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This report summarises a technical 
assessment of Negative Emissions 
Techniques (NETs) and their implications 
for climate policy. The technical 
assessment, commissioned by Friends 
of the Earth, was compiled using 
published and mainly peer-reviewed 
materials (available at https://sites.
google.com/site/mclarenerc/research/
negative-emissions-technologies). This 
report seeks to provide an analysis 
of both the theoretical and practical 
issues raised in the literature. It includes 
conclusions and recommendations as to 
how policy issues raised by NETs might 
be addressed. These, like all the other 
content, are the views of the consultant 
and do not necessarily reflect any views 
that Friends of the Earth may hold either 
now, or after it has had the opportunity to 
reflect on this report.

NOTE
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FOREWORD

This report is the third in a series 
that looks at probably the biggest 
challenge facing humankind – how 
can we live within a carbon budget 
that is consistent with avoiding 
dangerous climate change? 

The first report, Reckless Gamblers 
(written by Friends of the Earth and using 
the Climate Interactive C-roads model) 
identified the total carbon budget between 
now and 2050 that gave at least some 
chance of avoiding dangerous climate 
change (1.5 degree global temperature 
increase) and a good chance of avoiding 
the politically agreed limit of 2 degrees. 
It showed that to live within this carbon 
budget the EU would need to reduce its 
emissions by 60 per cent by 2020 and 
80 per cent by 2030 (from 1990 levels), 
the United States would need to make 
even deeper cuts and China would need 
to peak its emissions by 2013 and then 
reduce emissions by 5 per cent per year. 
The need for these steep cuts is a result 
of a failure by countries, particularly 
industrialised countries, to reduce their 
emissions significantly if at all over the last 
20 years.

Using the UK as an example the second 
report, Just Transition, (written by Friends 
of the Earth and using the DECC 2050 

Pathways model) identified what changes 
may be necessary or possible to enable 
the UK to live within its equal share 
of the global carbon budget. It found 
that despite herculean efforts across 
transportation, energy and agriculture, 
carbon reductions were not enough to 
live within its carbon budget. It therefore 
suggested that negative emissions 
technologies (NETs), which are designed 
to remove carbon from the atmosphere, 
would need to be deployed alongside 
much-accelerated emissions reductions.

This third report, commissioned 
from independent researcher Duncan 
McLaren, provides a technical update 
on NETs. NETs are one family of geo-
engineering technologies that are, in 
general, safer and more controllable 
than the other family of geo-engineering 
technologies, solar radiation management 
(SRM). SRM also does not address the 
other major driver for reducing carbon 
emissions, which is the damage caused 
through the acidification of the oceans. 
The report assesses whether NETs are 
likely to be able to remove enough carbon 
from the atmosphere and at what risk 
so that, together with much-accelerated 
carbon reductions, dangerous climate 
change may be averted.

In commissioning this third report from 

Duncan McLaren, Friends of the Earth 
recognises the danger of suggesting that 
NETs are possible and necessary. We 
know, for example, that politicians who 
are influenced by short-term electoral 
cycles and under intense pressure from 
vested interests may be tempted to look 
to NETs to avoid making difficult decisions 
such as moving away from fossil fuels 
or curtailing aviation growth. However, 
since our analysis suggests that negative 
emissions will be necessary at some point 
during this century if we want to avoid 
dangerous climate change then it is better 
to begin earlier than later the debate on 
which technologies are preferable and 
how they should be governed. 

In Friends of the Earth’s view this 
technical research by Duncan McLaren 
reaches a number of important 
conclusions, namely:

●● Most NETs are still in early stages of 
research and development. We cannot 
be sure that all these technologies will 
work in practice outside the laboratory. 

●● Many of the possible technologies 
would be far more expensive than the 
cost of cutting carbon. Economically 
it is much more sensible therefore to 
prioritise cutting emissions than to pay 
far more at a later date to remove carbon 
from the atmosphere.
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●● The technical potential for NETs to 
remove carbon from the atmosphere 
is limited. At best they can only make 
an important but minor contribution to 
efforts to prevent dangerous climate 
change. Much-accelerated mitigation 
is a prerequisite to avoiding dangerous 
climate change.

●● The technologies have risks associated 
with them. For example: biomass-based 
technologies could drive higher food 
prices or biodiversity damage because 
of requirements for land; air capture of 
carbon followed by storage requires 
large amounts of energy and safe 
storage sites; and ocean fertilisation risks 
severe impacts to marine ecosystems. 
Indiscriminate development and 
deployment of NETs is therefore not 
appropriate.

●● A small number of technologies look as 
though they have potential with limited side 
effects (even positive side effects) and at a 
reasonable price – for example, increased 
timber use in construction, soil carbon 
management in organic agriculture, 
wetland restoration and afforestation, and 
regenerative grazing. However, some 
technologies – such as ocean fertilisation 
– carry a risk of large negative side effects 
and might never be accetable to society.

●● NETs should not be included in carbon 
markets as this significantly increases 
the risk that policy makers might use 
future possibilities of negative emissions 
as an excuse for not accelerating 
mitigation efforts, or that traders engage 
in dangerous selling of future cuts that in 
practice may never materialise. 

We hope you find this research as 
stimulating and thought-provoking as 
we have. It is clear that living within a 
carbon budget that is consistent with 
avoiding dangerous climate change 
will require the use of new negative 
emissions technologies that are at the 
moment only on the drawing board. 
We have not yet reached conclusions 
on which technologies we think should 
be supported and which rejected. If 
you have views – whether you are an 
engineer, scientist, or environmentalist – 
on which technologies you think should 
be backed, or views on the analysis 
within the report, we would be keen to 
hear them. Please send your comments 
to mike.childs@foe.co.uk.

Mike Childs
Head of Science, Policy and Research
Friends of the Earth England, Wales 
and Northern Ireland

FOREWORD
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SUMMARY

Negative emissions techniques 
(NETs) are likely to be needed 
as well as much-accelerated 
mitigation
Because of past failures to mitigate 
emissions effectively, there is little 
prospect of safely balancing carbon 
budgets in the future without the use of 
techniques which remove carbon dioxide 
from the atmosphere (otherwise known as 
‘negative emissions techniques’ or NETs) 
alongside much-accelerated mitigation. 
But without much-accelerated mitigation, 
this study suggests there is little if any 
chance that NETs can fill the gap.

NETs reduce the levels of greenhouse 
gases in the atmosphere, rather than 
attempting to directly influence global 
temperatures through ‘solar radiation 
management’ (SRM). This means they 
help ameliorate other negative effects 
of excess carbon dioxide, including 
ocean acidification, as well as reducing 
temperatures.

Much-accelerated global mitigation 
is essential if carbon budgets are to be 
balanced. In the absence of faster global 
mitigation action, it is estimated that 
globally that as much as 50 gigatonnes 
of carbon dioxide equivalent (GtCO2e) 
pa negative emissions may be needed 
for 50 years or more. This level exceeds 
the technical potential estimated in this 
study. But even with much accelerated 
mitigation, it is estimated that between 
10 and 30 Gt CO2 pa negative emissions 
may be needed to return atmospheric 
CO2 levels to 350 ppm by 2100.

Taking account of significant technical 
and environmental constraints, it is 
estimated that NETs might be able to 
deliver in the order of 20-30Gt CO2 pa 
within a few decades. This would make a 
significant contribution to achieving safe 
carbon budgets as long as mitigation 
activity is also accelerated much closer 
to technical limits.

In the UK, future negative emissions 
potential is estimated to be around 275 
Mt CO2 pa.1 This falls short of the levels 

estimated to be required to contribute 
fairly to global efforts to reduce 
atmospheric concentrations to a safe 
level. The UK may therefore also have 
to fund deployment of NETs elsewhere 
to deliver a fair long-term contribution to 
overall global abatement.

Large scale deployment of NETs 
will be limited, and NETs should 
therefore not be used as offsets
This analysis strongly confirms that 
climate policy must focus primarily on 
accelerating mitigation. NETs may, 
if technically proven, offer a useful 
supplement, but effective and large-scale 
deployment faces serious obstacles.

There are likely to be significant 
limitations arising from competition for 
land (for biotic approaches), competition 
for limited reservoirs for storing captured 
carbon dioxide, and from the challenges 
of mobilising additional low-carbon 
energy. Given their energy requirements, 
for the potential of NETs to be realised, 
there must also be accelerated effort 
to enhance low-carbon energy supply 
through conservation and deployment of 
renewables.

These limitations will reduce the 
practical potential, and will probably 
limit the rapid deployment, of NETs. 
This means that the use of NETs to 
deliberately offset other technically 
abatable emissions should be avoided as 
far as possible. NETs should be excluded 
from carbon markets to help ensure this.

Not all NETs are equal: they need 
targeted support and regulation
No single NET can be expected to 
deliver the level of additional abatement 
needed, without serious side effects. 
Different NETs face different risks 
and limiting factors and have different 
negative side-effects. It would be 
advisable for policy makers to seek a 
focused portfolio of practical NETs, while 
developing a parallel set of targeted 
policy and regulatory measures to 

address technology specific issues.
Within such a portfolio, additional 

support for so-called no-regrets NETS 
(approaches that have no significant 
downsides and some positive side 
effects) such as improved soil 
management would be advisable, 
alongside further research effort targeted 
on those techniques which have the 
least serious side effects and are 
most accountable and controllable. At 
scale, this suggests a focus on direct 
air capture; although, within biomass 
availability constraints, bio-energy with 
carbon capture and storage (BECCS) 
may also merit 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 carbon captuire and storage 
(CCS) suggests that direct, discriminating 
and targeted policy will be needed. Given 
the high risks of moral hazard and the 
large uncertainties surrounding NETs it is 
recommended that Governments identify 
appropriate direct support for sustainable 
NETs rather than seeking to include them 
in carbon markets.

Establishment of a dedicated 
development and procurement agency 
should be considered, with an initial remit 
to identify and stimulate deployment of 
no-regrets NETs, with sound carbon 
accounting. Measures such as wetlands 
restoration should not be delayed 
pending wider agreement on accounting 
for NETs. Appropriate support will 
need to be matched with appropriate 
regulation to encourage and ensure only 
sustainable deployment.

NETs are likely to be expensive 
and are technically largely 
unready
NETs are not likely to be a cheap 
option. Despite the optimistic promises 
of developers, overall it seems unlikely 
that the necessary levels of negative 



6 

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. This remains much 
higher than the foreseen cost of most 
mitigation techniques.

Moreover 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.

The threat of moral hazard is real 
and must be addressed
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. 
The pursuit of NETs would risk a serious 
moral hazard if it results in diversion of 
effort from (much-accelerated) mitigation 
and adaptation activity.

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).

NETs are not an emergency 
response measure
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, but need to 
be developed, alongside mitigation, as 
part of a precautionary approach to the 
risks of climate tipping points.

The slow pace also implies that 
if we are to achieve some degree 
of intergenerational climate justice, 
significant negative emissions capacity 
may be needed well before 2050. 
Otherwise we may impose unacceptable 
risks and choices on future society, 
notably the risks of climate tipping 
points. Without much-accelerated 
mitigation and the development of NETs 
society potentially faces a Faustian 
choice between climatic catastrophe 
and the deployment of solar radiation 
management techniques with severe and 
unequal side effects.

NETs will require international 
negotiation and agreement
Development of NETs would not sidestep 
the need for international negotiation to 
address political and technical issues. 

Even if NETs are excluded from carbon 
markets, accounting provisions for 
NETs will be required if countries are to 
use them to meet international climate 
targets. Explicit provisions will need to be 
negotiated; otherwise in practice, NETs 
may mainly provide offsets for luxury 
consumption (through voluntary carbon 
markets).

NETs have major implications for 
equity between generations and are 
likely to be politically contentious, 
for instance, as a result of corporate 
control over proprietary technologies. 
Governance mechanisms will also 
be needed to avoid conflicts over the 
attribution and allocation of NETs and 
CO2 storage capacity.

Conclusion
For many reasons it would be foolish 
for countries to delay mitigation now 
in the hope that it will prove easier to 
use NETs in the future. In other words, 
while additional emissions are getting us 
deeper into a climate hole, the first thing 
we should do is stop digging by rapidly 
accelerating mitigation. NETs might then 
help us fill in the hole quickly enough to 
avoid catastrophe.

SUMMARY
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International negotiations on 
climate change remain mired, yet 
greenhouse gas emissions continue 
to accumulate. Current and forecast 
rates of emissions suggest the 
world is on course for atmospheric 
concentrations of 550-700 ppm2 
by 2100, with very real risks of 
temperature rises of 4°C or more.

Governments have repeatedly 
endorsed the view that anything more 
than a 2°C rise in global temperature 
would be unsafe. Political and scientific 
debate now focuses on whether a cap 
of 1.5°C or even 1°C would be a better 
long term goal. The yardstick promoted 
by Hansen et al (2008), of returning 
CO2 concentrations to no more than 350 
parts per million (ppm) is treated here as 
an appropriate target for long-term safe 
levels.

The climate is a dynamic system, 
and both system theory and the study 
of past climates suggest there could 
be significant thresholds in the climate, 
beyond which rapid and potentially 
even irreversible change could be 
triggered, either by rising greenhouse 
gas concentrations, or by consequent 
temperature increases.

This is the context in which this report 
considers the potential for negative 
emissions techniques or technologies 
(henceforth 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 NET3.

Theoretically, NETs 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. 
However, it must be noted that to reduce 
atmospheric concentrations by 1 ppm 
requires the removal of roughly 8Gt 
of CO2 globally (Socolow et al, 2011). 
Concentrations are currently rising at 
more than 2 ppm per year. Moreover, the 
climate system reacts slowly to changing 
levels of CO2. So to have a significant 
impact on climate risk, NETs must be 
capable of large-scale deployment, 
ideally rapidly.

Nor are NETs necessarily entirely 
benign, especially at large scale. Most, 
if not all, involve both predictable 
and almost certainly also unknown 
side-effects, and other implications. 

In particular there is a serious moral 
hazard4 associated with NETs: if the 
prospect that they could be used in 
the future at significant scale and low 
cost means that less effort is put into 
emissions reduction, then the risks of 
dangerous climate change may increase.

Moreover, if NETs are deployed to 
offset continued emissions, rather 
than as a means to reduce absolute 
atmospheric concentrations of CO2 once 
emissions have been reduced close to 
zero, the unique benefit of NETs as an 
abatement measure is largely lost. This 
is a particular concern if the deployment 
of NETs proves to be limited in overall 
capacity – as this assessment suggests.

This report considers a range of 
potential negative emission techniques to 
assess the potential benefits and costs 
associated with them, and to explore the 
wider implications for climate policy.

INTRODUCTION 
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Climate change can be seen 
primarily as a result of an excess 
level of carbon in the atmospheric 
pool of the carbon cycle (see figure 
1). The closely linked pool of carbon 
dissolved in the surface layers of the 
ocean 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. NETs are 
basically methods by which carbon 
dioxide – or other greenhouse gases 
– are removed from the atmosphere, 
or the ocean.

Climate scientists’ efforts to 
estimate safe ‘carbon budgets’ for 
total anthropogenic additions (typically 
measured over specific periods) are a 
response to climate change, 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 
broadly into balance.

In theory, 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 
activities important to society but ‘hard-to 
treat’ (for example, some agricultural 
sectors). Finally NETs might, if cheap 
enough, reduce the overall costs of 
meeting specific carbon budgets. Each 
of these potential purposes is considered 
briefly, below.

Balancing carbon 
budgets
NETs potentially offer 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 unless incremental 
emissions are reduced to rates 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); and may be damaged 
further (eg by forest wildfires).

Based on projections of current 
emissions trends resulting in atmospheric 
concentrations of 550 to 700 ppm CO2-e, 
to reduce atmospheric concentrations 
of CO2-e to 350 ppm by 2100 would 
require an annual removal of 20-50 Gt 
CO2 per year for 50-75 years, or 1600-
2800Gt CO2

5. If mitigation rates instead 
follow a scenario in which delivery of the 
Copenhagen pledges is followed by 80-
95% reductions in Annex 1 countries and 
around 55% reductions elsewhere by 
2050 (Lowe et al 2010) with no double-
counting via offsets, then concentrations 
might be restricted to around 500 ppm by 
21006, requiring a total negative emission 
of around 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 would still be 
a residual negative emission required in 
the order of 400Gt CO2 (50 ppm, or 8 Gt 
pa over 50 years).

Offsetting 
(recalcitrant) 
emissions
In theory, NETs may offer effective 
offsets for emissions sources that are 
difficult (or even highly expensive) to 
prevent by current decarbonisation 
strategies. For example agricultural 
emissions from livestock are commonly 
considered to lie in this category of 
‘recalcitrant’ emissions and other 
emissions from dispersed sources 
may be relatively expensive, if not so 
technically challenging, to eliminate. 
On the other hand because NETs are 
unlikely to ever be cheaper than point 
source mitigation it is unlikely that such 
measures would be widely used to offset 
point source emissions such as those 
from power stations, steel works, cement 
works or refineries.

Other impacts of decarbonisation 
technologies might also lead one 
to prefer NETs. For example, the 
undesirable side effects of bio-fuels 
on land-use, food supply and poverty 
in developing countries might be 
considered to justify the use of NETs to 
offset emissions remaining after other 
mitigation through engine efficiency, 
modal shift and urban planning7.

SECTION 1: THE DEFINITION AND PURPOSES OF NETS
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Economically 
efficient mitigation
NETs might theoretically reduce the 
overall costs of meeting specific carbon 
budgets for several reasons. Their 
effective flexibility (removing CO2 

whatever the original source) means that 
they could replace the most expensive 
elements of any given decarbonisation 
strategy. However, the estimated costs of 
large-scale NETs are much greater than 
the costs of most current and expected 
mitigation techniques. Only if the costs 
fall significantly will NETs be deployed at 
scale.

In theory, access to carbon markets 
might help development to cut costs. But 
carbon markets have a poor record in 
this respect8, and the estimated costs of 
NETs are also far larger than current or 
anticipated carbon prices, typically by 
more than ten times. Therefore, this is 
not considered a practical approach even 
if the problems of moral hazard could be 
overcome9.

In theory NETs also increase flexibility 
over time allowing mitigation to be 
delayed10. However, the uncertainties 
surrounding NETs mean this would be a 
risky strategy both economically and in 
terms of balancing carbon budgets.

SECTION 1: THE DEFINITION AND PURPOSES OF NETS
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NETs encompass a wide variety 
of techniques, working in different 
ways. Most either make use of a 
chemical reaction to extract CO2 
from the air11 (or to bind with CO2 
dissolved in sea water); or else 
make use of the ability of plants 
to extract CO2 from the air to form 
biomass (and then capturing that 
carbon in a form that prevents it 
from being re-released on plant 
death and decay). In this report 
these two main routes are described 
as ‘direct’ and ‘indirect’ capture 
routes.

Figure 1 shows how direct and indirect 
routes can be applied to all the major 
carbon sinks in the natural carbon 
cycle12. Researchers have considered 
ways to increase carbon flows or 
retention in most of these areas.

The techniques proposed range from 
the technologically simple (plant more 
trees) to the highly complex (amine 
resins suspended on a hyper-branched 
structure, which adsorb CO2 from the 
surrounding air, and from which the CO2 
is subsequently washed in a vacuum – 
so called ‘artificial trees’).

Few of the technologies have been 
tested outside of the laboratory, and 
many are no more than design concepts 
based on basic scientific findings. The 
latter include new approaches to carbon 
capture using nanomaterials, such as 
metal oxide frameworks. In the following, 
the stage of technological development 
is given as a ‘technology readiness level’ 
(or TRL) from level 1 which indicates 
only that basic principles have been 
formulated, to level 9 which is ‘proven in 
deployment’.

While some techniques effectively 
enhance natural carbon stores in plants, 
soil, oceans or rocks, many rely rather on 
the potential to store pressurised CO2 in 
geological formations such as exhausted 
oil and gas wells, or saline aquifers. The 
total potential of the latter is limited, but it 
is not necessarily more risky in terms of 
future leakage, even though there is little 
experience of managing such stores. 
This is because many natural stores 
are more susceptible to the impacts 
of changing climate, such as higher 
temperatures, which can dry out soils, 
cause wildfires in vegetation, and reduce 
the oceans’ capacity to hold CO2.

The boxes on the following pages 
provide a very brief summary 

assessment of some of the range of 
possible NETs, categorised according to 
the final destination of the captured CO2: 
mineral storage, pressurised geological 
storage, oceanic storage, and finally 
biotic storage. Readers interested in the 
details of the different technologies are 
referred to a more detailed report by the 
same author13.

SECTION 2: NEGATIVE EMISSIONS TECHNOLOGIES 
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SECTION 2: NEGATIVE EMISSIONS TECHNOLOGIES 

ATMOSPHERIC CARBON (2,860Gt-CO2)

ORGANIC CARBON 
IN PLANTS (2,050Gt-CO2) 
AND SOIL (5,500Gt-CO2)

CARBON DISSOLVED IN 
SEA-WATER (140,000Gt-CO2) 
AND SEDIMENT (11,000Gt-CO2)

PRESSURISED GEOLOGICAL STORAGE

MINERALISED CARBON IN ROCKS (180,000,000Gt-CO2)

Biotic
eg afforestation

Ocean direct
eg liming

Ocean indirect
eg fertilisationPressurised indirect

eg BECCS

Mineral indirect
eg biochar

Pressurised direct
eg suspended amines

Mineral direct
eg dispersed silicates

Figure 1: Simplified classification of NETs in the carbon cycle
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DISPERSED GROUND SILICATE ROCK

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 through dissolution 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 CO2 pa, and much lower 
figures in the order of 0.5Mt CO2 pa 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 (Köhler et al 
2010), 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. Even so, sourcing, grinding and 
transportation of the olivine will have some local impacts.

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 1-5. The method is largely conceptual, with some field trials that have been undertaken mainly 
for fertility purposes, with inconsistent measurement of carbon dioxide uptake. An ongoing field trial 
in Tanzania 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 CO2/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 affects arise once it has been applied .

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.

SECTION 2: NEGATIVE EMISSIONS TECHNOLOGIES 



13 

SECTION 2: NEGATIVE EMISSIONS TECHNOLOGIES 

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 CO2 pa if such cement supplanted all global use of 
Portland cement (forecast for 2015 of 4Gt cement)14. On the same basis, the UK could achieve around 
1.3Mt CO2 pa15. Fairly scalable, based on known industrial processes.

Limiting factors: Demand for cement limits this application. However, with a suitable incentive, greater quantities of 
magnesium oxide manufactured in the same way might be used as an ocean additive (see footnote 16).

Side effects: Currently not strong enough to supplant all cement uses. Mining of inputs would 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, which emits CO2, and requires lower 
temperatures).

Estimated cost: Novacem are aiming for ‘production cost parity’ with Portland cement (ie zero net cost) (Vlasopolous, 
2010).

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).

Expected 
development:

Fairly rapid. Cement manufacturers are increasingly exposed to climate policy tools such as the 
emissions trading scheme, 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 the fate of CO2 in demolition are unclear.

Control: Fairly controllable. But this technology is proprietary. 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.
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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 sustainable maximum estimates at 
around 1Gt CO2 pa by 2030 (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 
feedstuffs. 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 feedstuffs, reducing 
capacity below the theoretical maximum.

Side effects: Beneficial impacts on soil fertility have been claimed, but have yet to be consistently demonstrated. 
Possible health impacts from erosion and wind dispersal of carcinogenic carbonised dust have been 
noted, and impacts from interactions with herbicides are also being researched. As with other NETs 
using biomass, excessive use could create significant land-use conflict with food production and 
biodiversity protection.

Estimated cost: Uncertain as yet, but subject to feedstock being produced at <$100/oven dried ton the abatement cost 
is estimated at 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 (UKBRC) 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 fraudulent claims.

Control: Largely controllable.

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 bio-wastes may also result in greater 
unpopularity.
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SUPPORTED AMINE RESINS – “ARTIFICIAL TREES”

Category: Pressurised, direct air capture (DAC)

Description: Adsorption of CO2 directly from the atmosphere using amines in a solid form, suspended on a branched 
framework. 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 CO2 pa sequestration by 2050. They are highly 
scalable. The basic chemicals required are widely available. Within potential storage constraints they 
could deliver up to 190Mt CO2 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: Visual intrusion may be considered significant. 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.

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). This study concludes that $250/t CO2 or above is more plausible.

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. Serious technical and commercial challenges remain to be 
overcome.

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 (previously GRT) are currently estimated to 
be well 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, although obviously this route may result in further CO2 emissions.

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 (and current strong 
civil society opposition to CCS in many countries) can be overcome. But controversial if explicitly 
deployed as an offset technology to reduce other mitigation. At scale, it would also raise issues relating 
to the distribution of, and access to suitable storage.
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DIRECT AIR CAPTURE (DAC) – ALTERNATIVE APPROACHES

DAC has already sparked high levels of research and development, in part reflecting the potential scale of the market 
resulting from the apparent flexibility of the techniques. The main contenders with solid or supported amine systems are 
techniques using wet scrubbing systems based on calcium or sodium cycling technology (Keith et al 2006, Baiocchi et al 
2006, Socolow et al 2011). The CO2 would be recovered by calcination of the calcium or sodium carbonate, then pressurised 
and injected into geological storage. Because the system recycles the alkaline base (the calcium or sodium hydroxide), it 
would not be strongly constrained by the limited natural availability of such materials (Kheshgi, 1995).

These approaches have more developed industrial analogues, and thus probably fewer technical hurdles to overcome than 
amine resins (currently falling in the TRL 4-6 range). They may face fewer locational constraints, but could raise additional 
local concerns about chemical pollutant leakage.

They also face likely higher costs than amine resins. Cost estimates fall mainly in the range of $140-250/t CO2 for 2030, with 
David Keith’s company Carbon Engineering currently citing a long term cost “below $250/t CO2” for their cross-flow slab 
geometry approach. However, Socolow et al (2011) suggest current costs would be as high as $600-800/t CO2 for a wet 
tower system. Assuming this would be for a ‘first of a kind’ development, long term costs in the $200-500/t CO2 range seem 
plausible, with $350 used here as a central estimate. These costs are significantly greater than most if not all mitigation 
costs and therefore such technologies are only likely to be commercialised if purchased by governments to deliver additional 
mitigation.

SECTION 2: NEGATIVE EMISSIONS TECHNOLOGIES 
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SECTION 2: NEGATIVE EMISSIONS TECHNOLOGIES 

BIOENERGY WITH CARBON CAPTURE AND STORAGE (BECCS)

Category: Pressurised, indirect.

Description: Carbon dioxide is captured from the emissions from the production or combustion of bio-energy. 
Because bio-energy 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 bio-energy 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), with pre-combustion CO2 capture by 
gasification considered to have the highest economic potential in 2050 by the IEAGHG (2011). 

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), given the constraints of 
sustainable biomass supply. They are relatively scalable. In the UK, limited by feedstock supply, a 
maximum of 46Mt CO2 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 direct air capture have used significant amounts of geological storage 
before deployment of BECCS, then storage could also be a practical constraint.

Side effects: As with other NETs using biomass, excessive use could create significant land-use conflict with food 
and fibre production, forestry and biodiversity protection. 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). Possibly 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. This study therefore takes 
a cautious assumption of likely cost at the upper end of the range, as long-term costs of CCS have yet 
to be established and may significantly exceed projections (Page et al 2009). 

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), 
although probably at levels which would not even offset the remaining emissions from the continued 
use of fossil fuel. 

Accounting: Fairly robust and measurable. No greater uncertainties post-combustion than apply to storage of CO2 
from CCS on power plants. However, BECCS should 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. Industrial scale means a significant corporate role is likely. 

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.
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OCEAN LIMING

Category: Oceanic, direct

Description: The addition of calcium oxide (lime), calcium hydroxide (hydrated lime) (Kheshgi, 1995) or calcium 
bicarbonate solution (Rau & Caldiera, 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 pa sequestration by 2050. They are fairly 
scalable, with practical limits imposed primarily by the availability of energy and of transport (ships and 
ports). An equitable UK share of a 5Gt CO2 pa 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 trans-shipment 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 additional 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 sea life are unknown and could 
be negative.

Estimated cost: $30-60/t CO2 at 2030 (Jenkins et al, 2010, McGlashan et al, 2010) based on a 100Mt CO2 pa 
programme.

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 Convention on 
Biological Diversity moratorium on geoengineering16. 

Expected 
development: 

Medium. Discussions at a 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 very controversial because of direct intervention into ocean chemistry and because it would 
require easing of current controls over ocean dumping.
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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 CO2 pa (Shepherd et al 2009, Lenton and Vaughan, 2009). 
Scalability poor or unknown. UK scope estimated by share of global as 2-36Mt CO2 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 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: 

Very 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. Likely to be strongly 
resisted by environmental NGOs.
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FOREST MANAGEMENT AND EXTENSION

Category: Terrestrial, Biotic

Description: Increasing forest area by re-planting cleared areas, 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 lie in the range of 1.5-3Gt CO2 pa, although such figures often also include avoided 
deforestation (current estimates of carbon emissions from tropical deforestation are in excess of 5Gt 
CO2 pa) (Shepherd et al 2009, Nelson et al 2009). Scale is limited by availability of land, even if multi-
use forestry and agro-forestry becomes prevalent. The UK opportunity is estimated at 2-6 Mt CO2 pa, 
probably at the upper end (based on Scottish Government 2010). Because of albedo effects, the net 
climate benefits of afforestation are significantly lower in temperate forests than tropical.

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). All these factors 
will also be affected by climate change. The scope of management techniques – such as increased use 
of fertiliser, or silicate mineral dressing on acid soils – to maximise the sink, is also limited.

Side effects: Depend on the nature and control of the forest management systems. Nelson et al found close 
compatibility between sustainable management systems for social and biodiversity benefits, and 
carbon sequestration in the USA. On the other hand, in many tropical countries, establishment of new 
plantations for timber, palm oil and biomass has been associated with severe social and environmental 
impacts, and social impacts could also 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/t CO2 (Shepherd et al 2009). 
Below we use an estimate of $40/t CO2 .

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 
would however expect to see continuing research into genetically modified species to encompass 
issues of carbon accumulation in timber or in forest soils (regardless of other risks associated with 
genetic modification).

Accounting: Uncertainties in accounting for land-use change are currently large, creating significant loopholes in 
climate 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 evapo-transpiration 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 should largely 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. REDD17 has generated controversy 
in international negotiations in several respects.
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CHANGED AGRICULTURAL PRACTICES TO INCREASE SOIL CARBON

Category: Terrestrial, Biotic.

Description: Two main 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 and traditional plant breeding 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 CO2 pa. For the UK this 
would translate to around 11Mt CO2 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. Genetic modification approaches could bring 
ecosystem risks as well as proprietary issues.

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. Below we use an illustrative figure of 
$20/t CO2 .

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 undertaken. 

Expected 
development: 

Fairly slow. 

Accounting: Challenging. Retention factors for incorporation of crop residues can be very low (just 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. Use of GM 
likely to be much more controversial.
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WETLAND HABITAT RESTORATION

Category: Terrestrial, 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-
CO2 pa (Joosten, 2010). This study interprets this as 0.1-0.5Gt CO2 pa. Maybe 3Mt CO2 pa for the UK, 
mainly in Scotland (based on IUCN-UK, 2010, and IMCG 2004).

Limiting factors: Suitable land and locations. Climatic factors, notably precipitation.

Side effects: Positive biodiversity, water management and coastal protection gains. Can reduce agricultural 
productivity.

Estimated cost: $10-20 per ton-CO2 (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 are highly uncertain; and implications for 
methane emissions are still 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.
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Other proposed or 
potential NETs
There are many more techniques under 
consideration or development. Most are 
either in the early stages of development, 
or are niche technologies. A number are 
described below to give a flavour of the 
field:

Accelerated carbonation: using kilns 
or fluidised bed systems to treat solid 
calcium or silicate containing wastes, 
CO2 is captured as a solid carbonate 
(Fernandez-Bertos et al 2004). The main 
driver for such approaches is reducing 
the toxicity or other hazards associated 
with the wastes, and the costs are likely 
to only justify its use for such purposes.

Seawater injection into basaltic rocks: 
A spin off from a storage technique (see 
box below), it has been proposed that 
seawater could be injected into fractured 
and heated basaltic rocks, where natural 
carbonation of the silicates in the rock 
with CO2 from the seawater would result 
(Oelkers et al 2008).

Electrodialysis: This approach uses a 
bipolar membrane to transfer CO2 from a 
bicarbonate capture fluid to an acid flow, 
for subsequent geological storage. The 
technique is in very early development 
by the Paolo Alto Research Centre, with 
major technical challenges still to be 
overcome (Eisaman et al 2009).

Zeolitic and metal organic frameworks: 
These are nanomaterials with a high 
affinity for CO2, yet able to be separated 
from it by a pressure swing process, and 
reused as an alternative to amines in 
post-combustion or air capture facilities 
(Phan et al 2010). They are likely to be 
expensive and probably energy intensive 
to fabricate.

Electrochemical splitting: Such 
processes can be used to split calcium 
carbonate in solution to obtain dissolved 
calcium bicarbonate for ocean ‘liming’ 
(Rau 2008). Alternatively, hydrochloric 
acid (HCl) can be removed from ocean 
water by electrochemical processing, 

elevating its alkalinity and thus CO2 
absorption capacity (House et al 2007). 
The HCl can be subsequently returned 
after neutralising it by combination 
with silicate rocks (effectively also 
accelerating weathering). These are 
potentially multi-gigatonne techniques 
using industrial scale processing 
facilities, but are likely to be energy 
intensive.

Regenerative Grazing: Increasing 
soil carbon under rangelands through 
rotational grazing to stimulate vegetation 
growth and deep rooting. This is 
optimistically estimated to be capable 
of delivering a total of over 500Gt in ‘a 
few years’ if applied across the world’s 
5 bn ha of rangelands (Lovell and Ward, 
undated). 

Burial of biomass in sea or land: As an 
alternative to use in bioenergy, several 
authors have suggested that to maximise 
carbon sequestration, biomass should 
be buried in anaerobic conditions at the 
bottom of the ocean (dumped into the 
sea weighted down with ballast – Strand 
and Benford, 2009) or in land (Zeng, 
2008). Optimistic estimates of up to 15Gt 
pa have been proposed, but without 
detailed assessment of sustainability 
of biomass supply (Zeng, 2008). 
Strand and Benford (2009) concluded 
that enough crop residues could be 
sustainably used in ocean burial to 
sequester 2.2 Gt pa at a cost around $75 
per ton. 

Cellulose aggregate concrete: In effect 
this approach seals biomass inside 
concrete as a means to capture carbon. 
‘Hemcrete’ has been developed as a 
commercial product using hemp fibres 
(Hemcrete, undated), and other forms of 
cellulose could be used in a similar way. 
The use of timber in construction offers a 
similar route to store carbon in harvested 
biomass for a prolonged period.

Methane capture: There are no 
technologies in development for methane 
capture for air, although it may be cost 
effective because methane recovered 

would have energy value18, and reduces 
radiative forcing around 20 times more 
than CO2 (by weight) (Boucher and 
Folberth, 2010). Speculative proposals 
for methane capture include genetically 
modified methanotrophic bacteria; 
mimicking bacterial enzymes with copper 
based catalysts; and iron catalysts to 
remove methane from water (Ravilious, 
2010).

ALTERNATIVES TO 
GEOLOGICAL STORAGE

Although these are not NETs 
themselves, given the potential limits 
to geological storage it is worth noting 
research into alternative forms of 
storage for captured CO2. These 
include basaltic injection (Keleman 
and Matter, 2008) being trialled in 
Iceland (Sigurðardóttir, 2011), storage 
in seawater as bicarbonate (Rau, 
2011) and the production of synthetic 
polymers, chemicals and fuels, by 
companies such as Novomer and 
Mantra Energy (Constantz, 2009). The 
latter all offer potential revenues to 
the developers but involve the earlier 
return of CO2 to the atmosphere, so 
cannot contribute to a full-scale NET. 
However, the use of captured CO2 
for synthetic fuels is effectively an 
industrial alternative to biofuel, with 
equivalent low net emissions, and 
much reduced demand for productive 
land. It could therefore potentially 
contribute usefully to mitigation.
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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.

This raises 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 raises 
the price that will be demanded to deliver 
it. This in turn would increase the overall 
cost and reduce the total cost-effective 
potential of a given portfolio of NETs.

Supply of biomass
There is a diverse literature on the 
sustainable supply of feedstock for 
bioenergy. For this study, it remains 
impossible to accept a single definitive 
estimate of bioenergy capacity. 

Cautious estimates of sustainable 
biomass would suggest a maximum 
sequestration of biomass carbon through 
BECCS of 3.3-7.5 Gt CO2 pa globally 
(based on Woolf et al, 201019) and in 
the UK, annual negative emissions 
of 20-80Mt CO2, although with major 
transformation in agriculture, especially 
to reduce meat production, these levels 
might be increased. More optimistic 
forecasts, of up to 50Gt CO2-pa 
sequestered20 would require unrealistic 
substantial new areas of production 
and increased crop yields (Bauen et 
al, 2009). Some even assume global 
intensification to European levels with 
European levels of chemical use (eg 
Ladanai and Vinterbäck, 2009).

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 strategy 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 biomass from 
waste. This would provide a potential 
biomass energy resource equivalent to 
96.2 TWh (DEFRA 2007). McGlashan 
et al (2010) for comparison cite four 
scenarios with 30-106 TWh outputs in 
2030, while other research using the 
DECC pathways calculator and assuming 
additional potential to transfer a further 
1 Mha land from meat production, 
suggests a maximum level of 181-264 
TWh in 2030 (Friends of the Earth, 2011). 
This range would imply capture and 
sequestration rates of 31-270 Mt CO2 pa 
for net negative emissions of 21-215Mt pa.

This study chooses to assume no 
import of biomass. Until sustainability 
of supplies can be better assured and 
certified, it would seem unwise 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.

The above are all maximum figures, 
assuming that biomass is directed 
preferentially to BECCS. Lower figures 
would be achieved if bioenergy were 
focused on uses which can’t be 
otherwise decarbonised – especially 
heat requirements, as the Climate 
Change Committee (2011) suggest, 
or used for biochar. BECCS has both 
higher energy recovery and higher 
sequestration in comparison to biochar, 
but relies on access to geological 
storage, and is most likely commercial 
within a developed energy grid. Biochar 
might, however, be more appropriate 
for decentralised energy, and where 
geological stores or CO2 pipelines are far 
distant, or exhausted. 

An overall limit on biomass constrains 
the aggregate negative emission 
available through all indirect terrestrial 
routes and through increased timber use 
in construction. In the longer term higher 
biomass use and a higher standing stock 
of carbon in vegetation and soils could 
both be achieved. But the sustainable 
supply of biomass is practically limited 
in both total and in the rate of growth 
that could safely be achieved towards 
the theoretical upper limit. This is partly 
because in the short term increasing 
the overall level of biomass use would 
create a carbon debt which may last for 
decades (Bird et al 2010; and Walker et 
al 2010). 

Future biomass conversion 
technologies such as second 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. 
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On the other hand, development of 
effective algal feedstocks might allow 
greater levels of biomass production to 
sustainably support NETs, and diverting 
biomass to biorefineries to extract other 
useful products as well as energy could 
increase the potential negative emission 
if such facilities are equipped with CCS. 

Geological storage
Geological storage for compressed liquid 
CO2 is required for several categories of 
NET, including direct air capture (DAC) 
techniques and BECCS. Geological 
storage has been demonstrated for 
several decades as a result of the use 
of re-injected 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. 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 CO2 capacity is virtually certain 
and 2000Gt CO2 likely.

This report uses cautious estimates 
of storage of 14Gt CO2 in the UK21 
and 400-500Gt CO2 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 up 
to four times this conservative estimate 
of global storage, even assuming it was 
all reserved for NETs, and none was 
consumed by fossil CCS22. Spread 
over 50 years, a total capacity of 500Gt 
would permit an average of no more than 
10Gt pa negative emission. Even with 
a portfolio of NETs, storage limitations 
in the UK (spread over 75 years) are 
estimated to limit annual negative 
emissions to around 280-310Mt CO2

23.
Competition between CCS on 

fossil fuel use (in industry and power 

generation) and NETs for storage 
capacity is a practical mechanism 
whereby the potential availability of 
negative emissions in the future might 
act to restrain deployment of promising 
mitigation technology today. There is no 
reason to delay trials of fossil CCS in 
the interests of reserving storage space 
for the product of (more expensive, but 
more flexible) NETs. But as storage 
capacity appears limited, mitigation 
strategies which favour fossil CCS over 
for example, energy saving, or renewable 
energy cannot be recommended.

At the UK level the Climate Change 
Committee (2011) believes that there is 
a long-term constraint on cost-effective 
CCS storage capacity. They suggest, 
even without considering NETs, that 
storage could “limit medium-term 
deployment of CCS in power generation, 
given the likely need for long-term use 
of CCS in energy-intensive industries”. 
In addition, future deployment of CCS is 
also likely to be constrained by access to 
pipelines and storage facilities, including 
issues around planning approval, 
licensing and consents. Such 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 arise and continue 
throughout or beyond this century. 
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 (see also box, above). Rau 
(2011) has laboratory tested a method 
for scrubbing CO2 from flue gas and 
storing in seawater as bicarbonate 
ions24. 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 
(Kelemann & 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 storage are 
presently unknown. To rely on this for the 
deployment of NETs would add a further 
layer of moral hazard. 

Energy, materials and 
other constraints
Other possible environmental, resource 
and logistical constraints on specific 
NETs include:

●● localised effects on ocean alkalinity 
and oxygen content from liming and 
fertilisation respectively;

●● chemical effects on run-off and 
watercourses from some enhanced 
weathering techniques;

●● the costs or localised impacts of larger 
scale extraction of mineral or chemical 
resources such as calcium carbonate – 
which for some techniques could reach or 
exceed the scale of global coal mining;

●● shipping capacity, which could be a 
prolonged logistical constraint for those 
techniques reliant on movement of large 
volumes of material (Cquestrate, ocean 
burial of biomass, bioenergy based on 
trade in biomass); and

●● requirements for platinum for fuel cell 
splitting of HCl.

But for most NETs the materials 
required are in relatively small volumes 
and are used in cyclical fashion (amines, 
calcium carbonate in wet scrubber 
systems). While demand for commodities 
such as steel will be raised by the 
deployment of NETs and associated 
carbon transport infrastructure it seems 
unlikely that the quantities required 
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would constitute a significant proportion 
of global demand25. Similarly, while the 
availability of land is clearly an issue 
for bioenergy and biotic approaches, 
the footprint of air capture facilities and 
oceanic techniques seems unlikely to 
be a major constraint. Nonetheless, in 
wealthy countries such as the UK, there 
is likely to be opposition to the siting of 
such facilities in most locations. 

Energy consumption, however, could 
be a significant constraint on many 
NETs, especially as the availability of 
low carbon heat and power may remain 
significantly smaller than demand until 
2050 or beyond26. In general the state 
of development of NETs means that 
estimates of the energy requirements 
of technologies are largely theoretical. 
Table 1 below shows published 
estimates, converted into a common 
metric (grams of CO2 captured and 
stored per kilowatt hour of power and 
heat consumed)27.

The table also shows – simplistically – 
how this energy requirement compares 
with the carbon intensity of UK grid 
electrical energy currently, and in 2030 
(assuming the CCC target for virtual 
decarbonisation is met). The figures are 

multiples: so ocean liming might now 
capture 1.5 times the CO2 emitted if the 
process were powered from electricity, 
but wet calcination would currently only 
capture 80% of the emissions arising 
from the power needed to run the 
process. For BECCS we treat the energy 
cost of the NET as the energy penalty of 
CCS – at a grid average, as the energy 
used to power the CCS application could 
otherwise replace other generation on 
the grid28. 

The figures suggest that very few 
proposed techniques might be ruled out 
by sheer energy inefficiency, but until 
‘grid’ or market average carbon intensities 
decline significantly, many would be only 
marginally beneficial. At a minimum this 
suggests the total energy demand for 
delivering 144Mt pa in the UK (our central 
estimate for the 2025-2050 period) 
could be equivalent to 10-15% of current 
electricity production. McGlashan et al 
(2010) calculate a lower, but similar order 
of figure: that using the most efficient 
direct air capture technology capturing 
10Gt CO2 pa would require up to 3% of 
world electricity in 2050. 

Inevitably the implied demand here 
will add to pressure for development of 

both renewable and non-renewable low 
carbon energy sources, such as fossil 
fuels with CCS, and both nuclear fission 
and fusion. Scaling up low carbon energy 
fast enough to replace high carbon 
alternatives is proving a major technical, 
financial and logistical challenge in 
the UK: doing so even faster to power 
NETs might make the whole strategy 
impractical unless properly coordinated. 
On the other hand, the potential of 
NETs could be seen as a argument for 
accelerated investment in both energy 
saving and renewable supply.

The difficulty of providing additional 
energy supply could be eased by running 
NETs 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. 

SECTION 3: CONSTRAINTS AND SIDE EFFECTS

Table 1: Summary of energy efficiency of different NETs

NET (source)

Energy 
requirement 
(g/kWh)

Cf: grid 
electricity 
(550g/KWh)

Cf: 2030 
grid  
(50g/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%

Wet calcination (Carbon Energy) 419 0.8 8.4 343.7 91%

BECCS / Flue gas CCS (Socolow et al 2011) 2702 4.9 54.0 53.3 14%

Ocean liming (Cquestrate) (Jenkins et al 2010) 827 1.5 16.5 174.1 46%

Fuel cell/electrodialysis (Eisaman et al 2009) 453 0.8 9.1 317.9 84%

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%
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NETs raise major issues of 
governance. Incorporating negative 
emissions into international 
climate agreements is a non-trivial 
undertaking. The moral hazards 
involved with NETs are substantial, 
and, unmanaged, could lead to 
delayed mitigation and/or the 
deployment of NETs as offsets, 
rather than to actively reduce 
atmospheric concentrations. 

Other governance issues arise as 
a result of the distributional concerns 
raised by NETs, both in the current 
generation, where many of the 
technologies will raise issues around 
intellectual property and corporate 
control; and between generations. Finally 
issues arise because NETs can be 
considered a form of geo-engineering (in 
the broadest sense of the term).

Moreover, these features mean that 
NETs do not just lie in the ambit of the 
UNFCCC, but are also relevant to (at 
least) the Convention on Biological 
Diversity, the London Convention, the UN 
Convention on the Law of the Sea and 
the International Maritime Organisation. 
Any subsequent effort to ensure transfer 
of intellectual property, or alternatively to 
control trade in a NET, would bring in the 
World Trade Organisation and the Trade 
Related Intellectual Property Rights 
negotiations.

Will availability 
of NETs reduce 
mitigation effort?
The simple answer would be ‘yes, in 
carbon markets’. More widely, technical 
analyses and modelling suggest that 
the expected availability of NETs would 
reduce mitigation in the short term 
(eg Keith et al 2006, Azar et al 2006). 
However such conclusions rely on 
three sets of questionable assumptions. 
First that the performance and costs of 
NETs in practice will match optimistic 
predictions (which this study suggests 
is unlikely). Second that the impacts of 
rising CO2 concentrations will be broadly 
linear and reversible (rather than subject 
to tipping points). And third that future 
political, economic and institutional 
conditions will be benign for the 
deployment of NETs (Parson, 2006). 

This study on the other hand, largely 
endorses the view of Socolow et al 
(2011) that there will not be any such 
affordable technology available on the 
timescale in which mitigation is required 
to reduce global emissions close to 
zero. They 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.” 

Even if costs are lower than Socolow 
et al expect, adequate and rapid 
uptake of NETs would be dependent 
on international agreement. This would 
require national targets and monitoring 
and verification regimes that would 
allow countries to deploy NETs as a 
contribution towards their targets. 

In economic terms, because of 
their flexibility in application, NETs 
theoretically establish a cap on any 
carbon price (whether in carbon 
trading markets, or a shadow price 
set by Governments). 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. 
However were such a carbon price cap 
to arise from the prospect of NETs, it 
would operationalise the moral hazard. 
The use of NETs instead of other 
available, but more costly, mitigation 
tools might seem ‘economically’ efficient, 
but insofar as NETs may not materialise, 
or are limited practically, it would impair 
our ability to return atmospheric carbon 
concentrations to a safe level in a timely 
fashion. This reinforces the need to keep 
NETs outside of any carbon market.

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 a safe, robust 
and scalable carbon negative process 
would confirm a moral obligation to 
match each emission with an equivalent 
removal (an obligation which would be 
meaningless without the capacity to act 
on it). In turn this implies an obligation 
to set a carbon price which enables the 
uptake of that process. 

It could be argued that the inclusion of 
NETs in carbon markets might accelerate 
their development by providing a 
financial incentive, but it would also 
mean they were effectively deployed as 
an offset. While this might be seen as an 
acceptable price to pay in the short term, 
as with other routes to economic viability: 
in the long-term, inclusion in carbon 
markets would only result in an overall 
increase in mitigation with smaller carbon 
caps (which seem unlikely in practice 
due to the influence of vested interests). 
Inclusion of NETs in carbon markets 
would also be likely to make such 
markets more susceptible to speculation 
and irrational trading behaviour.

To avoid the indiscriminate use of 
NETs as an offset, they should be 
excluded from carbon markets. But 
this will not eliminate moral hazard, so 
the development of NETs should be 
accompanied by measures to restrict 

SECTION 4: GOVERNANCE ISSUES
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the negative effects of moral hazard in 
both carbon markets and wider policy. If 
carbon markets are expected to play a 
role in future climate policy, 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.

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, sustainable rates of 
roll out, or retention of captured carbon 
cannot be predicted. If mitigation is 
delayed because of availability of NETs 
this becomes more significant. 

On the other hand, if NETs prove 
necessary anyway to keep within a safe 
carbon budget, and if countries wish to 
avoid temperature increases of 1.5°C 
or more29, but don’t both mitigate and 
incorporate NETs into climate policy early 
enough, there may be no choice but to 
resort to solar radiation management 
(SRM) methods of geoengineering, 
which generally appear to risk more 
severe side effects (Shepherd et al, 
2009).

One effect of the moral hazard of 
NETs might be to depress investment 
in renewable energy (especially high 
cost options such as solar hydrogen), 
as a result of a belief that the use of 
fossil fuels could be further prolonged 
by the availability of NETs. However the 
real situation is more complex. There 
are other important reasons (especially 
energy security) for renewables 
development. An overreliance on NETs 
– if deflecting investment from renewable 
energy sources and energy efficiency 
– would also risk energy security as 
a result of the rising and more volatile 
prices expected for fossil fuels in the 
coming decades. 

Moreover, as NETs are energy 
intensive, but only efficient if powered by 
low carbon energy, the development of 

NETs may help accelerate investment in 
renewables. And the promotion of use of 
stranded renewables (particularly solar) 
to power NETs may even help deliver 
additional economies of scale (although 
it might also create pressures on other 
scarce resources).

Accounting for 
negative emissions
NETs raise both 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 are to be incorporated into 
national mitigation strategies to meet 
international obligations all these 
issues would have to be resolved. 
There is currently no relevant category 
of credits in the Kyoto mechanisms 
for most NETs (Ascui, 2009). And for 
biotic techniques, biogenic sources 
and sinks are not currently included in 
emissions accounting, but in land-use 
change accounting. There are added 
complexities once biomass crosses 
national boundaries30. 

In the clean development mechanism 
(CDM) the structure of baseline and 
credit could technically encompass 
negative emissions, but 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). Moreover, 
the inclusion of CCS has already proved 
politically controversial in CDM. Given 
the practical uncertainties of NETs, to 
incorporate them in CDM without closing 
existing loopholes would seem unwise. 
Better still might be to replace the 
CDM with a tool properly suited to the 
promotion of both carbon mitigation and 
NETs.

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. Would trading 
of negative emissions be morally 
acceptable, or indeed practical, given 
the shortcomings of trading market 
so far? In the same way as trading is 
an alternative to a carbon tax that an 
incentive to cut emissions, so negative 
taxes (or subsidies) could be awarded 
for negative emissions. The logic of a 
global carbon tax system as suggested 
by Stiglitz (2006) may more easily 
encompass negative emissions than the 
already distorted carbon markets created 
by trading systems. 

Future 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. Moreover, even 
in the absence of catastrophic changes, 
leakage from geological and other stores 
could become significant as a result of 
the large cumulative amount stored31. 

Negative emissions also raise issues 
about the time profile of mitigation which 
merit further research32. 
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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. It would 
clearly be socially unjust if the easiest 
and cheapest deployment of NETs 
(enabled by carbon trading) 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. 

For example the extreme geopolitical 
disparities in likely storage could cause 
such effects. India, for instance, 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. Above we have estimated 
UK limits based on territorial availability 
of storage. If climate politics 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 CO2, and even on the basis of 
current emissions, to 3.5-35Gt CO2

33.
NETs further raise concern about the 

role of private corporations in climate 
policy. While some techniques – like 
tree planting or peatland rewetting – 
are simple and widely available, and 
some others (notably Cquestrate) are 
being developed in a deliberately open 
fashion, the majority of NETs, and 
especially those with high potential 
capacity, are likely to be subject to a 
mass of patents. The start-up air capture 
companies all clearly scent opportunities 
to make high profits from proprietary 
technologies. Under the terms of the 
Barasso-Bingaman draft Bill, the US 

Government would gain access to the 
intellectual property in any technology 
winning a prize; although it is unknown 
as yet whether the incentive will be great 
enough for companies to concede this. 
In summary it is highly unlikely that any 
large-scale deployed NET would be free 
from corporate control or geo-politics.

At a smaller scale, there may be 
localised distributional issues too. 
Imagine the availability of air-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 established 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.

Geoengineering and 
governance
Parties at the CBD have imposed a de 
facto moratorium on geoengineering 
trials, stimulated in part by concerns 
over the potential side effects of ocean 
fertilisation 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 
scientific trials involving deliberate 
introduction of material to the oceans.

Geoengineering researchers met 
at Asilomar last year, and discussed 
principles for the management of trials 
and field research (Wannier et al 2011). 
Notably these included a view that 
liability mechanisms were 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.

One recurrent issue in the 
geoengineering debate is that of control: 
‘whose hand would be on the global 
thermostat’. In some respects, this 
applies to carbon dioxide removal (CDR) 
as well as to solar radiation management 
(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.
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Need and capacity
As noted earlier, globally NETs delivering 
in the order of 20 to 50 Gt CO2 pa 
may be required in the latter half of 
this century to return atmospheric 
concentrations to 350ppm or below by 
210034. The UK’s fair contribution to 
this constitutes 0.2 to 2.3 Gt CO2 pa. 
These are very substantial amounts, 
and emphasise the critical importance of 
early and sustained mitigation regardless 
of the potential availability of NETs.

However to stay within fair and safe 
budgets, given current estimates of 
maximum mitigation, the UK – and other 
rich countries – may need to begin 
to use NETs much earlier than mid-
century. One approach to estimating the 
contribution required from NETs before 
2050 is to measure the gap between 
cumulative emissions forecasts and the 
safe cumulative budget estimates to 
2050. 

Between 2025 and 2050 it is estimated 
that the UK may need to deliver average 
negative emissions of around 140Mt 
CO2 pa (0.14 Gt). Even initial deployment 
of NETs before 2025 seems extremely 
unlikely, but on the basis of 25 years of 
use before 2050 this study estimates 
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 budgets set by the Climate Change 
Committee under the Climate Change 
Act and the cumulative emissions 
forecast by Tyndall (the gap is 3.6Gt, or 
144 Mt CO2 pa over 25 years). 

Because of past failures to mitigate 
emissions effectively there is little 
prospect of safely balancing carbon 
budgets in the future without NETs.

Taking account of technical limitations 
and constraints such as availability of 
storage, the NETs assessed in this study 
may be able to deliver global abatement 
at the 20 Gt CO2 pa plus level sometime 
after 2030, and for several decades 

thereafter. The highest practical potential 
is for direct air capture techniques (either 
supported amines, or wet calcination 
methods would appear capable of 
reaching global levels in the order of 10 
Gt CO2 pa). BECCS has been estimated 
to be capable of delivering 2.4-10Gt 
CO2 pa. Our assessment suggests 
that the likely practical figure would be 
towards the lower end of this range. 
Electrochemical splitting of seawater and 
ocean liming might also achieve rates of 
this order of magnitude. 

Several technologies could deliver 
NETs in the order of 1-3Gt CO2 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. Other NETs could 
deliver significant negative emissions 
of below 1Gt CO2 pa, including 
magnesium silicate cement, timber use 
in construction, wetland restoration 
and creation, and ocean liming by 
electrochemical splitting. 

Taking account of significant 
technical and environmental 
constraints, it is estimated that NETs 
might be able to deliver in the order of 
20-30Gt CO2 pa within a few decades. 
This would make a significant 
contribution to achieving safe carbon 
budgets as long as mitigation activity 
is also accelerated much closer to 
technical limits. 

Figure 2 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, 
combined with a roughly 1200Gt CO2 

cumulative package of NETs (averaging 
24Gt CO2 pa for 50 years), estimated as 
necessary to achieve 350 ppm.

The package includes most terrestrial 
biotic techniques, air capture, BECCS, 

ocean liming but not fertilisation, soil 
mineralisation and magnesium cement. 
NETs are assumed to be introduced 
in 2030, with a 40 year roll out to rates 
in 2070 which match the levels shown 
in Figure 3 below. The package would 
require more than 540Gt of storage 
by 2100, exceeding our conservative 
estimates, but well within the IPCC’s 
‘likely’ estimate.

It can be seen from this that a 
challenging package of NETs which 
stretches potential storage limits still 
only contributes less than half of the 
total reduction in the cumulative budget 
(accounting for 150 ppm reduction in a 
total reduction of around 350 ppm).

This study’s central estimate for 
negative emissions potential in the 
UK is 277Mt pa, (table 2)35. However, it 
may well be challenging to win societal 
support for all of these techniques at 
these levels. For comparison, the energy 
requirement for this level of deployment 
would be equivalent to around 30% 
of current UK electricity generation. 
This overall potential exceeds the 
average level estimated as an off-set 
to 2050 (around 140Mt), but compares 
relatively poorly with the levels estimated 
as necessary to contribute fairly to 
global efforts to reduce atmospheric 
concentrations to a safe level, of 200-
2,300Mt pa36. The UK may therefore 
also have to fund deployment of 
NETs elsewhere to deliver a fair long-
term contribution to overall global 
abatement.

SECTION 5: DISCUSSION AND CONCLUSIONS
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Table 2: Estimated UK potential of NETs (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.

Figure 2: Schematic contrasting mitigation and NETs in a 350 ppm scenario
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Readiness, side-
effects and costs

Moreover 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.

Several techniques are considered 
to be worth pursuing at a basic 
level as ‘no-regrets’ strategies. 
These include increased timber use in 
construction, soil carbon management in 
organic agriculture, wetland restoration 
and afforestation (which offer potential 
co-benefits for soil management and 
biodiversity), and regenerative grazing, 
if the technique stands up to more 
detailed scrutiny. Most other NETs 
have significant negative side-effects 
– if only from the demand for energy 
to power them – and may never be 
considered compatible with ‘sustainable 
development’. Nonetheless their 
deployment to balance carbon budgets 
may, in some cases, justify the negative 
side effects, as a temporary measure.

Establishment of a dedicated 
development and 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. 

No single NET can be expected 
to deliver the level of additional 
abatement needed, without serious 
side effects. Different NETs face 

different risks, limiting factors and 
have different negative side-effects. 
It would be advisable for policy 
makers to seek a focused portfolio 
of practical NETs, while developing 
a parallel set of targeted policy and 
regulatory measures to address 
technology specific issues. 

Beyond technology risk, the key 
unknown for the field as a whole is the 
economics (for example, the size of future 
carbon taxes, because this will be the 
main impact on commercial viability). 
There are two further factors that might 
accelerate commercialisation: energy 
by-products and sale of captured CO2

37; 
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 with silicates.

As long as there is a scarcity of 
accessible renewable energy, both 
biochar and particularly BECCS are 
likely to be more practically viable, as 
they also provide a source of low carbon 
power, which can help mitigate existing 
emissions (although each carries an 
effective energy penalty compared with 
direct use of the bioenergy resource 
wthout any carbon sequestration, and 
like all bioenergy, both are limited by the 
sustainable supply of biomass).

Given the early stage of development 
both technologically and in the regulatory 
or market framework, it is very difficult 
to generate credible costs estimates. 
Even allowing for learning and novel 
technologies, it would not be wise to 
count on the availability of direct air 
capture significantly below $250/t CO2 in 
the coming decades. Similarly analysis of 
BECCS costs would suggest that $100/t 
CO2 would be a fairly optimistic cost level 
for 2020 or even 2030, and $150/t more 
plausible.

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/t CO2, although the average cost 
may be a little lower than this.

Large-scale use of NETs will probably 
require access to geological storage 
for compressed CO2, and while the 
prospects of NETs should not be 
permitted to distract effort from the 
improvement of CCS, CCS on energy 
production should not be deployed as an 
alternative to renewable energy. 

Table 3 provides a summary of the 
assessment of the NETs considered in 
this report, using a simple traffic light 
system. Figure 3 illustrates their global 
capacity, costs and readiness. In Figure 
3 the bubbles are equivalent in size to 
our estimates of annual global capacity, 
and they are located against axes of 
technical readiness (where higher = 
more ready), and cost. The costs – which 
are given here as single figures rather 
than ranges – should be treated as at 
best indicative38.

The practical and cost obstacles to 
NETs mean that they are unlikely to 
offer an alternative to conventional 
mitigation, but rather a potential 
supplement, with large-scale NETs 
remaining much more expensive than 
most mitigation approaches for the 
foreseeable future. 

SECTION 5: DISCUSSION AND CONCLUSIONS
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Table 3: A high level assessment of obstacles to deployment of NETs 

Key:  = serious obstacle or problem, may not be overcome

  = significant obstacle, or unknown

  = challenges are small, and probably surmountable

NET
CAPACITY / 
SCALABILITY ACCOUNTABILITY

SIDE 
EFFECTS

ENERGY 
REQUIREMENT 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 fertilisation (macro-nutrients – 
phosphates, ammonia)

Ocean dumping of crop residues

Forest restoration / creation and enhanced 
management

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
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Figure 3: Provisional global assessment of NETs: scale, cost and readiness
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The risk of moral 
hazard
Few NETs are currently available, and 
there are no guarantees as to when 
large-scale NETs 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.

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. 

Moreover, without intervention, in 
conventional markets, the scope for 
NETs to offset specific emissions is 
unlikely to 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 price39. It is also possible 
to imagine financial markets establishing 
futures markets in NETs which allow the 
wealthy to purchase future offsets too. 

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. 

The limits to deployment of NETs 
set out earlier means that their use 
to deliberately offset other technically 
abatable emissions should be avoided as 
far as possible. NETs should be excluded 

from carbon markets to help ensure this. 
The inclusion of NETs in existing 

carbon markets would simply 
displace other technically feasible 
mitigation, and we recommend that 
they should be excluded, and – as 
appropriate – incentivised separately. 

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. 
However, 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 in and outside of carbon 
markets. 

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 
actual timing and location of biogenic 
emissions.

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. 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, but need to 
be developed, alongside mitigation, 
as part of a precautionary approach 
to the risks of climate tipping points.

In the absence of NETs however, 
it becomes more likely that 
geoengineering using SRM – with 
potentially much more severe and 
costly side effects – may be needed 
to avoid climate tipping points. 

Therefore to reject further research 
into NETs or to seek to prevent 
governance regimes being developed 
is an extremely dangerous strategy.

Political implications
NETs have major implications for equity 
between generations if they allow 
mitigation to be postponed. Many NETs 
are likely to 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 others already stated, it 
would be foolish of countries to delay 
mitigation now in the hope that it will 
prove easier to use NETs in the future. 

A previous UK Chancellor of the 
Exchequer said: ‘if you are in a hole, 
first stop digging’. In this context, while 
additional emissions are getting us 
deeper into a climate hole, the first thing 
we should do is stop digging by rapidly 
accelerating mitigation. NETs might then 
help us fill in the hole quickly enough to 
avoid catastrophe.

SECTION 5: DISCUSSION AND CONCLUSIONS
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1 This includes a share of ocean-based NETs, 

which can be treated as ‘common property’.

2 CO2 equivalent 

3 NETs can be seen as a form of geo-

engineering, described by the Royal 

Society (Shepherd et al, 2009) as ‘carbon 

dioxide removal’ or CDR. Other methods of 

geo-engineering, such as those designed 

to reduce temperatures through solar 

radiation management (SRM), are beyond 

the scope of this report. However it should 

be noted that in comparison with SRM, 

CDR techniques, although slower, are 

often considered to have fewer negative 

side effects, while reducing more of the 

negative impacts of rising greenhouse gas 

concentrations.

4 The term ‘moral hazard’ is used here in 

the technical sense, where the existence 

of a mechanism to avoid or reduce the 

consequences of risk (such as insurance; 

or a lack of formal accountability) increases 

the likelihood of risky behaviour.

5 We use two simple representative global 

scenarios based on the difference between 

IPCC SRES scenarios A1B (atmospheric 

CO2 approx 700ppm in 2100) and B1 

(atmospheric CO2 approx 550ppm in 2100) 

and an indicative safe level of 350ppm 

CO2. We divide the needed reduction 

according to different factors (share of 

current population, share of current GDP, 

share of current emissions and share of 

cumulative emissions) which would probably 

bracket any likely negotiated approach. 

These reductions are further divided over 

75 years, implying an average rate of NET, 

globally, of 21-37 Gt pa. If achieved only 

after 2050 the average rate rises to 32-52 

Gt pa. For the UK 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.

6 Assuming (perhaps implausibly) continued 

healthy performance of natural carbon 

sinks.

7 Alternatively, the development of synthetic 

fuels using captured CO2 might become a 

substitute to biofuel (instead of the captured 

CO2 being sequestered as a NET to offset 

continued fuel use).

8 Both renewable energy and carbon capture 

and storage technologies have required 

targeted measures to stimulate and 

accelerate development, even within the EU.

9 Other possible routes towards commercial 

deployment for particular NETs are 

considered in the assessment. These 

include sales of energy by-products, of 

purified CO2 for synthetic fuels or other 

purposes, or offsets in the voluntary market 

or from other payments, for example for 

waste management. Such routes may result 

in additional carbon emissions or other 

sustainability impacts. For instance CO2 

sales would typically mean relatively rapid 

re-release of the captured CO2, rather than 

long-term storage, reducing or removing the 

effectiveness of the NET for as long as such 

sales continued.

10 In a very small minority of cases, the 

expectation of NETs could theoretically 

increase overall mitigation. By avoiding 

economically premature scrapping of 

existing high-emissions technology it 

could, in theory at least (given imperfect 

capital markets), make more resources 

available in total for low carbon 

alternatives, as organisations would be 

able to replace facilities and technology 

by reinvesting returns from use of the 

high-emissions predecessor, in line with 

economic investment cycles. Obviously 

this logic would not justify any further new 

investments in high-emissions facilities such 

as coal-fired power stations.

11 Almost all NETs under investigation target 

CO2, although in theory, removal of other 

greenhouse gases such as methane would 

also constitute a NET.

12 The only exception is the biotic sink itself, 

where NETs are techniques which increase 

the rate of flow of carbon into, and/or the 

proportion retained in, biomass.

13 Full report weblink

14 Based on Novacem’s claim of up to 100 kg 

negative emission per ton of cement.

15 In theory, these limits could be exceeded 

if magnesium oxide (produced from 

magnesium silicate) were added to the 

ocean as a replacement for the lime 

(calcium oxide) envisaged by Cquestrate 

(see below). The drawdown of CO2 would 

be greater than using it in cement and there 

would be no need for the product to have 

the structural integrity required of cement. 

However the cost may be prohibitive without 

the revenues from sales of cement.

16 Which permits only ‘small scale’ trials in a 

‘controlled setting’.

17 Reducing Emissions from Deforestation and 

Forest Degradation.

18 If the methane is used for energy, the 

negative emission achieved is reduced, 

although not eliminated, as the emissions 

from gas combustion are carbon dioxide.

19 The feedstuffs considered sustainable 

included up to 80% of sawmill, yard and 

other wood wastes; rice husks, up to 20% 

of cereal straw, up to 25% of cattle manure, 

the product of up to 175 mha of tropical 

grassland converted to agroforestry; and the 

product of degraded or disused cropland not 

in other uses.

20 The net negative emission is lower at 33 

Gt because of the higher direct emissions 

per unit energy generated from biomass 

compared with the fuel replaced.

21 The EU Geocapacity study (Vankilde-

Pedersen et al 2009) estimates Europe 

as a whole may have 117Gt CO2 storage 

(conservative estimate); with 14Gt CO2 in 

UK territory (of which around 3.5Gt is in oil 

and gas fields).
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22 This uses Socolow et al’s figure of roughly 

8 Gt CO2 per ppm, a 50 ppm reduction 

therefore requires 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 CO2.

23 Crudely dividing 14Gt by 75 gives 190Mt pa 

(assumes all storage is used by 2100, and 

all for NETs). Other techniques not reliant 

on geological storage can deliver a potential 

70-120Mt CO2 pa – see table 2.

24 This would not contribute to ocean 

acidification, and may even alleviate it.

25 However, such demand would add to other 

elevated demand (for low-carbon energy 

generation for example), and thus reinforces 

the view that the costs of NETs will be 

higher than foreseen (in this case because 

the costs of inputs and engineering are likely 

to be higher than predicted).

26 The advocates of NETs often suggest that 

uneconomic-to-develop, because far from 

market (or ‘stranded’) low or lower carbon 

energy, such as desert solar, or flared gas 

might be suitable to power NETs. However 

such stranded resources are unlikely 

to remain stranded on the timescales 

concerned, thus market averages have 

been used here.

27 We should be very cautious comparing 

the claimed energy costs of different NETs 

as most have not been calculated on an 

explicitly comparable basis. Table 1 also 

uses a very crude simplification, treating all 

energy demand as electricity. This makes 

techniques which require high grade heat 

seem less effective now (as gas could 

provide heat more efficiently than grid 

electricity), and more effective in 2030 (as 

low carbon heat is unlikely to be available to 

the same degree as low carbon electricity).

28 This treats the bioenergy facility as 

freestanding, and the NET as the 

application of CCS to that facility, which is 

more realistic than assuming that bioenergy 

will only be deployed with CCS.

29 In most of the scenarios considered in this 

report, NETs would be necessary to avoid a 

high likelihood of temperature rises of more 

than 2ºC also.

30 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.

31 Leakage of just 1% of a store of 400Gt (the 

net total required to reduce atmospheric 

concentrations by just 50 ppm) would be a 

source of 4Gt pa (equivalent.to almost half 

of global annual emissions today).

32 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, additional CO2 having been 

present in the atmosphere for some time 

before its subsequent removal by the NET. 

Furthermore, even if the net cumulative 

emissions remain the same as a result of 

the deployment of NETs the outcome for 

the climate could be different because of 

the timing of the emissions in relation to 

any climatic thresholds. 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 

a NET portfolio means that 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.

33 In each case using the IPCC’s 200-2000Gt 

CO2 as the baseline.

34 Current levels are around 390 ppm and 

rising at more than 2 ppm pa.

35 The higher level includes a full ‘share’ of 

the oceanic techniques, the lower excludes 

ocean fertilisation.

36 Only if emissions budgets were allocated 

according to current population shares 

could the UK meet a ‘fair share’ level in our 

central scenario (a 200 ppm reduction) with 

this deployment of NETs.

37 Sale of CO2 implies that the NET is not 

functioning to reduce atmospheric CO2 

concentrations as the CO2 is subsequently 

released.

38 To allow some degree of comparison of 

scale a ‘global indicative’ need bubble of 

30Gt CO2 has been included. The placing of 

this is not representative of a ‘need’ for any 

specific cost or readiness.

39 http://www.carbonengineering.

com/wp-content/uploads/2011/04/

CarbonEngineering-AirCaptureFAQ.pdf
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For more than 40 years we’ve seen that the wellbeing of people and planet go hand 
in hand – and it’s been the inspiration for our campaigns. Together with thousands 
of people like you we’ve secured safer food and water, defended wildlife and natural 
habitats, championed the move to clean energy and acted to keep our climate 
stable. Be a Friend of the Earth – see things differently.
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This report summarises a technical assessment of Negative Emissions 
Techniques (NETs) and their implications for climate policy. The technical 
assessment, commissioned by Friends of the Earth, was compiled using 
published and mainly peer-reviewed materials (available at https://sites.
google.com/site/mclarenerc/research/negative-emissions-technologies). 
This report seeks to provide an analysis of both the theoretical and 
practical issues raised in the literature. It includes conclusions and 
recommendations as to how policy issues raised by NETs might be 
addressed. These, like all the other content, are the views of the 
consultant and do not necessarily reflect any views that Friends of the 
Earth may hold either now, or after it has had the opportunity to reflect 
on this report.


