the problems can be severe as these are highly dynamic systems. There are some 

compensating factors: the extreme dynamism of the ocean system means that the initial response to 

a NET application is relatively rapid, whereas in soil or biological systems the response to a single 

application might take years or decades to fully work through. All three systems however can 

change rapidly in response to, for example, climate change, resulting in significant unpredicted 

releases of stored carbon. 

Tools to address these issues may be found in both accounting standards and trading rules. They 

might include temporary credits, buffer margins, mandatory insurance and catastrophe bonds. 

Even in the absence of catastrophic changes, leakage from geological and other stores could 

become significant as a result of the large cumulative amount stored. If industrial carbon 

management (CCS mitigation and DAC or BECCS) plays a dominant role in abating emissions, 

then as much as 500 GtC could be stored by 2100. Even if the average leak rate is only 0.2 percent 

annually, there would be a 1 GtC per year source undermining CO2 stabilization (Keith et al 2006). 

This could constitute a very large proportion of permitted emissions at that time, and would require 

yet further deployment of NETs.  A 1% leakage rate would generate a 5Gt pa source: over half of 

current annual global emissions, and probably far greater than any safe emissions budget for 2100. 

Accounting for time 

Negative emissions also raise serious issues about the time profile of mitigation. If NETs in practice 

allow for delays in mitigation and higher cumulative emissions, then the total global warming 

potential associated with the same net emissions will be higher. Even if the net cumulative 

emissions remain the same as a result of the deployment of NETs the outturn for the climate could 

be different because of the timing of the emissions in relation to any climatic thresholds. In general 

earlier mitigation is preferable in terms of reducing overall risk, but NETs can effectively lead to a 

delay in mitigation. 

This adds to the existing complexities of the time profile of emissions and sinks in use of bioenergy, 

and of course, the likely increase in use of bioenergy if biochar and BECCS are part of the NET 

portfolio means the short-term increase in atmospheric CO2 associated with increasing bioenergy 

use (Walker et al 2010; Bird et al 2010; O'Hare et al 2009) will be more intense. 

Dealing properly with time in carbon accounting is a bigger problem than can be solved here. But 

the deployment of NETs will require progress to be made. Accounting systems that ignore the 

real timing of emissions (positive and negative) will lead to sub-optimal policy. 

 

Attribution 

Directly related to questions of measurement and accounting is the issue of attribution. Against 

which country's carbon account should a negative emission be credited? In some cases a common 

sense approach will work. If a country installs DAC devices in its own territory and stores the 

carbon in its own rocks, then it will claim the negative emission. But if such devices work better in 
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another climate, and the country pays to have them installed in another territory, how is the credit 

allocated? Whose is the carbon in the atmosphere above a territory? Existing rules in the CDM and 

JI might be applied to allow the instigating country to claim the full credit. But what of carbon in 

the oceans? Might this sink be treated as a common property resource under the UN Convention on 

the Law of the Sea? 

In a similar vein, what of imported biomass for BECCS? Then there is perhaps a more serious 

conceptual issue which could generate conflict: if we see the 'real' negative emission as the capture 

of carbon in the biomass then the exporting country could logically claim it, with the using country 

simply accounting the CCS element as compensating for the chimney stack emissions. On the other 

hand, if we see the CCS as the 'capture process', the consuming country will logically claim it. 

These issues can clearly be overcome, but consideration of NETs brings such questions to the fore. 

Like trading, monitoring, reporting and verification issues are already controversial in climate 

negotiations, and it is therefore unlikely that agreement over a regime for NETs will prove easy. 

8.3 The Politics of NETs 

Even though NETs may be a novel category to most players in climate politics, they are already 

embedded in politics in at least three ways. First, because they are (or have the capacity to be) a 

form of geoengineering, second because they have profound equity implications (between 

generations and between countries) and third, because they fundamentally impact the mechanics of 

carbon markets (and not just as as a form of CCS). However these features mean that NETs do not 

just lie in the ambit of the UNFCCC, but are also relevant to the CBD, the London Convention, 

UNCLOS and the IMO. Any subsequent effort to ensure transfer of intellectual property, or 

alternatively to control trade in a NET, would bring in the WTO and the TRIPS negotiations. 

A full analysis would go well beyond the scope of this report. However, here we rehearse some of 

the equity implications of NETs – that echo features that already shape global climate negotiations, 

and then summarise the politics of geo-engineering. 

Use of NETs: equity implications 

NETs have major implications for equity between generations if they allow mitigation to be 

postponed. They also have very practical implications for distribution between countries. 

One practical dilemma is that permitting offsetting may aid with the early commercialisation (in the 

same way as we saw above, that selling CO2 as a commercial product – thus recycling rather than 

storing it – can do). But in both cases optimum long-term policy is for use of the NET to reduce 

atmospheric CO2, so we do not want such uses to continue (at least not if there is any limit to the 

overall use of NETs). 

On the other hand the overall economically rational capacity of NETs is likely to be increased as a 

result of the innovation and development driven by such opportunities in the short term. 

It would be socially non-optimal if the easiest and cheapest deployment of NETs (in global carbon 

markets) was claimed to facilitate continued conspicuous consumption in rich countries, leaving 

poor countries needing to develop more expensive NET options to manage their recalcitrant 

emissions. 

The market economist's response would be to establish mechanisms that allowed the price of NETs 

to reflect their scarcity, in theory stimulating their optimum allocation . However in the absence of 

perfect markets in other respects, this would exacerbate distributional concerns, with the risk, at an 

extreme, that poorer countries would be forced to forego development to keep emissions down, 

while richer ones deployed NETs to offset their recalcitrant emissions. 

At a smaller scale, there may be localised distributional issues too. Imagine the availability of air-
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capture, but with facilities that are visually intrusive, consume large quantities of water, sterilise 

land from development, and perhaps have fugitive chemical emissions (all features of some DAC 

technologies on the drawing board). Communities would inevitably seek to have these located  

outside of their localities (or even outside of their countries), imposing an environmental injustice 

on communities least able to resist such actual or perceived 'bad neighbour' developments. 

Assessing the likely distributional impacts of the deployment of a complex set of NET options with 

different limitations, cost curves and development curves is well beyond the remit of this report. 

However it is essential that such analysis, however simplified, is undertaken. Otherwise fears as to 

distributional issues arising will inevitably slow the development of regulatory frameworks 

nationally and internationally, and thus slow physical deployment, potentially dramatically. 

Geoengineering 

Parties at the CBD have imposed a de facto moratorium on geoengineering trials, stimulated 

primarily by concerns over the potential side effects of SRM techniques, but also by the general 

issue of moral hazard, which threatens compliance with the precautionary principle. At the London 

Convention a science working group is considering how to enable justified trials involving 

deliberate introduction of material to the oceans. 

The recent report to UNCLOS from the International Programme on the State of the Oceans called 

for tougher governance, including a reversal of the burden of proof under UNCLOS (and 

international customary law and treaties) to “ensure that those utilizing resources or engaging in 

activities that affect the High Seas
65

 ... must demonstrate that their activities are in compliance with 

the law” (Rogers & Laffoley, 2011). 

NGOs and CSOs have generally objected to the development of geoengineering, often in 

principle
66

. The ETC group has spearheaded civil society campaigning on this basis (ETC Group 

2010). These campaigns have had impacts on international negotiations, and mean that the topic of 

NETs needs to be approached with both caution and clarity. 

Geoengineering researchers met at Asilomar last year, and discussed principles for the management 

of trials and field research (see box). Notably these included the view that liability mechanisms are 

needed, even for research, and that the public should be involved in judgements over equity 

implications as well as there being sound, independent technical and risk assessments. 

 

The Asilomar principles 
 
The conference agreed that five major principles are needed to guide international debates over 
geoengineering governance. 
1. Any research or implementation must have as its primary objective the collective benefit of 
human kind; 
2. Governments and other bodies must establish liability mechanisms associated with such 
research; 
3. Research should be undertaken in an open and interdisciplinary manner, and subject to risk 
assessment reviews; 
4. Research should be subject to independent technical assessments; and 
5. The public should be involved, and approaches should particularly consider international and 
intergenerational effects. 
 
Source: Wannier et al 2011. 

 

One recurrent issue in the geoengineering debate is that of control: 'whose hand would be on the 
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 Defined as the high seas water column and seabed area beyond national jurisdiction. 
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See for example, http://www.greenpeace.org.uk/blog/climate/perspectives-geoengineering-20090902 
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global thermostat'. This applies to CDR as much as to SRM techniques, especially given the high 

cost, and particularly, high capital costs of most NETs. That means that it is deployment decisions 

by the largest and wealthiest countries that will most likely determine overall outcomes. 

The scope for NETs to be be deployed 'unilaterally' at a fairly large scale exists. It is not as severe a 

risk as for SRM techniques such as stratospheric injection of sulphates, which may be within the 

grasp of wealthy individuals or large private corporations. Nonetheless, air capture deployed in one 

territory affects the whole atmosphere, while oceanic techniques – especially if achieved through 

addition of materials to major rivers – could also be practised unilaterally at a large scale. 

8.4 Management of uncertainty 

The challenge of dealing with uncertainty is a defining feature of deliberate political efforts to 

engage with global, long-term issues such as climate change. We have consistently noted major 

uncertainties in many factors related to NETs. These are not just technology risks, but also political 

ones. Here we seek initial lessons from comparable complex policy areas to offer some suggestions 

on how that uncertainty should be approached. 

The innovation literature would suggest that policy should avoid lock-in of dominant technologies 

or companies, creating opportunities for disruptive technologies through, amongst other things 

regulating for competition. However at the same time the literature is clear that the commercial 

development of new industries requires active industrial policy and even a degree of infant industry 

protection. 

The current UK debate over electricity market reform offers some instructive parallels. First, the 

recent history of the market has shown the weaknesses of carbon pricing and supplier obligations – 

together they have failed to deliver a suitable overall level of investment in low-carbon generation, 

and have allowed specific technology bubbles to form, such as the 'dash for gas'. Moreover such 

blanket pricing measures also risk a fair amount of deadweight, such as the windfall benefit that 

would go to current nuclear operators under proposals for the carbon floor price. Extending such a 

model to NETs would involve similar risks - a dash for a 'BECCS fix' seems the most likely. 

Second it has highlighted that it is not a simple matter for government to remove market risk 

without simply replacing it with political risk (that a change of government will lead to a different 

policy, or a different level of financial incentive). 

Skillings (2010) highlights the importance of institutions in such circumstances: “If the policy 

framework is restricted to a small number of discrete technology investments, it is possible for the 

Government to manage the one-off processes involved. Moreover, the nature of the contract 

instruments, and the method by which they are allocated (auction or negotiation), can be defined in 

advance and form part of the market reform ‘decision’. However, if the policy framework is broader, 

and involves a trade-off between multiple technology choices, the job of allocating contracts 

becomes much more substantial. In this situation, it seems more appropriate to establish an agency 

to manage the contracting process.”A negative emissions procurement agency might therefore be 

appropriate. 

It would also be important to aim to avoid the failings of technologically deterministic expectations.  

Hansson (2011) reminds us that early expectations are often “technologically deterministic, 

downplaying other aspects such as cultural, societal and organizational factors”, and that they tend 

to 'explain away' past technological failures as the product of unique circumstances, when in fact 

those same social, cultural or organisational circumstances may still pertain. Simply recognising the 

multiple dimensions of uncertainty around NETs, beyond technical and commercial risks, would be 

a valuable step forward. 

In policy terms that would reinforce the arguments for putting strengthened mitigation policy first, 

and moreover, targeting not only technological options but social and cultural options for reducing 

emissions. 
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Section 9. Conclusions and recommendations on next steps 

This analysis confirms that climate policy must remain focused primarily on accelerating 

mitigation. NETs may provide a useful supplement, but effective and large-scale deployment faces 

serious obstacles. 

Nonetheless, if we are to achieve some degree of intergenerational climate justice, this analysis 

implies that some form of significant NETs may need to be available earlier than conventionally 

considered – say by 2030, rather than 2060. Otherwise we may impose unacceptable risks and 

choices on future society, notably the risks of climate tipping points, with in some scenarios, a 

Faustian choice between climatic catastrophe and the deployment of solar radiation management 

techniques with severe and unequal side effects. 

The slow pace of development and the slow effect of NETs in deployment mean that they are very 

unlikely to be appropriate as an emergency response. Instead they need to be developed and 

deployed as a supplement to mitigation, to reduce long-term climate risks and to help tackle 

recalcitrant emissions as humanity struggles to stay within safe carbon budgets. 

Research effort into NETs should be targeted on those techniques which are most (potentially) 

sustainable, accountable and controllable. At scale this suggests a focus on direct air capture, 

although within biomass availability constraints, BECCS also merits greater effort. 

Policy makers will need to consider how best to stimulate development and demonstration of the 

most appropriate new technologies, with a coherent strategy. Past experience with renewable energy 

and CCS suggests that direct, discriminating and targeted policy will be needed, rather than broad 

brush carbon market interventions. 

Given the high risks of moral hazard, the large uncertainties surrounding NETs and the current poor 

functioning of carbon markets, it is recommended that Governments identify appropriate direct 

support for sustainable NETs rather than seeking to include NETS in carbon markets. 

Establishment of a dedicated procurement agency should be considered, with an initial remit to 

identify and stimulate deployment of 'no-regrets' NETs, with sound accounting. Measures such as 

wetlands restoration should not be delayed pending wider international agreement on accounting for 

NETs. 

Appropriate support will need to be matched with appropriate regulation to encourage and ensure 

only sustainable deployment. For example large-scale biomass power should be subjected to at least 

a CCS-readiness permitting criterion, and biomass co-firing should probably be subjected to a 

minimum CCS requirement. 

A strategic approach should be developed to allocate and ration CO2 storage, taking account of the 

desirability of proving CCS technology, providing storage for recalcitrant industrial emissions, and 

retaining flexibility for NETs. 

Even if NETs are excluded from carbon markets (which would seem an appropriate precautionary 

response to the moral hazard) provisions for accounting for NETs will be required if countries are to 

use them at all in response to international climate targets. Explicit provisions will need to be 

negotiated under the UNFCCC. 

Similarly, governance mechanisms will have to be put in place to address potential conflicts over 

the attribution and allocation of NETs and storage capacity, as part of the ongoing work of the 

UNFCCC. 
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Appendix 1: The Technology Journey 

The table below defines and describes technology readiness levels (TRLs) as an aide memoire. 

TRLs were first described by NASA and are now widely used by Governments to help shape and 

define policy on research, development and deployment. Unfortunately there is no standardised 

time sequence for the levels, but for the purposes of this report, they give a clear picture of the 

hurdles remaining before any given technology can be deployed at scale. 

 

TRL description Progress Carbon Trust 

'milestone' 

UK support from 

1: Basic principles 

observed and reported 

 

Basic research  Research Councils 

2: Technology concept or 

application formulated 

Basic research Proof of principle Research Councils / 

TSB 

3: Analytical  and 

experimental critical 

function 

Applied research Proof of concept TSB / ETI / Carbon 

Trust 

4: Component validation in 

laboratory environment 

Applied research / Early 

demonstration 

 TSB / ETI / Carbon 

Trust 

5: Component validation in 

relevant environment 

Applied research / Early 

demonstration 

Proof of viability TSB / ETI / Carbon 

Trust 

6: System model or 

prototype demonstration in 

relevant environment 

Demonstration  ETF / TSB / ETI / 

Carbon Trust 

7: Prototype demonstration 

in operational environment 

Full demonstration Proof of 

scalability 

ETF / Carbon Trust 

8: Actual system 'qualified' 

through test and 

demonstration 

  ETF / Carbon Trust / 

EST 

9: Actual system proven in 

deployment 

Marketable product Proof of value EST / Carbon Trust 

n/a Warranted product Proof of quality Carbon Trust 

    

 

 

 

 

 

 

 

http://www.carbontrust.co.uk/emerging-technologies/pages/innovation-journey.aspx#technologyjourney
http://www.carbontrust.co.uk/emerging-technologies/pages/innovation-journey.aspx#technologyjourney
http://www.carbontrust.co.uk/emerging-technologies/pages/innovation-journey.aspx#technologyjourney
http://www.carbontrust.co.uk/emerging-technologies/pages/innovation-journey.aspx#technologyjourney
http://www.carbontrust.co.uk/emerging-technologies/pages/innovation-journey.aspx#technologyjourney
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