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PREFACE 

The AC1 Council for the Organization of CANMET/ACI International 
Conferences on Concrete Technology in association with International Centre 
for Sustainable Development of Cement and Concrete (ICON), Natural 
Resources Canada, and Institute for Research in Construction/National 
Research Council, Canada, is pleased to sponsor the Third CANMET/ACI 
International Symposium on Sustainable Development of Cement and 
Concrete in San Francisco, U.S.A., September 16-19, 2001. The first two 
symposia in this series were held in Ottawa, Canada, October 21-23, 1998, 
and Hyderabad, India, February 9-1 1, 1999. 

For this symposium more than 100 papers from 20 countries were received, 
and peer reviewed in accordance with the policies of the American Concrete 
Institute; 29 were accepted for publication. The accepted papers deal with all 
aspects of concrete technology and sustainability with the majority of them 
dealing with the role of supplementary cementing materials in reducing CO2 
emissions. 

In addition to the papers that have been published in the referenced 
proceedings, more than 30 other papers were presented at the symposium. A 
number of these were published as supplementary papers in a separate 
volume, and the authors of these papers are encouraged to publish these in 
technical journals of their choice. 

It is hoped that this symposium has brought to the attention of the civil 
engineering community the high CO2 emissions released into the 
environment in the manufacturing of portland cement, and the potential of 
reducing these emissions by increasing the use of supplementary cementing 
materials such as fly ash, granulated blast-furnace slag, and rice-husk ash. 
The technologies are now available that, when used properly, can replace up 
to 60% of portland cement by these supplementary cementing materials in 
concrete, while maintaining or enhancing most of the mechanical and 
durability properties of the concrete produced. With world-wide availability 
of fly ash > 600 million tonnes per year, the civil engineering community is 
well placed to use this resource to enhance considerably the supply of 
cementing materials without expanding the portland-cement-clinker capacity. 
This will not only help in reducing the CO, emissions but will also help in 
resolving to a great extent the fly ash disposal problem. 

Thanks are extended to more than 10 members of the review panel that met 
in Acapulco, Mexico, in December 2000 to review the papers for this 
symposium. Without the dedicated efforts of the reviewers, it would not have 
been possible to have the proceedings ready for distribution at the 
symposium. The co-operation of the authors in accepting reviewers? 
suggestions and revising their manuscript is greatly appreciated. 
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The help and assistance of A. Bilõdeau (Chairman), B. Fournier,. and R. 
Chevrier (members) of the slide review panel are gratefully acknowledged. 
Thanks are extended to H. S. Wilson, M. Venturino, and G. D. Brearley for 
their help in processing the manuscripts. The contributions of the AC1 staff 
are also recognized. 

V. M. Malhotra, P.Eng. 
Editor, 
chairman, Third CANMET/ACI International Symposium bn Sustainable 

September 16-19,2001 

Development of Cement and Concrete 
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SP 202-1 

Factor Ten Emission Reductions: The 
Key to  Sustainable Development and 
Economic Prosperity for the Cement 

and Concrete Industry 
by R. Horton 

Synomis: Sustainable development in the concrete and cement industry is 
achievable in the near fùture. This paper proposes the viability of a factor 10 
reduction in the negative environmental effects of current cemenîlconcrete 
production through the use of cement blends with minimum portland cement and 
maximum pozzolanic loading. Such cement blends substantially extend the 
longevity of concrete and avoid the enormous cost of several repair and 
replacement cycles. The transition to sustainable concrete technology will be 
driven not by environmental imperative but rather by market forces pursuing 
economic advantage through more durable concrete. Market driven economics 
already in place will soon prove that concrete durability is worth a high premium 
but is available at a bargain. There is enormous leverage in improving concrete 
quality as a doubling of the price of highest quality cement would add only 2% 
to overall construction project costs while the extended service life of the 
structure would offer a many-fold return on the additional investment. In coming 
years, the consideration of CO2 emissions regulations and increasingly valuable 
internationally traded CO2 credits will assume an economic importance equal to 
or greater than capital and operating costs among cement producers. Those who 
do not move to sustainable concrete technologies will run the risk of losing 
substantial market share or business failure. 

i 

t 

Kevwords: CO, credits; cement; concrete; durability; economics; 
emmisions; factor 1 O; pozzolan; rice husk ash (RHA); strength; 
sustainable development 
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2 Horton 

Robert trorton is CEO and Chairifiari of Alchemix Coiyoration, an ash 
utilization and beneficiation company focused on cement additives, with 
subsidiaries RHA Technologies, HZ Technologies Corporation and. Pittsburgh 
Mineral and Environmental Technologies. Mr. Horton has served as executive 
management in the development of energy and environmental technologies for 
over 20 years. 

INTRODUCTION 

At a conference held in Beijing, China in 1996, world experts on the 
environment and environmental technologies discussed various challenges 
facing the country and an impressive array of options to address them. After 
three days of deliberation, the Chinese official in charge of the conference gave 
his concluding remarks beginning with acknowledgement that a great many 
good ideas had been presented that should be implemented and, taken together, 
would make a measurable impact on the environment in China and in the world. 
Unfortunately, he said, most would not be implemented because they 
represented cost rather than profit and, in a developing country like China, 
capital resources would almost dways be allocated first to projects with 
potential to rapidly develop the economy. He told the conference attendees that 
if they hoped to see their ideas implemented, they must be sold based on 
economic, rather than environmental benefits. Specifically, he suggested that 
the only way to sell environmental solutions in China was to be able to say and 
prove to a potential user, ‘I have a secret way to save you money.’ 

The point made is generally true, not only in China, and embodies 2 
central theme of this paper. To make any industry greener, the case must first be 
made that the environmentally fnendly solution will be more economically 
profitable. This premise most certainly holds true for the cementkoncrete 
industry. It is entirely within our reach, however, to make vast environmental 
improvements hand in hand with healthy profits. In fact, this paper outlines a 
factor 10 improvement in the amount of environmental disturbance created by 
the production and use of cement (1). Put simply, we have it within our power 
to arrest environmental degradation due to cement to one-tenth of the current 
level. The factor ten reduction can anti will be achieved. Competitive market 
forces will drive positive environmental changes because we have the 
knowledge right now to make concrete formulations based on high-pozzolan 
content cements that are cleaner, greener, more durable and longer lasting. Not 
oniy do such formulations currently exist, they have been tested, proven and 
advanced over several years in technical papers by researchers in concrete 
technology, namely, Mehta, Malhotra and others (2, 3). 
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Sustainable Development of Cement and Concrete 3 

The futurist Uuckminstcr FuÌler theorized that ir tcok 25 years for a 
systemic change to be integrated into common use (4). Even when the idea is 
recognized by experts, a period of time is required to overcome the inertia of the 
marketplace and to make the necessary investments and marketing and 
operational changes. We have reached such a threshold. For more than two 
decades those on the cutting edge of concrete technology have touted the rich 
benefits of pozzolanic cement additives. The drawbacks of pozzolans have 
been largely overcome and the lines of resistance to their use are now crumbling. 
The transition to these more durable, environmentally sustainable concretes is 
underway. It will be made profitably by market leaders while those committed 
to conventional or environmentally insensitive practices will be left behind. 

THE CHALLENGE 

Before going further, it is important to take stock of our present situation 
and forecasts for the future. Current projections estimate world population 
increasing from today's six billion to nine billion by 2050 and to eleven billion 
by the end of the century. Providing basic requirements for a population nearly 
double that of today will intensely niagnifi pressure for food, water, land, 
resources, energy, goods and services. As humans struggle to survive, so too the 
life support system will struggle to endure. 

i 

1 
Of course, to imply that humans aspire simply to survive is misleading. 

for a better life. Moving toward the prosperity such as that enjoyed by many 
citizens of developed countries -- home ownership, luxury automobiles, 
expansive entertainment and media, access to excellent health care, travel, the 

I What most human beings, in fact, aspire to is not survival but rather aspiration I 

I freedom of wealth -- this is the stuff of the human dream. With the profusion of 
worldwide information, even the poorest villager in the most remote settlement l 

is aware of the stark contrast of lifestyle available to him or her compared to 
citizens of more prosperous countries. Unfortunately, accelerating waste- 
producing consumption is the rule in both developed and developing nations. 

In a world increasingly influenced by free markets and more democratic 
political systems, rising expectations in the developing world must be addressed 
by government actions that produce visible and tangible improvement quickly, 
else those populations will support the rise of other leaders promising faster 
growth. In short, the developing world must and will develop. 

in this relentless upward push, the environment will be stressed for 
resources to make it happen. Even at current levels of human activity, virtually 
every expert observer agrees on the long-term lack of sustainability inherent in 
our present use of energy and resources, and the attendant degradation of air, 
water, soil and climate. Already we are depleting, without adequately restoring, 
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4 Horton 

Sic fiaturai resources such as fish, forests, arable h i d ,  fresh water and clean 
oxygen-rich air at a rate and in ways that will diminish the quality of all life, 
including that of the most affluent human beings. In virtually all of the major 
cities of the world, air available to both the most and least fortunate is equally 
lacking in oxygen and contaminated with particulate and toxic gases. Increased 
occurrence of extreme weather events, such as super tornadoes, floods, typhoons 
and hurricanes, which most experts link to global climate change, devastate rich 
and poor alike. 

Worldwide, environmental degradation is well recognized and, 
particularly in richer nations, governmental regulations as well as voluntary 
measures are increasingly enacted to minimize the negative environmental 
impact of our lifestyles. Unfortunately, many such programs are poorly 
conceived and have minimum effect. An exception has been the recycling of 
aluminum in the US.  Even with the success of this recycling program, however, 
American consumers and industry still throw away enough to rebuild the 
count~y’s entire commercial airfleet every three months (5).  While everyone 
wants a clean environment for themselves and their families, those who have not 
first met basic needs cannot be expected to take the time and effort to be 
environmentally responsible unless that responsibility carries with it a near term 
economic reward. In less developed countries, environmental policy must be 
shown to make money if it is to succeed. 

Herein lies the challenge: the reconciliation of societal aspirations with 
the planet’s ability to support them. Meeting this challenge is at the heart of the 
concept of sustainable development. This central goal of sustainable 
development is one of the supreme imperatives of our time. It requires 
significant advances in basic knowledge, in the social capacity and technologies 
to implement what we know and in the political will to aggressively support 
sustainable development wherever and whenever possible. 

However, even if intentions are the best, laws are passed and the 
population is educated, history has taught us that environmental-friendly 
enterprises will not be sustained just because they have long-term planetary 
benefit. Sustainable development, if it has any hope of realization, will be 
achieved only if those who must support it will also realize current economic 
gain for their efforts. 

Proceeding from this premise, let us examine the situation in the cement 
and concrete industry. Concrete is the most widely used building material in the 
world using more than 1.4 billion tonnes of cement in 1999. The production of 
portland cement is one of the most energy-intensive and polluting of any 
industrial processes. Eight percent of all COZ released into the atmosphere due 
to human activity is directly associated with portland cement production (6). 
Suffice to say that our industry is not yet a poster candidate for sustainable 
development, but the situation is changing. 
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Sustainable Development of  Cement and Concrete 5 

WINDS OF CHANGE 

The production, distribution and application of cement and concrete is so 
decentralized and varied that it is difficult to say much that is generally true 
about participants in the industry except we all want to make more money. 
While many view the cement and concrete industries as mature and inflexible, 
powerful winds of change affecting the fundamental economics of our 
businesses are gathering strength. Those who pay attention to which way these 
winds are blowing can prosper; those who do not will certainly lose market 
share, if they survive at all. 

Like the rest of the world, managers within the cement and concrete 
industry will embrace the changes necessary for sustainable development only to 
the extent that compelling and immediate economic forces drive their actions. 
Many of these market forces are now in place. At the core of the new realities of 
the marketplace are two principal economic drivers: 1) a market demand for 
more durable concrete, and 2) environmental costs and benefits that are 
beginning to figure as importantly, if not more so, to our bottom line as capital 
and operating costs. 

First, let us look at the economics of durability and why the market 
embraces it now and will increasingly do so in the future. More and more, the 
cement and concrete market is dominated by governmental agencies that 
participate in regulating and/or financing applications of these products. In the 
United States, 45% of direct cement purchases are for public works. in more 
controlled economies, such as China, the percentage is much higher. 
Historically, while regulations and standards existed as local guidelines, 
frequently they were either poorly conceived andor not strictly enforced. Into 
the present, inconsistent products and application techniques lead to many 
structural failures that are both costly and embarrassing. Even good quality 
products applied as prescribed have a poor history of durability, causing 
government agencies, as the ultimate consumers, to themselves become 
sophisticated and intolerant of poor cement and concrete performance. 

Examine, for example, a 1997 National Research Council study in the 
U.S. that stated its objectives "were to look beyond near-term developments in 
concrete technology to identie R&D opportunities in innovative, 
nonconventional materials and processes that have the potential to accelerate the 
construction process, improve the durability of highway pavement and bridges, 
and enhance the serviceability and longevity of new construction under adverse 
conditions. Meeting even one of these three objectives could save billions of 
dollars in construction and maintenance costs. The U.S. Department of 
Transportation estimates that the cost of maintaining 1993 highway conditions is 
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$49.7 billion per year and the cost of improving them is $65.1 billion per year. 
For bridges, the cost to maintain 1994 conditions is estimated at $5.1 billion per 
year and the cost of improving them at $8.9 billion per year.” (7) 

For multibillion-dollar reasons like these, a trend toward more stringent 
durability requirements is well underway. Caltrans (the transportation authority 
for the State of California) now requires at least 25% fly ash by mass of the 
cementing materiais in concrete products to avert durability problems stemming 
from alkali-reactive aggregates. The Port Authority of New York and New 
Jersey has specified a 1 O00 coulombs charge in the standard ASTM test for rapid 
chloride penetration (ASTM C 1202) to control the permeability of concrete. 
These are but two of many examples across the United States. The world today 
increasingly demands specific steps be taken by the concrete constniction 
industry to improve the longevity of its products. 

Simple economics is the reason that the trend toward durability 
requirements will continue. The cost of concrete in most projects is no more 
than 4% of total project cost. Cement cost is roughly half this amount. E a  more 
reliable or long-lasting stnicture or road can be ensured by even a doubling of 
the cost of cement, insurance of durability and quality can be had for a 2% 
increase in the project cost. To illustrate, take for example a 30-year project at a 
cost of $10 million. If the useful life of this project is extended by ten years, 
giving it a 40-year life, its productive use is extended by one-third, thus saving a 
building cost of $3.33 niillion. I€ iEie cement cost in this project were 100Y0 
more, or $400,000 instead of $200,000, the savings from using a longer lasting 
formulation would produce a seventeen-fold return. 

With savings this compelling, and as projects are increasingly subjected 
to computer-driven cost modeling, the institutions that set the rules and pay the 
bills will increasingly insist on maximum durability for many projects, 
regardless of the price of cement. Economics will drive this decision. Today, 
the formulations, standards and understanding of what constitutes value in 
concrete are available instantly and at no cost via email to any interested party. 

And there are some very interested parties. The enormous financial 
strain on the construction budgets of many governmental agencies has reached 
crisis proportion due to the premature maintenance costs and alarming failure 
rates of buildings and infrastructure. For this reason alone, the argument for 
requiring and using the highest-quality, longest lasting cements available is 
irresistible for ali but the most temporary structures. High performance cement 
is a multi-billion dollar opportunity for our industry and an economic bargain for 
our customers. 

Whereas portland cement and its various types have been the standard for 
the construction industry for 150 years, new blended cements priced on a 
performance basis will dominate in the 21st century. This domination will take 
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Sustainable Development of Cement and Concrete 7 

hold as the market becomes increasingly educated and willing to yay for 
performance. Top performance will require far more careful attention to mixing, 
sizing, water content, aggregates and curing methods than are now commonly 
practiced by many in the ready-mixed concrete industry. Those who adapt to a 
higher standard of performance will flourish as products are increasingly 
customized and priced based on a specific application. The use of blended 
cements and precasting of concrete will also increase as many advantages of 
controlling formulation conditions are better understood. 

Some people will argue that developing countries in particular will opt tcr 
pay less for cement and lower the initial cost of projects. This situation will not 
persist because of the low incremental cost of higher quality and increased 
durability of concrete. Self-preservation is well understood by decision makers 
around the globe. They gain considerable political mileage from a new project 
or road but little credit for maintenance spending. More durable and longer- 
lasting projects mean fewer repairs and more money for new projects. 
Ultimately, oficiais at the multinational funding agencies will insist on better 
quality concrete if their funds are to be committed to a given project. 

I 
1 The cement and concrete industry already has extensive knowledge about 

making better quality concrete, at a price. A great deal can be accomplished 
toward achieving greater durability by simply teaching concrete buyers that more 
durable, additive-compatible cements are a bargain even at higher prices. To the 
extent that the market increasiigly shifts to performance-oriented products 
valued on their strength and durability, prices for superior cements will rise to 
accommodate incremental cost of achieving superior results. Higher-value, 
longer-lasting formulations and products will ultimately dominate the markel 
and allow the technology leaders providing them to substantially widen their 
margins. 

1 

Turning our attention to the second major economic driver pushing the 
transition of our industry toward sustainable development -- the market impact 
of environmental costs and benefits -- consider first the impact of environmental 
issues directly on the capital and operating costs associated with our industry. 
There are many recognized environmental costs already associated with the 
conventionai production and distribution of cement and concrete. Items such as 
the time and permitting involved in siting a cement kiln are directly affected by 
the resistance of many localities to have dirty industry locate in their 
neighborhood. Siting issues can affect proximity to markets and raw materials 
as well as the ability to install cement production capacity on a timely basis. 
More than 25 million tonnes of foreign cement was imported into the United 
States at prices often above local production costs in 2000 due in part to the 
uncertainties of creating additional kiln capacity. The cost of cement production 
is also increasing as regulations around the world demand that cleaner, higher 
cost fuel be used in kilns. 

I 
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Fiirthemiore, whereas ne-+ kilns used to produce portland cernent require 
capital investment of $150 to $175 per annual tonne to site and build, pozzolanic 
materials, on the other hand, often require little or no plant since they are 
frequently recycled from other industries. Roughly 400 million tonnes of fly 
ash are produced annually from coal-fired utility boilers worldwide and several 
billion more tonnes are stored in ponds and piles. For a fraction of the current 
cost of producing portland cement, fly ash can be recovered and beneficiated to 
remove carbon and increase its reactivity. 

The two most populous nations on earth, China and India, primarily burn 
coal to generate electricity. They will likely have the largest growth in cement/ 
concrete demand in this century. They have an enormous economic opportunity 
to use their abundant fly ash resources effectively, both to avoid the cost of 
disposal and to extend the value purchased with their construction budgets. 

Today in the US., the typical cement formulation, if it contains fly ash at 
all, contains i 5% to 20% ash by weight of the total cementitious maierial. Soon 
the number will typically be 50% to 60% ash. The line will blur when we speak 
of ‘additives’ whether the reference is to pozzolan or portland cement. 

Percentage fly ash will escalate because: 

improved technology will allow for higher early strength and 
consistent reactivity of high percentage p07mlan mixtures; 

o fly ash will be widely acknowledged for improving critical 
performance characteristics, such as workability, impermeability and 
durability; 

o industries emitting high levels of COZ will pay a penalty for these 
emissions; and 

0 whoever can prove emission reductions will earn CO2 credits. 

COZ credits will be a major economic factor that will drive the cement 
industry toward a factor ten environmental improvement. The Kyoto Accords 
call for the trading of greenhouse gas (GHG) credits, which, of course, includes 
COZ credits (8). Under the Kyoto Protocol to the United Nations Framework 
Convention on Climate Change (UNFCCC), industrialized countries have 
adopted legally binding emission levels - at 5.2% below 1990 levels on average. 
These reductions must be made by the first compliance period, 2008-2012. 

CO2 credits will be monetized and traded in much the same manner of 
the highly successful allowance trading system in the United States to phase out 
lead in gasoline and cut emissions of SOz. Cement producers will be taxed on 
excess emissions. Those using pozzolans in their cements will earn credits to 
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oEset these pcnalties. Within ten years, CO2 crcdits and the way they are 
managed within the cement industry are likely to be as important as the actual 
cost of portland cement production. 

Credits are earned by those who take actions that reduce the amount of 
CO2 produced by a given activity. For example, replacement of 25% of portland 
cement by fly ash in blended cement will reduce the CO2 required in production 
by 250 kilograms, or 25%. Therefore a 250-kilogram CO2 credit would be 
available for each tonne of blended cement produced with a 25% ash 
component. On the other hand, companies that produce high levels of CO2 wili 
be liable to either reduce their emissions to acceptable levels or enter the CO: 
market to buy credits sufficient to reduce their net emissions to regulatory levels. 

In order to create a viable market, verification of benefits must be 
established as well as motivated buyers and sellers. A host of major companies 
and countries are addressing these issues today. Natsource, a leading broker of 
energy products, points out that the cost savings in the lead and SO2 programs in 
the US. have been substantial, amounting to as much as 50% when compared 
with a control policy in which no trades were allowed. Trading policies have 
sharpened market awareness and yielded a competitive advantage. They have 
also spurred development of emission reducing technologies (9). 

The likelihood of CO2 emission reduction regulation poses a significant 
financial risk to emitters. Emitters must therefore cost-effectively manage their 
risks in order to protect revenue flow and shareholder value. An emitter might 
wait to see exactly what reductions are required before purchasing the required 
credits in the CO2 market, but projected future prices of greenhouse gas 
emissions suggest that the cost of compliance at these levels could be crippling 
to the emitter. 

I In the current GHG market, banked credits and forward streams of 
emission reduction credits are trading at attractive prices. Therefore, many 
emitters are hedging exposure on a forward basis right now. The CO2 market 
offers the most cost-effective route to achieving future emissions reduction 
compliance levels and is driving the market on risk management concerns rather 
than current compliance issues. In effect, the CO2 market offers a cost-effective 
insurance policy that the international market is increasingly pursuing. 

I 

From an economic viewpoint, cement companies that do nothing to 
subsîantially offset the CO2 effect from production and use of their products will 
be forced to add a new cost of production. Today, a one-tonne CO2 credit is 
worth between $1.50 and $4.00. Most experts agree that its market value wili 
increase because it offers a feasible economic means to create net environmental 
gains while operating highly polluting but profitable industries. While it is 
impossible to say precisely what price credits will command, predictions range 
from $25-$1 O0 per tonne for credits in the intermediate term. 
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A useful analog to this situation is found in the coal industry. 
Historically, coal sold at prices roughly 30% below oil and natural gas on an 
energy equivalent basis because it was solid, harder to transport and store, dirtier 
and more costly to burn. Nonetheless, when the price of oil and gas rose, the 
price of coal rose, like a shadow, a similar percentage amount. 

In November 1991, revisions to the Clean Air Act were enacted that 
called for SO2 credit trading. Further action has imposed stringent restrictions 
on NOx emissions and the trading of their credits. Additional data are also being 
reviewed relative to heavy metal emissions and these gases are likely to be 
tightly restricted as well. Because coal, and not oil and gas, emit these gases, the 
cost of removing them, i.e., the environmental cost of burning coal, has become 
a real economic penalty. Coal now sells, on an energy equivalent basis, for 
roughly $1 per million Btu - less than 20% of the current price of equivalent 
energy in natural gas. 

There is no question that, in the near future, the price of cement will also 
more nearly reflect the environmental costs associated with its production and 
use. Because cement, like coal, is a relatively environmentally unfriendly 
commodity, the incremental cost will be substantial. It should also be noted that, 
like coal, regulations and credits will eventually factor nearly all environmental 
costs in order to prevent the exporting of pollution to less developed and 
regulated economies. For example, cement imported from Thailand to the 
United States will be subject to environmental penalties associateci with its 
production as well as its transportation. in this case, any labor materials or 
regulatory savings for polluting in Thailand rather than the U.S. will be defeated 
by higher transportation costs and environmental penalties. 

It is a central tenet of sustainable development that, wherever possible, 
transportation of commodities should be minimized. In this regard, it is 
interesting to note that roughly 10% of all oil traded worldwide is consumed in 
its transportation and that more than 25 million tonnes of cement are imported 
into the U.S. alone. Most international trade in cement will cease to make 
economic sense when all environmental costs for cement are factored, especially 
when those costs include incremental penalties associated with extraordinary 
transportation and its incremental requirement of fossil fuel combustion. 

WHAT CAN BE DONE? 

Generally, methods available to cement makers to measurably reduce 
CO2 emissions involve the replacement of portland cement with fly ash or other 
pozzolanic material and/or the improvement of cement characteristics enabling 
less cement to be used for a specific purpose. 
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A cement conipany adding 25% tly ash and earning a 25% credit per 
tonne produced could reduce its CO;? penalty and production costs between 
$6.25 (at $25/tonne) and $25 (at $lOO/tonne) per tonne. Further savings will be 
realized as the actual cost of portland cement production, due to environmental 
costs to site and operate kilns, is expected to increase everywhere. 

Therefore, substitutions of pozzolanic material for portland cement is a 
way of avoiding high capital costs and environmental penalties associated with 
new kilns while meeting incremental demand for cement. Also, when 
pozzolanic material is locally available. its use in place of portland cement can 
reduce the substantial environmental and transportation costs associated with the 
fuels burned to transport cement internationally. 

For years up to this point, several barriers have existed to the use of 
pozzolans in cement. Fly ash, in particular, has borne the stigma of being a waste 
product. The most significant resistance to its use involved inconsistencies in 
the ash due to variability of coals burned at generating plants. When low NO, 
burners were introduced in these plants, fly ash carbon content rose to levels that 
can sometimes conflict with other cement additives. But the most important 
barrier has been longer set times and slower strength gain compared to portland 
cement. New technology and cement formulations now exist that overcome 
these drawbacks. Carbon reduction technology is available from several sources 
and new beneficiation technology is capable of producing consistently small- 
particle, highly reactive fly ash. 

The potential to replace portland cement with pozzolanic material other 
than fly ash is also viable. in Singapore, SsangYong Cement routinely 
formulates excellent blended cements containing 70% b las t -hace  slag. 
Worldwide, silica fume and metakaolin are both sometimes used to replace 10% 
of portland cement. A newcomer to the pozzolan market, rice hull ash, which, in 
future years, will be widely available in Asia and to a more limited extent ir, 
other continents, promises tremendous advantages for concrete high early 
strength plus durability approaching that of Roman concretes. 

For the foreseeable future, there is plenty of pozzolanic material to 
replace 50% or more of all cement used worldwide. Not all of it is currently 
captured and available for use as cement replacement, but approximately 400 
million tonnes per year of fly ash is produced from coal-fired utility boilers alone 
and additional billions of tonnes have been impounded over the last 75 years. 

, 
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GBT'ïiNG TO A FACI'OR TEN REDUCTION 

If the average life of concrete today is 30 years and if it were possible to 
increase that to 180 years, five cycles of repair and replacement would be 
eliminated and emissions would be reduced by a factor of five. If the cement 
used was a 50/50 blend of pozzolan and portland cement, original emissions 
would be halved and the reduction factor would double to 10. 

The net reductions are actually much larger since premature failures and 
replacements of concrete entail substantial associated activities and waste such 
as mining, transportation, planning, human resources and production capacity to 
support it. Perhaps the greatest waste is the incalculable waste of time, fuel and 
inactivity that, for example, the resurfacing of a bridge, street or freeway causes 
as traffic snarls. 

Making cement stronger so that a smaller amount is needed for the same 
job can make further, calculable emission reductions. If, for example, an 8% 
cement-to-concrete ratio provides sufficient strength to a concrete foundation 
where 12% is commonly used, a reduction of 33% could be achieved. 

Clearly, highly durable concrete is possible. One must only point to the 
Pantheon in Rome or the 2000-year-old aqueduct still functioning in Segovi. 
Spain to find evidence of vastly more durable concretes. Today, evidence of 
highly improved concretes exists as well. Mehta and Langley, for example, 
recently oversaw the installation of a temple foundation in Hawaii, which, due to 
absence of cracking and very low permeability, is expected to endure a thousand 
years (10). After one year, the 57% fly ash cement foundation did not show 
even a single hairline crack. 

A variety of characteristics of modem concrete must be addressed in 
order to substantially increase its longevity. These include: 

0 reduced heat of hydration; 

0 reduced porosity; 

0 limited free water; 

0 acceptable early strength; and 

0 high durability. 

High loadings of 40% to 60% fly ash with portland cement go a long way 
toward achieving these goals. If properly formulated and applied, fly ash wil! 
provide substantially increased durability as well as a reduction in the amount of 
CO2 emitted. An array of superplasticizers, to reduce water, silica fume or rice 
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husk ash to reduce porosiiy atid iricreasi: durability might be used to obtain even 
more exceptional durability and early strength than high percentage fly ash 
cements alone. Obviously, if COZ credits are effective, and stronger, longer- 
lasting cements are achieved, a substantial premium allowing wider profit 
margins will exist for those who replace part of portland cement with pozzolans. 

CONCLUSIONS 

Moving into the 21” century, the cement and concrete industry has an 
opportunity to accomplish extraordinary goals. It can simultaneously champion 
sustainable development and make ten-fold improvements in the amount of 
environmental disturbance created by its products while increasing profitability. 
The industry needs only realize that such goals are entirely within reach and 
achievable through concrete formulations based on tested and proven high- 
pozzolan content cements that are cleaner, greener, more durable and longer 
lasting. Educated demand for high durability, environmentally friendly concretes 
exists today and will continue to grow. Those who rise to the occasion of 
sustainable development in this industry will prosper, those who do not will 
most likely not survive. The cement and concrete industry has built the modern 
world. It must now meet the challenge to preserve the environmental integrity of 
the planet as we forge the structures of this new century. 
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German Cement Industry's Voluntary 
Efforts on the Issue of Climate Change- 

A Success Story 

by V. Hoenig and M. Schneider 

Synopsis: In 1995 the German cement industry committed itself to a 
20 % reduction in it's specific fuel energy consumption between 
1987 and 2005. In 2000, this commitment has been adapted to  the 
international agreements, particularly to the Kyoto Protocol. Now 
the voluntary agreement includes a reduction of the specific energy- 
related CO, emissions from 1990 to 2008/12 by 28 %. As the burning 
and grinding facilities have been widely optimized during the past 
years, the German cement industry is planning to  increase the sub- 
stitution of fossil fuels by waste fuels and to promote the marketing 
of blended cements. 

From 1987 to 1999 the German cement industry's efforts have led to  
a reduction of the energy related CO, emissions by 3,6 million ton- 
nes per year. The share of waste fuels has been increased from 4 to  
23 % and the clinker portion in cement has been decreased from 86 
to 80.6 % by using more granulated blast-furnace slag and unburned 
limestone as the main constituents in cement. 

To what extent other instrument like emission trading, joint imple- 
mentation or clean development mechanism can be used in the fu- 
ture to achieve further reductions, will depend on mutual arrange- 
ments and implementation by the international community. 

Kevwords: CO2 emissions; cement; clinker; Kyoto Protocol 
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Dr.-lng. V. Hoenig is head of the Environment and Plant Technology 
Department of the Research Institute of the German Cement Indus- 
try. Beneath research activities in the field of environmental tech- . 
nologies and energy efficiency, he is deeply involved in the organi- 
zation of the German Cement Industry's voluntary agreement on 
climate change. 

Dr. rer. nat. M. Schneider has been working in the field of environ- 
mental research and politics related to the cement production for 
many years. Now he is Chief Executive of the Verein Deutscher Ze- 
mentwerke and Head of the Research Institute of the German Ce- 
ment Industry. 

1 Introduction 
The World Commission on Environment and Development describes 
"sustainable development" as a "development that meets the needs 
of the present without compromising the ability of future genera- 
tions to meet their own needs". That is why the German cement in- 
dustry has taken its part of the reponsibility for a sustainable con- 
struction economy. Cement and concrete are two of the most impor- 
tant construction materials. In the context of sustainable develop- 
ment it is necessary to consider the whole life cycle of cement in- 
cluding its production processes, its use in concrete and finally the 
disposal or recycling of concrete structures a t  the end of useful life. 
One of the most important aspects of sustainable development is 
the protection of the world climate. Climate change is a global 
problem, which is caused by the emission of so called "green house 
gases" of all sectors of the society, industry as well as house heating 
and traffic. 

The production of cement affects the climate by its CO, emissions 
originating from the burning process, from raw materials, and indi- 
rectly from electric power consumption. In 1995 the German cement 
industry decided to contribute to the abatement of CO, emissions by 
committing itself to reduce its specific fuel energy consumption in 
2005 by 20 % compared to 1987. At a constant production rate this 
would lead to a CO, reduction of about four million tonnes per year. 

The German cement industry is characterized by a mixture of small 
family owned companies with one production plant, medium sized 
companies with 2 to 4 plants on national level and a few multina- 
tional operating companies. In 2000, 38 companies in total have 
been producing cement in 64 plants, 42 of them producing clinker 
and cement. The geological sites are spread al l  over Germany 
(Fig. 1). About 50 % of the cement production capacity is concen- 
trated in the regions of Westfalia, Baden-Württemberg and Bavaria. 
In 1999, cement production amounted to some 37 million, including 
exports of 2,5 million tonnes. Cement imports of nearly four million 
tonnes are mainly from Eastern neighbours such as Poland, Czechia 
and Slovakia. 
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In 1999, the total turnover amounted to 5.5 billion DM (approxi- 
mately 2,5 billion US. dollars). The number of direct employees was 
11,300. Most of the cement companies are members of the technical 
and scientific organisation, the Verein Deutscher Zementwerke 
(VDZ), and of the market orientated Bundesverband der Deutschen 
Zementindustrie (BDZ). 

2 
The commitment is part of the "umbrella agreement" of the German 
industry, organised by the Federation of German Industries (BDI). In 
this "Declaration on Global Warming Prevention" 17 industry asso- 
ciations agreed to take concrete measures in order to reduce specific 
CO, emissions by 20 % by the year 2005, compared to 1990. Since 
then another 2 umbrella associations have joined this agreement. As 
a result almost 80 % of industrial final energy consumption and 
more than 99 % of public power generation are now covered by the 
agreement. As a service in return, the German Government con- 
firmed to abstain from introducing additional legal or fiscal meas- 
ures like CO, or energy taxes for the participating industrial sectors. 

In 1996, a transparent and verified reporting concept was jointly 
drawn up in order to provide politicians and general public with de- 
tailed and credible information on advances made by all individual 
sectors. An important part of the monitoring system is an external 
verification of the process by a neutral institution, the Rheinish- 
Westfalian Institute for Economic Research. 

As a reaction to the political developments on national and interna- 
tional level, particularly the signing of the Kyoto Protocol in 1997, in 
the year 2000 the German industry extended its voluntary agree- 
ment and adapted it to the international arrangements. In order to 
support the German government's aim to reach its 21 % reduction 
target by 2012, the industry increased its target to 28 % by 2005 and 
a 35 % reduction of specific green house gas emissions by 2012. At 
the same time, the German cement industry revised its target to a 
28 % reduction of its specific energy related CO, emissions between 
1990 and 2012, including fossil fuels and electric power. Taking into 
consideration the CO emissions from raw materials, the total spe- 
cific CO, emission of the German cement industry wil l be reduced by 
16 % until 2012. 

The main instruments for the implementation of the cement indus- 
try's voluntary agreement are: 

improvement of the manufacturing processes 
increase in the substitution of fossil fuels by waste fuels 
changing of the cement composition (increasing of the produc- 
tion of blended cements) 
research and development in the fields of process technology, 
use of secondary materials, properties and application of blended 
cements 
know-how transfer (education of plant staff, exchange of experi- 
ences on engineering and management level) 

Voluntary Agreement on Climate Change 

I 

I 

i 

l 
I 
1 
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3 Improvement of Manufacturing Processes 
In the cement production process fuel energy consumption is mainly 
used for the burning of the cement clinker. As the clinker burning 
process is one of the most energy intensive industrial processes 
high energy costs have forced the cement industry for decades to 
increase the energy efficiency of their processes. As a consequence 
the specific fuel energy consumption of the German cement industry 
has been reduced by more than 50% during the last 50years 
(Fig. 2). Therefore, today the energy efficiency of the total process 
amounts to more than 70 %. This high efficiency is the result of a 
continuous optimization process, that has taken place independently 
from energy cost, but following the investment cycles of a capital 
in ten cive industry . 

Electric energy is mainly used for the preparation of raw material 
(about 35 %), for burning and cooling of the clinker (about 22 %), 
and for cement grinding (about 38 %). As it can be seen from Fig. 3 
the electric energy consumption of the German cement industry has 
been continuously increasing since the 1950s until the mid 1980s. 
This increase can be put down to the higher requirements for prod- 
uct quality, that means higher cement fineness and to environmental 
protection measurements. Meanwhile, this development has been 
stopped and the specific power consumption of the German cement 
industry varies between 0.367 and 0.385 GJ/tonne of cement (102- 
107 kWh/tonne). The reduction during the years after 1990 is partly 
caused by the optimization of the grinding facilities in the East Ger- 
man plants. 

3.1 Installation of New Plants 
After the German reunification in 1990, the energy consumption pat- 
tern of the cement industry of former East Germany has changed 
drastically. The specific fuel energy consumption came down from 
4250 kJlkg cement in 1987 to 2905 kJ/kg in 1997 (Fig. 4). In year 
2000, the measures implemented - representing an investment vol- 
ume of approximately 2.5 billion DM (1.2 billion U.S. dollars) without 
enclosure of local capacity - has been completed. After the installa- 
tion of new kilns in the Schwenk plant in Bernburg and in  the 
Rüdersdorf plant of Readymix as well as the complete moderniza- 
tion of the Deuna plant (Dyckerhoff) and Karsdorf plant (LAFARGE) 
the local production facilities now belong to the most modern in the 
world. By this transfer of technology from West to East Germany, it 
was possible to reduce the energy consumption of the East German 
cement plants by 35 %. 

The reduction potential in West Germany was much smaller. Here 
the specific energy consumption was reduced from 3130 to 2995 
kJ/kg cement in 1997. In West Germany also new kilns have been 
installed during the past few years. As under German market condi- 
tions an increased production is not possible, the installation of new 
kilns is only economically viable if the capacity of several old kilns 
can be combined to one big new kiln. Therefore, the new kiln 7 of 
the Teutonia plant near Hannover with a capacity of 2500 t/d re- 
placed two older kilns of smaller size. In the Lägerdorf plant of the 
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Holderbank subsidiary ALSEN, a new kiln with a capacity of 4500 t/d 
went into operation in 1995 and replaced two Lepol kilns. In the Len- 
gerich plant of Dyckerhoff a new kiln with a capacity of 3700t/d is 
being installed and shall be put into operation in 2001. This kiln wil l 
replace three Lepol kilns with the same total production capacity. 
During the past few years the structure of the German cement indus- 
try’s kiln facilities has changed significantly. As can be seen from 
Fig. 5 this development has taken place in West Germany over a 
long time period. Between 1972 and 2000 the share of the dry proc- 
ess technology with low energy consumption increased from 56 to 
84 % of the total clinker capacity. The share of grate preheater kilns 
has been reduced from 30 to 15%. The last wet kiln was closed 
down in the 1970s. Fig. 6 shows, that a similar development has 
happened in the East German countries, however, in a significantly 
shorter time period of only 10 years (1990 to 2000). There, more than 
90 % of the clinker capacity is covered by the dry process technol- 
ogy. 

Today, new kilns are exclusively constructed as dry process kilns 
with calciner, tertiary air duct and grate cooler. The advantage of this 
technology is not generally a lower energy consumption, but the 
smaller dimension of the rotary kiln, which means lower investment. 
The lower radiation losses of the kiln itself are compensated by 
higher waste gas losses of the preheater and radiation losses of the 
calciner. Moreover, by the separate precalcining of the raw meal a 
smoother kiln operation can be reached, that is an important re- 
quirement for a lower energy consumption. As precalciner kilns are 
mostly constructed with a higher kiln capacity, the increased imple- 
mentation of this technology has lead to an increase in the energy 
efficiency of the German cement plants. 

3.2 Optimization of Existing Kilns 
As the investment cycles in the cement industry are very long 
- counting in decades rather than in years - the burning and grind- 
ing facilities are underlying a continuous modernization process. 
Two examples shall be presented: 
1. The Heidelberger plant in Leimen is running two Lepol kilns, 

which came into operation in 1961 and 1973. As a conversion to 
the dry process has not been economically viable, the kilns were 
totally renovated between 1991 and 1994. By the restoration of 
the LEPOL preheater and the rotary kiln, the adaptation of the 
clinker cooler to the state of the art technology, the implementa- 
tion of a modern process control system and the addition of a 
new electrostatic precipitator the consumption of fuel and electric 
energy could be reduced by 8, respectively 17 %. Moreover, the 
environmental situation of the plant has been significantly im- 
proved. The kilns are now running with a specific fuel energy 
consumption of about 3200 kJ/kg clinker and have therefore 
reached an energy efficiency level, which is a t  the limit of the 
technology. 

2. In the Dyckerhoff plant in Göllheim the two preheater kilns with a 
capacity of 1200 and 1800 t/d went into operation in 1963 and 
1965, respectively. In 1997 the raw meal preheaters of both kilns 
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were modernized. Using a new immersion tube technology the 
pressure drop of cyclone stages could be reduced by 40 - 50 % at  
the same separation efficiency. This led to a reduction of the re- 
quired fan power and hence the electric power consumption. In 
1998 both kilns were equipped with a modern kiln control sys- 
tem, that led to a saving of fuel energy of about 100 kJ/kg of 
clinker. 

3.3 Waste Heat Recovery 
Besides radiation energy losses of cement kilns are - depending on 
cooler technology - the cooler waste air, the kiln waste gas, and in 
some cases the bypass gas. Most of this energy is usually utilized for 
the drying of the raw material and coal and in some cases for the 
drying of other cement constituents, like blast-furnace slag. 

In the former times, many cement kilns in Germany were equipped 
with waste heat boilers for the use of the waste gas energy. During 
the last 20years many experiments have been carried out to find 
practical solutions for the utilization of the remaining energy losses 
of modern cement kilns. Experience shows that the specific invest- 
ment and operation costs are very high and possible efficiency lev- 
els are low. 

The production of electricity is only sensible under specific circum- 
stances, because the efficiency of waste heat boilers running at  
350" C is very low. Nevertheless, two waste heat recovery projects 
have been implemented in the German cement industry during the 
past few years. 

The Rohrbach plant in the South of Germany is operating a precal- 
ciner kiln with a capacity of 1 600 t/d. This plant is located close to 
the only German oil shale deposit. In a fluidized bed power plant a 
part of the oil shale is burned and electricity is produced. The burned 
oil shale has very good pozzolanic and hydraulic properties and is 
used as a main constituent of the produced cement. Moreover, a 
part o f  the oil shale is used as fuel in the calciner and at the same 
time the burned shale is used as raw material component. 

As power generation facilities have been already available, a waste 
heat boiler was installed in the middle of the 5 stage preheater in 
1996. The existing preheater cyclones have been replaced by new 
cyclones with a low pressure drop. By the implementation of the 
boiler, the temperature after preheater decreased from 350 "C to 
235°C. Produced steam is used in the existing power plant for the 
production of 2.1 MW electric power. The produced power comes up 
to 30 kWh/t of clinker and covers about one third of the power con- 
sumption of the cement plant. 

In the Heidelberger plant in Lengfurt the cement kiln with a capacity 
of 31 50 t/d has been equipped with an ORC facility (Organic Rankine 
Cycle) for the use of the clinker cooler waste air. As the humidity of 
the raw material in Lengfurt is rather low, the calorific content of the 
cooler waste air could not be used for drying processes. As the tem- 
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perature of the waste air is below 275°C the implementation of a 
normal steam and power generation process for a waste heat utiliza- 
tion was not feasible, because of low efficiency. The ORC process is 
a technology, which is at  the time being, mainly used for the power 
generation from geothermal sources. In this process, the turbine is 
operated with an organic solvent instead of water. Using the whole 
waste air volume of 150,000 m3/h at  a temperature up to 275 "C an 
electric power production of 1 .I3 MW could be achieved, that covers 
about 12 % of the power consumption of the plant. 

3.4 
Electric power consumption amounts to some 10 % of the total en- 
ergy consumption of a cement plant. The share of electricity costs 
however is about 50 % of the total energy costs. Reduction meas- 
ures are predominantly aiming at  a higher energy efficiency of the 
raw material and the cement grinding processes. However, electric 
power consumption and cement quality are in a close relationship. 
Efficient grinding systems, like the high pressure grinding roll or the 
vertical roller mill, have been largely implemented in the German 
cement industry. Nevertheless, the energy reduction potential can- 
not completely be used, because the properties of cements from 
high efficient grinding systems differ significantly from cements 
ground in conventional ball mills. Main reason is the steeper particle 
size distribution of the produced cement. Moreover, the energy effi- 
ciency of the grinding system using roller mills is related to the 
grinding pressure. Experiences with these mill types in the past have 
shown, that high grinding pressures led to significant damages of 
the rollers. Therefore, the operational pressure had to be reduced in 
order to achieve sufficient mill operation life. 

Besides the mill type, the energy saving that can be achieved, is re- 
lated to the cement type and the total grinding system. The imple- 
mentation of a roller press for the pregrinding of cement com- 
pounds in a closed circuit grinding device with a ball mil l can reach 
to an energy saving of 7 to 15 %. From the energy point of view, the 
finish grinding of the cement in a high efficient grinding roll would 
be the optimum. The energy demand could be reduced by 25 to 
50 % compared to a conventional ball mill. But the achieved cement 
quality as well as unacceptable wear of the rollers are preventing 
this. 

3.5 Remaining Energy Reduction Potentials 
Table 1 gives an overview of the energy reduction potentials of dif- 
ferent technical measures. The data are related to a conventional kiln 
or mill without having carried out optimization measures. As the 
heat recovery from the burned clinker and the clinker cooler has an 
important influence on the total burning process, the saving poten- 
tial of the cooler is rather high with 40 to 200 kJ/kg clinker. As the 
investment in modern cooler technology is usually economically vi- 
able, most of the German cement plants have already adapted their 
clinker coolers to the state of the art. 

Reduction of Electric Power Consumption 
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On the basis of the energy data of al l  German cement kilns, the VDZ 
estimated the maximum reduction potential of the specific fuel en- 
ergy consumption. Assuming an achievable fuel energy consump- 
tion for greenfield plants of 2900 to 3200 kJ/kg clinker - depending 
on kiln capacity - a maximum reduction of 9 % of the fuel energy 
consumption could be achieved. The necessary investment would 
be 2 to 4 billion DM (1 to 2 billion U.S. dollars), and this amounts to 
some 40 to 80 % of the yearly cash flow of the German cement in- 
du stry. 

4 
4.1 Quality Aspects 
Besides the largely completed technological modernization of the 
kilns and grinding plants, the German cement industry sees further 
potential for reducing its specific energy consumption by an in- 
creased production of blended cements. Generally, the German and 
European cement standards allow the substitution of the cement 
clinker by other constituents. In the new european cement standard 
(EN 197-1) the cement types are divided in five main groups ac- 
cording to their contents of other main constituents besides clinker. 
In Germany, the important groups are CEM I, CEM II and CEM III. 
While the cements in the CEM II group may contain 6 to 35 % of 
other main constituents, CEM 111 cements may contain from 36 to  
80 %. In Germany, only granulated blast-furnace slag from the iron 
industry and unburned lime stone are of technical importance. For 
the estimation of this potential, the availability of granulated, blast- 
furnace slag as well as the different properties and performance of 
the slag containing cements have to be considered. 

Generally, the reactivity of granulated blast-furnace slag (latent hy- 
draulic reaction) differs from the reactivity of cement clinker (hy- 
draulic reaction). Blast-furnace slag hydrates - depending on fine- 
ness and composition - slower than cement clinker. Therefore, the 
performance of slag containing cements has be to recognised in the 
concrete production. Usually, CEM II cements have comparable 
properties to portland cements. CEM III cements with usual fineness 
and containing large volumes of blast-furnace slag differ from port- 
land cements mainly by: 
1. a slower hydration reaction. Because of the slower hardening 

reaction they have a lower two-day strength. As the slag hy- 
dration continues in the presence of moisture, these cements 
reach a higher final strength in concrete. Because of the lower 
reaction at early ages, concrete made from CEM III cements 
are more sensitive to curing than usual portland cements. 
Because of a lower heat of hydration, which is due to the 
lower clinker portion and to the slower hydration reaction of 
the slag, CEM III cements are well suited for huge or massive 
components, like foundations. 

Concrete incorporating large amounts of blast-furnace slag that has 
been well cured has a very dense micro structure. Such concretes 
are advantageous when a high resistance against chemical attack is 
required. Furthermore, these cement types have a low effective al- 

Promotion of Blended Cement Consumption 
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kali content, which is necessary to avoid damaging reactions be- 
tween alkalis and concrete aggregates. These influences of granu- 
lated blast-furnace slag on some technological properties of the 
concrete show, that the selection of suitable cements is dependant 
on the individual area of application and that a simple change of 
cement types is not possible. 

In CEM II cements 1 kg of slag can be substituted for the same quan- 
tity of cement clinker. This means, that the thermal energy for this 
amount of clinker can be saved nearly completely. However, further 
thermal energy is necessary for the drying of the slag as well as - 
possibly - for the transportation of the slag to the cement plant. As 
granulated blast-furnace slag has a lower grindability compared to 
clinker, slag requires more electrical energy for grinding it to a fisher 
fineness to the same fineness. Furthermore, cements containing slag 
have to be ground to a higher fineness to achieve comparable 
properties than portland cement. This may double the electric power 
consumption for the cement grinding, depending on the cement 
type. 

Figure 7 shows the relationship between the specific primary en- 
ergy consumption (related to cement) and the portion of other main 
constituents in the cement. For example, the production of a 
CEM II/B-C with a slag content of 35 % requires 29 % less fuel en- 
ergy, compared to a portland cement. In this calculation, the drying 
of the slag has been considered. Taking into consideration the elec- 
tric power consumption for the clinker burning process, the cement 
grinding and other sources like transportation and storage, the sav- 
ing is reduced to 21 %. When the portion of other constituents is in- 
creased up to 80 % (CEM IIVB-S) the saving of fuel energy consump- 
tion amounts to some 67 %. The reduction potential related to the 
total primary energy consumption is however 49 %. As can be seen 
from Fig. 7 the power consumption related to cement is only lightly 
influenced by the clinker portion. The electrical savings in the clinker 
burning process are entirely eliminated by the higher demand for 
the cement grinding. 

4.2 Market Development 
In 1996 the German iron industry produced 4.2 million tonnes of 
granulated blast-furnace slag. The iron industry is planning to in- 
crease this amount to 6.1 million tonnes in 2001. Therefore, several 
new granulating plants have been installed during the past few 
years. That means, that the availability of total amount of granulated 
blast furnace slag will increase by some two million tonnes within 
5 years. Furthermore, blast-furnace slag is imported into Germany 
from the neighbour countries. 

Granulating devices have been built in joint ventures between the 
iron and the cement industry. In 1995, the cement industry used 
3.6 million tonnes of slag for the cement production. This amount 
will increase by more than 1.5 million tonnes in 2000, and the same 
amount of clinker wil l be substituted. This would lead to a reduction 
of the energy related CO, emissions of about 330000 tonnes per 
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year. Including the savings of CO, emissions that originate from the 
decarbonation of the limestone, this would correspond to a reduc- 
tion of I .I million tonnes per year. 

Traditionally, the market portion of the cements containing slag has 
been about 20 % of the total German cement consumption. Besides 
the implementation of the required equipment, the experience 
shows, that it is necessary for the cement producers to promote the 
slag or limestone containing cements in the market. Therefore, 
many cement companies have started promotion campaigns aiming 
at  a continuous change of the consuming habits of the cement con- 
suming industry. Until 1997, the clinker portion in cement was tradi- 
tionally and continuously in the range of 85 to 86 %. The cement in- 
dustry's efforts succeeded in decreasing this to 83.5 % in1998 and 
80.6 % in 1999. The delivery of  slag containing CEM II cements with 
slag contents up to 35 % increased from 1.0 million tonnes per year 
in 1997 to 4.4 million tonnes per year in 1999. At the same time the 
delivery of portland limestone cement increased from 1.6 to 1.85 
million tonnes per year and the CEM III cement containing large 
amounts of slag increased from 3.9 to 4.6 million tonnes per year. 

5 Utilization of Secondary Fuels 
Figure 8 shows the development of the fuel consumption derived 
from energy sources from 1987 to 1999. The graph shows that the 
amount of secondary fuels has increased from 4 % in 1987 to 23 % in 
1999. The secondary fuels have mainly substituted lignite and hard 
coal. Besides this the use of  pet coke has increased significantly 
from 0.7 to 10 % during the same period. The German cement indus- 
try sees a significant contribution to the reduction of green house 
gas emissions by the utilization of the energy content of waste fuels. 
These fuels would otherwise have to be land-filled or incinerated, 
often under worse energy efficiency conditions. By using those sec- 
ondary fuels in rotary kilns, natural fossil fuels like coal are substi- 
tuted equivalently related to their energy content and with a total 
efficiency of more than 70 %. Therefore the cement industry is 
striving for an acceptance on political level that the use of  secondary 
fuels will be counted as free of CO, emissions in a global sense. 

This political agreement, which exists in several European countries, 
can be supported by the results of several life-cycle analyses for dif- 
ferent wastes, like plastics, waste oils and waste tyres. Table 2 gives 
an overview of the positive contributions of the waste utilization in 
the cement industry compared to other processes. The table shows 
that, for example, the use of 1 tonne of plastic waste leads to energy 
saving of 13.6 GJ/t of plastic, compared to incineration, and a reduc- 
tion of green house gas emissions of 2330 kg CO, equivalents. 

6 Green House Gas Emissions 
The total CO, emissions from the cement production process are es- 
timated on a world wide level to amount to approximately 1 tonne of 
CO, per tonne of cement. 
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6.1 Energy Related CO,-Emissions 
The formation of carbon dioxide in the clinker burning process oc- 
curs when fuel energy is converted to process heat i n  the kiln. Fur- 
thermore, fuel energy is consumed for drying processes for other 
cement constituents like slag. This specific CO, emission coming 
from fossil fuels has been reduced in the German cement industry 
from 0.280tonne CO,/tonne of cement in 1990 to  0.198 tonne 
CO,/tonne in 1999. A change from coal to other fossil fuels with 
lower specific CO, emissions like gas are impossible in Germany be- 
cause of economic reasons. Besides environmental reasons, the 
competition forces the cement industry to lower its energy costs by 
substituting fossil fuels by waste fuels. 

The electric power consumption covers only some 10 % of the total 
energy consumption of the cement plants. As primary energy how- 
ever, it's portion of the total energy consumption and therefore the 
CO, emissions is not neglible. Basing on the fuel mix of the German 
power generation industry the power related CO, emission of the 
German cement industry decreased from 0.072 tonne CO,/tonne of  
cement in 1990 to 0.068 tonne CO,/tonne in 1999. In absolute figures 
the energy related CO, emissions of the German cement industry 
have been reduced by 2.4 million tonnes per year from 1990 to 1999. 

6.2 CO, Emissions from the Calcination of Limestone 
The portion of CO, generated from the raw mixture depends on the 
reception of the raw materials, but the variations are rather low. .In 
Germany it is about 0.53 tonnes of CO, per tonne of clinker. Fig- 
ure 9 shows the development of the specific CO, emissions of the 
German cement industry from 1990 to 1999. The graph shows that 
the raw material related CO, emissions have decreased only to a 
small extend from 0.450 to 0.427 tonne CO,/tonne of cement. This 
reduction is due to the increased use of  slag and limestone in 
blended cements. Table 3 gives an overviews of the CO emissions 
of the German Cement Industry in the year 1999 devide6 to  the dif- 
ferent sources. 

6.3 Other Green-House Gases 
Besides CO, in the Kyoto Protocol five other gases are mentioned as 
particularly important for the climate change: nitrous oxide, meth- 
ane, sulfurhexafluoride, hydrofluorocarbons and perfluorocarbons. 
These gases have a significantly higher green house potential com- 
pared to CO,. Except methane the other mentioned gases are not 
generated in the cement production process. Nitrous oxide can be 
generated under certain conditions, if ammonium containing com- 
pounds are given to the process for NO, reduction (SNCR technol- 
ogy). Measurements by the Research Institute of the German cement 
industry have shown, that the N,O concentratioys in the waste gas 
of cement kilns are in the range of c 1 to 5 mg/m , and are therefore, 
in the range of the detection limit of  the analysing method. 

Methane is generated from the organic content of the raw materials. 
In the German cement plants, the emissions of organic compounds 
range from 10 and 100 mg/m3, with 30 mg/m3 as the average. The 
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portion of methane is about 50%. On this basis, an estimation 
shows that the specific CH, emission from cement production is 
about 30 gltonne of cement. Recognising the CO, equivalent factor 
of methane of 21 kg CO, lkg CH, the share of methane of the total 
green- house gas emissions of  the cement industry come only up to 
about 0.1 %. 

7 Conclusions 
In 1995 the German cement industry committed itself to a 20 % re- 
duction in it's specific fuel energy consumption between 1987 and 
2005. In 2000, this commitment has been adapted to the interna- 
tional agreements, particularly to the Kyoto Protocol. Now the volun- 
tary agreement includes a reduction of the specific energy-related 
CO, emissions from 1990 to 2008/12 by 28 %. As the burning and 
grinding facilities have been widely optimized during the past years, 
the German cement industry is planning to increase the substitution 
of fossil fuels by waste fuels and to promote the marketing of 
blended cements. 

From 1987 to 1999 the German cement industry's efforts have led to 
a reduction of the energy related CO, emissions by 3,6 million ton- 
nes per year. The share of waste fuels has been increased from 4 to 
23 YO and the clinker portion in cement has been decreased from 86 
to 80.6 % by using more granulated blast-furnace slag and unburned 
limestone as the main constituents in cement. 

To what extent other instrument like emission trading, joint imple- 
mentation or clean development mechanism can be used in the fu- 
ture to achieve further reductions, wil l depend on mutual arrange- 
ments and implementation by the international community. 
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Table 1: Reduction potentials of the cement production process 

compared 
process 

green house 
gases 

energy 
consumption 

measure 

plastics 

-__- incineration recycling incineration 

kg CO2 1800 1736 2330 
equivalent 

MJ 17000 2587 13600 

I. burning process 
preheater 
0 additional cyclone stage 
0 new cyclone geometry 

kiln 
low primary air bumer 
control system 
mineralizers 

d e r  optimization 

II. grinding processes 
raw material preparation 
o Vertical roller mill instead of 

bail mill 

cement grinding 
0 control system 
0 high pressure grinding roll 

in closed circuit process 
0 high pressure grinding roll 

in finish grinding process 

thermal energy 
consumption 
[kJ/kg clinker] 

80 - 120 
25 - 75 

50 - 80 
20 - 100 

80 

40 - 200 

electric power 
consumption 
[kWmonne of 

cement] 

- 0.1 
0,7 

____ 
1 

- 1  

3 - 6  

0 - 3  
4 -10  

10 - 25 

Table 2: Environmental benefit of secondary fuels in the cement process 
(related to 1 tonne of waste) 

I unlt 1 wastetyres I wasteoii 1 waste 

Table 3: CO, emissions of the German Cement Industry in the year 1999 

specific 

cement] 

o, 199 
O, 068 

from fuel consumption ') 
from electric power consumption 
from calcination of limestone O, 427 15,61 
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Fig. 1: Production sites of the German Cement Industry 
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Non-Ferrous Slag as Cementitious 
Material and Fine Aggregate for 

Concrete 
by S. Mûnosi, P. Giretti, G. MûriConi, O. Favûni, and 

M. Collepardi 
Svnopsis: A non-ferrous slag from the production of metallic zinc \\'as studied 
as a new ingredient for coiicretc. It was used in two foinis: ground aiid uii- 

ground material. The ground slag replaced 15?6 of portland renient, ukrcas  tlie 
un-groiind slag replaced 20% of the natural sand 

Five different coiicretc niixtures werc stiidied, all with a watcr- 
cementitious materials ratio of 0.60: 

- reference mixture with portland cement aiid natural aggrcgates; 
- coiicretc mixture with ground nori-ferrous slag replacing portlaiid 

- concrete mixture with in-ground non-ferroiis slag rcplacing sand; 
- concrete mixture with ground non-ferrous slag replacing pottlantl 

Additionally, for comparative purposes, a ground graiiulatctl blast-furnace slag 
was used to replace 15% portland cement. 

The following properties were studied: coiiiprcssivc strciigtli: heat 
development through change in temperature; aiid iiiiniohilisation of Iicavy 
nietals of the non-ferrous slag through water-leacliiiig tests. 

The compressive strength development of tlie concrete with the srouiid noii- 
ferrous slag was the same as that of the corresponding concrete \vitli ground, 
granulated blast-fumacc slag; 

cenien t ; 

cement and un-ground slag replacing sand. 

- 
When un-ground slag was used to replace sand there was a ticgligihlc 
decrease in the early compressive strength; 
When both ground and un-ground non-ferrous slag were used there \vas a 
significant retardation in the dwelopment of coiiiprcssive strength diirini 
the first 2 days; 
The early heat development was slightly reduced due to the portland cement 
replacement and the temperature peak was significantly delayed ~ . h c n  hotli 
ground and un-ground non- ferrous slag were used; 
The leaching by water of heavy metals from the hardened spcciiiiciic \\,as 
negligible and then thc immobilisation of zinc and leail of the slag into thc 
cement matrix was very effective. 

Kevwords: 
non-ferrous slag; portland cement; zinc 

cementitious materials; concrete; fine aggregate; 
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INTRODUCTION 

With the beginning of the twenty-first century we are entering in an era of 
sustainable development, since it will not be possible, in the future, to consider 
technological aspects only, without giving equal importance to the ecological 
balance in the planet earth (i). 

From this point of view, cement and concrete industries can be 
considered to be environmentally fnendly since a large amount of waste 
materials, such as fly ash or blast h a c e  slag, can be advantageously used in 
manufacturing cementitious products. In other words, the use of fly ash and 
blast-fumace slag in cement and concrete industries is helpful for both 
manufacturing cementitious products with improved properties (for instance 
durability) and for reducing the disposal of waste materials. 

However, other waste materials are available, for instance from non- 
ferrous metallurgical industries, which should be taken into consideration as 
supplementary cementitious materials. Not necessarily all those waste materials 
can act as effective additions as fly ash or blast furnace slag do. Nevertheless, 
these waste materials should be studied in order to assess both their influence on 
the concrete properties and side effects on the environmental compatibility such 
as the release of dangerous emissions (2). 

The purpose of the present research is to study the possible utilisation of 
a non-ferrous metallurgical slag from the zinc industy as an ingredient for 
concrete replacing cement andor natural sand. This is an other example of reuse 
of waste material to bring the concrete industry into new era of sustainable 
development. 
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EXPERIMENTAL: MATERIALS AND METHODS 

Cementitious Materials. Portland cement, granulated blast-furnace slag 
(GBFS) and non ferrous-slag (ISS) from Imperial Smelting process (metallic 
zinc industry) were used as cementitious materials. Table 1 shows the chemical 
analysis of these materials. 

Both GBFS and ISS were ground to approximately the same fineness in 
a laboratory mill so that the percentage of retained material on the 0.180 mm 
sieve opening was 0.1% for both. Blended cements were manufactured by 
replacing 15% of portland cement with ground GBFS or ground ISS. 
Compressive strength of standard mortars according to European Norms (EN 
197) with a w/c of 0.50 and sandcement of 3 are shown in Table 2 and indicate 
that blended cements are as strong as portland cements at 28 days with lower 
strength at early curing age (2 days). 

Aggregates. Natural sand and gravel were used as aggregates. For some 
special mixtures un-ground ISS was also used as fine aggregate to replace 20% 
of natural sand. Figure 1 shows the particle size grading of these three 
aggregates. 

Concrete mixtures. Three concrete mixtures with ISS were studied, all 
with a water-cementitious matenal ratio (w/cm) of 0.60: 

a) concrete mixture with ground ISS replacing portland cement (15%); 

b) concrete mixture with un-ground ISS replacing natural sand (20%); 

c) concrete mixture with ground ISS replacing portland cement (15%) 
and un-ground ISS replacing natural sand (20%). 

Moreover, two reference concrete mixtures, again both with a w/cm of 

d) concrete mixtures with portland cement and natural aggregates; 

e) concrete mixtures with ground GBFS replacing portland cement 
(1 5%); 

Table 3 shows the composition of the five concretes where the slump level 

Methods. Concrete specimens were compacted and cured at room 

- compressive strength; 

- change in temperature due to heat of hydration; 

- release of heavy metals (zinc and lead) from ISS through leaching tests. 

Compressive strength measurements were c f i e d  out on cube specimen 
(100 mm) cured at 23 "C and R.H. of 95% for a period ranging from 1 to 90 
days. 

0.60, were produced for comparative purposes: 

was kept in the range of 220-24Omm; 

temperature. The following properties were measured: 
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Change in temperature measurements were carried out by a thermocouple 
into concrete specimens placed at an initial temperature of 23 OC in polystyrene 
formworks for at least 96 hours. 

Release of heavy metals tests were determined by measuring the 
concentrations of zinc and lead ions in containers where 5 litres of water at 23 
OC was kept in contact with each cube concrete specimens (100 mm); than the 
concentration of Zn and Pb in water was measured by ICP AES (Inductively 
Coupled Plasma Atomic Emission Spectroscopy). 

RESULTS 

Figure 2 shows compressive strength as a function of the curing time for 
the two reference mixtures, with portland cement (CEM I 52.5 R according to 
EN) and GBFS blended cement (CEM WA-S 52.5 R according to EN), and for 
the ISS blended cement (CEM WA-Q 52.5 R according to EN), all with natural 
aggregates. There is no difference between the strength of the concretes with the 
two blended cements with 15% of GBFS or ISS: both are slightly lower than 
that of the portland cement concrete. For instance, the 28-day compressive 
strength is 43 Mpa for the portland cement concrete, 38 Mpa for the ISS 
blended cement concrete and 37 Mpa for the GBFS blended cement mixture. 

Figure 3 shows the compressive strength of the portland cement mixture 
and natural aggregate and that of the two concrete with either portland cement 
or ISS blended cement both with the un-ground ISS replacing 20% of natural 
sand. When un-ground ISS replaces the natural sand in the portland cement 
mixture there is a negligible decrease in the early compressive strength (Fig.3). 
When ISS is used as both ground cementitious material and natural sand there is 
a significant decrease in the early strength (no strength at all at 1-2 days) and 
only a slight strength decrease at later ages (7-90 days). These results can be 
related to the effect of the ISS slag addition on the hydration rate of portland 
cement. 

Figures 4 and 5 (related to the thermal change caused by the heat 
development rate) indicate that there is a negligible retardation (in terms of the 
delay of thermal peak) in the early portland cement hydration when either 
portland cement is replaced by 15% of ground ISS (Fig.4) or natural sand is 
replaced by 20% of un-ground ISS (Fig.5). On the other hand, in the presence of 
both ground and un-ground ISS, the delay of the thermal peak from about 10 hrs 
to about 42 hrs (Fig.5) indicates that there is a strong retardation in the portland 
cement hydration. This can explain why at 1-2 days there is no strength in the 
presence of ISS replacing both 15% of Portland cement and 20% of natural sand 
(Fig.3). 

The retardation, which is much lower when ISS is used to replace either 
portland cement (Fig.4) or natural sand (FigS), can be related to the effect of 
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heavy metallic ions (such as those available in the ISS waste) on the early 
portland cement hydration (3). 

Leaching tests for zinc and lead ions are shown in Fig 6 and 7, 
respectively. There is no problem in the release of zinc which is negligible, and 
lower than the limit of 3 mg/l in the Italian Standard (4), regardless of the use of 
ISS in replacing cement andior natural sand (Fig.6). 

As far as the lead is concerned, the concentration of the released metal is 
significantly higher in concrete mixtures containing ISS with respect to the 
reference mixtures with portland cement or GBFS-cement (Fig.7). However, the 
lead concentration is significantly lower than the limit of 50 p g L  in the Italian 
Standard (4). Moreover, the lead release is very low (about 5 pg/L vs. 50pg/L of 
the Italian Standard) when ISS is used to replace 15% of portland cement. 

CONCLUSIONS 

The compressive strength of concrete mixtures with a non ferrous 
ground slag (from the Imperial Smelting process) replacing 15% of portland 
cement is slightly lower (38 vs. 43 Mpa at 28 days) than that of the reference 
mixture. The strength reduction is very close to that of concrete with ground 
blast-fumace slag replacing 15% Portland cement. 

The strength reduction is negligible when the non- ferrous un-ground 
slag is used to replace 20% of sand. However the combined used of both ground 
and un-ground slag significantly reduces the early strength (1 -2days). This 
effect is related to the retardation of the portland cement hydration measured 
through the delay in the thermal peak due to the heat development. 

The retardation can be related to the effect of metallic ions, such as those 
(Zn, Pb, etc) present in the non-ferrous slag, on the portland cement hydration. 

There is no substantial problem for the release of Zn and Pb from 
concretes when the ground non-ferrous slag replaces 15% of portland cement. 
With the use of both ground and un-ground non-ferrous slag to replace portland 
cement (15%) and natural sand (20%), the release of Pb is higher (32mgíL) but 
lower than the limit of 50 mgíL of the Italian Standard. 
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Cement type 
(EN?197) 

CEM I 

Table 1 - Composition of the ISS non-ferrous slag from Imperial 
Smelting process 

Composition Compressive Strength Strength 
(?/.I ( M a )  class 

Portland - GBFS - ISS 2 days 28 days (EN/197) 
1 O0 42 60 52.5R 

Constituents 
Fe0 
Ca0 
Si02 
A1203 
MgO 
K20 

Na20 
Zn 
Pb 
C 
Cu 

MnO 
Ti02 

B 
SrO 
c1- 

so:- 

Po:- 

CEMII/A-S 

CEMII/Q-S 

Percentage 
29.85 

85 15 - 35 61 52.5R 

85 - 15 32 59 52.5R 

15.37 
14.65 
5.43 
1.30 
1.11 
0.86 
4.77 
2.03 
0.66 
0.55 
0.39 
0.43 
0.19 
0.18 
0.08 
0.04 
0.04 

Table 2 - Comprehensive strength of mortars with Portland and 
blended cements according to the EN/197 European Norms 
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Fig. 1 - Particle size grading of the natural aggregates (sand and gravel) and un- 
ground ISS. 
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Fig. 2 - Compressive strength of concrete mixtures with CEM I (portland 
cement), CEM WA-S (1 5% ground GBFS) and CEM II/A-Q (15% ground ISS), 

all with natural aggregates. 

Full document details: ACI SP-202-01

http://www.avadocuments.com/doc/aci-sp-202-01
http://www.avadocuments.com/doc/aci-sp-202-01

