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1. Introduction 
Part 1 of this series (linked below) was mostly about plants “of the green type, not the 
product-production type.” Ironically, this is about the other type: the product production 
type.  

https://energycentral.com/c/ec/new-networks-part-1-beccs  

Many manufacturing processes produce solid waste. Although some of this waste can 
be used to create other products or naturally decay in a beneficial manner (like 
agricultural waste), much of it is not so benign. This includes mining and refining 
processes that produce alkaline mineral waste, including: …a wide array of rock and 
mud-like wastes from mining, cement and aluminum production, coal burning, and other 
large-scale industrial processes.1  

Most of this waste is currently stored in ponds, and there are huge amounts of it. The 
main issue with this storage is that these ponds must be maintained in perpetuity. 
Occasionally a dam impounding one of these ponds damaged or destroyed by 
earthquakes, floods are simple neglect, and this results in a major disaster for example, 
a dam failure in Hungary released a 2-meter-high wall of red mud—an alkaline waste 
from aluminum production—that killed 10 people and buried villages. 

This paper covers several potential methods using mineral incorporation (a.k.a. 
mineralization) to store and/or permanently sequester carbon dioxide (CO2), the main 
greenhouse gas (GHG). Section 2 below is about a simple process that will combine two 
hazardous industrial wastes, alkaline mineral waste and carbon dioxide (CO2). This 
process creates a stable mineral that can be safely buried or perhaps used in long-lived 
structures. Others that are described in section 3 are similar methods already in use. 

2. Storage of CO2 in Alkaline Mineral Waste 
I’m reasonably sure that most readers have seen or owned a seltzer bottle. This device 
makes carbonated water by using a CO2 cartridge to put tap-water under pressure with 
the CO2 gas. When you do this a small percentage of the carbonated water (significantly 
less than 1%) forms carbonic acid (H2CO3). When this acid interacts with an alkaline 
material, it creates a salt. For instance, when carbonic acid reacts with limestone, it 
creates highly-soluble calcium bicarbonate.2 This is the process that carves many caves. 
When the water evaporates, the CO2 is released and it leaves calcium carbonate. This 
forms the stalactites, stalagmites and columns in the caves. 

In July 2019, Gregory Dipple, a geologist at the University of British Columbia, 
Vancouver, and his team visited the Gahcho Kué diamond mine, just south of the Arctic 
Circle… Gahcho Kué… is an expansive open pit mine ringed by sky-blue lakes. There, 
the mining company De Beers unearths some 4 million carats’ worth of diamonds 

                                                 
1 Robert F. Service, Science, “The Carbon Vault”, Sep 4, 2020, 

https://science.sciencemag.org/content/369/6508/1156 Note that access to the full article may be limited. 
2 Wikipedia article on carbonic acid, https://en.wikipedia.org/wiki/Carbonic_acid  

https://energycentral.com/c/ec/new-networks-part-1-beccs
https://science.sciencemag.org/content/369/6508/1156
https://en.wikipedia.org/wiki/Carbonic_acid
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annually… they were looking to use the mine’s crushed rock waste as a vault to lock up 
carbon dioxide for eternity.1 

At Gahcho Kué, Dipple’s team bubbled a mix of CO2 and nitrogen gas simulating diesel 
exhaust through a grayish green slurry of crushed mine waste in water. Over 2 days, the 
slurry acquired a slight rusty hue—evidence that its iron was oxidizing while its 
magnesium and calcium were sucking up CO2 and turning it into to carbon-based 
minerals. The CO2-hungry waste from the diamond mine is an exotic deep-earth rock, 
shot up to the surface in the volcanic eruptions that bring up diamonds. But a wide array 
of rock and mudlike wastes from … large-scale industrial processes share a similar 
affinity for the greenhouse gas. Known as alkaline solid wastes, these materials have a 
high pH, which causes them to react with carbonic acid. And unlike other schemes for 
drawing excess CO2 from the atmosphere, these reactive rocks can both capture the gas 
and store it, locked away permanently in a solid very stable mineral. 

Today, mines and industry generate some 2 billion tons of alkaline solid wastes every 
year, and more than 90 billion tons are stored behind fragile dams and heaped in waste 
piles, a threat to people and ecosystems… 

Carbon-based minerals, or carbonates, are among the most stable on Earth, adds 
Siobhan “Sasha” Wilson, a biogeochemist at the University of Alberta, Edmonton. “It’s a 
really robust place to store CO2,” she says. 

And suitable rock waste is plentiful. Ultramafic wastes is the rock in which diamonds, 
along with metals such as nickel, platinum, and palladium are found. Ultramafic rocks 
are volcanic rocks with a low silica and potassium content, high magnesium and iron 
content. The Earth's mantle is composed of ultramafic rocks. The report referenced 
here3 described CO2 storage in ultramafic mine wastes as “low-hanging fruit.” Today, 
some 419 million tons of this and less alkaline “mafic” wastes are produced annually. If 
fully carbonated, they could lock up 175 million tons of atmospheric CO2 per year. Then 
there are the alkaline wastes from aluminum, iron, steel, and cement production, which 
could bring the total up to at least 310 million tons—and by some estimates more than 4 
gigatons (GTs)—of CO2 trapped each year. The somewhat less alkaline basalt rock 
powder generated by coal production could sequester another 2 GTs per year, Phil 
Renforth of Heriot-Watt University and his colleagues have calculated alkaline wastes 
could in principle provide more than half of the negative emissions that the IPCC report 
referenced here4 has called for: C.3. All pathways that limit global warming to 1.5°C with 
limited or no overshoot project the use of carbon dioxide removal (CDR) on the order of 
100–1000 GtCO2 over the 21st century. CDR would be used to compensate for residual 
emissions and, in most cases, achieve net negative emissions to return global warming 
to 1.5°C following a peak (high confidence). 

One primary challenge is developing a process that is both fast and thorough – turning 
the alkaline waste into a solid rock, that can be buried or used in an application, and 
absorbs the required amount of CO2 into this rock. 

                                                 
3 National Academies of Sciences, Engineering, and Medicine (see page v through vii for the list of 

authors), “Negative Emissions Technologies and Reliable Sequestration”, 2019, 

https://www.nap.edu/download/25259  
4 Intergovernmental Panel on Climate Change, “Special Report: Global Warming of 1.5 ºC”, 2018, 

https://www.ipcc.ch/sr15/  

https://www.nap.edu/download/25259
https://www.ipcc.ch/sr15/
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At Gahcho Kué, Dipple and his students tested a way to speed up the process. The 
mine’s tailings include a wet, siltlike slurry and dry, sandlike grains. Dipple and his 
students packed a 6-meter-tall column with the greenish slurry and sprayed water on 1 
cubic meter of the sand. With both their slurry and dry wastes, they bubbled in a mix of 
gases—10% CO2 and 90% nitrogen—that matched the exhaust from the local diesel 
power plant that powers the mine.1 

The waste soaked up CO2 for as long as 44 hours, they found, converting it into 
minerals. The newly made magnesium carbonate minerals acted like glue, solidifying the 
previously free-flowing tailings, much like sand turned to sandstone. Most important, the 
waste took up CO2 200 times faster than it did through natural weathering, Dipple says. 

Much work remains to be done with the above process. I saw several suggestions for 
optimizing it to make it more efficient. However the key is the economics – how can a 
commercial firm monetize this process?  

Yet even if large-scale mineralization works, scaling it up will carry daunting costs, both 
financial and environmental. Quarrying, crushing, and grinding ultramafic rocks would 
cost only about $10 per ton of CO2 absorbed, Wilson and her team estimate. Moving the 
rock, stirring it, and other steps to speed mineralization would likely boost the cost to 
between $55 and $500 per ton of stored CO2. That’s similar to the cost of more 
traditional direct air capture using liquid amines, which has already gained widespread 
attention and commercial interest. 

…Looming just as large as cost is the question of how to entice companies to build a 
vast carbon capture industry. Existing government incentives to reduce carbon are little 
help. The United States offers a tax credit of $50 per ton of CO2 that gets stored 
underground. California’s low carbon fuel standard also rewards companies that 
sequester carbon. And carbon taxes in place in 29 countries encourage carbon 
reductions. But none of those incentives rewards mineralization as a way to lower 
atmospheric carbon. 

… All that mining, grinding, and transportation would itself generate CO2, unless it were 
powered with renewable energy. And if even a tiny bit of the heavy metals from the 
pulverized rock leached out, mountains of rock waste could risk contaminating 
groundwater. 

Any greenhouse gas (GHG) that is removed from the atmosphere or captured from an 
emitting process and sequestered can result in an offset credit in the California Cap and 
Trade Program (CCTP) and other similar greenhouse reduction programs. This GHG 
emission reduction or GHG removal enhancement project must be real, additional, 
quantifiable, permanent, verifiable, and enforceable. These offset credits have value 
(they are traded in various markets), and thus could be a way of monetizing the above 
process, but they are probably not currently sufficient, thus their value needs to increase 
in the future.  

Offset credit systems are very complex. For more detailed explanation go to the earlier 
post described and linked below. 

Carbon Offsets: Offsets are financial instruments that are used by the CCTP and other 
similar programs. In this paper we will review the types of offsets, offset protocols and 
offset verification. 
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https://energycentral.com/c/cp/carbon-offsets  

Regarding generating offset credits for alkaline waste mineralization, California and 
other programs would need to create a Projects Compliance Offset Protocol (or similar 
framework) for mineralization, which it does not currently have. This would also apply to 
other similar processes, described in the next section. 

3. Other Methods using Mineralization for Carbon Capture 
The following methods bootstrap CO2 storage by incorporating it into a process where 
(1) it makes the process more efficient, and (2) CO2 ends up being stored in the material 
being manufactured. 

3.1. Concrete Solution 
About two years ago, I posted a detailed review of the cement and concrete industries, 
since this is one of the largest emitters of GHG. This is described and linked below. 

Concrete Greenhouse: This paper is about the cement and concrete industries, their 
energy use, greenhouse gas (GHG) emissions, and how they might reduce the 
emissions in the future. 

https://www.energycentral.com/c/cp/concrete-greenhouse  

In section 3.2 of that post I discovered a company that was incorporating CO2 into 
concrete as an admixture. I cover them again below (mainly a copy of the prior post), 
plus several other firms that are implementing somewhat different technologies to 
achieve the same result – reduced GHG. 

CarbonCure Technologies5 has developed a technology to add CO2 to concrete, and 
this firm is well funded via well-known "breakthrough" environmental venture capitalists, 
including Breakthrough Energy Ventures with the participation of GreenSoil Building 
Innovation Fund, BDC Capital, Pangaea Ventures, 350 Capital, Innovacorp, Brightpath 
Capital Partners, Neo Ventures, the Shaw Group, Power Generations, and Carmanah 
Management. 

This technology adds CO2 to concrete as it is being mixed. Although the percentage is 
rather low (25 lb. of CO2 per cubic yard of concrete), given the huge quantities of 
concrete that is used in construction, this technology can sequester a significant quantity 
of GHG. CO2 injected into concrete chemically converts to a mineral and will never re-
enter the earth’s atmosphere. 

The mechanism of carbonation of freshly hydrating cement was systematically studied in 
the 1970s at the University of Illinois. The main calcium silicate phases in cement were 
shown to react with carbon dioxide, in the presence of water, to form calcium carbonate 
and calcium silicate hydrate gel. Further any calcium hydroxide present in the cement 
paste will react, in the presence of water, with carbon dioxide. 6 

                                                 
5 https://www.carboncure.com/technology/  
6 CarbonCure Technologies, "Properties and durability of concrete produced using CO2 as an accelerating 

admixture", 2016, https://info.carboncure.com/hubfs/Downloads/White%20Paper%20Downloads%20-

%20New%20Website/Properties%20and%20Durability%20of%20Concrete%20Produced%20Using%20C

O2%20as%20an%20Accelerating%20Admixture.pdf  

https://energycentral.com/c/cp/carbon-offsets
https://www.energycentral.com/c/cp/concrete-greenhouse
https://www.carboncure.com/technology/
https://info.carboncure.com/hubfs/Downloads/White%20Paper%20Downloads%20-%20New%20Website/Properties%20and%20Durability%20of%20Concrete%20Produced%20Using%20CO2%20as%20an%20Accelerating%20Admixture.pdf
https://info.carboncure.com/hubfs/Downloads/White%20Paper%20Downloads%20-%20New%20Website/Properties%20and%20Durability%20of%20Concrete%20Produced%20Using%20CO2%20as%20an%20Accelerating%20Admixture.pdf
https://info.carboncure.com/hubfs/Downloads/White%20Paper%20Downloads%20-%20New%20Website/Properties%20and%20Durability%20of%20Concrete%20Produced%20Using%20CO2%20as%20an%20Accelerating%20Admixture.pdf
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An admixture is a chemical that is added to concrete to enhance its consistency when 
pouring and/or other characteristics when hardened. Adding a CO2 admixture to a ready 
mix truck is described below. CO2 can also be added to a batch process and used for 
concrete blocks, bricks, pipes and other precast products. 

The injection of CO2 varies depending on whether the customer has a central mixer 
operation or a dry-batch operation. In the case of a central mixer operation, a fixed CO2 
outlet is positioned to inject the CO2 into the discharge hopper as the concrete is being 
dumped from the mixer into the truck. In the case of a dry-batch operation, the injection 
device is an extendable flexible abrasive resistant hose housed inside a fixed position 
steel tube positioned next to the cement pipe. The hose is extended and retracted from 
the ready mix truck chute using an air cylinder controlled by the CarbonCure 
Technologies system and injects the CO2 after the other dry components have been 
batched. 7 

Strength Testing: Five batches of concrete were tested: a reference mixture, a reference 
mixture that used a proprietary non-chloride accelerating admixture, and three batches 
that were treated with increasing doses of carbon dioxide. 

Concrete treated as described above were used to cast 100 to 200 mm cylinders for 
compressive strength testing at ages of 1, 3, 7, 28, 56, 91 and 182 days.  

The concrete containing the non-chloride accelerator was 9% stronger than the 
reference at 1 day, ranged between 2 and 3% up to 56 days, and was 14% stronger at 
later ages.  

Compressive strength measurements of the CO2-injected concrete batches revealed that 
the best results came from the lowest dose, which provided a 14% improvement of the 
compressive strength for the cylinders tested at 1 day and 10% at 3 days. It was 
functionally equivalent to the reference at ages beyond 7 days where the benefit varied 
between 1 and 8%. 

At all ages, except for 91 days, the strength decreased as the CO2 dose was increased. 
The ranges of dosages used in the different batches indicates that an optimal dose of 
CO2 for strength development would be lower than 0.30% and likely on the order of 
0.05% to 0.15%. 

August 21, 2018 (from CarbonCure Technologies  Web Site referenced above): 
Following an extensive year-long testing procedure at the U.S. Concrete National 
Research Laboratory in San Jose, CA, Central Concrete, a northern California business 
unit of U.S. Concrete, Inc. (NASDAQ: USCR), committed to a first phase roll-out which 
includes installing the CarbonCure Technology in its seven West Bay Area plants. 

To update this, I verified that Central Concrete is still using Carbon Cure Technology, as 
are more than 200 other concrete suppliers in North America. Go through the link below 
to see these. 

https://www.carboncure.com/producers/  

And go through the link below for reference projects. These are all over North America. 

                                                 
7 CarbonCure Technologies, "Ready Mixed Concrete Technology System", 2016, 

https://emcoblock.com/pdf/divisions/bay-ready-mix/CarbonCure-Ready-Mixed-Technology-System1.pdf  

https://www.carboncure.com/producers/
https://emcoblock.com/pdf/divisions/bay-ready-mix/CarbonCure-Ready-Mixed-Technology-System1.pdf
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https://www.carboncure.com/resourcetype/reference-projects/  

Solidia Technologies8 is a U.S. Company based in New Jersey. They appear to be 
trying to go one step further than CarbonCure by also developing a process to make 
low-carbon cement. Cement is the binder in the mixture that goes into concrete. They 
also, like CarbonCure, have a process for reducing the GHG produced by concrete 
making. The only issue is that these processes still seem to be under development, and 
they do not have any concrete (or cement) suppliers or reference projects on their site. 

The good news is that I found a recent paper linked from their site that is referenced 
here9 and that had thorough testing results: 

Conclusions 

The production of SC (Solididia cement) typically results in 30% reductions in CO2 
emission and energy consumption compared to the production of OPC (ordinary 
Portland cement). Concretes using SC also consume up to 300 kg of CO2 per tonne of 
SC during CO2 curing. The carbonation of SC produces calcite (CaCO3) and amorphous 
silica (SiO2). The mechanical properties of SC concrete are equivalent or better than 
OPC concrete, and they are achieved within a shorter curing period. 

SC concrete passes freezing-and-thawing testing in fresh water per ASTM 
C666/C666M, Procedure A, with RDME (relative dynamic modulus of elasticity) greater 
than 90% after 540 freezing-and-thawing cycles. Also, SC concrete exhibits negligible 
mass loss due to scaling during the freezing-and-thawing testing.  

SC mortar bars exhibit excellent resistance to ASR (alkali silica reaction), as mixtures 
comprising fused silica sand show minimum expansion. SC mortar bars also exhibit 
excellent resistance to sulfate attack, as specimens exposed to sodium sulfate solution 
show minimum expansion. 

The two coauthors of this paper are Sada Sahu, Principal Scientist at Solidia 
Technologies, Inc. and Richard C. Meininger, civil engineering pavement and materials 
Researcher at the Federal Highway Administration (FHWA). 

CO2Concrete, LLC10 appears to be a young startup that was spun out of UCLA. Their 
process is described below (from their website). 

The CO2Concrete technology turns carbon dioxide emissions into CO2Concrete™ 
products that can replace traditional concrete, with a much lower CO2 footprint. The 
technology is based on the concept of “CO2 mineralization” – the conversion of gaseous 
CO2 into solid mineral carbonates (e.g., CaCO3) within the CO2Concrete™ products. 

This chemical reaction is robust, and strengthens the fresh CO2Concrete™ products into 
components exceeding industry standard performance metrics. Key advantages of the 
technology include the following: 

                                                 
8 https://www.solidiatech.com/solutions.html  
9 Sada Sahu and Richard C. Meininger, Concrete International, “Sustainability and Durability 

of Solidia Cement Concrete”, August, 2020, 

https://www.concrete.org/publications/internationalconcreteabstractsportal.aspx?m=details&ID=51728105  
10 https://www.co2concrete.com/carbon-capture-process/  

https://www.carboncure.com/resourcetype/reference-projects/
https://www.solidiatech.com/solutions.html
https://www.concrete.org/publications/internationalconcreteabstractsportal.aspx?m=details&ID=51728105
https://www.co2concrete.com/carbon-capture-process/
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 Direct utilization of CO2 from flue gases without a need for carbon capture 
systems (e.g., amine strippers) 

 Process flexibility to accommodate flue gas streams with widely varying CO2 
concentrations, and presence of acid gases 

 Process operates at ambient pressure and temperature, minimizing extrinsic 
energy requirements 

 Material formulation requires no ordinary Portland cement (OPC) to exceed 
industry standards for component performance 

The main difference from CarbonCure is that they indicate that their process can accept 
direct flu gas streams, whereas CarbonCure requires pure CO2. The bad news is that 
they apparently have no reference users or projects. 

Carbicrete11 is another start-up based in Montreal, PQ, Canada. They are essentially 
using the same processes described in section 2 above to manufacture concrete blocks 
(CMUs or concrete masonry units) without cement, but with steel slag. 

Carbicrete’s technology enables the production of high-quality concrete using mineral 
waste and CO2 as raw materials. 

Using a process called carbonation activation, we eliminate the need for cement in 
concrete by replacing it in the mix with ground steel slag, a by-product of steel-making. 
The concrete mix is poured into molds just like conventional concrete and is then cured 
using CO2. 

During curing, the gas becomes a solid, binding together the slag granules, and giving 
the concrete its strength. 

The process can be implemented in any precast concrete manufacturing plant…and 
injects CO2 into its products. Because more CO2 is consumed than emitted during the 
process, it is carbon-negative, allowing users of the technology to lower their carbon 
footprint. 

In one of their press releases they indicated they would have a pilot manufacturing plant 
operating by August 2020, but in a search on 22 October, I didn’t find any information 
about this. Neither did I find any test data. 

Note that I also identified several firms in the UK that produce products similar to the 
above. I normally focus on the U.S. (or at least North America), so I will not add any text 
on these, but I’ve pasted their links below. 

http://www.cacaca.co.uk/?fbclid=IwAR03-bZ711CpEZRgS1LXuzb7XDgj-
HEaPP1093FYE7W61xx4OVFB8BMW9CM#technology  

https://www.mineralcarbonation.com/our-co2-solution  

https://oco.co.uk/technology/  

http://www.blueplanet-ltd.com/#technology  

https://www.orbix.be/en/technologies  

                                                 
11 http://carbicrete.com/technology/  

http://www.cacaca.co.uk/?fbclid=IwAR03-bZ711CpEZRgS1LXuzb7XDgj-HEaPP1093FYE7W61xx4OVFB8BMW9CM#technology
http://www.cacaca.co.uk/?fbclid=IwAR03-bZ711CpEZRgS1LXuzb7XDgj-HEaPP1093FYE7W61xx4OVFB8BMW9CM#technology
https://www.mineralcarbonation.com/our-co2-solution
https://oco.co.uk/technology/
http://www.blueplanet-ltd.com/#technology
https://www.orbix.be/en/technologies
http://carbicrete.com/technology/

