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Abstract 
 

The cement industry is faced with the challenge of reducing the large amounts of 
carbon dioxide emitted during the production of ordinary Portland cement.  Although 
improvements can be made to the existing process, these would not bring about 
significant reductions in carbon dioxide.  Thus a more realistic solution strategy is to 
replace ordinary Portland cement with an alternative binder, which emits dramatically 
less carbon dioxide.  Such an alternative would face harsh scrutiny in regards to its 
mechanical properties, costs, processing, and applications. These challenges, while 
significant, do not prevent such a material from achieving wide-spread use in the 
construction industry.  The goal of my research is to further examine the mechanical, 
chemical, and engineering properties of an alternative binder.  California would be the 
initial target audience for a low carbon dioxide cement due to the unique position of the 
state in addressing global climate change. 
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1.0 Introduction-The current environment 
The last decade has seen societies in much of the western world rethink 

environmental stewardship.  The call for environmental preservation and sustainable 
societies necessitates solutions and prevention of human created environmental damage.  
The construction industry is a crucial area when addressing these concerns due to its high 
generation of waste and pollution, in addition to its consumption of energy and 
resources.1    
 

Currently, the most pressing environmental concern is global warming (see Fig. 1).  
In recent decades the composition of the atmosphere has changed significantly due to 
human production of numerous greenhouse gases (carbon dioxide, methane, nitrous 
oxide, PFCs, HFCs and SF6).

2  The increased level of greenhouse gases (GHG) in the 
atmosphere has led to a noticeable change in the earth’s temperature, which threatens to 
adversely affect both the environment and economic institutions throughout the world.2,3   
  

 

 
 

Figure 1: The rise in the earth’s temperature over  Figure 2: Rates of CO2 levels versus all GHGs over a 
the past 150 years.2    150 year period.2 
 

Of the greenhouse gases causing global warming, carbon dioxide (CO2) is the main 
contributor.2,3 The level of carbon dioxide versus the levels of all greenhouse gases, 
labeled Kyoto gases (carbon dioxide, methane, nitrous oxide, PFCs, HFCs, and SF6) is 
shown in Figure 2.  The major sources of greenhouse emissions are fossil fuel 
combustion (54%), deforestation (9%), the cement industry (5%), and other activities 
(34%) of which significant amounts come from agricultural operations, mostly in the 
form of methane (see Fig. 3).4  Due to the changing economies of the world, it is 
expected that over the next 25 years there will be a 50% increase in the consumption of 
fossil fuels mainly due to the growing economies of the developing world.5  Finally, it is 
anticipated that increased governmental regulations of CO2 will play a greater role in 
influencing private industry sectors.6,7,8   
   
1.1 Portland cement and carbon dioxide 

The cement industry represents a small yet significant proportion of total global 
carbon dioxide emissions (7% global anthropogenic pollution).4,8  Of these emissions 
produced by the cement industry, 50% result from the chemical processing, 40% from the 
burning of fuel, 5% from transportation, and the remaining 5% from electricity used in 
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manufacturing operations (see Fig. 3).4  The chemical reaction of producing cement 
clinker from limestone (composed largely of calcium carbonate: CaCO3) produces 
calcium oxide (CaO) and carbon dioxide (CO2) as illustrated in the following 
stoichiometry:  

3CaCO3 +SiO2 → Ca3SiO5 + 3CO2    (1) 
 

The chemical conversion of limestone to calcium oxide reveals the inherent 
production of carbon dioxide.  The resulting chemical equation states that for every ton of 
C3S (Ca3SiO5

1) produced from limestone a resulting 579 kg of CO2 gas is emitted solely 
from the chemical reaction, regardless of the process used or the fuel efficiency.9 
    

 
 
 
 
 
 
 
 

Figure 3: Portion of CO2 produced by the cement industry and breakdown those sources.4  
 

Fossil fuels used in the production of clinker represent the second largest contribution 
of carbon dioxide from ordinary Portland cement.  Alternative fuels have been examined, 
but have yet to be proven as viable options.9  For example electrical kilns are a poor 
substitute because the electricity is mostly generated from fossil fuels (especially in North 
America), but only at a rate of 40% energy efficiency.9  Solar powered kilns face the 
challenge of huge collective units and variable power supply, while nuclear is not seen as 
a sustainable energy source by more serious environmentalist.     
 

The remaining sources of carbon dioxide in Portland cement result from 
manufacturing energy and transportation.  The energy necessary for the manufacturing 
process of Portland cement is already a highly energy efficient process due in part to the 
OPEC embargo of the 1970’s.9  Thus it seems unlikely that new manufacturing processes 
would result in any substantially energy efficiencies.  Transportation of raw materials and 
other supplies during the production of cement results in CO2 due to the use of fossil 
fuels in transportation vehicles.  Although the associated CO2 levels for transportation are 
relatively low, 5%, switching to a raw material not as abundant as limestone could 
dramatically increase this value; hence canceling out any positive CO2 reduction.     

 
Industry experts estimate that global carbon dioxide emissions will be required to 

achieve reductions of 30% by 2020 and this level could increase to 50% by 2050.4  These 
values are the result of a third party study4 based upon The Cement Sustainability 

                                                 
1 Please note that cement chemistry notation is used throughout the text: C = CaO, S =SiO2, A = Al2O3,  

M = MgO, K = K2O, N = Na2O, S= SO3, C = CO2, H = H2O 
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Initiative8, an environmental program on behalf of ten of the largest cement companies in 
the world.  Emission reductions in cement manufacturing using conventional methods 
were explored and found to yield possible reductions of 30% by the year 2020.4  Typical 
schemes for reducing carbon dioxide levels are expected to be achieved through energy 
efficiency improvements, use of alternative raw materials (i.e. fly ash, or blast furnace 
slag), and use of alternative or low carbon fuels.    The findings of the said report also 
acknowledge that most carbon dioxide mitigation approaches will have been exhausted 
by 2020, and that many of these improvements will turn out to be infeasible.4   
 

To address concerns that the reduction of carbon dioxide levels in the manufacturing 
of cement is limited, more aggressive solution strategies should be implemented.  
Remaining opportunity areas for CO2 reductions in cement manufacturing are hybrid 
cement-energy facilities, carbon capture and sequestration, and non-limestone based 
binders.  The subsequent part of this paper will focus on alternative cement binders; 
leaving the other mitigation strategies for the reader to explore on their own. 
 
 
2.0 Alternative cement binders 

The limited ability to reduce carbon dioxide emissions in ordinary Portland cement 
along with increasing governmental regulations on emissions necessitates the 
development of alternative cement binders.  Solution strategies range from a single 
alternative that will completely replace Portland cement to numerous regional solutions.  
Local or regional strategies offer the potential for avoiding new and unforeseen 
environmental problems associated with the continued worldwide demand for a single 
mix design.  Another critical issue is whether binders from raw materials, industry by-
products, or human-made resources should be sought.   
 

Regional cement mixtures although initially attractive, may ultimately prove 
unsatisfactory.  Firstly, the appeal of regional cements is that local raw and waste 
materials can be utilized in the production of alternative cements.  This allows for new 
options for cements that might not be readily used due to the concentrated location of 
source material; for example bauxite, magnesite ore, phosphate ore, or Pearlite (of which 
75% of the world’s reserves are found in Turkey.)  Furthermore, the unforeseen 
environmental burdens associated with a single world wide cement mixture could be 
avoided through local solutions.  Despite these possible positive attributes, the associated 
problems with regulations, standards, and the conservative nature of the construction 
industry suggest that numerous vastly differing cement alternatives would not likely be 
successful. 
 

If a single alternative binder is then to replace OPC it must be produced from a few 
materials readily found throughout the world in large quantities.  The opportunity for 
using industrial by-products is another interesting option, but again these by-products 
should be uniformly distributed in location.  Limestone based Portland cement has found 
widespread acceptance throughout the world due to its abundance and widespread 
distribution.  Data from a U.S. Geological survey has identified several materials 
available throughout the world and in large quantities which present realistic alternatives 
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as source materials for hydraulic cements.  These materials and their source minerals are 
shown in Table 1.  
 
Table 1 
Alternative source materials for hydraulic cements9 
Material  Source Mineral 

Clay Al, Si 

Calcium sulfates (gypsum or anhydrite) S, Ca 

Iron oxides (iron ores) Fe 

Silica (quartz, chert, etc.) Si 

Coal ash (including desulfurisation products) Si, Al, S 

Sodium carbonate or sodium chloride Na  

 
The selection of a single alternative cement binder should be based upon global 

distribution of the material(s) as well as the associated production emissions.  The 
amount of CO2 generated in the production of various cement compounds is presented in 
Table 2.  Only magnesia and calcia produce higher levels of carbon dioxide than ordinary 
Portland cement clinker, in which the main active component is alite.  Of particular 
interest is calcium sulfoaluminate, which has the lowest associated carbon dioxide 
quantities.  Belite, another attractive alternative produced from limestone and silica, 
generates more CO2 than calcium sulfoaluminate, but less compared to OPC.  The 
advantages, drawbacks, and challenges facing each of these cements must be investigated 
in greater detail to determine which alternative provides the most favorable option.  
However, these initial carbon dioxide emission values provide a starting location for 
material selection, after which energy demands, mechanical performance, durability, and 
many other issues must be evaluated.  Consequently the importance of a cement binder 
whose chemical reaction does not yield large amounts of carbon dioxide emissions and 
which is distributed extensively throughout the world are crucial starting criteria for an 
alternative cement binder.  
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Table 2 
The quantity of CO2 (Raw Material CO2, RMCO2) generated from the conversion of raw materials into 
OPC compared to alternative cement compounds10  
 
Cement compound Raw material 

used 

Quantity of CO2 generated 

(g of CO2 per g product) 

Quantity of CO2 generated (g of 

CO2 per ml of final product) 

M (magnesia, 

periclase) 

Magnesite 1.092 3.91 

C (calcia, quicklime) Limestone 0.785 2.63 

C3S (alite) Limestone + 

silica 

0.578 1.80 

β-C2S (belite) Limestone + 

silica 

0.511 1.70 

C3A (tricalcium 

aluminate) 

Limestone + 

alumina 

0.489 1.50 

C4AF (calcium 

aluminoferrite) 

As above + 

iron oxide 

0.362 1.29 

NS (sodium 

metasilicate) 

Soda + silica 0.361 __ 

CA (monocalcium 

aluminate) 

Limestone + 

alumina 

0.279 0.83 

C4A3S (calcium 

sulfoaluminate) 

As above + 

anhydrite 

0.216 0.56 

 
Based upon the level of carbon dioxide emitted during production and the availability 

of source materials, four groups of hydraulic cements are identified as possible 
alternatives to ordinary Portland cement.  The classes are alkali activated cements, 
calcium (sulfo)aluminate cements, calcium sulfate-based cements, and magnesia 
cements.  The most appealing of these groups are alkali activated cements due to their 
utilization of industrial by-products, mainly fly ash, blast furnace slag, and possibly rice 
hull ask.  Thus my research on green cement will focus on alkali activated cements. 
 
 
3.0 Alkali activated cements 

Alkali activated cements present one possible solution to reducing the carbon dioxide 
associated with ordinary Portland cements.  This family of cements is characterized by 
the alumino-silicate bonding phase, resulting from the reaction between alumina rich 
source materials and an alkali silicate solution.  Based upon differing compositions alkali 
activate cements are grouped into geocements, alkali activated fly ash, alkali activated 
slag, and aluminate cements.10   
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Current nomenclature surrounding alkali activated cements presents several potential 
difficulties when attempting to describe these cements.  Firstly, the term geopolymer 
varies in definition between engineering and chemistry disciplines.  Engineers understand 
a geopolymer as a ceramic-like material resulting from the alkali activation of 
aluminosilicate minerals at low temperatures (< 100 °C), which results in an amorphous 
equivalent of synthetic zeolites.11  This definition differs greatly from what a chemist 
would understand as a geopolymer; namely “geologically derived organic resins, 
amorphous organic matter, macromolecules or asphaltens.”12  Thus, the term geopolymer 
should be used as a general classification for “composite materials with limited 
restrictions on their composition and Al-Si content.”10   
 

Secondly, the classification of pozzolan-based versus alkali activated cements 
encourages another potential misunderstanding.  As the name suggests, pozzolan based 
cements, activated either by lime or alkali silicate, include only source materials which 
are pozzolanic in nature.  Thus non-pozzolanic materials, most notable blast furnace slag, 
even when activated by an alkali solution are not included in this category.  Furthermore, 
lime activation of pozzolans is counter productive when the end goal is a reduction of 
carbon dioxide emissions.  Thus the term alkali activated cements is more inclusive as it 
allows for source materials that are either pozzolanic or non-pozzolanic, as long as the 
cementing process is achieved through alkali activation.   
 
3.1 Environmental aspects of alkali activated cements 

The environmental appeal of alkali activated cements is that numerous raw and waste 
products can be used as feedstock.  Possible source materials include fly ash, blast 
furnace slag, metakaolin (calcined kaolin), alkaline sludges (e.g. red mud), and other non-
pozzolanic materials.10  However, each individual source material, especially industrial 
by-products, can vary significantly in their mineralogy.  These differences stem from the 
variety of processing and collection methods, assorted sources of fuel, industrial 
standards, environmental regulations, and many other factors.  The variation within each 
source material presents significant challenges for alkali activated cements because the 
mineralogy strongly influences the microstructure, setting behavior, physical, chemical, 
and mechanical properties of the resulting cementitious material.13  Concern over 
consistent performance and behavior remain major obstacles for the successful 
widespread use of alkali activated cements. 
 

Alkali activated cements also offer the benefit of lower manufacturing temperatures 
compared to ordinary Portland cement; however, the use of an alkali activator could 
increase the total carbon dioxide emitted.14  Gartner et al. divides carbon dioxide 
emissions from cement products into two categories.9  Raw material carbon dioxide 
(RMCO2) results from carbon dioxide released in the chemical transformations of the 
source materials (see Table 2).  Whereas fuel derived carbon dioxide (FDCO2) is emitted 
during the processing of the raw materials, most notably in the combustion of fossil fuels.  
As mentioned earlier, ordinary Portland cement results in both significant RMCO2, due to 
the carbonation of limestone, and FDCO2 from kiln temperatures over 1400 °C.  Alkali 
activated cements, specifically those from pozzolanic sources, have negligible RMCO2, 
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and reduced FDCO2.  The one exception being metakaolin based cements, which result in 
non-zero FDCO2 and RMCO2 due to the heated calcination of kaolin.   
 

The total amount of carbon dioxide emitted from alkali activated cements is 
determined primarily from the activating solution and elevated curing temperatures.  One 
common activator, alkali silicate, is produced from alkali carbonates in a furnace 
environment, which results in both RMCO2 and FDCO2.

9  Thus the amount of activator 
used becomes a critical factor in determining if the overall process is sustainable from a 
carbon dioxide approach.  It has been reported that activator content can be as low as 
10% by mass; hence reducing CO2 emissions by 10 times compared to ordinary Portland 
cement.9  However, the differing hydration process of alkali activated cements compared 
to OPC requires curing at elevated temperatures (> 30 °C) for appreciable strength gain; 
thus presenting the greatest challenge facing this family of cements.9  In turn this restricts 
the application of these cements to precast fabrication; although this might not be of 
major concern as significant structures can be produced in a precast setting (i.e. the new 
Bay Bridge in California).  Still, the elevated curing temperatures translate into carbon 
dioxide from the production of electricity, which is commonly produced from fossil fuels.   
 

Finally, there exist concerns of alkali aggregate reaction (AAR) in these cements due 
to the use of an alkali activator.  Bakharev et al. found that alkali activated slags were 
more susceptible to alkali aggregate reaction than ordinary Portland cement (0.1% 
expansion versus 0.03% expansion).15  The lower resistance of alkali activated slags 
compared to OPC was attributed to the high alkali content of the cement.  In contrast 
Fernándex-Jiménez et. al showed that alkali activated slags actually reduced expansion 
when compared to ordinary Portland cement samples.16  The reduced rate of alkali silica 
reaction was linked to the slag and the aggregate competing for the alkalis.  In addition, 
Xie et al. showed that alkali activated fly ash compared to ordinary Portland cement 
minimized AAR when glass aggregates, being a reactive material, are substituted for 
natural aggregate.17  Additional research must be done to arrive at a consensus regarding 
this topic.  
 

Furthermore, high alkali content may result in alkali runoff or efflorescence if excess 
alkali is not sequestered within the material.  Several additives to sequester excess alkali 
currently exist, and less corrosive activators (i.e. Na2CO3, Ca(OH)2 or SiO2:Na2O) are 
increasing in use, despite their reduced activation potential.10  In concluding, the absence 
of standards, field data, consistent properties, varying results of AAR, and alkali runoff 
remain the main challenges that activated cements must overcome to achieve the status of 
a commodity material.          
 
3.2 Alkali activate cements summary 

Alkali activated cements are attractive because they can utilize numerous source 
materials such as fly ash, blast furnace slag, and metakaolin.  Activation of all these 
materials is constrained by the need for elevated curing temperatures.  The other major 
drawback to these types of cements is the uncertainty of reaction upon addition of the 
activator, leading to widely varying performance results.  While strength values for fly 
ash, slag, and metakaolin are comparable to ordinary Portland cement, the variability of 
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these values signifies the strong need for standards and characterization before the 
engineering community can put their confidence behind these materials.  The high price 
for metakaolin represents yet another major hindrance impeding the widespread 
breakthrough of this material.   

 
 
4.0 Research Objectives 

The goal of my project is to expand upon the existing knowledge of alkali activated 
cements in order to present a truly viable alternative.  The main issues that will be 
addressed in the research are as follows.  Firstly, there remain concerns over the 
consistent performance and behavior of these cements.  The characterization of fly ash 
remains the challenge of this objective.  Through testing and experimentation my goal is 
to determine best practices and standards for the successful use of alkali activated 
cements.  Secondly, the reduction of carbon dioxide through the use of alkali activated 
cements is heavily dependent on the amount of activating solution used.  If large amounts 
of solution are needed to achieve highly reactive cements, it is possible that any possible 
carbon savings may be negated.  Thus the ability to achieve the required mechanical 
strengths with a minimum amount of activation solution is crucial to the success of alkali 
activated cements as a carbon dioxide friendly alternative over ordinary Portland cement.  
Therefore, it is necessary to engineer an optimal mix design (exact quantities of 
ingredients) that achieves adequate engineering properties, but yields a minimum amount 
of carbon dioxide.  This would be another objective of my research. 
 

My final goal is to bring my research findings to the general public and the 
construction industry.  Thus field tests would be undertaken in California, most likely in 
the Bay Area, to illuminate the proper use of the material and illustrate the final product.  
This would also provide an educational means of informing the public about the huge 
levels of carbon dioxide associated with ordinary Portland cement.  Finally, field tests 
would also offer a unique opportunity to evaluate the durability of such a material in its 
actual environment.   
 
A summary of my objects are: 
1) Determine best practices and standards for use of alkali activated cements 
2) Develop the most environmentally friendly mix design  
3) Conduct field experiments where the public/contractors can see an actual application 
of a green cement 
 

All experiments can be conducted at the University of California Berkeley in 
association with the Civil and Environmental Engineering department.  The use of 
workspace within the Materials Group of Civil Engineering is already provided.  Data 
analysis can be gathered through the use of advanced analysis tools (i.e. x-ray defraction 
and scanning electron microscope) in the Earth and Planetary Science department at UC 
Berkeley, with whom I already have a working relationship.   
 

The anticipated timeline for the research is one year after receiving the funding.  
Exact test, experiments, and results will inevitably change over time, however I feel that 
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allowing one full year for research would prove sufficient to allow for the completion of 
the project. 
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