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It is now recognized that proactive CO2 removal from the atmo-
sphere (negative CO2 emissions) will be needed in the likely event 
that reduction in anthropogenic CO2 emissions falls short of sta-

bilizing atmospheric CO2 below levels that will cause unacceptable 
climate and ocean chemistry impacts1,2. In addition to non-energy-
producing methods of atmospheric CO2 removal such as afforesta-
tion and direct air capture, recent modelling and policy prominently 
feature the potential of coupling biomass energy production with 
carbon capture and storage (BECCS) to effect renewable, nega-
tive-CO2-emissions energy generation3–5. Here, at least some of the 
atmospheric CO2 initially fixed by land biomass is ultimately cap-
tured and stored underground in the course of combusting, gasify-
ing or fermenting that biomass to generate usable energy (electricity, 
hydrocarbons or H2)6. BECCS is believed to have the potential to 
remove up to 12 GtCO2 yr−1 (t =​ metric ton or tonne) while possibly 
generating as much a 300 EJ yr−1 of primary energy3,4. This not only 
reduces CO2 emissions by substituting for emissions-intensive fossil 
energy, but also provides a way of removing and sequestering CO2 
from air by preventing biomass carbon from returning to the atmo-
sphere via natural respiration and decomposition.

However, to remove and store gigatonnes of CO2 per year in this 
manner would require significantly expanded and/or altered land 
management, which could impact existing land uses for food, fibre 
and fuel production, as well as potentially denigrate other ecosys-
tem services3,4,7,8. Land impacts could be reduced or alleviated and 
global negative-emissions energy production potential increased 
by the use of marine biomass in a BECCS process9,10, yet potential 
negative impacts to the marine environment would need to be con-
sidered. The CCS component of the process can also be problematic 
because of its cost and because of the environmental, seismic and 
storage security concerns of injecting large quantities of such CO2 
underground8,11–13.

Given these issues and the possibility that the removal of thou-
sands of gigatonnes of CO2 from the atmosphere may ultimately 
be required to counter an overshoot in CO2 emissions14,15, addi-
tional methods of negative-emissions energy production need 

to be explored. This Article evaluates the application of recently 
described electrogeochemical methods of converting any non-fossil 
fuel-derived electricity (hereafter non-fossil electricity) source to a 
negative-emissions fuel or energy carrier, H2.

It has been shown that conventional water electrolysis can be 
modified to (1) concentrate dissolved CO2 for subsequent use or 
sequestration or (2) generate excess OH−/alkalinity in solutions that 
are highly absorptive of air CO2 and that convert the CO2 to long-
lived, dissolved or solid mineral bicarbonates and/or carbonates. 
Central to these processes is the splitting of water at a cathode to 
form H2(g) and OH−, with the generation of O2(g) (or Cl2(g)) and 
H+ at the anode. In one approach16, the Na+ +​ OH− produced during 
electrolysis of a NaCl solution (chloralkali process) is used to absorb 
atmospheric CO2 and convert it to NaHCO3(aq) (plus, via chemical 
equilibrium reactions, a smaller amount of dissolved Na2CO3(aq)). 
The H2 and Cl2 gases generated are reacted in a fuel cell to produced 
electricity and HCl (acid). The HCl is subsequently neutralized 
with alkaline silicate minerals to produced benign/useful Mg and 
Ca chlorides and silica (Fig. 1a).

In a second approach17–19, the H+ produced in the anolyte is 
directly neutralized with alkaline carbonate or silicate minerals, 
forcing the remaining electrolyte to accumulate OH−, which is then 
used to absorb CO2 from the atmosphere (Fig. 1b). A third method20 
employs membranes to separate the OH− (alkaline) and H+ (acid) 
solutions produced in compartmentalized water electrolysis, with 
the latter then used to acidify seawater and thus convert a substan-
tial portion of its resident, dissolved bicarbonate and carbonate to 
dissolved CO2 (or carbonic acid, H+ +​ HCO3

−). This CO2 can sub-
sequently be degassed and sequestered from the atmosphere, or, as 
will be explored here, converted (without degassing) to dissolved 
seawater bicarbonate (plus carbonate) via spontaneous reaction 
with solid carbonate minerals21,22, thus effecting CO2 sequestration 
(Fig. 1c; see Methods). Simultaneously, the OH− stream produced 
in the preceding electrolysis is also added to seawater to effect air 
CO2 capture and storage as dissolved mineral (bi)carbonates in the 
ocean (Fig. 1c). A related fourth approach23 uses electrodialysis to 
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separate OH− and H+ derived from seawater, which can then be 
used to perform tasks similar to the preceding process. However, in 
this case water is not split, H2 is not produced, and thus no energy/
fuel production is directly achieved.

Additional methods could include the use of combined solar 
thermal (T) and photovoltaic (PV) energy to power separate, high-
temperature electrolysis of CO2 and H2O, yielding the net reac-
tion CO2 +​ H2O +​ solar T +​ solar PV →​ C +​ H2 +​ 1.5O2 (refs 24–26). 
However, it would seem cumbersome to remove and store at giga-
tonne levels the elemental C that deposits on the cathodes, and 
the process is also dependent on high-temperature solar heating 
rather than additional, more diverse and less expensive renewable 
energy resources.

It is also possible to generate negative-emissions H2 from bio-
logical feedstocks. Here biomass and water can be gasified at high 
temperature, with the resulting CO oxidized with water to produce 
CO2 and H2. The CO2 is then captured and stored6. The fermen-
tation of biomass can also generate H2 or hydrocarbon fuels plus 
semi-concentrated CO2 (ref. 6). If this CO2 is captured and stored, 
at least some negative emissions is effected. All of these biological 
methods are, however, ultimately limited by the availability and use 
of solar energy, land area, water and nutrients for the photosynthetic 
formation of biomass3,8.

The following attempts to evaluate the global capacity and cost of 
producing negative-emissions H2 (hereafter NE H2), based on previ-
ous estimates of global renewable electricity generation capacities 

and costs, and based on a representative, reference NE H2 genera-
tion system compiled from available theory, modelling and testing.

H2 generation and CO2 removal potentials
Because the net CO2 removal capacity of NE H2 is highest when 
powered by non-fossil electricity, we start by assessing the global 
capacity of this resource as compiled by the IPCC27,28 for six cat-
egories of renewable energy (Table 1). For the purposes of this 
Article we use the reported minimum and median or mean values 
to reflect the more conservative global renewable electricity produc-
tion ranges that are probably representative of the energy resources 
available for the application we envision (see Methods). In particu-
lar it seems very unlikely that the full, global renewable electricity 
generation potential of any given type could be exploited and used 
exclusively for NE H2. The estimated total potential electrical energy 
thus ranges from nearly 600 EJe yr−1 to more than 6,000 EJe yr−1, with 
solar dominating this potential (Table 1). Current global electricity 
generation is about 90 EJe yr−1 (ref. 29) and may be 300–600 EJe yr−1 
by 2100 (ref. 28).

The second requirement in our capacity estimations is an under-
standing of the efficiencies with which the preceding electricity 
could be converted to H2 generation and CO2 removal. Table 2 lists 
the estimated energy requirements and input/output stoichiom-
etries for three types of NE H2 process, as derived from theory and 
the experimentation cited in Fig. 1. From these examples, approxi-
mate representative values for a NE H2 system are listed (Table 2).  
In these estimates the CO2 footprint of renewable electricity,  
<​0.014 Gt EJe

−1 (ref. 27) is ignored, because the negative CO2 emissions 
per energy input in our representative NE H2 system, 0.15 Gt EJe

−1 
(Table 2), is more than 10 times greater than the preceding figure 
and probably within the uncertainties of the NE H2 estimates.

Using the global renewable electricity generation potentials 
(Table 1) and the ratio of H2 produced or CO2 removed per EJe of 
energy input (Table 2), the global potentials for energy production 
as H2 and for CO2 removal using NE H2 systems are then calculated 
(Table 1, see Methods). The total global energy potential ranges 
from roughly 300 to 3,000 EJH2 yr−1, while the global potential for 
atmospheric CO2 removal and storage ranges from about 90 to 
900 Gt yr−1 (Table 1). Note that these ranges only reflect ranges in 
potential renewable electricity availability, which appears to be the 
denominant source of global estimation variability relative to the 
much smaller within-parameter ranges listed in Table 2. The ranges 
in this table are also significantly larger than variations due to (i) 
the relatively small CO2 footprint of renewable electricity (above) 
and (2) the relatively small energy and CO2 penalties anticipated for 
mineral extraction, processing and transportation (Supplementary 
Section ‘Minerals’). A fuller consideration of system variability 
and parameter uncertainties would expand the ranges shown, but 
would be unlikely to significantly alter the mean quantities implied 
for each energy source sector. The majority of the preceding global 
energy generation potential and CO2 removal capacity comes from 
the use of solar energy. For perspective, current global H2 utilization 
is equivalent to only about 8 EJH2 yr−1, with demand growing signifi-
cantly for fuel, refining and energy storage30. Anthropogenic CO2 
emissions currently total 41 Gt yr−1 (ref. 31).

The GtCO2 removal potential per EJ of energy generation aver-
ages 0.30, as derived from the slope of the regression line shown 
in Fig. 2. This is at least seven times higher than that estimated 
for BECCS (0.04 Gt EJ−1; ref. 3). This suggests that when or where 
there is a choice between BECCS and NE H2, the latter could pro-
vide greater energy generation per unit CO2 removed. However, 
this feature must be weighed against the cost of performing either 
process in a given location, as well as the desirability of producing 
H2 versus electricity. This includes consideration of the demand 
and infrastructure for a given energy form, which presently greatly 
favours electricity. That, however, could change under ‘hydrogen 
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Fig. 1 | Various schemes for electrolytically generating H2 while 
consuming CO2 and transforming it to dissolved mineral bicarbonate. 
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economy’ scenarios30,32,33 that include greater integration of H2 into 
(1) transportation fuels, (2) conventional grid electricity systems 
by providing energy storage (Supplementary Section ‘Electricity 
sources and integration’) and (3) conventional hydrocarbon fuel 
refining (Supplementary Section ‘Integration into fossil energy’). 
We therefore believe that BECCS and NE H2 can be complementary 
in addressing global fuel and electricity needs, greatly expanding 
global, negative-emissions energy generation potential.

Within biomass energy production, we note the much higher 
global energy capacity values for BECCS than for biomass-powered 
NE H2 (Fig. 2). These higher BECCS values reflect the reporting3 
of global primary energy potential, 100–300 EJ yr−1, rather than 
as electricity or H2 as used in our analysis. However, the primary 
energy potentials for biomass energy reported by the IPCC28, 
21–116 EJ yr−1, average lower than those reported in ref. 3.

Economics
Because commercial-scale NE H2 systems have not been designed 
and demonstrated, estimating the cost of such systems is highly 
uncertain. Nevertheless, the following is an attempt at an initial  
economic assessment. Starting with the cost of input electric-
ity, Table 1 lists the low and high costs of each renewable energy 
source (see Methods for derivation). We then divide the pre-
ceding low and high electricity cost values by the representative  

conversion efficiency of renewable electrical energy to NE H2 (0.49, 
Table 2) to obtain the electricity cost ranges of NE H2 in units of 
US$ kWhH2

−1 (Table 1). To this we add the other capital, operation 
and maintenance costs (see Methods) to obtain total NE H2 cost 
ranges in US$ kWhH2

−1. The total undelivered energy production 
cost for NE H2 thus varies from US$0.07 kWhH2

−1 using low-cost 
hydroelectricity to US$0.64 kWhH2

−1 using the highest-cost solar 
electricity (Table 1 and Fig. 3). Note that the within- and across-
energy-source ranges of NE H2 costs are only affected here by the 
range in the cost of renewable electricity (US$0.01–0.29 kWhe

−1, 
Table 1), which we believe is the dominant source of our NE H2 cost 
estimation variability. A fuller consideration of system cost varia-
tion and uncertainties (when they become available) would expand 
these preliminary NE H2 cost ranges.

For any given energy source the average cost of NE H2 is about 
twice that of renewable electricity per kWh of energy produced, 
while the energy generation potential of NE H2 is approximately half 
that of renewable electricity (Fig. 3). The most cost-effective sources 
of NE H2 energy are hydro, geothermal, biomass and wind, with a 
total mean production potential of about 200 EJH2 yr−1 at costs rang-
ing from US$0.07 to US$0.29 kWhH2

−1 (Fig. 3). These costs are gen-
erally below the cost range estimated for BECCS electricity (Fig. 3).

The marginal cost of CO2 removal is estimated (see Methods) 
to range from US$3 tCO2

−1 (using lowest-cost hydroelectricity) to 

Table 1 | Global production potentials and costs of six categories of renewable electricity as reported by the IPCC27,28, as well as 
estimated NE H2 energy production and CO2 removal potentials and costs when powered by the preceding electricity

Input electricity source Geo-thermal Hydro Ocean Wind Biomass Solar Total

Global electricity production potential and cost estimates

 High (EJe yr−1) 614 51 169 333 88 5,141 6,395

 Low (EJe yr−1) 118 50 7 85 16 315 591

 High (US$ kWhe
−1) 0.07 0.04 0.21 0.11 0.12 0.29 –

 Low (US$ kWhe
−1) 0.03 0.01 0.12 0.04 0.02 0.07 –

Global NE H2 energy production potential and cost estimates

 High (EJH2 yr−1) 299 25 82 162 43 2,509 3,121

 Low (EJH2 yr−1) 58 24 3 41 8 154 288

 High (US$ kWhH2
−1) 0.19 0.13 0.48 0.28 0.29 0.63 –

 Low (US$ kWhH2
−1) 0.11 0.07 0.30 0.12 0.09 0.19 –

Global NE H2 CO2 removal potential and cost estimates

 High CO2 (Gt yr−1) 90 7 25 49 13 754 938

 Low CO2 (Gt yr−1) 17 7 1 12 2 46 87

 High (US$ tCO2
−1) 37 20 118 60 64 161 –

 Low (US$ tCO2
−1) 14 3 66 17 9 37 –

The lower heating value of H2 is used in the NE H2 calculations. Low and high estimates are based on the minimum and mean or median electricity production potentials and electricity costs previously 
reported27,28,34. See text and Methods for rationale and NE H2 value estimation procedures.

Table 2 | Stoichiometry of energy input and output, H2 generation and CO2 removal for the three NE H2 schemes shown in Fig. 1, as 
well as for an assumed representative system of such methods

Method Energy input (kJe / [mol 
CO2 removed +​ X mols H2 
produced])

X (mol H2 produced/
mol CO2 removed)

Energy input (kJe / [mol H2 
produced +​ 1/X mol CO2 
removed])

Energy efficiency 
(EJH2/EJe)

GtCO2 
removed/EJe

Fig. 1a 200 0.5 400 0.61 0.22

Fig. 1b 300 0.5 600 0.41 0.15

Fig. 1c 309 0.7 464 0.53 0.14

Representative system 300 0.6 500 0.49 0.15

Data are from theory, modelling and experimentation as cited in Fig. 1 and further discussed in the Methods. The lower heating value of H2, 242 kJ mol−1, is used in these calculations.
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US$161 tCO2
−1 using the highest-cost solar electricity (Table 1). 

These costs are within or below the cost range of reducing fossil 
or biomass energy CO2 emissions using CCS, US$50–150 tCO2

−1 
(ref. 34). As in the case of NE H2 energy production, the most cost-
effective CO2 removal and storage potential (US$3–60 tCO2

−1) is 
obtained by the use of hydro, geothermal, biomass and wind elec-
tricity, with a summed removal capacity of about 100 Gt yr−1 (Fig. 4).  
Such costs are also equivalent to or significantly lower than those 
estimated for BECCS, while the summed CO2 removal capacity 
of these four NE H2 sources is about 8 times larger than BECCS  
(Fig. 4). Far greater removal capacities, though at higher average 
cost, are available using ocean and solar electricity (Fig. 4).

Additional issues and opportunities
The preceding sections describe a negative-emissions energy strat-
egy with the potential to greatly expand the global resource beyond 
that previously estimated for BECCS, with the added benefits of 
(1) lessening or avoiding land use and land ecology impacts, (2) 
increasing the quantity of CO2 removal per unit of energy gener-
ated, (3) avoiding the expensive production and risky storage of 
concentrated CO2 inherent in CCS, and (4) achieving these benefits 
at estimated costs equivalent to or lower than BECCS. Carbon stor-
age occurs in NE H2 by converting CO2 to dissolved alkaline bicar-
bonates and carbonates that, when added to the already very large 
reservoir of these compounds in the ocean, provide long-term car-
bon sequestration while helping counter ocean acidification16,18,35.

Nevertheless, NE H2 is not without its limitations, potential 
environmental impacts, and significant uncertainties that could 
greatly diminish its global potential, cost–benefit and desirabil-
ity of use. These issues include (1) land use in energy and min-
eral harvesting, (2) water use for H2 production and for carbon 
sequestration, (3) the availability and cost of low-emissions elec-
tricity, (4) the determination of optimum electrochemical cell 
materials, design, operation and economics, (5) the energy and 
CO2-emission penalties of the preceding issues, (6) potential envi-
ronmental impacts of such systems, and (7) the ability of H2 to 
penetrate energy markets. See the Supplementary Information for 
a discussion of these topics.

This technology could also be integrated into conventional energy 
systems by providing a medium for energy storage or transport. For 
example, as noted above, NE H2 could be used to store intermittent 
or off-peak grid electricity in the form of H2, which could be con-
verted (via fuel cells) back to electricity at high-value periods, while 
also imparting CO2-emissions negativity to that storage. Additionally, 
nuclear-powered NE H2 could offer a novel, negative-emissions, 
nuclear-to-fuels pathway. NE H2 could also be used in conventional 
hydrocarbon refining to reduce, eliminate or reverse net CO2 emis-
sions from fuel use. Finally, any O2 co-produced from NE H2 could 
be used to oxyfire conventional, fossil-fuel combustion to produce 
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greater combustion efficiency and higher-concentration waste CO2 
streams that would lower the cost of CCS. A fuller discussion of the 
preceding topics is provided in the Supplementary Information.

Conclusions
With the potential to utilize a broad range of renewable energy 
sources, NE H2 significantly expands global, negative-emissions 
energy generation potential, assuming greatly increased H2 and 
negative-emissions markets can be realized. It could also be useful 
in reducing the carbon footprint of conventional fuel and electric-
ity production and of energy storage. It achieves these features by 
merging three separate technologies: renewable electricity, saline 
water electrolysis and enhanced mineral weathering. Further 
research is needed to determine the realizable capacity, econom-
ics and net environmental benefit of such systems. We also stress 
that the negative-emissions energy field is in its infancy and there-
fore the methods discussed here are unlikely to be the only ones 
ultimately worth considering (for example, refs 26,36–39). CO2 man-
agement strategies and research and development policies in the 
future therefore need to anticipate and encourage the emergence 
of additional approaches. This will maximize our chances of safely 
and cost-effectively increasing sustainable energy production while 
helping stabilize atmospheric CO2, the climate and ocean acidifica-
tion below the rapidly approaching critical thresholds.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41558-018-0203-0.
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Methods
Global H2 generation and CO2 removal potentials. Because NE H2 must 
be powered by non-fossil electricity to achieve maximum net CO2-emissions 
negativity, we start our estimation process by using previously reported27,28 ranges 
for technical, potential electricity production for six categories of renewable energy 
sources (Table 1). In the case of biomass and solar energy, however, primary energy 
rather than electrical energy was originally reported. To convert these to electrical 
energy, conversion efficiencies of 32% and 20%, respectively, are assumed28.  
For the purposes of this Article we use a low and high source electricity capacity 
range as defined by the minimum and median or mean values rather then 
the originally reported minimum and maximum values. This reflects more 
conservative global renewable electricity production ranges that are probably  
more representative of the electrical energy resources theoretically available for  
the application we envision.

The resulting potential electricity supply ranges (rows 1 and 2, Table 1), are 
then converted to NE H2 energy production ranges using a representative energy 
conversion efficiency of 0.49 (range 0.41–0.61, Table 2), and using the lower 
heating value (LHV) of H2, 242 kJ mol−1. This reference case is derived from the 
three separate NE H2 examples shown in Fig. 1 and listed in Table 2. In the example 
in ref. 20 (Fig. 1c), extraction of a concentrated CO2 gas stream from acidified 
seawater was originally reported, with the intent of synthesizing hydrocarbon 
fuel from this and from the co-produced H2. Instead, to convert this to an NE H2 
production system, we propose reacting the CO2(aq) (carbonic acid) concentrated 
in seawater (before degassing) with CaCO3(s) (for example, limestone) to 
spontaneously convert the dissolved CO2(aq) to Ca(HCO3)2(aq) (Fig. 1c). However, 
this reaction is at best only about 80% efficient in consuming excess CO2 (ref. 22), 
and we conservatively assume 50% efficiency for the present calculations. This 
CO2 removal is in addition to that effected by the release of the system’s produced 
dissolved mineral hydroxide into seawater and its subsequent consumption of CO2 
(Fig. 1c). Dividing the global electricity ranges (rows 1 and 2, Table 1) by 0.49 thus 
yields the NE H2 energy ranges and totals in EJH2 yr−1 (rows 5 and 6, Table 1).

In comparing NE H2 to BECCS energy production potential, we assume 
that the energy produced in the form of H2 and the primary or electrical energy 
produced by BECCS can be compared using common units of EJ yr−1. We also 
assume that either form of energy production qualifies as ‘negative-emissions 
energy’ and can be considered in strategies where the form of the negative-
emissions energy required is unspecified (for example, IPCC scenarios). Obviously, 
the quantity of NE H2 and BECCS ultimately used (below technical maximums) 
will be dictated by policy and market forces.

The global CO2 removal potentials for NE H2 (rows 9 and 10, Table 1) are 
estimated by dividing the potential electricity generation ranges (rows 1 and 2, 
Table 1) by the representative 0.15 GtCO2 removed per EJe (Table 2).

Estimation of NE H2 economics. In estimating the cost ranges for NE H2, we start 
with the cost of input electricity from a given source. Table 1 (rows 3 and 4) lists 
the low and high costs of each renewable energy source as reported by IPCC27. 
However, here we equate the high cost values to the reported27 mean or median 
US$ kWhe

−1 and the low cost estimates to the reported27 minimum US$ kWhe
−1 

values. We use these values rather than the minimum and maximum values 
because cost values above the mean are likely to be more representative of the 
minimum to mean or median input electricity generation potentials considered 
in our analysis. That is, costs above the mean cost of a given renewable electricity 
source will primarily be relevant only when global energy potentials are fully 
exploited, which we elect to avoid in our analysis. Not using present maximum 
electricity cost values is also justified because electricity production cost will 
probably be lower in the future due to technological advances that reduce capital 
costs and increase primary energy to electricity conversion efficiencies, the recent 
declines in wind and solar electricity production costs (post-dating the values used 
in this study) being prime examples of this40,41.

From the preceding US$ kWhe
−1 values we then calculate the electricity 

cost for NE H2 energy production as US$ kWhH2
−1 =​ (US$ kWhe

−1)/0.49, given 

the representative energy conversion efficiency listed in Table 2. Other capital, 
operation and maintenance costs must then be added to this energy cost, which is 
estimated to total an additional fixed cost of US$0.05 kWhH2

−1. This is derived from 
a previous assessment18 where (1) electrolyser cost is equivalent to US$14 tCO2

−1 
removed, (2) ground and delivered mineral costs are US$24 tCO2

−1 removed 
(Supplementary Section ‘Minerals’), (3) water pumping costs are US$2 tCO2

−1 
removed, (4) additional operation and maintenance costs are US$0.42 tCO2

−1 
removed, and (5) H2 pressurization costs are excluded. The total is thus 
US$14 +​ US$24 +​ US$2 +​ US$0.42 =​ US$40.42 tCO2

−1 removed. Given that 1.67 mol 
CO2 are removed per mol of H2 produced (Table 2), the lower heating value of 
H2 is 242 kJ mol−1 (0.067 kWh mol−1), and that 1 tCO2 =​ 22,727 mol CO2, the H2 
production cost equivalent (excluding electricity) is US$0.044 kWhH2

−1, which, to 
be cautious, we round up to US$0.05 kWhH2

−1. This is then added to the electricity-
only H2 production cost ranges calculated above, to arrive at a total cost range in 
units of US$ kWhH2

−1 for each of the renewable energy sectors listed (rows 7  
and 8, Table 1).

To determine a representative US$ kWhe
−1 cost range for electricity produced 

by BECCS, we took the reported cost range of biomass electricity34 and then 
increased this by 80% to estimate a BECCS electricity cost range, paralleling the 
average percentage increase in the cost of pulverized coal electricity when CCS is 
added34. This BECCS US$ kWhe

−1 range is shown in Fig. 3.
The marginal cost of CO2 removal is calculated as:

∕ = − × ×a B C DUS$ tCO ( )2

where a is the low or high NE H2 production cost (US$ kWhH2
−1) (rows 7 and 

8, Table 1), B is the value of the undistributed and unpressurized H2 produced, 
here assumed to be US$2 per kg H2 or US$0.06 kWhH2(LHV)

−1, equivalent to 
the production cost of conventional, steam-reformed methane-generated, 
unpressurized H2 (ref. 42), and C is the fraction of the net H2 cost expenditure that 
is attributable to CO2 removal (0.30). This fraction is derived by differencing the 
average energy efficiency of alkaline electrolytic H2 production (0.70; total range 
54–85%, ref. 43), and the representative energy efficiency of NE H2 (0.49, Table 
2), which is a 30% loss in efficiency, or a 30% increase in energy use to achieve C 
negativity. It is then assumed that the remaining, marginal non-energy cost of NE 
H2 CO2 removal composes the same fraction, such that total CO2 removal cost 
(US$ kWhH2

−1) =​ 0.30 ×​ total NE H2 cost. Finally, D =​ 924 kWhH2 tCO2
−1 as dictated 

by the 0.49 EJH2 per 0.15 GtCO2 removed in the reference NE H2 case (Table 2) so 
that US$ kWhH2

−1 is converted to US$ tCO2
−1. Note that the preceding assumes 

that the hydroxide produced by the system can be diluted and added directly to the 
ocean to effect ocean/air CO2 removal without the need for costly, engineered, air 
contacting systems16,18.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon request.
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