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Nina Notman meets the teams exploring the potential of locking Earth’s excess carbon dioxide
away for millions of years by turning it into rock
Iceland is widely touted as a leader in green energy, generating 100% of its electricity from renewable
sources. It might come as a surprise, then, to hear that this sparsely populated country has a huge
carbon dioxide emissions problem. This is because although Iceland’s two electricity sources –
hydropower and geothermal – are promoted as being clean, they do still cause the emission of
significant amounts of carbon dioxide and other gases.
A secondary issue is that Iceland produces a lot of electricity for industrial purposes, explains Eric
Oelkers, professor of geochemistry at University College London. The availability of copious amounts
of electricity at consistently low prices has attracted the global aluminium production industry to the
country. The extraction of aluminium from aluminium ore is a very energy-hungry process. ‘Iceland
imports aluminium ore, smelts it and then exports the aluminium again,’ Eric says.

Volcano power
Eric has been overseeing a novel initiative to reduce emissions at the country’s largest geothermal
power plant. Hellisheidi produces electricity and hot water from the Hengill central volcano, with a
capacity of 300 MW of electricity and 120 MW thermal.
The initiative, CarbFix, is a carbon capture and storage (CCS) project with a twist. Conventionally, the
carbon dioxide captured using CCS is stored underground in depleted oil and gas reservoirs or other
locations where it is unlikely to leak back out again. However, Iceland’s volcanic nature means it
doesn’t have any nicely sealed underground reservoirs suitable for long-term gas storage. Eric’s team
therefore needed to develop an alternative approach.
Instead, the team is injecting carbon dioxide captured at Hellisheidi into basalt, a reactive rock rich in
divalent cations such as calcium and iron. Here it reacts to form the carbonate mineral calcite
(CaCO3). This locks the gas away for millions of years in an environmentally benign manor. ‘The only
solution there was for Iceland was to get the carbon dioxide to react with basalts to make carbonated
rocks,’ Eric explains. ‘Once the carbon dioxide is mineralised it stays there forever: the average age of
a carbonate rock in the crust is 200 million years old.’
The project started in 2006, and has been through many design and testing stages. In 2016, the team
reported in Science surprising findings from its final pilot plant study at Hellisheidi. The carbon dioxide
they had injected into the basalt had reacted to form rock in less than a year; it had been predicted this
process would take many years.
But while the technology development has proceeded near perfectly, it hasn’t been a smooth ride
getting this far. ‘There have been some twists and turns in the story,’ Eric says. ‘Over the years it
became clear that there is no financial model to make carbon capture and storage work. Many of
these projects globally started shutting down. It costs money to do and if no government was going to
force people to do it, nobody would.’
The Icelandic government, however, was happy to fund the removal of a second hazardous gas from
Hellisheidi’s flue gases: hydrogen sulfide (H2S). Unlike carbon dioxide, hydrogen sulfide has an
immediate impact on the local population. ‘It smells of rotten eggs,’ Eric explains. ‘Because of
increasing energy production the levels of hydrogen sulfide were beginning to get too high in some
parts of Iceland. What we did is expand the capture and storage of carbon dioxide to capture and
store, simultaneously, hydrogen sulfide and carbon dioxide.’ Hydrogen sulfide, when injected into
basalt rocks, rapidly forms pyrite (FeS2), also known as fool’s gold. The hydrogen sulfide part of this
project is called SulFix.
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Since 2014, the CarbFix-SulFix project has been operating on a commercial scale. ‘About two-thirds of
the gases produced by the plant are currently injected and this will be upscaled to 100% within about a
year,’ Eric says. Without the capture technology, Hellisheidi emits about 40,000 tonnes of carbon
dioxide and 12,000 tonnes of hydrogen sulfide each year. To put this in context, this is about 5% of the
emissions that would come from a similarly-sized coal-powered plant.

The technology
The first generation of the CarbFix technology involved separating the carbon dioxide from the flue
gases, dissolving it in water and then injecting it into basalt rock. Water reacts with carbon dioxide to
form carbonic acid (H2CO3), which plays an important role in the mineralisation process. In the final
pilot study reported in Science, the gas from the plant was also combined with extra carbon dioxide
brought in from elsewhere, including some spiked with heavy carbon (carbon-13) to aid monitoring of
the mineralisation process. (Samples are still routinely taken from wells to monitor the pH and
geochemistry at the injection site.)
The request to capture and inject hydrogen sulfide from the flue gases as well allowed the process to
be simplified. ‘What we do now is take the exhaust gas from the power plant and put it through
something called a sparger, which is a fancy name for a shower,’ says Eric. ‘Raining water on the
exhaust causes the carbon dioxide and hydrogen sulfide to dissolve. We then take this pressurised
water and inject it directly into the ground. It’s very simple.’ The process has been shown to work with
both fresh and seawater.
Energy is the only major cost associated with the project once the system has been installed. ‘Energy
is used in the inner pressurisation of system used to dissolve the carbon dioxide and hydrogen sulfide
in the gas,’ Eric explains. But the amount of energy required is far less than for conventional CCS
units that inject the gas into disused oil wells and the like. It has been estimated the CarbFix-SulFix
process will use up approximately 0.2% for the power produced at Hellisheidi. This compares well to
the 3 to 10% typically reported for conventional CCS units at coal- and gas-fired power plants. This
equals significant cost savings. ‘The cost of doing this is approximately $25 a tonne, compared to in
the order of $60 to $120 a tonne with conventional technology,’ says Eric.
The success of this mineralisation process opens the doors for the CarbFix-SulFix setup to be
replicated at other power plants. ‘Basalts are very abundant,’ says Eric, both on land and under the
sea. ‘Pretty much all the ocean floors are basalts, which is an advantage because people don’t seem
to want carbon dioxide injected underneath their homes,’ he adds. Ultimately, however, Eric believes
that politics will determine whether the technology is eventually used elsewhere.
Meanwhile, in January 2017, his team started to develop their technology to capture carbon dioxide
directly from the air. ‘Less than half of the carbon dioxide that goes into the atmosphere comes from
power plants. More than half comes from cars, jet planes, etc. We're going to have to air capture
eventually,’ he says. Again, this technology would be suitable for any site near basalts and with lots of
water available. ‘We’re teaming up with an air capture company to do this on the coastline of Iceland.’

Over the pond
Eric’s team are not the only ones looking at the potential of capturing carbon dioxide and turning it into
rock. The CarbFix project is, however, by far the most advanced. To date, only one other team – the
Big Sky Carbon Sequestration Partnership at Montana State University in the US – has taken the
testing of this technology out of the lab and into the field.
In 2013, the Big Sky team, together with the not-for-profit organisation Battelle, injected around 1000
tonnes of carbon dioxide into basalt rock at a site in Washington State. ‘This was a moderate scale
pilot where we injected purchased carbon dioxide, we didn’t capture it. It was to prove the principle,’
explains the project’s director Lee Spangler. ‘The purpose of the pilot was to field test injection of
carbon dioxide into basalts, and see in situ what the chemical reactivity was, and how quickly that
carbon dioxide would start turning into rock.’
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‘The major difference between what we were doing and what has been done in Iceland is that the
Icelandic team dissolve the carbon dioxide in water or brine before it is injected, whereas at the pilot
we performed, it was injected as pure carbon dioxide gas,’ Lee says. =
There is some brine or water in basalt rock naturally, but the absence of the step to pre-dissolve the
carbon dioxide could change the chemistry of the mineralisation process. ‘Carbon dioxide dissolved in
water becomes carbonic acid, and the reactivity of that can be different to injecting free phase carbon
dioxide,’ says Lee. ‘Battelle laboratory tests showed it would still rapidly convert to minerals, but we
wanted to check it in situ. The advantage of injecting it as pure carbon dioxide is that you don’t have to
go through that step of dissolving it in water.’ Removing the pressurised water step will obviously
reduce costs.
The pilot was a success, and sampling and monitoring at the site continued for a further 18 months
following the injection process. The funding for this project has now ended and Lee’s team have
turned their attention to conventional CCS. The so-called Kevin Dome Project is testing the potential of
storing gaseous carbon dioxide long-term at an underground site in Montana.

How Mars turned to rock
Although the concept of capturing carbon dioxide from flue gases, or the air, and turning it into rock
may sound a little out-there, it is a process that occurs naturally on Earth – albeit very slowly.
Researchers in Glasgow also believe the same process may have been responsible for the dramatic
thinning of the atmosphere on Mars a few billion years ago. The thin layer of gas that surrounds this
planet contains around 95% carbon dioxide. Evidence, such as dried up river beds on its surface,
suggests around 4 billion years ago the atmosphere was much thicker – thick enough to support life in
fact.
It is not known for sure what happened to all that gas, but one theory is some of the carbon dioxide
was sucked into rocks and mineralised. In 2013, scientists at the University of Glasgow reported
evidence to support this claim; they found veins of carbonate minerals in a Martian meteorite thought
to have landed on Earth around 3000 years ago.
‘In the laboratory we are now using high-pressure, high-temperature experiments to recreate
approximately the Martian environment at that time,’ explains PhD student Adrienne Macartney. ‘The
idea is to try to chemically and visually replicate the kind of carbonates we see in the Martian
meteorites, with the general notion being if you’re chemically and physically replicating them, then
perhaps the conditions you’ve used are similar to those on very early Mars.’
The similarities between these two research fields is obvious. ‘Mars is an example where we know a
very similar process to CarbFix’s has happened naturally. But it’s happened on a very large, planetary
scale. The areas we are looking at are hundreds of thousands of kilometres of potential reaction site,
instead of just like couple of square kilometres in Iceland,’ Adrienne says.
Studying the natural process on Mars might also help us predict the potential impacts of CCS. ‘The
work to understand the extent to which it potentially has affected the atmosphere on Mars might be
helpful to help quantify the effects which this kind of technique might have on Earth. At the moment,
there’s really not much dialogue between carbonate researchers on Mars and Earth.’
This is something Adrienne hopes to address. ‘We have an enormous amount of expertise in a lot of
the same problems, so we may just find there’s a lot more efficiency in solving the terrestrial climate
issues if we worked together.’
Article by Nina Notman, a science writer based near Baltimore, US.

Further reading
• The CarbFix project: bit.ly/carbfix-project
• Basalt pilot project: bit.ly/big-sky-basalt
• University of Glasgow, planetary science and astrobiology research group:
solarsystemrocks.org/current-research
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