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PREFACE

Manufacture of ordinary Portland cement (OPC) requires the min-
ing of limestone and releasing of carbon dioxide. For each ton of lime-
stone mined, one-third is released as carbon dioxide that has been 
locked beneath the surface of the earth for millions of years. Emissions 
of greenhouse gases through industrial activities have a major impact on 
global warming and it is believed that at least 5–7% of CO2 released to 
the atmosphere is due to the production of OPC. This has led to signifi-
cant research on eco-friendly construction materials such as geopolymers 
and binary- and ternary-blended OPC concretes. Handbook of Low-
Carbon Concrete is a collection of high-quality technical papers to provide 
the reader a comprehensive understanding of the ways in which carbon 
reductions can be achieved by careful choices of construction materials.

The demand for worldwide cement production is increasing by 
approximately 30% per decade as of 2016. The need for new infrastructure 
construction in developing nations is projected to force the demand up 
for cement in the coming years.

Manufacture of Portland cement is the fourth largest contributor to 
worldwide carbon emissions and is only behind petroleum, coal, and natu-
ral gas in releasing carbon dioxide that has been locked beneath the earth’s 
surface for millions of years. The new cement factories that are being built 
mostly in developing nations to meet this forthcoming demand are unsus-
tainable in the long term for the following reasons:
1.	 Capital Intensive: Cement factories are extremely capital-intensive 

developments. Once the capital is invested, the investor is committed 
to cement-production tonnages to recoup their capital investments. 
Cement manufacturers are notoriously well connected in the con-
struction industry and are resistant to any new low-carbon technolo-
gies to protect their investments. Once capital investments are locked 
into new cement factories, there is little incentive for the cement man-
ufacturers to embrace low-carbon technologies. For example, accord-
ing to a Lafarge report, a new dry process cement line producing 
1 million tons annually can cost up to $240 million.

2.	 Low Employment/Capital Dollars Invested: Cement manufacture is 
largely automated with low labor intensity. Despite large capital 
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investments, it offers very few employment opportunities. A modern 
plant usually employs less than 150 people.

3.	 Energy Intensive: Each ton of cement produced requires 60–130 kg of 
fuel oil or its equivalent, depending on the cement variety and the 
process used, and about 110 kWh of electricity.
Alternative low-carbon technologies utilize fly ash, slag, and other 

materials instead of calcination of limestone. Worldwide, there are 780 
million tons of fly ash, only half of which is utilized in some form. The 
worldwide production of blast furnace slag is about 400 million tons 
per year and steel slag is about 350 million tons per year. In Australia, for 
example, there are 14 million tons of fly ash and about 3 million tons 
of slag produced per annum in comparison with the 9 million tons of 
cement demand per annum.

There is a serious case for the construction industry to utilize low-
carbon concrete to meet the additional demand rather than investing in 
new cement factories.

This book has collected some of the most recent advances in low-
carbon concrete technologies. The first six chapters are related to 
low-carbon OPC concretes, where other reactive cementitious materi-
als are substituted for OPC. The last nine chapters are related to geopoly-
mer concrete, eco-friendly materials with much lower CO2 emissions that 
are produced from industrial byproducts such as fly ash, slag, or metaka-
olin, which are considered as the main possible low-carbon alternatives to 
Portland cement concrete.
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CHAPTER 1

Greenhouse Gas Emissions  
Due to Concrete Manufacture
D.J.M. Flower1 and J.G. Sanjayan2
1Swinburne University of Technology, Melbourne, Australia
2Swinburne University of Technology, Hawthorn, VIC, Australia

1.1  INTRODUCTION

Concrete is the most widely used construction material. Current average 
consumption of concrete is about 1 t/year per every living human being. 
Human beings do not consume any other material in such tremendous 
quantities except for water. Due to its large consumption, even small reduc-
tions of greenhouse gas emissions per ton of manufactured concrete can 
make a significant global impact. This chapter presents a systematic approach 
to estimate carbon dioxide (CO2) emissions due to the various compo-
nents of concrete manufacture. Reliable estimates of greenhouse gas emis-
sion footprints of various construction materials are becoming important, 
because of the environmental awareness of the users of construction mate-
rial. Life cycle assessment of competing construction materials (e.g., steel 
and concrete) [1] can be conducted before the type of material is chosen 
for a particular construction. This chapter provides greenhouse gas emissions 
data collected from typical concrete manufacturing plants for this purpose.

The basic constituents of concrete are cement, water, coarse aggregates, 
and fine aggregates. Extraction of aggregates has considerable land use 
implications [2]. However, the major contributor of greenhouse emissions 
in the manufacture of concrete is Portland cement. It has been reported 
that the cement industry is responsible for 5% of global anthropogenic 
CO2 emissions [3]. As a result, emissions due to Portland cement have 
often become the focus when assessing the greenhouse gas emissions of 
concrete. However, as demonstrated by the data presented in this chapter, 
there are also other components of concrete manufacture that are respon-
sible for greenhouse gas emissions that need consideration. With users 
beginning to require detailed estimates of the environmental impacts of 
the materials in new construction projects, this study was intended to pro-
vide the basis for a rating tool for concrete, based on CO2 emissions.
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Other cementitious components considered include ground granu-
lated blast furnace slag (GGBFS), a byproduct of the steel industry, and fly 
ash, a byproduct of burning coal. These two materials are generally used 
to replace a portion of the cement in a concrete mix. The use of water 
in concrete leads to minimal CO2 emissions, which leaves cement, coarse 
and fine aggregates, GGBFS, and fly ash as the main material contributors 
to the environmental impacts of concrete. In addition to the production of 
materials, the processing components of concrete production and place-
ment were considered. Transport, mixing, and in situ placement of con-
crete all require energy input leading to CO2 emissions. Fig. 1.1 shows the 
system that was considered for this research.

The CO2 emissions from most of the activities involved in concrete 
production and placement result from the energy consumed to accomplish 
them. Hence, to find the CO2 emissions associated with an activity, the 
energy consumption per unit of material produced had to be audited. The 
exception to this rule is cement, where approximately 50% of the emis-
sions are process based, due to the decomposition of limestone in the kiln 
with the remainder associated with kiln fuels and electricity [3,4]. Previous 
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Figure 1.1  Concrete CO2 emissions system diagram.
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research into the environmental impacts of cement production has already 
yielded several estimates of the CO2 emissions per ton of cement pro-
duced. Similarly, fly ash and GGBFS have also both been investigated pre-
viously, and their emissions quantified. So the research that was conducted 
for this chapter covered the production of coarse and fine aggregates  
and admixtures, raw materials transport, concrete batching and transport, 
and onsite placement activities.

1.2  METHODOLOGY

The procedures used to calculate CO2 emissions due to various energy 
sources in this study were obtained from the Australian Greenhouse Office 
Factors and Methods Workbook [5]. Table 1.1 shows the emission factors 
that were sourced from this publication. It should be noted that CO2-e 
(CO2 equivalents) are used as the unit, which is adjusted to include the 
global warming effects of any CH4 or N2O emitted from the same fuel or 
process. These figures are appropriate for Melbourne, Australia, and may 
vary elsewhere around the world, due to differences in energy or fuel pro-
duction methods. In 2004–05 the electricity mix in Melbourne was gen-
erated from brown coal (91.3%), oil (1.3%), gas (5.4%), hydro (1.4%), wind 
(0.5%), and biogas (0.1%) [6].

1.3  EMISSIONS DUE TO COARSE AGGREGATES

Data to estimate the CO2 emissions due to the production of coarse 
aggregates was gathered from two quarries. The first produced granite 
and hornfels aggregates, and the second produced basalt aggregates. Note 
that the two quarries that were chosen for analysis were considered to be 

Table 1.1  Full fuel cycle CO2 emission factors [5]
Energy source Emission factor Unit

Diesel 0.0030 t CO2-e/L
Electricity 0.001392 t CO2-e/kWh
Riogela 0.1439 t CO2-e/ton product
Bulk emulsiona 0.1659 t CO2-e/ton product
Heavy ANFOa 0.1778 t CO2-e/ton product
LPGb 0.0018 t CO2-e/L

aExplosives.
bLiquefied petroleum gas.
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typical examples. The production of both these types of coarse aggregates 
commences with the use of explosives to blast the rock from the quarry 
faces into medium-size boulders and rocks. Diesel-powered excavators 
and haulers then remove the rubble and dump it into electric crushing 
and screening equipment. Finally diesel-powered haulers move the final 
graded products into stockpiles. As part of this study two coarse aggregates 
quarries (basalt and granite/hornfels) were audited for energy consump-
tion and total productivity over a 6-month period. This information was 
taken from fuel, electricity and explosives invoices, and site sales figures. 
The fuel, electricity, and explosives data was used to calculate the amount 
of CO2 produced per ton of aggregate produced at each site. Using the 
emission factors presented in Table 1.1, CO2 emissions per ton of gran-
ite/hornfels was found to be 0.0459 t CO2-e/ton. CO2 emissions per ton 
of basalt were found to be 0.0357 t CO2-e/ton. These figures include the 
average contribution from transport from the quarry to the concrete-
batching plants. Fig. 1.2 shows the contribution of each energy source.

Electricity is responsible for the majority of CO2 emissions for each 
type of aggregate. This labels the crushing process as the most significant 
part of the coarse aggregates production process from an environmental 
perspective. Onsite blasting, excavation, and hauling, in addition to off-
site transport, comprise less than 25% of the total emissions for coarse  
aggregates. It should be noted that while the explosives have very high 
emission factors, they contribute very small amounts (<0.25%) to the 
overall emissions, since such small quantities are used. To achieve signifi-
cant environmental improvements in the production of aggregates, the 
crushing process needs to be targeted. Intelligent placement of explosives 
during the initial blasting process can reduce the demand on the electri-
cal crushing equipment by blasting the rock into smaller fragments prior 

Electricity
77%
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0.001%
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23%

Riogel
0.10%
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Bulk
Emulsion
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Figure 1.2  (A) Basalt and (B) granite/hornfels CO2 emissions breakdowns.
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to crushing. Maintenance of crushing equipment is another way to lower 
electricity demands. Clearly the replacement of old, inefficient machinery 
will lead to lower energy demands.

1.4  EMISSIONS DUE TO FINE AGGREGATES

The fine aggregates investigated in this study begin as raw sand, which 
is strip mined by excavators and loaded into haulers. The haulers dump 
the sand where it is washed into a pumpable slurry that is piped to the 
grading plant. Electric vibrating screens filter the sand into standard grades, 
which are then stockpiled. One fine aggregates quarry was audited for 
energy consumption and total productivity over a 6-month period. The 
amount of CO2 released during the production and subsequent transport 
of 1 t of concrete-sand was found to be 0.0139 t CO2-e/ton. This is 40% 
of the figure for basalt coarse aggregate, and 30% of the figure for gran-
ite coarse aggregate. The lack of a crushing step explains the difference 
between the emissions of fine and coarse aggregates. Fig. 1.3 shows the 
contribution of each energy source to the CO2 emissions associated with 
fine aggregates.

Diesel and electricity contribute almost equally to the CO2 emis-
sions from the production and transport of fine aggregates. The diesel is 
nearly all consumed by the strip mining and on-/offsite transport opera-
tions. The efficiency of these processes is largely dictated by the quality 
of the machinery being used. The replacement of aging excavators and 
haulers will lead to greater fuel efficiency, and hence lower CO2 emis-
sions. Electricity is consumed by the pumping and grading equipment. 
The emissions associated with these processes are largely fixed. Savings 
could be made by periodically relocating the screening plant closer to the 
source of the slurry, but the emissions associated with moving the equip-
ment would need to be assessed before this course of action was taken. In 
general, the sand-mining process is fairly well established, and intentionally 
or otherwise, is already organized to generate minimal CO2.

Electricity
48%Diesel

52%

Figure 1.3  Fine aggregates CO2 emissions breakdown.
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1.5  EMISSIONS DUE TO CEMENT, FLY ASH, GGBFS,  
AND ADMIXTURES

The environmental impacts associated with cement production have been 
investigated thoroughly in recent times [3,4,7–9]. Decomposition of lime-
stone is an essential process in Portland cement production that takes place 
in the cement kiln. The chemical reaction for this process is CaCO3 →  
CaO + CO2. This process releases 0.5 t of CO2 for every ton of CaO pro-
duced. The high-energy consumption of the kiln produces additional CO2 
emissions, which are added to obtain the total emissions due to Portland 
cement manufacture. All of the figures for cement production in Australia 
lie around 0.8 t CO2-e/ton, which is within the range of the other fig-
ures from around the world, which vary from approximately 0.7 to 1.0 t 
CO2-e/ton [3,10,11]. The most recent and extensively researched figure 
was found to be that presented by Heidrich et al. [8], which was adopted 
for this project. The final emission factor that was used for cement in this 
project was 0.82 t CO2-e/ton, which includes transport of cement to con-
crete-batching plants.

A part of the CO2 emissions due to decomposition of limestone is 
reabsorbed from the atmosphere by concrete due to a chemical reaction 
called carbonation. The free lime, Ca(OH)2, in the pores of the concrete, 
reacts with the atmospheric CO2 and produces CaCO3. This chemi-
cal reaction, Ca(OH)2 + CO2 → CaCO3 + H2O, is what is commonly 
described as the carbonation of concrete. Sometimes it is mistakenly 
referred to as the reaction process involved in the hardening of concrete. 
Hardening of concrete is an entirely different reaction involving hydration 
of cement, which does not have any CO2 implications. The carbonation of 
concrete structures only occurs near the surface of concrete. For a typical 
concrete structure, the carbonation depth would be about 20 mm from the 
surface after 50 years. Further, the major part of the CaO in cement is tied 
up as part of the hardened concrete in the form of calcium silicate hydrates 
that are not available for carbonation. Therefore, reabsorption of CO2 by 
concrete during its lifetime would only be a very small proportion, and is 
not considered in the calculations in this chapter. Further discussions and 
estimates of CO2 uptake by concrete can be found in Ref. [12].

The figures for the two supplementary cementitious materials (SCMs) 
considered in this study were also sourced from Heidrich et  al. [8]. The 
emission factor adopted for fly ash was 0.027 t CO2-e/ton. The emis-
sion factor adopted for GGBFS was 0.143 t CO2-e/ton. Both fly ash and 



Greenhouse Gas Emissions Due to Concrete Manufacture 7

GGBFS are byproducts of industries (burning coal and producing steel, 
respectively) that would operate regardless of the production of these use-
ful materials. So the emissions quoted here are based purely on activities 
conducted subsequent to initial production, including capture, milling, 
refining, and transport (100 km) processes.

Concrete often contains admixtures to enhance early age properties, 
such as the workability and strength-development characteristics. In this 
study, four different admixture types were considered, for which a large 
manufacturer supplied the typical figures presented in Table 1.2.

It can be seen that the CO2 emissions associated with the manufac-
ture of concrete admixtures are very small. The total volume of admixtures 
included in a typical mix design is generally less than 2 L/m3. Hence, the 
contribution to the total emissions per cubic meter of concrete is negli-
gible. As a result of this, the CO2 emissions generated by admixtures can 
justifiably be omitted from the calculations of the total CO2 emissions of 
concrete.

1.6  EMISSIONS DUE TO CONCRETE BATCHING,  
TRANSPORT, AND PLACEMENT

Concrete batching is generally conducted at plants located at various strate-
gic positions around a city or town to minimize transport time. Raw mate-
rials are mixed in elevated bins and placed directly into concrete trucks for 
final transport. This process is primarily powered by electricity, with small 
amounts of other fuels used on each site by small excavators used to move 
raw materials, etc. Over a 6-month summer/autumn period, the energy 
consumption and production levels of six different concrete-batching plants 
were audited. The average CO2 emissions due to batching per cubic meter 
of concrete produced were found to be 0.0033 t CO2-e/m3. Fig. 1.4 shows 
the contributions of each energy source to the total CO2 emissions.

Table 1.2  CO2 emissions associated with admixture manufacture
Admixture type Primary raw 

material
Production  
energy (kWh/L)

CO2 emissions  
(t CO2-e/L)

Superplasticizer Polycarboxylate 0.0037 5.2 × 10−6

Set accelerating Calcium nitrate 0.0380 53 × 10−6

Mid-range water reducing Calcium nitrate 0.0290 40 × 10−6

Water reducing Lignin 0.0016 2.2 × 10−6
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The electric mixing equipment is the most significant contributor to 
the emissions generated by concrete batching. It has been demonstrated 
in an internal review by a large concrete manufacturer that substantial 
improvements can be made to the efficiency of batching equipment by 
commissioning independent electrical contractors to report on the effi-
ciency of batching equipment and making improvements. Aging equip-
ment often contains inefficient wiring and switches. Often equipment is 
left running by old switching equipment during zero-load cycles when it 
could be paused. Thermal losses in poorly planned or low-quality wiring 
can be reduced by replacement. Installation of high-efficiency motors can 
reduce energy demands substantially. However, it should be noted that rel-
ative to other components of the concrete production process, the amount 
of CO2 released through batching activities is fairly low, so it may be more 
critical to spend money on upgrading other more critical processes.

The transport of batched concrete consumes diesel fuel. Through truck-
ing records taken over a 5-month period, the average amount of fuel con-
sumed per cubic meter of concrete transported was found to be 3.1 L/m3, 
which was found to be responsible for 0.009 t CO2-e/m3. Note that this 
figure includes empty return trips, since the total fuel consumption for the 
entire fleet of trucks was used. Since the trucking records included trucking 
to and from a wide range of construction sites and batching plants, it was 
assumed that the distances traveled were average for metropolitan concrete-
transport activities.

Onsite placement activities such as pumping, vibrating, and finishing 
concrete consume liquid fuels. The amount of diesel consumed to pump 
1 m3 of concrete was found to be approximately 1.5 L/m3, found by a 

LPG
0.5%Diesel

4%

Electricity
96%

Figure 1.4  Concrete-batching CO2 emissions breakdown.
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survey of local pumping companies. The quantities of fuel consumed by 
other placement activities were impossible to accurately quantify, due to 
a lack of records and consistency between sites. Occasionally, concrete is 
craned into place instead of pumped, and this was also impossible to quan-
tify. Hence, the original figure of 1.5 L/m3 was doubled to account for all 
other placement activities. The final figure of 3 L/m3 was assumed to be 
purely diesel fuel, and was found to be responsible for emissions of 0.009 t 
CO2-e/m3. This is a conservative figure that is important since in very tall 
buildings, for example, the amount of fuel consumed by pumping could 
be higher than the average estimate, and the slack in this estimate allows 
room for such anomalies.

1.7  SUMMARY OF CO2 EMISSIONS

The emissions associated with each activity in the concrete production 
and placement process were combined into a total figure based on mix 
design. The factors that were found are summarized in Table 1.3.

1.8  EMISSIONS GENERATED BY TYPICAL COMMERCIALLY 
PRODUCED CONCRETES

To investigate two of the methods by which the amount of CO2 gener-
ated by concrete can be reduced, four mixes were selected with binders 
including SCMs. The first two mixes (25 and 32 MPa) have 25% of the 
general purpose (GP) cement replaced by fly ash. The second two mixes 
(25 and 32 MPa) have 40% of the GP cement replaced by GGBFS. These 
percentages are chosen because they are commonly used in construction 

Table 1.3  Final CO2 emission factors
Activity Emission factor Unit

Coarse aggregates: granite/hornfels 0.0459 t CO2-e/ton
Coarse aggregates: basalt 0.0357 t CO2-e/ton
Fine aggregates 0.0139 t CO2-e/ton
Cement 0.8200 t CO2-e/ton
Fly ash (F-type) 0.0270 t CO2-e/ton
GGBFS 0.1430 t CO2-e/ton
Concrete batching 0.0033 t CO2-e/m3

Concrete transport 0.0094 t CO2-e/m3

Onsite placement activities 0.0090 t CO2-e/m3
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projects. It is noted that large cement replacements in lower-grade con-
cretes such as these will not result in efficient construction because prop-
erties such as set time and early strength development can be affected. In 
addition, 25 and 32 MPa concretes are commonly used standard strengths. 
Table 1.4 and Fig. 1.5 show the results of this analysis, with two Type GP 
cement concretes as a benchmark.

Type GP cement is the dominant source of emissions in all of the con-
cretes, blended or otherwise. The fly ash–blended concretes show reduced 
CO2 emissions (13–15%), but it is the GGBFS-blended concretes that 
show more substantial reductions (22%). This is because more GGBFS is 
typically included in a blended mix without significantly changing the 
engineering properties of the concrete, due to its natural cementitious 
properties. So while GGBFS has a higher material-emission factor than fly 
ash, it can replace more cement, which leads to lower total emissions.

Table 1.4  CO2 emissions generated by typical commercially produced concretes
Strength (MPa) 100% GP cement 25% Fly ash 40% GGBFS

25 32 25 32 25 32

Emissions (t CO2-e/m3) 0.290 0.322 0.253 0.273 0.225 0.251
% CO2 reduction 0 0 13 15 22 22

CO2 Emissions Breakdown
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Figure 1.5  CO2 emissions generated by typical commercially produced concretes.
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1.9  CASE STUDY: THE ROLE OF CONCRETE IN SUSTAINABLE 
BUILDINGS

The result of a design competition held in 2001 by the Victorian Office 
of Housing, the K2 public housing project in Melbourne, Australia, is an 
excellent example of innovative sustainable building design. The com-
petition required the core structure to have a 200-year lifespan, generate 
renewable energy onsite, consume no nonrenewable energy, and halve 
mains water consumption [13]. In the final design, currently under con-
struction, these requirements have been subjected to some interpretation, 
but generally they have all been achieved in some capacity. The winning 
design, by architects DesignInc Melbourne Pty Ltd, supported by engi-
neering firm Arup, features four medium-rise buildings, with a total of 96 
apartments suitable for public housing.

The main environmentally sustainable design (ESD) features of the 
design are: (1) maximized incident solar energy through building orien-
tation, (2) passive ventilation through building orientation and apart-
ment design, (3) photovoltaic cells for onsite renewable energy generation, 
(4)  strategic placement of thermally massive materials for energy storage, 
(5) strategic placement of insulation to prevent unwanted energy migra-
tion, (6) use of low embodied-energy materials (structural and otherwise), 
(7) solar-powered hydronic heating for extreme winter weather, (8) gray- 
and storm-water recycling, and (9) water-efficient appliances and fittings.

Based on predictive models compiled by the design team, it can be 
estimated that the probable annual operational energy consumption at 
K2 (lighting, elevators, hot water, and appliances) will be approximately 
1000 MWh, depending on ongoing tenant education and choice of appli-
ances [14]. This energy is sourced from both electricity and natural gas. 
Note that depending on the uptake of tenant education, annual opera-
tional energy could be substantially lower than this, under the predicted 
best-case scenario. The most probable energy-consumption scenario was 
used for this case study.

When predicting the total operational energy consumption over the 
lifespan of the structure, it is appropriate to consider only 100 years of 
operation. Due to the demographic changes expected over 100 years, the 
purpose of the structure may change after that period of time. Hence, it is 
expected that a major refit will be required after 100 years. According to 
the design team’s probable development scenario, 1000 MWh/year equates 
to approximately 850 t CO2-e/year including contributions from both gas 
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and electricity. Hence, over 100 years, building operations will generate a 
total of approximately 85,000 t CO2-e.

This figure is based on the current electricity and gas emission factors. 
However, the methods of electricity generation in Melbourne may change 
substantially over the next 100 years, from burning brown coal to more 
sustainable techniques.

It is now interesting to investigate the initial material-based CO2 emis-
sions associated with concrete. There are a range of other sources of initial 
CO2 emissions at K2, including glass, steel, aluminum, photovoltaics, and 
fitout materials; however, this investigation will focus on concrete alone.

Based on the K2 bill of quantities and the component emission fac-
tors outlined earlier, the volumes of concrete and associated target CO2-
equivalent emissions shown in Table 1.5 were found. On average across 
the whole structure, the design target is to replace 30% of total Portland 
cement with fly ash. Note that this target has not yet been achieved, since 
construction is not complete.

To quantify the target CO2 savings that will be made by substituting 
fly ash for some of the cement content of the concrete, a similar investiga-
tion was performed using mix designs containing only pure GP cement. 
The total CO2-equivalent emissions generated by the pure GP cement–
based concretes were found to be 1391 t CO2-e. Hence the target savings 
that will be made by replacing a portion of the GP cement with fly ash 
are approximately 206 t CO2-e.

According to the design team’s estimated energy consumption as 
described earlier, the yearly CO2 emissions associated with building opera-
tions will be approximately 850 t CO2-e/year. Over the 100-year build-
ing lifespan, the CO2 emissions generated by the structural concrete will 
be less than 1.4% of the emissions associated with operation, assuming all 
design targets are met.

Table 1.5  Concrete volumes and target embodied-energy CO2 emissions
Strength 
(MPa)

Structural element Quantity  
(m3)

Emission factor  
(t CO2-e/m3)

Emissions  
(t CO2-e)

15 Blinding 589 0.20 119
32 Footings 489 0.24 119
32 Slabs 1948 0.27 533
40 In situ columns and walls 235 0.27 63
40 Precast walls 1067 0.33 351

1185
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Furthermore, as a result of the energy-efficient design of K2, the most 
probable estimated energy consumption is already expected to be reduced 
by 57% [14], or approximately 1125 t CO2-e/year. So by designing the 
building with passive energy measures and educating the tenants to mini-
mize energy consumption, the target tonnage of CO2-e that will be saved 
per year will be over five times greater than that predicted to be saved 
initially by the use of fly ash in the structural concrete. Hence, over 100 
years, the tonnage of CO2-e that will be saved due to the efficient build-
ing design will be approximately 500 times greater than that estimated to 
be saved by the use of fly ash in the structural concrete, again assuming all 
design targets are met.

This case study shows that passive design measures, which enhance 
the operational energy performance of a building, have the potential to 
make a greater impact on the overall greenhouse gas emissions of a build-
ing than using fly ash substitution in concrete mix designs. However, the 
short-to-medium-term benefits of using low embodied-energy concretes 
are still significant and valuable. It is worth noting that using fly ash in 
structural concrete results in accurately quantifiable capital CO2 savings. 
Passive energy measures have the capacity to be more effective in the long 
term, but depend on a large number of variables, such as tenant behavior, 
which can be difficult to control.

This case study also shows that for comparison of CO2 emissions of 
alternative construction materials such as steel with concrete, the emis-
sions associated with concrete should be considered rather than just the 
cement component alone, since emissions due to cement are only part of 
the concrete emissions, albeit a significant part.

1.10  CONCLUSIONS

While there have been many studies conducted to estimate the CO2 
emissions due to Portland cement manufacture, very few reliable estimates 
are available for the emissions due to concrete manufacture. The figures for 
the emissions for two types of coarse aggregates, fine aggregates, cement, 
fly ash, slag, concrete batching, and transport have been developed based 
on a large number of records obtained from aggregates quarries, concrete-
batching plants, and other sources. Although the data presented above was 
collected from locations around Melbourne, Australia, it can be used as a 
guide to estimate the emissions due to concrete production and placement 
in other parts of the world with similar production methods.
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The following conclusions can be drawn from the data collected in 
this study:
	 1.	 The equivalent CO2 emissions generated by a particular concrete 

with known mix proportions can be estimated using the emissions 
contributions from the constituents of concrete.

	 2.	 Portland cement was found to be the primary source of CO2 emis-
sions generated by typical commercially produced concrete mixes, 
being responsible for 74–81% of total CO2 emissions.

	 3.	 The next major source of CO2 emissions in concrete was found to be 
coarse aggregates, being responsible for 13–20% of total CO2 emissions.

	 4.	 The majority contribution of CO2 emissions in coarse aggre-
gates production was found to from electricity, typically about 80%. 
Blasting, excavation, hauling, and transport comprise less than 25%. 
While the explosives have very high emissions, they contribute very 
small amounts (<0.25%) to coarse aggregate production, since only 
small quantities are used.

	 5.	 Production of a ton of fine aggregates was found to generate 30–40% 
of the emissions generated by the production of a ton of coarse 
aggregates. Fine aggregates generate less equivalent CO2 since they 
are not crushed.

	 6.	 Diesel and electricity were found to contribute almost equally to the 
emissions due to fine aggregates.

	 7.	 Emission contributions due to admixtures were found to be 
negligible.

	 8.	 Concrete-batching, transport, and placement activities were all found 
to contribute very small amounts of CO2 to total concrete emissions.

	 9.	 The CO2 emissions generated by typical normal strength concrete 
mixes using Portland cement as the only binder were found to range 
between 0.29 and 0.32 t CO2-e/m3.

	10.	 GGBFS was found to be capable of reducing concrete CO2 emissions 
by 22% in typical concrete mixes.

	11.	 Fly ash was found to be capable of reducing concrete CO2 emissions 
by 13–15% in typical concrete mixes.

	12.	 The target CO2 emissions due to the structural concrete at the sus-
tainable apartment complex considered as a case study will form 
less than 1.4% of the estimated probable total lifetime CO2 emis-
sions generated by the building. Note that the award-winning design 
of this particular building is estimated to reduce operational energy 
consumption by 57% under the most probable operational scenario 
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compared to a typical conventional apartment building of comparable 
size designed without any ESD features.

	13.	 The case study showed that passive design measures, which enhance 
the operational energy performance of a building, have the potential 
to make a greater impact on the overall greenhouse gas emissions of a 
building than using fly ash substitution in concrete mix designs.

1.11  RECOMMENDATIONS AND PERSPECTIVES

The various rating schemes used to compare alternative construction 
materials should use models that are based on hard data, such as the one 
presented in this chapter, so that reliable comparisons can be made. A case 
study is presented in the chapter demonstrating how the results may be 
utilized.
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CHAPTER 2

Life Cycle CO2 Evaluation on 
Reinforced Concrete Structures 
With High-Strength Concrete
S. Tae1, C. Baek2 and S. Roh1
1Hanyang University, Ansan, Republic of Korea
2Korea Institute of Civil Engineering and Building Technology, Goyang, Republic of Korea

2.1  INTRODUCTION

Global warming, resource depletion, and pollution are causing many 
countries to adopt environmentally friendly policies. According to the 
report of the Environmental Protection Agency, energy consumption and 
CO2 emissions of buildings in the United States are responsible for 70% 
of the entire energy consumption and 38% of the entire CO2 emissions of 
the country [1,2]. Construction is an environmentally demanding indus-
try requiring mass consumption and disposal. Architectural production 
activities should focus on sustainable development to reduce the environ-
mental load of design, construction work, maintenance, and disposal [3-5]. 
Under the World Trade Organization system, international organizations 
such as the United Nations, Organization for Economic Cooperation and 
Development, and International Organization for Standardization have 
considered techniques to reduce global warming, create environmentally 
sound and sustainable practices, and set up compulsory regulations for 
environmental load reduction [6,7].

Skyscrapers have been constructed more frequently since the early 
2000s due to their increased land efficiency and recent progress in modern 
construction techniques, and recently a considerable amount of attention 
has been paid to environmentally sound and sustainable “green” buildings. 
Skyscrapers are advantageous for supporting broad greens and open space, 
and reducing the building-to-land ratio. Their weak points include lack of 
social contact and ground connections, and difficulty with natural ventila-
tion. Research and development under the principle of environmentally 
sound and sustainable development is now firmly established as an inter-
national paradigm [8–10].
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Hence, the purpose of this study is to evaluate the environmental per-
formance of buildings by the application of high-strength concrete, mainly 
used in supertall buildings as a material of environmental stress reduction 
(hereinafter “high-strength concrete building”).

This study proposed a plan for the evaluation of energy consumption 
amount and CO2 emission amount throughout the life cycle of building, 
and calculated energy consumption amount and CO2 emission amount 
throughout the life cycle of a tall apartment building actually constructed 
(hereinafter “existing building”) by using this plan.

Thereafter, this study evaluated energy consumption and CO2 emission–
reduction performance for the life cycle of the building by the decrease of 
concrete and reinforcing-bar quality obtained through conversion from the 
existing building’s concrete compressive strength to 40 MPa high-strength 
concrete.

2.2  METHOD OF EVALUATING ENVIRONMENTAL LOAD FOR 
THE LIFE CYCLE OF BUILDING

This study assessed the environmental load of a structure through its 
life cycle with stages classified into construction, use/maintenance, and 
removal/disposal. Construction included material production, transporta-
tion, and construction work on the site. Interindustry relations analyses 
were carried out to measure the CO2 released during material production. 
Use/maintenance was divided into use of a building and its maintenance 
steps, and it was analyzed by considering the assessment period and the life 
of the building, based on the annual energy consumption. Removal/dis-
posal was divided into removal of a structure and disposal of the removed 
wastes [11]. Fig. 2.1 and Table 2.1 show the classification of buildings by 
the method of environmental load evaluation and evaluation items for 
the life cycle of the building proposed in this study, respectively. In addi-
tion, Eqs. (2.1) and (2.2) show the calculations of energy consumption and 
CO2 emission for the life cycle of the building [12].

	 LCE ij�∑E 	 (2.1)

	 LCCO CO ij2 2�∑ 	 (2.2)

where, LCE is life cycle energy consumption (MJ/m2), LCCO2 is life 
cycle CO2 emission (kg-CO2/m2), Eij is life cycle energy consump-
tion (MJ/m2) for each stage (i) and material (j), CO2ij is life cycle CO2 
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emission for each stage (i) and material (j), and E = 1: construction stage 
(1-1 = material production step, 1-2 = transportation step, 1-3 = con-
struction work step), 2: use/maintenance stage (2-1 = use step, 2-2 = 
maintenance step), 3: removal/disposal stage (3-1 = removal step, 3-2 = 
disposal step).

2.2.1  Construction Stage
The construction stage, which generally makes up 30% of the building 
LCCO2 emissions, was divided into three steps: material production, trans-
portation, and construction work [13]. The material production step ranged 
from gathering raw materials to producing building materials to be used in 

Assessment objects Analysis methods

Construction
stage

Use/
maintenance

stage

Removal/
disposal

stage

Sector of construction materials required
for building works

Sector of construction materials used for
improvement and repair works

Sector of construction materials required
for removal and demolition

Sector of equipment operation used for
removal and demolition

Sector of operation like air-conditioning,
heating, hot-water piping and lighting

Interindustry relations analysis

Interindustry relations analysis

Making out a model for estimating energy consumption
and CO2 emission based on field study data

Use of interview data with removal and demolition
companies and specialists 

Interindustry relations analysis 

Energy
consumption

and CO2
emission

Figure 2.1  Method of environmental load assessment.

Table 2.1  Classification of environmental load assessment
Stage Classification Subclassification

1.	 Construction  
stage

1.	 Material  
production step

2.	 Transportation step
3.	 Construction  

work step

① Construction work ② Public 
work ③ Facility work

① Transportation
① Construction work ② Public 

work ③ Landscaping work
④ Power consumption

2.	 Use/maintenance  
stage

1.	 Use step

2.	 Maintenance step

① Power consumption  
② Heating energy  
③ City gas consumption

① Improvement and repair
3.	 Removal/disposal  

stage
1.	 Removal step
2.	 Disposal step

① Removal
① Loading ② Returning
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the construction work stage. The transportation step refers to the energy 
consumption by freight vehicles transporting building materials to the con-
struction sites. The construction work step refers to the energy consumption 
by construction machinery, field offices, and other facilities from starting 
construction to construction completion. The construction stage was also 
divided into three kinds of work: construction work, public work, and facil-
ity work. The energy consumption and CO2 emissions were determined for 
each kind of work. The construction work included 17 types of subwork, 
including temporary, pile, reinforced concrete, masonry, waterproofing, tile, 
stone, and steel works. The public work was composed of three types of 
subwork: a retaining wall and waterproofing, pile, and appurtenant public 
works. The facility work included 17 types of subworks including facility, 
piping of machine rooms, and gas piping works.

The energy consumption and CO2 emissions during construction 
material production were calculated by applying a unit of a construction 
material, which was drawn by interindustry relations analyses, to the mate-
rial volume to be used for buildings [14].

2.2.1.1  Material Production Step
Energy consumption and CO2 emission for the production of each con-
struction material are computed, as described above, based on the interin-
dustry relation analysis.

The material production step is the stage of calculating the CO2 emis-
sion and energy amount consumed to produce the construction materials 
used in building construction. The energy consumption and CO2 emis-
sion to produce each construction material are based on interindustry 
relation analysis as mentioned above. Therefore, through identification of 
the material quantity put into the construction of buildings, the energy 
consumption and CO2 emission in the production of the construction 
materials used in the building intended for evaluation can be calculated.

	 E M UC-M ij m M,ECOST�∑ ⋅ ⋅ 	 (2.3)

	 CO C-M ij m M2 �∑ ⋅ ⋅M UCOST ,CO2	 (2.4)

where EC-M (MJ/m2) is energy consumption of the material produc-
tion step, Mij (Unit/m2) is the amount of construction material (j) used 
for the construction type (i), COSTm (Won/Unit) is the cost of construc-
tion material (m), UM,E (Mj/Won) is the energy consumption factor for 
construction material (m), CO2C-M(kg-CO2/m2) is CO2 emission of the 
material production step, and UM,CO2(kg-CO2/Won) is the CO2 emission 
factor for construction material (m).
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2.2.1.2  Transportation Step
Energy consumption and CO2 emission of the transportation step can be 
computed based on transportation method, transportation distance, load 
on the transportation vehicle, and expenditure of oil and power used for 
transportation. However, records on equipment use are often omitted in 
construction diaries furnished at construction sites, and in many cases it 
is difficult to secure sufficient data because of conditions at the site [15]. 
Therefore, this study used Eqs. (2.5) and (2.6) to compute energy con-
sumption and CO2 emission for transportation. Eqs. (2.5) and (2.6) cal-
culate energy consumption and CO2 emission for the transportation of 
materials used in general construction work. Transportation distance 
is based on a travel distance of 30 km, a value suggested by the Korean 
Ministry of Environment for an energy consumption factor and CO2 
emission factor for transportation equipment.

	 EC-T MJ/m�104 6 2. 	 (2.5)

	 CO kg-CO /mC-T2 2
27 4� . 	 (2.6)

where EC-T is energy consumption (MJ/m2) of transportation step and 
CO2C-T is CO2 emission (kg-CO2/m2) of the transportation step.

2.2.1.3  Construction Work Step
This study is programmed to use Eqs. (2.7)–(2.12) for the computa-

tion of energy consumption and CO2 emission of the construction work 
step by classifying construction work, engineering work, landscape work, 
and electricity use. Existing studies that proposed Eqs. (2.7)–(2.12) classi-
fied the energy source of construction work into oil and electricity [14]. 
In addition, oil consumption for each construction item was computed by 
analyzing the data on oil consumption per unit of machine time. Power 
consumption, as shown in Eq. (2.12), was computed by investigating the 
actual power expended during construction. Energy consumption com-
putation results can be substituted into Eqs. (2.7) and (2.8) to compute the 
CO2 emission of the construction work step.

	 E E E E EC-C ca cc cl ce	 (2.7)

	 CO C-C ca cc cl ce2 3 06 1 64( ) . .E E E E 	 (2.8)

	 Eca MJ/m�95 13 2. 	 (2.9)

	 Ecc MJ/m�15 29 2. 	 (2.10)
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	 Ecl MJ/m�3 04 2. 	 (2.11)

	 Ece MJ/m�100 71 2. 	 (2.12)

where EC-C is the energy consumption (MJ/m2) of the construction work 
step and CO2C-C is the CO2 emission (kg-CO2/m2) of the construction 
work step, Eca is the energy consumption factor (MJ/m2) for the construc-
tion type during construction work, Ecc is the energy consumption factor 
(MJ/m2) for civil construction, Ecl is the energy consumption factor (MJ/
m2) for landscape construction, Ece is the electric power consumption 
factor (MJ/m2) during construction work.

2.2.2  Use/Maintenance Stage
This stage, which makes up about 70% of the building LCCO2 emis-
sions, considers the CO2 emissions due to energy consumed during 
the service life of the building. Energy sources used for air condition-
ing, lighting, and cooking were classified into electric, heating, and gas 
energy. Heating energy was divided into district, central, and individ-
ual heating in terms of heating method and into LPT, heavy oil, light 
oil, and kerosene by heating source type. The total emission of CO2 was 
calculated by adding the CO2 emission from each type of source. This 
study presently sets the heating type ratios as follows: city gas (65%), 
heavy oil (25%), incineration heat (9%), and light oil (1%). The ratio 
can be configured by users. Eqs. (2.13) and (2.14) show the energy con-
sumption and CO2 emission in the use step.

Energy consumption and CO2 emission in the maintenance step can 
be calculated, based on the life of a structure, by using data on repaired 
and replaced volumes of building materials due to wear-out, damage, and 
destruction, and by using breakdowns of oil and electric power for repair 
and replacement work. This study sets the energy consumption and CO2 
emission used in the maintenance step as 6.24 MJ/m2/year and 0.59 kg-
CO2/m2/year, respectively.

	 E E E EU ue uh ug Y( ) ⋅ 	 (2.13)

	 CO U ue uo ug E,CO22 ( )E E E Y U⋅ ⋅ 	 (2.14)

	 E YM MJ/m /year�6 24 2. ⋅ 	 (2.15)

	 CO kg-CO /m /yearM2 2
20 59� . ⋅ Y 	 (2.16)
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Here, EU and CO2U indicate the energy consumption amount (MJ/m2)  
and CO2 emission (kg-CO2/m2) of each use step. Eue indicates the 
amount of electric energy used (MJ/m2/year), Euh the amount of heat-
ing energy used (MJ/m2/year), Eug the amount of city gas used (MJ/m2/
year), UE,CO2 the CO2 emission factor by the consumed energy sources 
(kg-CO2/MJ), and Y the number of years the building is used (year). EM 
and CO2M indicate energy consumption (MJ/m2) and CO2 emission 
(kg-CO2/m2).

2.2.3  Removal/Disposal Stage
The removal/disposal stage included the removal and disposal of build-

ings at the end of their life cycle, or replacement and transportation to 
handle building waste. The recycling of building wastes was left for future 
consideration. The objects of analyses were materials and equipment used 
for removal, vehicles, oil and electric power required for the transportation 
of waste. Disposal included loading and returning, and the energy con-
sumption of a vehicle’s return trip to a waste-generating place from a dis-
posal area was assumed to require half of the energy of the loading case.

	 ER MJ/m�1 07 2. 	 (2.17)

	 CO 4kg-CO /mR 22
20 073� . 	 (2.18)

	 E O UD i O,E� ⋅ 	 (2.19)

	 CO D i O,CO2 2�O U⋅ 	 (2.20)

Here, ER and CO2R respectively indicate the energy consumption (MJ/
m2) and CO2 emission (kg-CO2/m2) of the removal step. ED and CO2D 
respectively indicate the energy consumption (MJ/m2) and CO2 emis-
sion (kg-CO2/m2) of the disposal step. Oi is the amount of oil used by 
transporting vehicle by (i) the wastes, and UO,E and UO,CO2 the energy 
consumption factor (MJ/L) and CO2 emission factor (kg-CO2/L) of oil, 
respectively.

2.3  EVALUATING ENVIRONMENTAL LOAD BY THE 
APPLICATION OF HIGH-STRENGTH CONCRETE

This chapter evaluated energy consumption amount and CO2 emission–
reduction effects by the application of high-strength concrete on the tall 
apartment building actually constructed based on Section 2.2, Method of 
Evaluating Environmental Load for the Life Cycle of Building.
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The target building for evaluation is a tall apartment building made of 
reinforced concrete with a total floor area of 14,424 m2, 35 stories above 
the ground, which had its construction completed in May 2004.

In this chapter, the life cycle of the case building was classified into 
construction stage, use/maintenance stage, and removal/disposal stage to 
calculate energy consumption and CO2 emission, and the energy con-
sumption and CO2 emission of each stage were calculated.

In addition, we selected the concrete compressive strength that can 
support more than a 100-year lifespan in an urban environment (carbon-
ized environment) and applied it to the case building, and evaluated the 
effects of the reinforcing bar and concrete reduction and lifespan exten-
sion on the environmental load.

Table 2.2 shows the evaluation conditions of the existing building and 
high-strength concrete building. In Table 2.2, the evaluation period was set 
to 100 years, which is the lower limit of the lifespan of the high-strength 
concrete structure set in this study. The evaluation condition is at level 3 
of cases 1–3. Case 1 is the case in which the 100-year evaluation period 
is reached through the reconstruction work step, after reaching 50 years 
of its lifespan without a repair process on the carbonization of the exist-
ing building. On the other hand, case 2 is the case where the lifespan of 
the existing building is extended up to 100 years through maintenance 

Table 2.2  Overview of the building assessed

Building overview ●	 Apartment with 35 stories above ground
●	 RC structure
●	 Total area: 14,424 m2

●	 Building-to-land ratio: 59.22%
Assessment conditions ●	 Assessment period: 100 years

●	 Service life: Case 1: Existing building  
(50 years)
Case 2: Existing building renovation (50 years)
Case 3: High-strength concrete building (100 

years)
Concrete compressive  

strength
●	 27–35 stories: 24 MPa
●	 20–26 stories: 27 MPa
●	 10–19 stories: 30 MPa
●	 1–9 stories: 35 MPa

Minimum concrete-cover  
thickness

●	 20 mm

Deterioration environment ●	 Carbonation environment
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of structure members that were deteriorated by carbonization, and case 3, 
the case of the high-strength concrete building, is the case in which the 
100-year evaluation period can be reached without a maintenance of 
structural members by carbonization.

2.3.1  Evaluation Method
2.3.1.1  Materials Production Step
The energy consumption and CO2 emission of the material production 
stage were calculated as the sum of the amount of energy consumed and 
that of CO2 emitted in the process of production of the construction 
materials used in building construction. The construction materials used 
in building construction were identified by obtaining the actual quantity 
sheet of existing apartment houses, and for the energy consumption factor 
and CO2 emission factor of each construction material, the energy con-
sumption factor and CO2 emission factor calculation results deduced with 
the use of the 2003 interindustry relation analysis of Korea were applied 
[13]. Table 2.3 shows the energy consumption factor and CO2 emission 
factor for the main construction material applied in this chapter.

Specifically, case 1, the case where reconstruction is done after 
removal/disposal without maintenance when the building reaches 50 years 
of its limit lifespan by the carbonization phenomenon, calculated the CO2 
of the construction work step provided that construction is done twice 
within 100 years of the average period. Also, case 2, the case where lifespan 
is extended up to 100 years through maintenance of the concrete deterio-
rated by carbonization, gains one session of construction work step within 
100 years of the average period, but with the amount of CO2 by the use 
of additional construction materials used in the maintenance stage added 
to the amount of CO2 emitted during the maintenance stage. On the 
other hand, case 3, the high-strength concrete building having 100 years 
of lifespan, gains one session of construction work step within 100 years 
of the average period, and was evaluated as not having any additional CO2 
emission by maintenance.

2.3.1.2  Transportation Step
​The energy consumption and CO2 emission during transportation step 
were calculated with the use of Eqs. (2.5) and (2.6). While Eqs. (2.5) and 
(2.6) are calculation equations that can evaluate the amount of energy 
consumption and that of CO2 emitted during the transportation step with 
the use of the total floor area of the case building for evaluation, cases 1–3 
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applied the same total floor area of 14,424 m2. However, since there are 
two sessions of construction work steps, case 1 was evaluated as having 
double the energy consumed and CO2 emitted during the transportation 
stage in comparison with cases 2 and 3 during one session of construction 
work step.

2.3.1.3  Construction Work Step
The energy consumption and CO2 emission during the construction 
work step were calculated with the use of Eqs. (2.7)–(2.12). Eqs. (2.7)–
(2.11) calculate the amount of oil used in the construction work step 
with the use of the total floor area and apartment complex area of the 
case building for evaluation, and Eq. (2.12) means the amount of elec-
tric energy used during the construction work step with the use of total 
floor area. The energy consumption and CO2 emission were calculated by 
substituting such deduced amounts of oil and electric energy used into 
Eqs. (2.7) and (2.8). The total floor areas and apartment complex areas of 

Table 2.3  Energy consumption factor and CO2 emissions factor for main construction 
materials
No. Article Interindustry analysis (domestic and 

overseas)

Amount of energy 
consumption

Amount of CO2 
emission

1 REMICON 2420.993 MJ/m3 186.493 CO2-kg/
m3

2 Deformed iron bar 35.300 MJ/kg 3.052 CO2-kg/kg
3 Waterproof plywood 22.574 MJ/kg 1.516 CO2-kg/kg
4 Rectangular lumber 17.885 MJ/kg 1.216 CO2-kg/kg
5 Wire 90.953 MJ/kg 6.813 CO2-kg/kg
6 Nail 61.512 MJ/kg 4.607 CO2-kg/kg
7 Concrete brick 2.679 MJ/each 0.206 CO2-kg/

each
8 Concrete block 21.886 MJ/kg 1.683 CO2-kg/kg
9 Concrete tile 15.575 MJ/kg 1.197 CO2-kg/kg
10 Cement 6.916 MJ/kg 0.556 CO2-kg/kg
11 Sand 72.936 MJ/m3 5.033 CO2-kg/m3

12 Gravel 70.537 MJ/m3 4.868 CO2-kg/m3

13 Foamed polystyrene board 140.014 MJ/kg 10.229 CO2-kg/kg
14 PVC ceiling panel 99.947 MJ/kg 7.302 CO2-kg/kg
15 PVC rain leader pipe 708.421 MJ/kg 50.872 CO2-kg/kg
16 Water-based paint 652.690 MJ/kg 48.017 CO2-kg/kg
17 Ceramic paint 489.419 MJ/kg 36.005 CO2-kg/kg
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cases 1–3, 14,424 and 3291 m2, respectively, were evaluated to be the same. 
However, since case 1 involves two sessions of construction steps just as 
with the construction work step, this case was evaluated to have double 
the energy consumption and CO2 emission of the construction work step 
in comparison with cases 2 and 3, which include only one session of the 
construction work step.

2.3.1.4  Use Step
The energy consumption and CO2 emission during the use step of cases 
1–3 were calculated by obtaining the data on the amount of energy used 
for years in practice in existing apartment houses. The energy sources 
of existing apartment houses were classified into electric power, heat-
ing energy, and city gas, and heating was evaluated provided that city gas, 
heavy oil, incineration heat, and light oil are used at 65%, 25%, 9%, and 
1%, respectively, in the local heating method. For the amount of energy 
used for years in cases 1–3, the energy consumption for years taken above 
was applied in the same way, and the total amount of energy for the aver-
age 100-year period was evaluated assuming that the surveyed amount of 
energy per year used in the apartment house in practice has been the same 
for 100 years.

2.3.1.5  Maintenance Step
The energy consumption and CO2 emission during the maintenance step 
in cases 1–3 were calculated based on Eqs. (2.13) and (2.14), respectively. 
However, in case 2, the amount of CO2 emitted by concrete used in the 
maintenance step of the structure deteriorated by carbonization within 
the average 100-year period was added in the calculation. At this time, 
only the amount of CO2 emitted in the concrete-production step was 
added in the calculation, and the amount of CO2 occurring in the trans-
portation and construction work steps, being judged as negligible, were 
excluded in this calculation process.

2.3.1.6  Removal Step and Disposal Step
The energy consumption and CO2 emission during the removal steps of 
cases 1–3 were calculated with the use of Eqs. (2.15) and (2.16). If Eqs. 
(2.15) and (2.16) are used, the energy consumption and CO2 emission 
during the removal process can be calculated by substituting the total floor 
area. In the meantime, the removal step can be divided into loading and 
returning, and in case the vehicle returns to the place where construction 
wastes occur to load again after transporting construction wastes to the 
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landfill, it was assumed that half the amount of energy consumed during 
loading is consumed. The amount of energy used during loading in the 
construction step was calculated by deducing the amount of light oil con-
sumed in transporting the construction wastes that occurred after removal 
to the landfill in a vehicle. At this time, the amount of construction wastes 
that occurred was set to 3.5 m3/m2, and one-way transportation distance 
to 30 km. In addition, with a transportation vehicle assumed to be a 16-t 
dump truck, fuel consumption rate and loading weight were respectively 
set to 2.74 km/L and 20 m3. Eqs. (2.17) and (2.18) calculate the energy 
consumption and CO2 emission during loading.

2.3.2  Selection of High-Strength Concrete
The minimum value of concrete strength that can guarantee at least 100 years 
of lifespan in an urban environment (carbonation environment) was selected 
as the target. The use of high-strength concrete reduces the cross-section of 
structural members, and thus reduces the number of reinforcing bars and 
concrete used in those structural members. Accordingly, energy use and CO2 
emission during the production of reduced reinforcing bars and concrete are 
also reduced. By performing structural analysis on the building with high-
strength concrete, the size of the cross-section of a structural member and the 
amount of reduction in reinforcing bars and concrete were computed.

2.3.3  Calculation of Quantity Reduction Effect by Application 
of High-Strength Concrete
Structural analysis was performed by replacing the four compres-
sive strengths (24, 27, 30, and 35 MPa) with 40 MPa high-strength con-
crete. Based on this result, the quantity of concrete and reinforcing bars 
was computed and compared with existing designs. Reductions in cross- 
sections by the application of high-strength concrete were limited to ver-
tical members (column, wall, core wall, and wall column). As a result, the 
reduction in concrete and reinforcing bars of vertical members was 8.8% 
and 30.3%, respectively, and such reduction is converted to a 5.7% and 
19.7% reduction rate for the entire concrete and reinforcing bars on the 
entire building. Computed reduction rate was used to decrease the quan-
tity of concrete and reinforcing bars. Such a decrease in quantity is caused 
by a reduction in the cross-section of vertical members from using high-
strength concrete. Table 2.4 shows the reduction of the volume of con-
crete and reinforcing bars by applying high-strength concrete.

Relatively more CO2 is emitted when high-strength concrete is 
used because the amount of cement used is increased compared to 
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normal-strength concrete. In order to solve this problem, methods such 
as substitution of a portion of cement with industrial wastes like blast fur-
nace slag are being proposed [16–18]. This study assumed a mixture with 
20% blast furnace slag in the cement. If a different mixture composition 
is used, an increase or decrease in concrete composition materials results, 
and such changes must be taken into consideration when calculating the 
amount of CO2. Fig. 2.2 shows the changes in the amount of cement, 
coarse aggregate, and fine aggregate with application of 40 MPa pressure. 
According to Fig. 2.2, the amount of cement increased by 1156 t, coarse 
aggregate increased by 490 t, and fine aggregate decreased by 1649 t when 
the high-strength concrete mixture composition was used. CO2 emission 
from the production of 1 kg of blast furnace slag is 0.0263 kg-CO2/kg, 
which is about 4% of the CO2 emission by 1 kg of cement at 0.7466 kg-
CO2/kg. Table 2.5 shows the mixture compositions of concrete for each 
strength.

2.3.4  Calculation of Building Lifespan
Carbonation is a phenomenon in which CO2 in the atmosphere prop-
agates into concrete to react with calcium hydroxide to form calcium 
carbonate, reducing the pH of the concrete pore solution down to 8.3–
10.0. Once the pH inside the concrete is reduced, the stability of rein-
forcing bars buried inside the concrete is lost, and they begin to corrode. 
Corrosion in reinforcing bars by carbonation is a representative deteriora-
tion phenomenon of reinforced concrete structures [19–21].

The infiltration rate of CO2 into concrete must be computed in order 
to compute the life cycle of reinforced concrete in a carbonation envi-
ronment, and the infiltration rate of CO2 in general can be expressed as 
the square root of time, as shown in Eq. (2.21). In addition, the velocity 
coefficient A used in Eq. (2.21) is calculated from Eq. (2.22), and A is 

Table 2.4  The reduction of the volume of concrete and reinforcing bars by applying 
high-strength concrete (40 MPa)

Previous  
design

Design of  
high-strength  
concrete  
application

Reduction  
rate (%)

Vertical members Concrete (m3) 11,377.30 10,374.10 8.8 ↓
Steel (ton) 545.33 379.94 30.3 ↓

Total members 
Horizontal + 
vertical

Concrete (m3) 17,596.06 16,589.57 5.7% ↓
Steel (t) 1667.94 1339.44 19.7% ↓
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a coefficient dependent on (1) type of concrete, (2) type of cement, (3) 
water–cement ratio, and (4) temperature and humidity. The coefficient A 
for this study was determined using the method proposed by an existing 
study [22], and carbonation depth versus time was computed. Table 2.6 
shows the values of variables that determine the velocity coefficient of 
carbonation. This study used the values for each variable shown in Table 
2.6 to compute carbonation velocity.

	 C A t5 	 (2.21)

	 A�α α α β β β1 2 3 1 2 3⋅ ⋅ ⋅ ⋅ ⋅ 	 (2.22)

where C is the carbonation depth (cm), A is the carbonation velocity 
coefficient, t is the time (year).
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Coarse aggregate

Fine aggregate

1156
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–1649
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Figure 2.2  Change in quantity of materials upon application of high-strength 
concrete.

Table 2.5  Mixture compositions of concrete for each strength
Strength  
(MPa)

Water/ 
cement  
ratio (%)

S/Aa 
(%)

Unit weight (kg/m3)

Water  
(kg/m3)

Cement  
(kg/m3)

Fine  
aggregate  
(kg/m3)

Coarse  
aggregate  
(kg/m3)

Slag  
(kg/m3)

24 50 48 169 337 859 919 0
27 46 47 167 362 833 924 0
30 43 46 169 392 796 931 0
35 38 44 165 435 752 945 0
40 33 39 165 400 629 983 99

aSand (fine aggregate) to aggregate (fine aggregate + coarse aggregate) ratio.
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Fig. 2.3 shows an estimation of carbonation velocity. Among the four 
types of concrete strength (24, 27, 30, and 35 MPa) in existing buildings, 
the time needed for carbonation to reach 20 mm of cover thickness (dis-
tance from concrete surface to buried reinforcing bar) is 14, 32, and 81 
years for a building with compressive strengths of 24, 27, and 30 MPa, 
respectively. Carbonation reached the 20-mm cover thickness in less than 
100 years in all cases. Based on such results, this study selected 40 MPa as 
the compressive strength of concrete with at least 100 years of durability 
in a carbonation environment. This value took into consideration various 
safety factors, such as flaws resulting from construction error. Such con-
sideration corresponds to a 40% water–cement ratio (W/C) (corresponds 
to a compressive strength of about 40 MPa), generally known to be safe 
in a carbonation environment, and a 10% safety factor. Table 2.7 shows 
the compressive strengths of existing buildings and high-strength concrete 
building for each floor.

Table 2.6  Variables of carbonation velocity coefficient A
Variable Details Applied value

α1 Concrete type Normal concrete = >1
α2 Cement type Normal concrete = >1
α3 Water-to-binder ratio W/B = 0.6 = >0.22
β1 Temperature Annual average temperature 15.9°C = >1
β2 Humidity Annual average humidity 63% = >1
β3 Carbon dioxide 

concentration
CO2 concentration 0.05% = >1

Figure 2.3  Results of carbonation velocity for each strength.
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2.4  THE RESULTS OF ENVIRONMENTAL PERFORMANCE BY 
THE APPLICATION OF HIGH-STRENGTH CONCRETE

The results of environmental performance evaluation on the evaluation 
conditions cases 1–3 were shown in classes of construction stages and life 
cycle. That is because reinforcing bar and concrete quantity reduction and 
lifespan extension by the application of high-strength concrete occur in 
the form of energy consumption amount and CO2 reduction in the con-
struction stage.

2.4.1  Energy Consumption and CO2 Emission in  
Construction Stage
Figs. 2.4 and 2.5 show the energy consumption and CO2 emission of the 
construction stage respectively. According to Figs. 2.4 and2.5, energy con-
sumption and CO2 emission appear in the sequential order of material 
production, transportation, and construction regardless of evaluation condi-
tions, and energy consumption and CO2 emission tended to be the highest 
in case 1 and the lowest in case 3, i.e., a high-strength concrete building.

In particular, the energy consumption of case 3 decreased 51.89% and 
3.79%, respectively, compared with cases 1 and 2, and CO2 emission also 
decreased 52.06% and 4.12%, respectively, compared with cases 1 and 2. 
The energy consumption and CO2 emission–reduction effects of case 3 
were analyzed due to the reduction of concrete and reinforcing bar quan-
tity by the lifespan extension of the building by the application of high-
strength concrete and the cross-section decrease of the vertical member. 
In particular, case 3 could obtain more than double the lifespan com-
pared with cases 1 and 2 by the application of high-strength concrete, 
and through this, energy consumption and CO2 emission were evaluated 
without one session of construction work step and separate maintenance 
stage by carbonization for a 100-year evaluation period.

Table 2.7  Redesign of high-strength concrete
Previous design (MPa) Redesign of high-strength  

concrete (MPa)

27–top 24 40
20–26 stories 27 40
10–19 stories 30 40
1–9 stories 35 40
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However, in case 1, a relatively large amount of energy consumption 
and CO2 are evaluated to be emitted in construction stage compared with 
cases 2 and 3 as two sessions of construction work step is done for a 100-
year evaluation period. In practice, in Korea, many buildings have been 

Figure 2.4  Energy consumption for construction stage.

Figure 2.5  CO2 emission for construction stage.
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reconstructed for 20–30 years since construction, although a lifespan of over 
40 years is required by tax law in reinforced concrete structures. Through 
this study, buildings reconstructed after a short period of use are evaluated 
to emit a relatively large amount of energy consumption and CO2 com-
pared with long-lifespan buildings, and the rate of CO2 reduction in the 
construction stage is evaluated to reach about 50% by doubling the lifespan.

On the other hand, case 2 is the case where lifespan is extended up 
to a 100-year evaluation period through sustainable maintenance of the 
structure members that were deteriorated by carbonization for an exist-
ing building. According to Figs. 2.4 and 2.5, case 2 was evaluated to 
consume more energy and emit more CO2 compared with case 3, but 
showed a dramatically lower energy consumption amount and CO2 emis-
sion amount compared with case 1. However, case 2 consumes energy 
and emits CO2 in the process of maintenance of the structure members 
that were deteriorated by carbonization during the evaluation period. 
However, such additional energy consumption and CO2 emission are 
added to the maintenance part during the life cycle stages, and are not 
expressed in the construction stage, so the energy consumption and CO2 
emission of the construction stage of case 2 is considered to be evaluated 
very low compared with case 1.

As a result of discussion in this chapter, application of high-strength 
concrete is evaluated to have an outstanding reduction effect of energy 
consumption and CO2 emission by the lifespan extension of building, 
along with the effects of construction material reduction.

There is a method of extending building lifespan through maintenance 
up to a target lifespan level without applying lifespan extension tech-
nology in the initial construction stage. However, such a method would 
increase the CO2 emission of the maintenance stage during the life cycle 
stages of a building, and involves apprehension of decrease of residential 
performance in the maintenance stage. Therefore it is desirable to suffi-
ciently secure building lifespan through high-strength concrete and other 
lifespan extension technologies at the initial stage of construction.

2.4.2  Energy Consumption and CO2 Emission for Life Cycle
Figs. 2.6 and 2.7 show the energy consumption and CO2 emission for the 
building life cycle. According to Figs. 2.6 and 2.7, the energy consumption 
amount and CO2 emission amount tended to be very high in the construc-
tion stage and using stage, which indicates that an effective practice for the 
reduction of environmental load is to apply energy consumption and CO2 
emission of reduction technology in the construction stage and using stage.
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In particular, the energy consumption of case 3, a high-strength concrete 
building, in total 34,617 MJ/m2, was evaluated at 29% in the construction 
stage, 70% in the using and maintenance stage, and 1% in the disposal stage. 
In addition, the stage that involves the largest energy consumption was the 
heating energy consumption sector of the using and maintenance stage fol-
lowed by the electric energy consumption sector and building construction 
material production stage. Such a trend appeared in cases 1 and 2 as well.

In addition, CO2 emission, in total 2,918 kg-CO2/m2, was evaluated at 
31% in construction, 68% in the using and maintenance stage, and 1% in 
the removal and disposal stage, and the results were similar in cases 1 and 2. 
Table 2.8 shows the energy consumption and CO2 emission by each stage 
of cases 1–3.

According to Table 2.8, the amounts of energy consumption of case 3. a 
high-strength concrete building, decreased 15.53% and 2.95%, respectively, 
compared with cases 1 and 2, and CO2 emission was also evaluated to show 
16.70% and 3.37% reduction effects, respectively, compared with cases 1 and 2.

The reduction effects of case 3 are evaluated to be due to the reduc-
tion of concrete and reinforcing bar quantity by the lifespan extension of 
the building and the cross-section reduction of the vertical member by 
the application of high-strength concrete as is described in Section 2.4.1, 
Energy Consumption and CO2 Emission in Construction Stage.

Figure 2.6  Energy consumption for building life cycle.
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On the other hand, case 2 was evaluated to consume less energy and emit 
less CO2 compared with case 1, and that indicates that an effective method 
of reducing environmental load is to obtain a lifespan up to the target years 
through maintenance for a deteriorated environment. However, case 2 was 
evaluated to consume more energy and emit more CO2 compared with cases 
2 and 3, and that is because in case 3, concrete and reinforcing bar quan-
tity decreased in the construction material stage by the application of high-
strength concrete, which produced the effect of reducing environmental load 

Figure 2.7  CO2 emission for building life cycle.

Table 2.8  Life cycle energy consumption and CO2 emission
LCE (MJ/m2) LCCO2 (kg-CO2/m2)

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Production 9608 4804 4611 833 416 397
Transportation 209 105 105 15 7 7
Construction 400 200 200 78 39 39
Use 24,250 24,250 24,250 1981 1981 1981
Maintenance 0 695 0 0 66 0
Removal 2 1 1 0 0 0
Disposal 148 74 74 11 5 5
Total 34,617 30,129 29,241 2918 2514 2429
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by it, and in case 2, energy consumption and CO2 emission of the mainte-
nance stage were added through the maintenance repair process.

Therefore, according to the results of the above study, when high-
strength concrete is applied to a building, energy consumption and CO2 
emission–reduction effects are evaluated to be outstanding for life cycle as 
well as for the construction stage. In addition, use of the method of evalu-
ating environmental load for the life cycle of buildings proposed in this 
study can possibly evaluate energy consumption and CO2 emission for the 
case where high-strength concrete is applied to various buildings.

2.5  CONCLUSIONS

This chapter proposed a plan for the evaluation of energy consumption 
and CO2 emission for the life cycle of a building in order to evaluate the 
environmental performance of building by the application of high-strength 
concrete, and evaluated the energy consumption and CO2 emission–
reduction performance for the life cycle of a high-strength concrete build-
ing. Now, the following conclusions can be made:
1.	 We propose a plan for the evaluation of the energy consumption and 

CO2 emission for the life cycle of a building.
2.	 The distribution of the energy consumption and CO2 emission of 

concrete building was evaluated within 30% in the construction stage, 
70% in the using and maintenance stage, and over 1% in the removal 
and disposal stage, roughly.

3.	 The energy consumption of a high-strength concrete building in the 
construction stage (case 3) decreased by 51.89% and 3.79%, respec-
tively, compared with cases 1 and 2, which were general-strength con-
crete buildings, and CO2 emission also decreased 52.06% and 4.12%, 
respectively, compared with cases 1 and 2.

4.	 The energy consumption of case 3, a high-strength concrete building, 
for the life cycle decreased 15.53% and 2.95%, respectively, compared 
with cases 1 and 2, which were general-strength concrete buildings, 
and CO2 emission also decreased 16.70% and 3.37%, respectively, 
compared with cases 1 and 2.

5.	 Such reduction effects of energy consumption and CO2 emission in 
case 3, a high-strength concrete building, are attributed to the reduc-
tion of concrete and reinforcing bar quantity by the lifespan extension 
of the building and cross-section reduction of vertical members by the 
application of high-strength concrete.
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CHAPTER 3

Assessment of CO2 Emissions 
Reduction in High-Rise Concrete 
Office Buildings Using Different 
Material-Use Options
C.K. Chau, W.K. Hui, W.Y. Ng, T.M. Leung and J.M. Xu
The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

3.1  INTRODUCTION

Buildings account for 40% of the world’s energy sources and 36% of 
the energy-related carbon emissions in industrialized countries [1]. In 
the United States, buildings account for around 40% of energy use, 
which is equivalent to 7.7% of global carbon emissions [2]. The build-
ing sector in the European Union accounted for 40% of total energy 
use, and the building sector in the United Kingdom accounted for 
50% of its total CO2 emissions [3]. The building sector in Hong Kong 
consumes even more, i.e., more than 80% of total electricity and fuel 
energy, due to the absence of large industrial bases in Hong Kong [4]. 
In response to imminent climate change issues, substantial efforts have 
been spent on reducing the operating energy consumption of build-
ings. High-efficiency lighting installations and appliances, high- 
efficiency ventilation and cooling systems, waste heat recovery, smart 
glass, smart meters, advanced insulation, reflective building materials, 
and multiple glazing systems have been incorporated into many new 
buildings [5–10].

On the other hand, substantial attention has also been diverted to 
lowering the embodied energy contents of buildings so as to reduce the 
total carbon emissions associated with buildings. As buildings become 
more energy efficient and their functional obsolescence becomes 
more rapid, the relative importance of energy embodied in, or carbon 
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emissions associated with, building materials on the overall life-cycle 
energy use or carbon emissions will become higher [11–13]. Building 
materials play a more and more important role in CO2 emissions. 
Different types of buildings have different structures, which will influ-
ence the distribution of building materials. Previous studies showed 
a maximum of 30% carbon emissions can be reduced through careful 
selection of low-environmental-impact materials in residential houses in 
Valladolid [14]. Constructing a steel-framed and concrete-framed office 
building would incur similar energy and CO2-emission implications 
over a 50-year lifespan [15]. Using 40-MPa high-strength concrete in 
supertall buildings could reduce their total CO2 emissions up to 17% 
[16]. Increasing the recycling rate of concrete from deconstructed build-
ings from 27% to 50% could yield a 2–3% reduction in buildings’ green-
house gas emissions [17].

In this chapter, we intended to determine the carbon footprint of 
materials and building elements for the superstructure of a high-rise con-
crete-framed office building. The CO2 emissions reduction resulting from 
the implementation of various material-use options were also evaluated. 
Accordingly, the major building superstructure elements were identified 
before examining the impacts of different material-use options on the 
CO2 emissions reduction.

3.2  SYSTEM DEFINITIONS AND BOUNDARIES

Given no consensus on the scope and boundaries for the CO2 emis-
sions study, it is vital to define them clearly at the outset. The scope of 
the emission-impacts study covers the emissions associated with extrac-
tion and production of materials and components, their transportation 
from countries of origin to ports in Hong Kong, construction of build-
ing elements onsite, and replacement of materials. For concrete products, 
net CO2 emissions due to calcination and carbonation are also considered. 
Although calcination reactions of concrete products only occur during 
the production of cement in the kiln, they take significant impacts on the 
net CO2 emissions of concrete products [18]. Carbonation is also consid-
ered since it occurs throughout the life cycle of concrete products. Fig. 3.1 
shows the boundaries defined for this study.

Carbonation has also been accounted for over the lifetime of the con-
crete products but has been omitted from the figure for clarity.



Figure 3.1  Boundaries that define the processes for which their CO2 emissions impacts have been examined for this study.
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3.3  METHODOLOGY

Thirteen Grade A1 high-rise concrete-framed office buildings completed 
between 1995 and 2005 have been selected for studying the CO2 emis-
sions impacts of their constituent building materials. The total number of 
stories of the studied buildings varied between 16 and 62.

3.3.1  Identify the Types and Quantities of Materials for 
Building Elements
Information such as construction floor area, as well as types and quantities 
of building materials used for individual building, was extracted from the 
bills of quantities, which are the tender documents of building projects. 
Given certain elements are needed to be replaced over the building life, 
it is necessary to estimate the number of times for which the elements 
are needed to be replaced before the end of their life cycles. Data on the 
life expectancies of different building elements from the report published 
by the Building Cost Information Service of the Royal Institution of 
Chartered Surveyors [19] was used (see Table 3.1).

The replacement factors for the various building elements were  
computed using the following formula with the assumption of a 60-year 
lifespan for a building [20].

	 Replacement factor /expected life span years60 ( )	 (3.1)

The replacement factor quantifies the number of times that resource 
input is needed for construction/installation of the element within the 
lifespan of a building. Accordingly, the total weight of a building element 
used in its life cycle will be the impact of the first installation scaled up by 
the replacement factors.

Given that a majority of the currently available inventory databases 
express the gaseous emissions of a material in terms of unit mass, i.e.,  
kilogram of CO2 emissions per kilogram, it is necessary to convert the 
quantities of various building materials into their respective masses prior to 
estimating their emissions impacts. The masses of building materials were 

1 Flexible layout; spacious circulation areas; larger floor plates (area per floor in the office 
tower around 1600 m²); more window area (window to wall area ratio around 0.4); many 
with reflective glazing; smaller floor plan aspect ratio (around 1.6); the majority would be 
equipped with variable air volume air conditioning systems; lower central plant capacity 
per unit floor area (around 0.17 kW/m²); good lift services zoned for passengers and deliv-
ery of goods; car parking facilities normally available.
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Table 3.1  Life expectancies of building elements
Element Typical life expectancy (years)

Frame

Concrete frame 81

Upper floors

Reinforced concrete floor 71
Precast concrete slab 78

Roof

Asphalt covering to flat roof 36
PVC covering to flat roof 27
Ethylene Propylene Diene Monomer (EPDM) 

covering to flat roof
25

Stairs

Concrete stairs 74
Steel stairs 50
Aluminum stair nosings 21
Plastic stair nosings 15

External walls

Aluminum curtain walling 43

Windows

Aluminum windows 44

Internal doors

Internal softwood door 42

Wall finishes

Plasterboard to wall 39
Clay tiling to wall 37

Floor finishes

Vinyl sheet floor covering 17
Vinyl tile to floor covering 18
Carpet floor covering 13

Ceiling finishes

Suspended ceilings 24

Source: From reference Building Cost Information Service. Life expectancy of building components, 
2006.
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estimated based on the data available in textbooks and handbooks on con-
struction materials, published trade literature, product technical datasheets, 
product catalogs (including e-catalogs), data collected from contractors, ref-
erence information disseminated from trade organizations and professional 
bodies, as well as published information from suppliers/specialist contractors. 
Concrete and reinforcing bars for fabric elements, and glass, aluminum, and 
sealant for windows, had been identified as far as possible in respect to the 
types and quantities so that the environmental impacts incurred due to the 
production of the components could be adequately accounted for.

3.3.2  CO2 Emissions Associated with Building Materials
It is found that the amount of embodied energy and CO2 emissions 

associated with building materials is highly dependent on the type and 
amount of energy used in their manufacturing processes [14]. To convert 
embodied energy to CO2 emissions requires information on the amount 
of CO2 emitted during the production of different types of energy (such as 
oil, wind, solar, nuclear). The amount of CO2 emitted from individual build-
ing materials was estimated by multiplying the mass of materials with the 
corresponding embodied energies and CO2 emissions factors [14]. Besides, 
the materials were grouped and aggregated under a building element format 
as shown in Table 3.2, developed by the Building Research Establishment 
(BRE) in the United Kingdom [21]. Therefore, the amount of CO2 emitted 
by the ith building element (QElement, i, in kg CO2) is estimated by summing 
up the amount of CO2 emitted from all its constituent materials, i.e.,

	
QElement, i � e mi i i

i

β
1
∑

	
(3.2)

Or

	 q ei i i� β 	 (3.3)

where qi is the CO2 emissions per kilogram of ith type building mate-
rial (in kg CO2/kg); ei is the embodied energy intensity of the ith type of 
building material (in MJ/kg); βi is the CO2 emission factor for the ith type 
of building material (in kg CO2/MJ); and mi is the mass of the ith type of 
building material (in kg).

As the magnitudes of embodied energy intensities reported in differ-
ent studies vary considerably, ranges of the embodied energies for various 
building materials were used in the estimation (see Table 3.3). In addition, 
adjustments were made for different types of fuel mixes employed in dif-
ferent countries during the manufacturing processes. Table 3.4 lists the 



Table 3.2  Classification of building elements as suggested by BRE in the 
United Kingdom
Class (BRE) Major material group

Doors Plastic
Plywood
Stainless steel

External walls Aluminum
Concrete
Reinforcing bar
Stainless steel
Stone

Floor surfacing and finishes Plaster
Galvanized steel
Stone
Tile

Internal walls and partitioning Aluminum
Bricks and blocks
Concrete
Galvanized steel
Glass
Reinforcing bar
Stainless steel

Paint system Paint
Roof construction Concrete

Galvanized steel
Plaster
Stone
Tile

Roof insulation Asphalt and bitumen
Plaster
Thermal insulation

Suspended ceilings and ceilings finishes Aluminum
Galvanized steel
Plaster

Upper-floor construction Concrete
Galvanized steel
Plaster
Reinforcing bar
Structural steel

Wall finishes Aluminum
Galvanized steel
Plaster
Stone
Tile

Wall insulation Plaster
Thermal insulation

Windows/curtain wall Aluminum
Glass



Table 3.3  Embodied energy intensities for different types of building materials
Type of building material Embodied energy intensitiesa  

(in MJ/kg)

Aluminum 166.0–312.7
Bitumen and asphalt 3.4–50.2
Bricks and blocks 0.5–3.3
Concrete 0.7–1.6
Galvanized steel 30.6–34.8
Glass 6.8–25.8
Stone, gravel, and aggregate 0.1–0.8
Purified fly ash (PFA) <0.1
Paint 60.2–144
Plaster, render, and screed 0.1–2.0
Plastic, rubber, and polymer 70.0–116.0
Plywood 3.1–18.9
Precast concrete element 2.0
Reinforcing bar and structural steel 6.2–42.0
Stainless steel 8.2–13.3
Thermal and acoustic insulation 1.2–17.6
Ceramic and tile 2.2–5.5

aEmbodied energy values are extracted from studies [14,22–25].

Table 3.4  Average CO2 emission factor values for electricity generation in 
different countries
Country Emission factor,a β (in kg CO2/MJ)

Australia 0.02294
Belgium 0.00775
Brazil 0.00186
China 0.02176
France 0.00148
Germany 0.01253
Hong Kong 0.01655
India 0.02165
Indonesia 0.01911
Italy 0.01460
Japan 0.01261
Korea 0.01473
Malaysia 0.01781
Romania 0.01677
Russian 0.01658
Singapore 0.01755
South Africa 0.02358
Spain 0.01129
Taiwan 0.01479
Thailand 0.01641
United Kingdom 0.01453
United States and Canada 0.01583
Vietnam 0.00817

aEmission factors extracted from the reports issued by Refs. [26,27].
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average values of CO2 emission factors for electricity generation in differ-
ent countries.

However, for concrete-framed buildings, the impact of calcination 
and carbonation processes imposed on the life-cycle evaluation of carbon 
emissions of concrete was so significant that we should not overlook it. 
Calcination-process emissions occur during concrete manufacturing when 
limestone is decomposed to calcium oxide (CaO) and carbon dioxide at 
high temperatures. For the remainder of their life cycle, concrete prod-
ucts absorb carbon dioxide from the atmosphere through carbonation, a 
chemical process in which the calcium oxide present in hardened cement 
products binds with CO2 in the atmosphere to form carbonate [18].

CO2 emissions due to calcination were estimated using the model by 
Ref. [28]. The model estimates the calcium oxide content of clinker at 
65%, which agrees with the reported range of CaO in clinker of 64–67% 
by weight [29]. The clinker-to-cement ratio was estimated at 65% [30] 
and we assumed an average concrete mix ratio of cement:sand:aggregate 
of 1:2:5 by weight. The average moisture content in cured concrete was 
assumed to be 3.5%, being midway in the normal range of 2–5% [31].

With the aid of Fig. 3.1 given in Ref. [18], over a 60-year timespan, 
it was estimated that approximately 17% of the calcination CO2 emis-
sions will be reabsorbed through carbonation. The net effect of calcination 
and carbonation is about 0.033 kg of CO2 emitted per kilogram concrete 
based on the above assumptions.

Considering that the embodied energy and CO2 emission data values 
vary considerably, the Monte Carlo method was applied in this study for 
handling the inherent uncertainties and variations arisen from the col-
lected data. The procedure is discussed in details in the following section.

3.3.3  Applying the Monte Carlo Method for CO2 Emission 
Prediction
The Monte Carlo method was used for generating probability distri-
butions to define the boundaries for the CO2 emissions from various  
materials [32]. We determined the 5th and 95th percentile levels using 
the computer software called EasyFit [33] together with MATLAB [34]. 
EasyFit was initially employed for developing model distributions that 
closely resemble the real scenario. Subsequently, it was used for defin-
ing the distributions for the input variables that contain uncertainties. 
The fitness or correctness of these distributions was checked with aid of 
goodness-of-fit (GOF) statistics, which are the statistical measures used 
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for describing the validity of fitting a dataset to distributions. Other than 
visualizing through graphs, like p–p plots or q–q plots [35], EasyFit can 
automate the decision of choosing the best-fitting distributions. Among 
many GOF statistics available in EasyFit, Kolmogorov–Smirnov statis-
tic and Anderson–Darling statistic tests have been selected to determine 
the best-fitting distributions [36]. Once the underlying distributions were 
determined, EasyFit was applied to generate random values based on a 
maximum number of 5000 iterations. This propagation results in prob-
ability density functions (PDFs) for estimating the emissions. In the sec-
ond stage, MATLAB was employed to aggregate the PDFs using Eq. (3.1) 
and construct the PDFs for estimating the output values. The output val-
ues can not only be used for constructing empirical distributions but also 
for deriving the percentiles and other statistics for the distribution. The 
validity of the PDFs was further examined by the two above tests. Fig. 3.2 
shows our Monte Carlo process protocol.

3.3.4  Material-Use Options
Many different material-use options are available for implementation 
in the design stage for reducing the CO2 emissions from buildings. For 
instance, the CO2 emissions can be reduced by reducing material use, 

Figure 3.2  Monte Carlo process protocol.
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minimizing waste, and specifying localized materials, recycled materi-
als, or alternative low-carbon materials. In general, there are five options 
for material use discussed in the study: (1) importing regional materials,  
(2) maintaining the existing structural and nonstructural building ele-
ments, (3) reusing existing resources, (4) diverting construction wastes to 
recycling, and (5) using prefabricated materials.

3.3.5  Calculation Methods for Different Material-Use Options
3.3.5.1  Importing Regional Materials

Construction of buildings usually requires a large amount of materials 
to be transported to construction sites from different countries in differ-
ent geographical regions. A change in the origins of a material source will 
induce changes in the amount of transportation energy use. Therefore, it 
is worthwhile to investigate how much energy use and emissions can be 
reduced by importing more materials from nearby countries, and prefer-
ably from those within the same geographical region. Statistics of the 
breakdown of materials imported from different countries, and distance 
as well as the CO2 emission intensities associated with transportation of 
the imported materials, comes from the Census and Statistics Department  
of Hong Kong [37]. Table 3.5 listed the major original countries for build-
ing materials, and distance as well as the CO2 emission intensities associated 
with transportation for imported materials. The differences in the transpor-
tation energy use were determined by using the embodied energy inten-
sities data for different modes of transportation shown in Table 3.6. With 
this information, the change in the amount of CO2 emissions, �QR (in kg 
CO2), was determined from the following:

	
QR R,T, R,origin,R,[ ( ) * * ( )],m i w q q

i

i R i i i
1

1∑ + +λ
	

(3.4)

where ΔQR is the change in the CO2 emissions due to importing 
regional materials (in kg CO2), and the positive sign denotes an increase in 
the CO2 emissions; mR*(1+wi) is the mass of materials originally imported 
from the other geographical regions, which includes the wastages gener-
ated during construction (in kg); λR is the fraction of materials imported 
from the same geographical region; ΔqR,T is the difference in the CO2 
emissions per kilogram of material associated with transportation of 
imported regional material (in kg CO2/kg); ΔqR,origin is the difference in 
the CO2 emissions per kilogram of material associated with manufactur-
ing of imported regional material (in kg CO2/kg). i, pertains to the ith 
type of building material; R, pertains to regional use of material.



Table 3.5  Major material source profiles for different types of building materials
Type of building material Country of origin Percentage 

by weight 
of imported 
material  
(in %)

Transportation distance (in km) CO2 emission 
intensity 
associated with 
transportation  
(in kg CO2/kg)

Land Sea

Asphalt and bitumen Korea 85 561.5 2246.7 0.0238
Aluminum China 84 250.0 150.0 0.0070
Blocks and bricks China 83 250.0 150.0 0.0070
Building stones China 75 250.0 150.0 0.0070
Cement China 42 250.0 150.0 0.0070
Float glass China 61 250.0 150.0 0.0070
Galvanized steel Australia 56 4946.3 7152.0 0.1903
Gravels China 100 250.0 150.0 0.0070
Granite tiles China 48 250.0 150.0 0.0070
Paints China 51 250.0 150.0 0.0070
Plasters China 40 250.0 150.0 0.0070

United Kingdom 30 877.9 18,240.0 0.1368
Plywood Malaysia 87 104.5 2122.0 0.0195
Prefabricated structural components China 100 250.0 150.0 0.0070
Reinforcing bars China 60 250.0 150.0 0.0070
Sand China 100 250.0 150.0 0.0070
Stainless steel India 72 3077.9 6797.0 0.1355
Structural steel Romania 28 1000.0 13,907.0 0.1259

N.B. Source: From reference Census and Statistics Department. Hong Kong merchandise trade statistics, 2002.
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3.3.5.2  Maintaining the Existing Structural and Nonstructural  
Building Elements

Maintaining the existing building elements can reduce the CO2 emis-
sions through reducing the amount of material use and construction 
wastes. Theoretically, these benefits can be maximized by reusing the entire 
building through maintaining the existing walls, floors, and roof. It was 
assumed based on the Hong Kong Building Environment Assessment 
Method that 15–30% of the superstructure, e.g., a portion of the lower 
floors, would be retained in a new building design. The change in the 
amount of CO2 emissions, ΔQM (in kg CO2), due to maintaining the 
existing elements was determined from the following:

	
Q m w q qi i i

i

M M M, M,T,( * ( ) * ( ))1
1
∑

	
(3.5)

where ΔQM is the change in the CO2 emissions related to maintaining 
the existing building element (in kg CO2); qM is the CO2 emissions per 
kilogram of material related to maintaining the material in the existing 
building element (in kg CO2/kg); qM,T is the CO2 emissions per kilogram 
of material related to transportation of the material if it is no longer main-
tained (in kg CO2/kg); wi is the fraction of material wastes generated dur-
ing construction; mM*(1+wi) is the mass of materials (which include the 
amount of material wastages generated during construction) that can be 
saved as a result of maintaining the existing element (in kg). i, pertains to 
the ith type of building material; M, pertains to maintaining the existing 
building element.

Table 3.7 listed the percentages of construction wastages used in calculation.

3.3.5.3  Reusing Existing Resources
Building materials and components, such as flooring panels, doors, 

cabinetry, bricks, concrete, suspended ceilings, and decorative items, can be 

Table 3.6  Embodied energy intensities associated with different 
modes of transportation
Mode of transportation Embodied energy/kg-kma

Rail 0.0003
Tanker 0.0001
Truck 0.0027

aEmbodied energy values are extracted from studies [38,39].
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salvaged from previously demolished other sites for uses in current proj-
ect sites if they are properly stored and maintained. Hence, the amount 
of embodied energy and CO2 emissions can be reduced together with 
the total quantities of materials use. The change in the amount of CO2  
emissions, ΔQreuse (in kg CO2) due to reusing existing resources was 
determined from the following:

	
Q m w q qi i i

i

reuse reuse reuse, reuse,T, ,* ( ) * ( )1
1
∑

	
(3.6)

where ΔQreuse is the change in the CO2 emissions due to reusing the 
existing resources (in kg CO2); mreuse(1+wi) is the mass of materials that 
can be saved due to reuse of the material (which include the amount of 
material wastages occurred during construction) (in kg); qreuse is the CO2 
emission intensity per kilogram of material associated with the reuse of 
the material (in kg CO2/kg); qreuse,T is the CO2 emissions per kilogram of 
material related to transportation of the material if it is no longer reused 
(in kg CO2/kg). i, pertains to the ith type of building material; reuse, per-
tains to reusing the existing building material.

Table 3.7  Percentages of construction wastages for different types of 
building material
Types of materials Wastage (in %)

Aluminum 5
Bricks and blocks 3
Cast iron 5
Concrete 3
Copper 5
Durasteel 3
Fiberglass 8
Galvanized steel 5
Glass 5
Precast concrete elements 2.5
Precast structural concrete element 2.5
Reinforcing bar 5
Special aggregates (Dynagrip, in nonskid finish) 10
Stainless steel 5
Structural steel 5
Stone 5

Source: Local data from reference Poon CS, Ann TW, Ng LH. On-site sorting 
of construction and demolition waste in Hong Kong. Resour Conserv Recycl 
2001;32(2):157–172.
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3.3.5.4  Diverting Construction Wastes to Recycling
Broadly speaking, building construction wastes can be classified under 
structural wastes or finishing wastes. Structural wastes, which embrace 
ferrous and nonferrous metals and concrete fragments, have higher recy-
cling potential. For instance, concrete fragments can be reused for land  
reclamation, while metals can be recycled in construction sites. By con-
trast, finishing wastes, like surplus cement mortar, broken mosaic, tiles, 
ceramics, paints, and plastering materials, are usually contaminated with a 
high portion of organic matters and debris and have little or zero recy-
cling potential. Accordingly, only the structural wastes are taken into con-
sideration in estimating the amount of construction wastes to be diverted.

The change in CO2 emissions due to diverting construction wastes to 
recycling, ΔQD (in kg CO2), was determined from the following:

	
Q m w qi i ii

i

D D, D,D,* * ( * )α
1
∑

	
(3.7)

where ΔQD is the change in the CO2 emissions due to diverting con-
struction wastes (in kg CO2); qD is the CO2 emissions per kilogram of 
material for diverting the material (in kg CO2/kg); αD is the increase in 
percentage of the CO2 emissions of the recycled material compared to its 
virgin material; mD * w is the mass of wastes generated during construc-
tion (in kg). i, pertains to the ith type of building material; D, pertains to 
diverting construction wastes.

The maximum amount of construction wastes that can be recycled 
was estimated by multiplying the total quantity of a specific type of build-
ing materials with the percentage of construction material wastages listed in 
Table 3.7. On the other hand, the differences in percentage of CO2 emis-
sions between recycled and virgin materials were extracted from Table 3.8.

3.3.5.5  Offsite Fabricated Materials
Prefabrication techniques have been increasingly applied in building 

construction in Hong Kong in response to high demands for improve-
ment in overall quality and reduction in wastage of materials, and speedy 
erection processes. Nowadays, a majority of precast concrete suppliers have 
set up their fabrication yards in remote areas to take advantage of cheap 
labor and land costs. As a result, higher mileages and energy are needed for 
transporting fabricated materials from manufacturing yards to construc-
tion sites. Of paramount interest is whether an offsite prefabricated ele-
ment emits less CO2 than a cast-in-place element. In order to examine 
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this, it is necessary to take both embodied energy and transportation 
energy into account during the CO2 evaluation. Assuming that 50–80% 
of offsite fabricated building materials were used for a new office building, 
the corresponding change in CO2 emissions, ΔQp (in kg CO2), was deter-
mined from the following:

	
Q qm q qi ii i

i

p p, instiu,p, p,T,* ( )
1
∑

	
(3.8)

where ΔQp is the change in the CO2 emissions due to prefabrication  
(in kg CO2); qp is the CO2 emissions per kilogram of material associated 
with the manufacturing of the material constituting the prefabricated 
building element (in kg CO2/kg); qp,T is the CO2 emissions per kilogram 
of material related to transportation of the building material constituting 
the prefabricated building element from the manufacturing yard to the 
construction site (in kg CO2/kg); qinsitu is the CO2 emissions per kilogram 
of material used for casting the building element in place (in kg CO2/kg). 
i, pertains to the ith type of building material; p, pertains to prefabrication.

In estimating the change in the amount of CO2 emissions, facades, 
staircases, slabs, external elements, and partition walls were assumed to be 
prefabricated within a yard, and the amount of energy required for assem-
bling offsite fabricated building elements was assumed to be the same as 
that required for assembling the building elements on site.

3.4  RESULTS AND ANALYSIS

Tables 3.9 and 3.10 list the basic parameter values that portray the dis-
tribution profiles of weights and CO2 emission factors respectively for 

Table 3.8  Increase in percentage of the CO2 emissions of the recycled material 
compared to its virgin material
Type of materials Percentage change in CO2 emissions 

over the virgin materials (%)

Recycled concrete 5
Recycled plasterboard 48
Recycled aluminum −80
Recycled steel −40
Recycled wood −22

Source: From reference Gao W, Ariyama T, Ojima T, Meier A. Energy impacts of recycling disassembly 
material in residential buildings. Energy Build 2001;33(6):553–562.



Table 3.9  Mass distributions of different building elements and types of materials
Building element Major material group Mass per construction 

floor area (in kg/m2)

Doors Plastic 0.03–0.3
Plywood 0.1–0.9
Stainless steel 0.04–0.7

External walls Aluminum 1.7–13.7
Concrete 41.4–628.2
Reinforcing bar 2.3–68.4
Stainless steel 0.2–1.8
Stone 0.2–2.5

Floor surfacing and finishes Galvanized steel 0.6–4.7
Plaster 0.02–0.4
Stone 1.4–9.8
Tile 0.7–9.4

Internal walls and partitioning Bricks and blocks 0.5–3.3
Concrete 0.7–1.6
Galvanized steel 0.2–8.5
Glass 0.04–2.5
Reinforcing bar 2.0–7.1
Stainless steel 0.01–0.8

Paint system Paint 0.09–0.9
Roof construction Galvanized steel 0.3–2.4

Concrete 0.3–6.1
Plaster 5.2–11.7
Stone 0.3–2.4
Tile 0.7–1.0

Roof insulation Asphalt and bitumen 0.1–1.9
Plaster 0.3–19.5
Thermal insulation 0.1–0.3

Suspended ceilings and finishes Acoustic insulation 0.1–3.8
Aluminum 0.1–1.2
Galvanized steel 0.1–7.6
Plaster 0.7–4.9
Thermal insulation 0.1–3.0

Upper-floor construction Concrete 490.4–1271.8
Galvanized steel 2.0–51.0
Plaster 0.1–6.5
Reinforcing bar 24.5–237.3
Structural steel 1.0–130.0
Tile 0.1–1.8

Wall finishes Aluminum 0.01–0.8
Galvanized steel 0.1–1.7
Plaster 10.1–43.3
Stone 2.3–13.8
Tile 0.4–10.3

Wall insulation Plaster 0.5–8.4
Thermal insulation 0.3–21.9

Windows/curtain wall Aluminum 0.1–0.6
Glass 2.8–32.3
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different building elements and materials based on the Monte Carlo 
method implied with PDFs. According to the results, the average embod-
ied energy content for the superstructure of a new concrete-framed 
office building is 10.3 GJ/m2 of construction floor area. This is higher 
than those reported by some earlier studies, which found that the initial 
embodied energy values for office buildings lie between 4 and 12 GJ/m2 
[42,43]. Concrete invoked an extremely large mass in external walls and 
upper-floor construction. For the entire the high-rise concrete-framed 
office building, the mass of concrete also ranked high. However, the car-
bon emission of concrete was not as significant as the mass compared with 
other materials.

3.4.1  CO2 Emissions from Building Elements
Fig. 3.3 shows the ranges of CO2 emission values for different building 
elements. Among all the superstructure elements, upper-floor construc-
tion was the highest CO2 emissions contributor with average emissions 
of 75.7 kg CO2/m2. External wall, and suspended ceilings and finishes 
were the next two highest-impact elements. On average, emissions associ-
ated with external walls were 75.3 kg CO2/m2, whereas emissions asso-
ciated with suspended ceilings and finishes were 30.1 kg CO2/m2. Taken 

Table 3.10  CO2 emission factor distributions of different types of building materials
Type of building material CO2 emission factors (in kg CO2/kg)

Aluminum 3.49–6.58
Bitumen and asphalt 0.074–1.09
Brick/block 0.011–0.072
Concrete 0.045–0.06
Galvanized steel 0.63–0.72
Glass 0.078–0.29
Stone/gravel/aggregate 0.0020–0.016
PFA 0.0017
Paint 0.98–2.35
Plaster, render, and screed 0.0022–0.044
Plastic, rubber, and polymer 1.52–2.52
Plywood 0.054–0.33
Precast concrete element 0.033
Reinforcing bar/structural steel 0.12–0.80
Stainless steel 0.16–0.27
Thermal/acoustic insulation 0.022–0.33
Ceramic/tile 0.048–0.12
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together, emissions associated with these three elements were 181.1 kg 
CO2/m2. In view of their significant impacts, we will only focus on these 
three elements in our subsequent analysis.

Table 3.11 shows a breakdown in the average percentage contribu-
tion to the CO2 emissions by the types of materials constituting the three 
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Figure 3.3  Range of CO2 emission values for different building elements.

Table 3.11  Average contribution of the materials constituting the three major 
building elements
Building element Material Average contribution of 

CO2 emissions from the 
building element (in %)

Upper-floor construction Concrete 18.3
Galvanized steel 1.4
Plaster 0.1
Reinforcing bar 68.9
Structural steel 11.3
Tile 0.1

External walls Aluminum 69.9
Concrete 18.6
Reinforcing bar 11.1
Stainless steel 0.4
Stone 0.1

Suspended ceilings and 
finishes

Acoustic insulation 3.6
Aluminum 39.7
Galvanized steel 50.0
Plaster 0.7
Thermal insulation 6.0
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major elements. Although concrete contributes the largest mass of upper-
floor construction and external walls, the CO2 emission from concrete 
was not so high compared with aluminum and reinforcing bars.

3.4.2  Impact of Different Material-Use Options
Fig. 3.4 shows the CO2 emissions reduction resulting from the implementa-
tion of different material-use options. Maintaining or reusing 15–30% of the 
existing structural and nonstructural elements can significantly reduce the 
CO2 emissions by 37.1 kg CO2/m2 or 17.3% of the total. Diverting 50–75% 
of construction wastes to recycling is the second most effective option. 
Additionally, reusing 5–10% of the existing resources can reduce existing total 
emissions by 3.2% or 6.8 kg CO2/m2.  An additional 10.7 kg of CO2 emissions 
per meter square or 5.0% of the CO2 emissions will be emitted if 50–80% 
offsite fabricated materials are used in facades and concrete elements.

3.5  DISCUSSIONS AND CONCLUSIONS

This study successfully developed Monte Carlo method for portraying the 
CO2 emission profile for the superstructure of a new high-rise concrete 
office building in Hong Kong and for evaluating the impacts of various 
material-use options. Our findings indicate that the average CO2 emis-
sions due to the use of materials in the superstructure of current office 
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Figure 3.4  CO2 emissions reduction resulting from the implementation of different 
material-use options.
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buildings are 215.1 kg CO2/m2. External walls and upper-floor construc-
tion accounted for the highest CO2 emissions from the superstructure of 
an office building, followed by suspended ceilings and finishes. These three 
elements became the major focus in our evaluation of impacts of different 
material-use options as they together already accounted for 84.2% of the 
CO2 emissions on average. Concrete, reinforcing bars, aluminum, and gal-
vanized steel were the major materials for CO2 emissions.

The amount of emissions reduction greatly depends on the quanti-
ties of materials to be maintained or reused for the existing elements. On 
the other hand, the CO2 emissions will even be increased if offsite pre-
fabricated materials are used in a building, i.e., it will emit an additional 
6.3–15.1 kg of CO2 per m2, or 5% (10.7 kg of CO2 per m2) on average. 
However, this should be weighed against the benefit gains reaped by an 
increase in speed of construction, improvement in quality of products, and 
reduction in material wastage if prefabricated materials are used.

This study provides a general view of the CO2 emission of concrete-
framed high-rise office buildings. Through improving the accuracy of esti-
mating or manufacturing data for material quantities; the embodied energy 
collected in different countries; and waste management methods, human 
behaviors, and government policies, the CO2 emissions results will make 
a greater difference [40,44,45]. Calcination and carbonation of concrete 
should not be ignored for the study of concrete framed high-rise office 
buildings. Besides, recycling content can also be considered in future studies, 
especially for concrete, reinforcing bars, aluminum, and galvanized steel.
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CHAPTER 4

Eco-Friendly Concretes With 
Reduced Water and Cement 
Content: Mix Design Principles 
and Experimental Tests
T. Proske, S. Hainer, M. Rezvani and C.-A. Graubner
Technische Universität Darmstadt, Darmstadt, Germany

4.1  CONCRETE FOR ECO-FRIENDLY STRUCTURES

To ensure the future competitiveness of concrete as a building material, 
it is essential to improve the sustainability of concrete structures. Great 
potential for reducing the environmental impact and consumption of 
scarce resources has been identified in the field of concrete construction, 
especially in the production of raw materials, concrete technology, and 
structures [1] (see Fig. 4.1). For concretes that are developed, produced, and 
used in an environmentally friendly manner the term “green concrete” [2] 
is commonly used.

The major environmental impact of concrete comes from CO2 emis-
sions during cement production as a result of the calcination and grind-
ing process. The CO2 emissions are mainly related to the decarbonation of 
limestone and the consumption of electricity and fuel [3]. Approximately 
5% of global anthropogenic CO2 emissions are connected with the pro-
duction of 3.3 billion tons of cement per annum [4]. Therefore, reducing 
the cement clinker content might have positive effects on the environ-
mental life-cycle assessment of concrete. Some research work on reduc-
ing the cement clinker content in concrete has already been carried out. 
However, there exist different research strategies. Often replacement of 
some clinker for large amounts of slag or fly ash was investigated [5–7] 
based on conventional concrete technology. This could lead to a waste of 
scarce raw materials such as slag and fly ash. The aim of other research 
activities is the efficient use of cement and reactive materials like slag and 
fly ash in concrete [1,2,8–12] based on a modified mix design approach.



Handbook of Low Carbon Concrete64

In the following sections the general procedure for the development of 
structural concrete with low environmental impact and normal compressive 
strength, including the step-by-step development of the mix design, is out-
lined. The results of performance tests on clinker-reduced concretes con-
ducted in laboratory conditions are also shown. In addition, the advantages 
with regard to the evaluation of environmental performance were verified. 
Finally, this chapter covers the application in the precast and ready-mix indus-
try as well as the technical benefits of clinker-reduced eco-friendly concretes.

4.2  PRINCIPLES FOR THE DEVELOPMENT OF ECO-FRIENDLY 
CONCRETES WITH LOW ENVIRONMENTAL IMPACTS

4.2.1  Generals
In the following section an approach to reduce the environmental impacts 
connected to concrete production will be presented. This general approach 
can be applied on two different levels, the binder level and the concrete level.

The binder or cement level, focuses on the development of binder or 
cement with low environmental impacts in the range of current cement 
standards [13] or a totally new binder with very low or no clinker con-
tent. Such research was already conducted by the authors [13,14]. New 
cements with limestone content up to 50% were developed. However, the 
concrete technology has to be adapted in accordance with the principle 
mentioned later in Section 4.2.2.

Figure 4.1  Opportunities for ecological optimization in concrete construction [1].
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This chapter is mainly focused on the concrete level, which aims to 
develop new eco-friendly concretes with reduced cement content. However, 
the cements used in such concretes are either in the range of conventional 
allowable cements or beyond the limits of national standards.

4.2.2  Low-Carbon Concretes With Reduced Cement Contents
Based on experimental results, a step-by-step procedure for the develop-
ment of low-carbon concretes with efficient use of reactive materials was 
devised [15]. The following key steps are recommended:
1.	 Selection of cement of a high-strength class and eco-friendly constitu-

ents such as limestone, granulated blast furnace slag (GBFS), or fly ash.
2.	 Optimization of water content and cementitious material in the  

concrete paste.
3.	 Optimization of the paste volume.

The first step is the selection of cement. Preferable are cements with a 
low environmental impact, especially with a low global warming poten-
tial (GWP) (see Fig. 4.2), as well as a relatively high-strength performance 
such as Portland composite cements and blast furnace cements with a 
compressive strength of more than 42.5 N/mm² based on a water–cement 
ratio of 0.5. However, the increased use of slag and blast furnace cements 
as well as fly ash is limited in several countries by the availability of these 
materials. In this case and if a high early strength concrete is required, 
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Portland cement with a strength of at least 52.5 N/mm² is also an appro-
priate option. It must be mentioned that the values in Fig. 4.2 are not 
universally valid [16]. Kiln energy efficiency and CO2 footprint of used 
fuel have a large influence. Furthermore, standards allow a large varia-
tion in supplementary cementing materials (SCMs) content for any given 
exposure class, which increases uncertainty in the evaluation. The recent 
tendency of allocating CO2 to SCM, which are byproducts, will change 
the outcomes [17]. The effect of the allocation to the GWP of cements 
with GBFS is presented in Fig. 4.2. For the calculation of the CO2 foot-
print, the coefficients based on the economic allocation [17] were used. 
It is shown that the impact of blast furnace cements is now significantly 
higher but still lower than that of Portland cement. Of course these results 
do not consider other impact categories (e.g., human toxicity or energy 
consumption), which have much higher allocation factors, and the limited 
availability of GBFS. For future application, in accordance with a modified 
low-water concrete technology, the development of cements with higher 
limestone content is in progress [18].

In the second step the volume of cement and cementitious materi-
als should be minimized. To achieve a significant reduction, the concrete 
technology for ordinary concretes was modified based on the principles of 
high-performance concretes. The basic idea is the reduction of water so as 
to allow reducing the reactive components, i.e., clinker, slag, and fly ash in 
the concrete mixture. However, acceptable workability has to be ensured. 
This can be provided by sufficient paste content and surplus water based 
on increased powder content and a higher packing density of the granular 
mixture (Fig. 4.3).

Fig. 4.3 shows that the application of high-performance superplasticiz-
ers increases the dispersion of particles and allows a higher actual packing 
density of the solid powder particles (<0.125 mm) to be obtained. Virtual 
packing is the maximum achievable packing density and therefore not 
influenced by the superplasticizer or the particular packing process [19].

To achieve higher actual and virtual packing density, optimization of 
the particle-size distribution is recommended, using different approaches 
[19–21]. Of special importance for higher actual packing density is an 
increased grading span, which can be obtained by a certain amount of 
finer particles, the use of compact or rounded particles, and continuous 
grading with increased ratio of fractions of larger particle size [19].

The measures described lead to less water being required, which in 
turn allows the water–powder ratio in the mixture to be reduced while still 
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providing sufficient workability. Based on a decreased water content while 
achieving an increase in strength and durability, it is possible to reduce the 
cement content. The corresponding cement and water volume is replaced 
by environmentally friendly powders such as limestone. Investigations have 
shown that optimized limestone powders, though mostly inert, contribute 
considerably to strength development. The use of fly ash or slag is also pos-
sible. However, considering the limited availability of these reactive byprod-
ucts, widely available limestone should be preferred for the major part. It 
should also be mentioned that the current most-common practice of  
considering fly ash and slag as CO2 neutral is under revision.

An additional reduction in cement content in step 3 can be realized 
based on a reduction in paste content. For the requisite optimization of 
aggregate grading, existing knowledge can be applied [19,21,22].

The principles for development of eco-friendly concretes are 
described and their effects on concrete strength, water content, and work-
ability are presented qualitatively in Fig. 4.4. In this case the optimization 
is based on a conventional concrete mixture. The potential reduction in 
cement clinker conforms to the cement clinker quality, the contribution 
of additives to concrete performance, and the decrease in water. An almost 
linear correlation between cement clinker content and environmental 
impacts results in a better environmental performance of the concretes 
with reduced water and cement content.

Figure 4.3  Evolution from the conventional mixture proportion to cement-reduced 
eco-friendly concrete [8].
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For the application of eco-friendly concretes in practice, the questions 
must be answered regarding strength development and durability as well 
as workability and pumpability. Changes to the conventional mixtures 
must not diminish the material performance. In particular, where eco-
friendly concretes are to be exposed to severe conditions, durability is of 
great importance including performance in the presence of carbonation-
induced corrosion, freeze–thaw cycling, and sulfate attack [23–25]. The 
viscosity of the eco-friendly concretes is higher compared to conventional 
concrete as a result of the required low water–powder ratio. The contrac-
tor should define the maximal acceptable viscosity depending on the con-
creting technology. This parameter controls the minimum water content 
and hence the potential for the clinker reduction.

4.3  LABORATORY TESTS

4.3.1  Overview and Targets
Different concrete mixtures with reduced cement content were developed 
especially for conventionally reinforced concrete structures. The initial 
investigations based on laboratory tests are described below.

A compressive strength of 10 N/mm² at an age of 24 h with a cur-
ing temperature of 20°C was targeted to enable demolding. After 28 days 
an average compressive strength of 38 N/mm² was desired to obtain a 

Figure 4.4  Reduction of environmental impact of low-water concrete in relation to a 
conventional reference concrete (steps 1 and 2).
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concrete strength sufficient for certain applications. The cement-reduced 
concretes must have sufficient workability. Therefore the table-test flow 
value according to DIN EN 12350-05:2009-08 was chosen to be 550 mm. 
The cement-reduced concretes are intended to be used for interior struc-
tures (exposure class XC1) as well as for exterior structures (exposure 
classes XC4, XF1, and XA1). The standard DIN 1045-2:2008-08 defines 
the German national requirements for concrete mix design depending on 
the exposure classes. For application in exterior structures (exposure classes 
XC4, XF1, and XA1) the minimum cement content is 270 kg/m³, for 
interior structures 240 kg/m³ (XC1). The water–cement ratio, including all 
cement constituents, may not exceed 0.60 and 0.75, respectively. In case of 
addition of fly ash an efficiency factor of 0.4 is considered, up to a weight 
of 33% of cement mass.

4.3.2  Constituents and Concrete Mix Design
To evaluate concrete performance, conventional reference concretes based 
on the concrete mix design according to DIN 1045-2:2008-08 were 
included in the test program. The mix design for the reference concretes 
with a cement content of 240 and 270 kg/m³ is shown in Table 4.1.

Starting with the reference concrete, the conventional cement content 
was progressively reduced from 270 to 100 kg/m³ (see Table 4.2). Additives 
were gradually substituted for cement. At the same time, the water volume 
was reduced. The lowest water content was 125 L/m³. To maintain suf-
ficient workability the powder content (<0.125 mm) was increased up to 
440 kg/m³ by the addition of fly ash and limestone powder. Concrete con-
sistency was adjusted by changing the dosage of superplasticizer. Generally a 
Portland cement with nominal strength of 52.5 N/mm², high early strength, 
and a defined cement clinker content (Clinker 1) were used. In addition, 
two Portland cements with a lower strength class (Clinkers 2 and 3) were 
included. Subsequently, the influence of a blast furnace cement composed 
of 60% clinker (Clinker 4) and 40% GBFS was analyzed. Limestone powder 
and fly ash additives were used in ratios of 0, 0.5, and 1.0 by volume.

In an additional test series, the effect of the limestone powder fineness 
on the concrete properties was analyzed (see Table 4.3). The Blaine value 
of the standard Limestone 1 was 0.31 m²/g and of the fine Limestone 2 
1.60 m²/g. The location parameters (particle diameter for accumulation by 
weight) are d10 = 3.3 µm, d50 = 15.4 µm, d90 = 59.1 µm and d10 = 0.7 µm, 
d50 = 1.8 µm, d90 = 3.9 µm, respectively.



Table 4.1  Mix design of the reference concretes
Reference concretes

Mix design Mass 
per m3

C1-270-
FA10-w165

C2-270-
FA10-w165

C3-270-
FA10-w165

C1-240- 
w180

C3-240- 
w180

C1-240-FA 
160-w180

C1-240-FA 
160-w145

Clinker 1: CEM 1 52.5 R kg 270 — — 240 — 240 240
Clinker 2: CEM 1 42.5 R kg — 270 — — — — —
Clinker 3: CEM 1 32.5 R kg — — 270 — 240 — —
Fly ash (EN 450) kg 10 10 10 — — 160 160
Limestone powder 1 kg — — — — — — —
Water kg 162 162 162 180 180 179 142
Superplasticizer kg 2.8 1.9 3.0 — 1.3 1.7 4.0
River sand 0–2 mm kg 597 603 603 601 601 569 509
River gravel 2–8 mm kg 446 446 446 444 444 394 446
River gravel 8–16 mm kg 847 847 847 842 842 748 846
w/c [–] 0. 61 0. 61 0. 61 0.75 0.76 0.75 0.60
w/ceq [–] 0.60 0.60 0.60 0.75 0.76 0.66 0.53



Table 4.2  Mix design of the cement-reduced concretes
Cement clinker-reduced concretes

Mix design Mass 
per m3 
concrete

C1-200-
FA 200-
w145

C1-175-
FA225- 
w145

C1-150- 
FA250- 
w145

C1-150-
FA 125-
LS 145-
w145

C1-150- 
LS289- 
w145

C1-150-
FA250- 
w125

C1-150-
LS289- 
w125

C4-90-
GBFS60- 
FA 250-
w145

C4-90-
GBFS60- 
FA 125- 
LS 145- 
w145

C4-90-
GBFS60-
LS289- 
w145

C1-125-
FA275- 
w145

C1-100-
FA 300-
w145

Clinker 1: CEM 
152.5 R

kg 200 175 150 150 150 150 150 — — — 125 100

Clinker 4: CEM 
152.5 R

kg — — — — — — — 90 90 90 — —

GBFS kg — — — — — — — 60 60 60 — —
Fly ash  

(EN 450)
kg 200 225 250 125 — 250 — 250 125 — 275 301

Limestone 
powder 1

kg — — — 145 289 — 289 — 145 289 — —

Water kg 142 142 142 142 142 120 120 143 142 142 143 144
Superplasticizer kg 4.1 3.9 3.1 4.0 5.1 6.9 6.5 2.4 3.3 4.5 3.1 1.9
River sand 

0–2 mm
kg 515 519 523 524 524 542 542 523 524 524 528 534

River gravel 
2–8 mm

kg 440 436 434 434 434 444 444 434 434 434 429 424

River gravel 
8–16 mm

kg 834 828 823 823 823 843 843 823 823 823 814 804

w/c [–] 0.73 0.83 0.96 0.97 0.97 0.84 0.83 1.61 1.61 1.61 1. 16 1.45
w/ceq [–] 0.64 0.73 0.85 0.85 0.97 0.74 0.83 1.42 1.42 1.61 1.02 1.28



Table 4.3  Mix design of cement-reduced concretes with different limestone fineness
Cement clinker-reduced concretes with different limestones

Mix design Mass 
per m3 
concrete

C5-150- 
LS289/0- 
w145

C5-150-
LS246/43- 
w145

C5-150- 
LS202/87- 
w145

C5-150- 
LS159/130- 
w145

C5-150- 
LS116/173- 
w145

C5-150-
LS72/217- 
w145

C5-150- 
LS0/289- 
w145

Clinker 5: CEM 152.5 R kg 150 150 150 150 150 150 150
Limestone powder 1a kg 289 246 202 159 116 72 0
Limestone powder 2b kg 0 43 87 130 173 217 289
Water kg 142 142 142 142 142 142 142
Superplasticizerc kg 2.5 2.5 1.8 2.2 3.0 3.0 3.1
River sand 0–2 mm kg 524 524 524 524 524 524 524
River gravel 2–8 mm kg 434 434 434 434 434 434 434
River gravel 8–16 mm kg 823 823 823 823 823 823 823
w/c [–] 0.96 0.96 0.96 0.96 0.96 0.96 0.96

aNormal fineness.
bHigh fineness.
cDifferent producer.
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4.3.3  Test Methods
After mixing, the table flow value of the concrete was determined and the 
dosage of superplasticizer adjusted as necessary to achieve a table flow of 
550 ± 20 mm. Then, the specimens for the compressive strength (150 mm 
cubes) and carbonation tests (prisms 100 × 100 × 500 mm) were pro-
duced. The samples for the compressive strength test were demolded after 
1 day and stored in water at 20°C. Compressive strength was tested after 1, 
3, 7, 28, and 91 days.

Resistance to carbonation was analyzed using the accelerated car-
bonation test method (ACC test method) according to Ref. [26]. After 
demolding the concrete prisms were stored until the age of 7 days in 
water at a temperature of T = 20°C. Subsequent to water storage the 
specimens were placed in a climate chamber for 21 days at T = 20°C, and 
RH = 65%. Then, the specimens were exposed for 28 days to an increased 
CO2 concentration of 2%, T = 20°C, and RH = 65%. After this stor-
age, the specimens were split and the carbonation depth xc was measured 
at the plane of rupture using an indicator solution (phenolphthalein). In 
addition to the ACC test method, selected concretes were stored in a  
normal CO2 concentration (T = 20°C and RH = 65%) for 2.5 years.

4.4  CONCRETE PROPERTIES

4.4.1  Workability and Strength Development
The requirements of table flow and compactibility were fulfilled by all 
mixtures, in spite of the significant reduction in water content. However, 
a higher demand of superplasticizer was necessary compared with the ref-
erence mixes. The minimum water volume for workability oriented on 
practical application was identified to be 145 L/m³. The plastic viscosity 
increased noticeably for concretes with 125 L/m³. Detailed studies on the 
viscosity of water-reduced eco-friendly concretes were conducted in addi-
tional test series [27].

The compressive strength measurements are presented in Table 4.4 and 
Fig. 4.5. It was noted that the loss of compressive strength, correspond-
ing to the cement clinker reduction, can be compensated by decreased 
water volume and by using reactive powder such as fly ash and blast fur-
nace slag. The application of cement clinker with higher strength is also 
advantageous.



Table 4.4  Strength development and carbonation depth
Concrete mix Compressive strength Carbonation depth

fcm,cube (N/mm2) Xc (mm)

Concrete age ACC test Long-term test

28 days 2.5 years

Clinker additives Water 1 day 3 days 7 days 28 days 91 days 2% CO2 Normal CO2

C1-270-FA10- w165 34.6 42.0 49.4 53.9 61.2 2.9 2.7
C2-270-FA10- w165 15.9 30.1 38.5 40.8 52.3 2.8 —
C3-270-FA10- w165 10.0 20.9 28.9 34.7 39.6 5.6 8.1
C1-240- w180 15.1 22.7 30.5 33.6 34.3 6.1 5.4
C3-240- w180 4.1 11.9 18.0 24.0 25.6 11.1 —
C1-240-FA160- w180 22.8 31.6 38.2 46.8 59.7 5.4 —
C1-240-FA160- w145 34.5 42.9 56.0 69.4 82.0 1.1 0.1
C1-200-FA200- w145 21.8 36.5 45.1 57.0 72.9 2.3 —
C1-175- FA225- w145 21.3 32.6 38.5 55.0 66.5 4.1 —
C1-150-FA250- w145 11.7 24.4 29.2 42.7 54.6 9.8 6.0
C1-150-FA125-LS145- w145 15.0 25.6 30.7 38.8 52.9 9.4 7.3
C1-150-LS289- w145 11.6 21.8 22.2 27.6 30.4 12.3 —
C1-150-FA250- w125 14.3 28.4 32.2 55.3 69.6 3.1 —
C1-150-LS289- w125 18.3 31.9 32.6 37.8 38.4 8.4 —
C4-90-GBFS60-FA250- w145 7.2 17.2 30.9 50.9 62.9 6.3 8.1
C4-90-GBFS60-FA125-LS145- w145 6.2 18.1 29.7 45.4 50.0 7.0 8.7
C4-90-GBFS60-LS289- w145 6.9 15.0 29.9 40.8 42.4 7.4 9.4
C1-125-FA275- w145 8.2 17.3 26.4 39.3 44.0 14.2 8.9
C1-100-FA300- w145 4.8 10.7 16.9 26.3 31.9 21.0 14.1
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Fig. 4.5 and Table 4.4 show that concretes with a low cement clin-
ker content of 150 kg/m³ were able to meet the defined strength require-
ments. Both early strength and 28-day strength were acceptable. However, 
the concretes without slag reach the compressive strength target only with 
a certain amount of fly ash or a very low water volume of 125 L/m³. The 
relative clinker demand, which represents the required clinker mass per 
1 N/mm² compressive strength, is shown in Fig. 4.6. It is obvious that the 
efficiency of the developed mixtures is very high compared with that of 
conventional concretes. Moreover, clinker demand is relatively constant in 
all strength categories.

To enable a further water reduction and consequently an additional 
reduction in clinker content, systematic optimization of the complete  
particle-size distribution of the granular powder is necessary.

Successive substitution of the ordinary limestone powder with finer 
limestone raised the 28-day compressive strength from the reference value 
of 32 N/mm² up to 46 N/mm² (Fig. 4.7). It is assumed that the more-
homogeneous microstructure and the improved interface between the 
cement matrix and aggregates have positive effects. A great benefit of  
the fine limestone is also seen to be the considerable reduction in concrete 
viscosity as well as the lower demand in superplasticizer. The minimum of 
both was reached with a replacement ratio of 30% (see Table 4.3).
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4.4.2  Carbonation of the Concrete
Table 4.4 shows the measured carbonation depth as a result of the 
ACC test method and the long-term CO2 storage. The concrete mix  
C1-270-FA10-w165 with high-strength cement has a relatively low 
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Figure 4.7  Influence of limestone fineness on compressive strength.
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carbonation depth of 3 mm compared with concrete C3-270-FA10-w165 
of low cement strength and a depth of 6 mm.

Compared with the carbonation depth of a conventional con-
crete (C3-270-FA10-w165), approximately the same value was mea-
sured for the concretes with only 90 kg/m³ of clinker and 60 kg/m³ of slag  
(C4-90-GBFS60-FA250-w145). In contrast, the concretes with 150 kg/m³ 
of Portland cement had a considerably higher carbonation depth than the  
reference concrete. Requirements for exterior structures could be met by 
reducing the water content or by a slight increase in cement content. The 
effect of fly ash, slag, and limestone powder on carbonation was considerable. 
As a result of higher strength and lower porosity, fly ash reduced the carbon-
ation depth much more than limestone powder, notwithstanding the con-
sumption of calcium hydroxide. However, for a constant strength, the mixtures 
with limestone powder show a lower carbonation depth than the concretes 
with fly ash. Hence, the influence of fly ash on the compressive strength was 
much more remarkable than the contributions to the carbonation resistance.

A reduction in cement clinker content to 125 and 100 kg/m³ tends to 
produce values that are significantly higher than the carbonation depths of 
the reference concretes. These concretes are preferable for application in 
interior members.

Carbonation depth versus compressive strength is presented in  
Fig. 4.8, which reveals that carbonation depth is not very well correlated 
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with compressive strength based on all mixtures. However, a good correla-
tion exists when the results are categorized by their SCMs and limestone 
additions. What is obvious is a lower carbonation depth of concretes with 
a conventional amount of cement clinker. The reduction in cement clin-
ker was connected with a higher carbonation depth at the same compres-
sive strength. For a given compressive strength, concretes with limestone 
had a better resistance to carbonation than those with fly ash. The used 
slag seems not to produce negative effects on carbonation resistance.

The long-term carbonation tests under normal CO2 exposure showed 
a remarkably different trend compared to the results with higher CO2 
concentration (Table 4.4). In particular, the correlation between compres-
sive strength and carbonation depth is more significant. This is probably 
due to the fact that the delayed pozzolanic reaction of fly ash increases the 
density and compressive strength over time and therefore leads to a higher 
carbonation resistance compared to the results of the accelerated test.

It can be concluded that, compared with conventional concrete, the 
same carbonation depth on concretes with reduced cement clinker is only 
achievable by providing higher compressive strength. However, adequate 
performance of such concretes with a moderate increase in strength can 
be verified based on the performance concepts of new design standards 
and long-term tests. An analytical model for the prediction of carbonation 
depth based on an existing general model [26] is presented in Ref. [28]. 
This new model considers the specific mix proportion of concrete with 
already used additives. It includes the contribution of cement strength 
class, amount of fly ash and limestone powder, as well as water content on 
the carbonation resistance of concrete.

4.4.3  Environmental Performance Evaluation
The optimization of cement clinker volume in the mix composition leads 
to a significant reduction in the environmental impact compared with the 
reference concrete mixtures. This improvement is specifically based on the 
use of fly ash, slag, and limestone powder. It has to be kept in mind that an 
allocation of environmental impacts to byproducts such as fly ash and slag 
can change this conclusion noticeably. In this case, the results depend sig-
nificantly on the allocation criteria for the SCM. The allocation burdens 
can be associated with both the relative mass and current economic values 
of products and byproducts [17]. Every allocation has the effect that the 
calculated impact of the used waste (SCM) is in some cases and for differ-
ent impact categories much higher than the replaced material (Portland 
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cement clinker). This leads to problematic results and potentially prevents 
the use of byproducts that cannot be used for other applications in a rea-
sonable way. However, the allocation procedure supports the efficient use 
of fly ash and slag in the mix design.

The GWP, which considers the distinctive effect of different green-
house gases, was calculated using the environmental performance evalu-
ation based on data for the constituents according to Ökobau.dat 2010 
and the GaBi database [29], Netzwerk Lebenszyklusdaten [16], and the 
European Federation of Concrete Admixture Associations [30]. In a first 
step, no allocations were considered for slag and fly ash except for the sec-
ondary process. Also the reabsorption of carbon dioxide was not consid-
ered, due to the fact that the degree of carbonation in concrete members 
over the life cycle and the life cycle itself is uncertain.

Fig. 4.9 shows the GWP of selected concretes without allocation to 
SCM and with economic allocation according to Ref. [17]. For a com-
parable concrete strength the GWP without allocation was reduced by 
approximately 35% by using fly ash and limestone and by approximately 
60% when using slag as cement clinker replacement. According to the 
environmental performance evaluation, other impact factors as well as pri-
mary energy consumption are also reduced significantly [8]. If the eco-
nomic allocation to SCM is considered, the reduction of the GWP is only 
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Figure 4.9  GWP of selected cement-reduced concretes without allocation of SCM 
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15–25% and 35–45% using slag as a replacement. For other environmental 
categories (e.g., for acidification, photochemical oxidation) the calculated 
impact of the cement-reduced concretes based on the allocation to SCM 
is even higher.

To consider the performance of the concrete, the GWP was also 
related to the compressive strength. The results without allocation to 
SCM are shown in Fig. 4.10 for appropriate mixtures. The reduction of 
water and cement clinker leads to a relative GWP of approximately 3 kg 
CO2-eq/(N/mm²) notwithstanding the compressive strength. It can be 
further noticed that the reduction of environmental impact in compari-
son to conventional concrete was more remarkable for low- and medium-
strength concrete.

4.5  APPLICATION IN PRACTICE

In cooperation with a producer of prefabricated concrete elements, the 
application of cement-reduced concretes in practice was tested. The mix-
ture development was focused on semifinished concrete slabs and walls. 
At the construction site, the completion of the structural element is car-
ried out with ready-mix concrete. The processing as well as the field of 
application specifies the requirements for the fresh and hardened concrete 
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properties. Concrete slabs are usually used for interior elements (XC1, 
C20/30), while concrete walls are used for both interior as well as exte-
rior elements (XC4, XF1, C30/37, and C35/45). To meet the processing 
requirements a compressive strength of 7 N/mm² was targeted after 5 h, 
including heat treatment with 50°C.

As a result of the mixture optimization, the cement content (CEM 
I equivalent) for interior and exterior elements was decreased from 255 
to 150 kg/m³ in ECO-Concrete 1 and from 300 to 180 kg/m³ in ECO-
Concrete 3, respectively (see Table 4.5 and Fig. 4.11). Hence, the opti-
mization allowed a cement reduction of approximately 40%. At the 
same time, the powder content was increased by 100 kg/m³. The cement 
content of the developed mixes is below the minimum value accepted 
according to DIN 1045–1:2008–08. This requires a building authority 
approval for the production of reinforced concrete elements.

The performance of the laboratory tests was verified by produc-
ing the elements in a precast concrete plant and by full-scale tests. It was 
shown that an increased mixing time is necessary if the standard technol-
ogy is used. The workability of the concretes during the processing time 
was sufficient. However, the quality and quantity of the materials must be 

Table 4.5  Mix design of cement-reduced concretes for the precast industry
Selected concretes DIN C25/30 ECO- 

Concrete 1
ECO- 
Concrete 2

ECO- 
Concrete 3

(Reference) C25/30 C30/37 C30/37

Exposition class XC4/XF1 XC1 XC1 XC4/XF1

Cement kg/m3 275a 150b 150b 180b

Fly ash kg/m3 30 23 50 90
Limestone powder kg/m3 — 222 222 119
Sand 0–4 mm kg/m3 693 721 721 721
Gravel 4–16 mm kg/m3 1183 1126 1126 1126
Superplasticizer kg/m3 4.0c 4.0d 5.0d 4.0d

Total water kg/m3 172 146 135 146
w/c — 0.63 0.97 0.9 0.81
w/ceq — 0.6 0.92 0.8 0.72
Flow diameter cm 53 53 50 55
Air volume % 2.2 2.4 1.4 1.5

aCEM II/A-LL 42.5R.
bCEM 152.5 R.
cSP 1.
dSP 2.
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controlled exactly. The measurement of aggregate moisture is of particular 
importance. The high early strength allowed the integration of the new 
concretes in the normal production process.

Several mechanical properties of the cement-reduced concretes 
were tested (Table 4.6). It must be noted that the concrete specimens 
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Figure 4.11  Paste proportion of the cement-reduced concretes and the reference mixes.

Table 4.6  Hardened concrete properties according to DIN EN 12390
Hardened concrete properties 
tests after 28 days according to 
DIN EN 12390

DIN 
C25/30 
reference

ECO-1 
C25/30

ECO-2 
C30/37

ECO-3 
C30/37

Compressive strength fcm, cube 150 N/mm2 30 35.9 40.8 49.1
Compressive strength fcm, cyl 150 N/mm2 23.9 29.3 31.2 38.3
Splitting strength fctm, sp cylinder 

150/300 mm
N/mm2 2.63 3.14 3.56 3.81

Flexure strength fctm,fl prisms 
150/150/700 mm

N/mm2 4.61 4.48 5.38 4.86

Modulus of elasticity Ecm N/mm2 23.557 30.277 34.095 38,819
cylinder 150/300 mm
σmax = 0.333fcm,cyl

Bond concrete/rebar fbm,0,1mm 
Pull-out test (RILEM),  
ds = 10 mm, 0.1 mm

N/mm2 6.4 6 7.6 15.1

Depth of penetration of water cm 6.3 6.6 3.9 2.1
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were produced with the maximum water content, which is expected in 
the later fabrication process. The properties of the concretes developed 
are mostly equivalent to the conventional concretes and the normative 
standards.

The low heat of hydration and the lower shrinkage (see Fig. 4.12) 
can be considered as advantages resulting from the decreased water and 
cement content. The reason for the increased modulus of elasticity is 
probably the lower porosity of the matrix due to the lower water–powder 
ratio for a given paste volume. In addition, ECO-3 fulfilled the require-
ments for exposure class XC4 (carbonation resistance) and XF1 (freeze–
thaw resistance).

The environmental performance evaluation highlighted the advantages 
of the cement reduction for the construction of ordinary concrete struc-
tures with prefabricated elements. The used basic data are summarized in 
Table 4.7. Fig. 4.13 shows the GWP of reinforced concrete slabs produced 
with conventional concrete as well as eco-friendly concrete.

A decrease of the environmental impact by 50%, including the rein-
forcement and energy for the processing, is possible. However, cement-
reduced eco-friendly mixtures should be used for both the prefabricated 
and the ready-mix concrete. For the latter case, the cement with low 
clinker content and moderate early strength (CEM III) is recommended. 
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The properties of these concretes were investigated in an additional joint 
research project [8].

The material costs for the cement-reduced concretes are either 
approximately the same compared to conventional ordinary concrete or 

Table 4.7  Basic data for the environmental performance evaluation of concrete and 
concrete elements according to Ökobau.dat 2010 and GaBi database [29]
Constituent Reference unit GWP  

(kg CO2-eq.)
Primary 
energy (MJ)

Cement, CEM I kg 0.8198 3901
Cement, CEM III A kg 0.5021 2389
Cement, CEM III B kg 0.2887 1389
Fly ash kg 0.0110 0.154
Limestone powder kg 0.0278 0.444
Superplasticizer kg 0.7721 16,915
River sand kg 0.0023 0.037
River gravel kg 0.0023 0.036
Crushed aggregates kg 0.0068 0.107
Electricity kWh 0.6550 12,465
Heating oil I 3.3434 46,390
Reinforcement kg 0.8744 13,407

Figure 4.13  GWP of reinforced concrete slabs.



Eco-Friendly Concretes With Reduced Water and Cement Content 85

slightly lower. However, the costs are highly influenced by the price for 
the additives, especially for the limestone powder and superplasticizer.

4.6  CONCLUSIONS

A stepwise approach was implemented in order to develop eco-friendly 
concretes with reduced cement and water contents. In parallel, several 
experimental attempts were conducted to evaluate the required concrete 
performance for practical purposes. According to the results, the following 
conclusions can be derived:
1.	 CO2 emissions can be reduced significantly in structural concretes.  

A significant reduction in Portland cement demand may be achieved 
by using high-performance superplasticizer, high-strength cement and 
optimized particle-size distribution.

2.	 Replacement of Portland cement and water with mineral fillers such as 
limestone powder provides an optimal paste volume in the low water 
mixture. It was shown that concretes with cement clinker and slag 
contents as low as 150 kg/m³ were able to meet the usual requirements 
of workability, compressive strength (~40 N/mm²), and other mechani-
cal properties.

3.	 The carbonation depth on eco-friendly concretes with at least 175 kg/m³  
clinker and slag was observed to be lower than that of conventional con-
cretes for exterior structures.

4.	 A reduction in the GWP of up to 35% compared with conventional 
concrete can be seen as well as a reduction of more than 60% when 
using GBFS. The allocation decreases the reduction, which is in the 
case of economical allocation 15–25% and 35–45% using slag.

5.	 Practical application was verified in precast and ready-mix concrete 
plants. Results showed an acceptable capability for eco-friendly con-
cretes to be used in the aforementioned industries in both fresh and 
hardened states.
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5.1  INTRODUCTION

Concrete is predominantly utilized in buildings and infrastructure world-
wide; it is mainly produced by using ordinary Portland cement (OPC) as 
a binder. In recent years, the annual world cement production has grown 
from 1.0 billion tons to approximately 1.7 billion tons, which is enough to 
produce 1 m3 of concrete per person [1]. As a result, the cement industry 
is commonly regarded as being in a period of high growth. However, the 
industry has been confronted since the late 1990s by the need to reduce 
its environmental load, including carbon dioxide (CO2) emissions. Some 
estimates [2] suggest that the amount of CO2 emitted from the worldwide 
production of OPC may be as high as 7% of the total global CO2 emis-
sions. Furthermore, the production of OPC involves serious collateral envi-
ronmental impacts, such as environmental pollution caused by dust and the 
enormous energy consumption required from having a plasticity tempera-
ture of over 1300°C. For these reasons, the cement industry has been chal-
lenged in the past 10 years to effectively reduce and control CO2 emissions.

Four alternative technologies to reduce CO2 in the cement industry 
have been commonly discussed [1,3]: (1) a change in fuel to one with a 
lower carbon content, such as from coal to natural gas, during limestone cal-
cination; (2) adding a chemical absorption process that would capture CO2; 
(3) changing the clinker manufacturing process by using efficient grinding 
and conversion from a wet to a dry process; and (4) adding high volumes 
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of supplementary cementitious materials (SCMs), such as ground granulated 
blast furnace slag (GGBFS), fly ash (FA), and/or silica fume (SF). Of these 
four technologies, using cement blended with SCMs is the most practical 
and economical method, and one that can be straightforwardly applied in 
the ready-mixed concrete field. Moreover, the use of GGBFS or FA can pro-
vide additional environmental advantages, including natural resource con-
servation and recycling of industrial byproducts. However, available data [4] 
for quantitatively evaluating the effect of SCMs on CO2 emissions from the 
concrete production process are very rare, although it is essential to design 
the replacement level of SCMs for OPC according to targeted concrete 
requirements such as initial slump, 28-day compressive strength, and CO2 
reduction in order to determine the sustainable concrete mix proportions.

The present study aims to propose design equations for determining the 
replacement level of SCMs and unit binder content needed to achieve the 
targeted compressive strength and CO2 reduction during concrete produc-
tion. The proposed equations also provide a straightforward means of assessing 
the CO2 footprints for a given concrete mix condition. The effect of SCMs 
and unit binder content on the reduction of CO2 in concrete was exam-
ined using a comprehensive database including a total of 5294 laboratory 
concrete mixes and 3915 ready-mixed concrete mixes. All of the mixes were 
evaluated in terms of binder and CO2 intensities [4,5]. The CO2 emissions 
of the concrete were calculated in accordance with the life-cycle assessment 
(LCA) procedure specified in the ISO 14040 series [6] based on the Korean 
life-cycle inventory (LCI) database [7]. This means that the studied bound-
ary conditions are from cradle to preconstruction system, including various 
contributions from the constituent steps, transportation to the plant, in-plant 
production, and transportation from the plant to the construction site.

5.2  LIFE-CYCLE CO2 ASSESSMENT PROCEDURE 
FOR CONCRETE

The CO2 assessment considered in this study closely followed the LCA 
procedure specified in the ISO 14040 series [5], and is summarized in the 
following sections.

5.2.1  Objective and Scope
The objectives of the current LCA were to evaluate the CO2 footprint for 
a given concrete mix proportion and to ascertain the effect of SCMs on 
the reduction in CO2 emissions in OPC concrete production. The func-
tional unit of concrete was selected to be 1 m3. The system boundary that 
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was studied was from cradle to preconstruction, which included the fol-
lowing phases: (1) procurement of all constituents in a materials inventory 
taken from cradle to gate, (2) transportation of the constituents to a ready-
mixed concrete plant, (3) in-plant production of the concrete, and (4) trans-
portation of the concrete to a work site, as presented in Fig. 5.1. Hence, 
the investigated system boundary satisfies the minimum requirements of the 
ISO 14040 series, which is defined to be from the cradle to the gate of 
the concrete plant. The assumed time and regional boundaries for concrete 
mixes were between 1990 and 2012, and Seoul, South Korea, respectively. 
The typical manufacturing process conducted in a ready-mixed concrete 
plant in standard weather (under temperature of 15–25°C and relative 
humidity of 60–75%) was selected as a process specification of the concrete.

To assess the CO2 footprint of the transportation phase, the transpor-
tation distance for each concrete constituent material was estimated as 
being from the gate of each production facility to the ready-mixed con-
crete plant. The cementitious materials, aggregates, and chemical admix-
tures were transported by a 23-ton capacity bulk trailer, 15-ton capacity 
diesel truck, and 1.5-ton capacity diesel truck, respectively. Fresh con-
crete produced at the plant was transported to a construction site by a 
6-m3 capacity in-transit mixing truck. The distance from the plant to the 

Figure 5.1  Schematic diagram of concrete production from cradle to preconstruction.
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construction site was assumed to be 30 km, considering the allowable cast-
ing time of fresh concrete.

5.2.2  LCI Database
Considering the regional location, the Korean LCI database [7] was pri-
marily used for CO2 assessment in each phase of concrete, as given in 
Table 5.1. The LCI for a building material provides a collective data set 
that covers everything from the cradle to the grave. The Japanese Society 
of Civil Engineering (JSCE) LCI database [8] was also used for a data set 
that is not provided in the Korean LCI database, because the climate con-
ditions and energy sources for concrete sources are similar in both coun-
tries. The CO2 inventory for the concrete production phase was obtained 
from the conversion of energy sources consumed in the plant for annual 
productivity. The energy sources in the plant include electric power and 
crude oils.

5.2.3  CO2 Assessment Procedure
For the studied system, a total CO2 footprint (Ce) for 1-m3 concrete 

can be assessed by the individual integration method [4] using the follow-
ing equation:

	 Ce = CO CO COM T P2 2 2− − −+ +	 (5.1)

where CO2−M, CO2−T, and CO2−P indicate the CO2 emissions in the 
materials, transportation, and production phases, respectively. Because  
the materials phase includes the cementitious materials, water, fine aggre-
gate, coarse aggregate, and chemical admixtures, CO2−M can be calculated 
as follows:

	
CO CO LM CI22

1
−−

=

= ( )( )Wi i
i

n

×∑
	 (5.2)

where i represents a raw material constituent of the concrete, n is the 
total number of constituents added for concrete production, and Wi and 
CO2(i)−LCI are the unit volume weight (kg/m3) and CO2 emission inven-
tory (CO2-kg/kg), respectively, of raw material i. The amount of CO2 
generated during the transportation process can be calculated by sum-
ming the amount generated during transportation of each constituent i, as 
well as that generated from transporting the produced concrete. Therefore, 
CO2−T can be obtained as follows:



Table 5.1  Examples for CO2 assessment of concrete in the studied system ( ′fc=35 MPa)
Functional unit (FU): m3 Material Transportation

A B A·B D E A·D·E

Unit
kg/FU CO2-kg/kg CO2-kg/FU km CO2-kg/kg·km CO2-kg/FU

Item

OPC 336 0.931 312.8 277 5.18 × 10−5 4.82
GGBFSa 60 0.0265 1.59 339 5.18 × 10−5 1.05
FAa 5 0.0196 0.098 322 5.18 × 10−5 0.08
Sand 855 0.0026 2.223 47 6.3 × 10−5 2.53
Coarse 893 0.0075 6.6975 37.6 6.3 × 10−5 2.12
Water 171 1.96 × 10−4 0.034 — — —
Admixture 3.23 0.25 0.8075 70.6 2.21 × 10−4 0.05

Sum 324.3 —

Production (fresh concrete) 2323 0.00768 17.84 30 0.674 D·E= 
CO2-kg/m3·km 20.22

Sum 30.88

Total = 372.98 CO2-kg/FU (= 324.3 + 30.88 + 17.84 CO2-kg)

aLCI data provided in JSCE are referenced wherever the Korean LCI database is unavailable.
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(5.3)

where Di is the transportation distance of each concrete constituent mate-
rial i from the gate of the raw material–producing facility to the concrete 
plant, CO2(i)−LCI(TR) is the CO2 inventory for the vehicles to transport 
material i, DFC is the transportation distance for 1 m3 of the produced 
fresh concrete from the ready-mixed concrete plant to the construction 
site, and CO2(FC)−LCI(TR_con) is the CO2 inventory of the in-transit mix-
ing truck for fresh concrete. The CO2 inventory for the in-transit mixer is 
expressed in the units CO2-kg/(m3·km).

An example of the CO2 assessment for a given concrete mix propor-
tion using the above equations is given in Table 5.1. The concrete mix 
proportion (column A in the table) is sampled from a comprehensive data-
base that is introduced in detail in the following section. In the table, the 
CO2 inventories for each constituent material and plant for concrete pro-
duction are listed in column B, and those for vehicles are given in column 
E. The CO2 emissions per functional unit of concrete were calculated to 
be 324.3, 17.84, and 30.88 kg for the material, production, and transporta-
tion phases, respectively. The CO2 emissions from the OPC material made 
up 96.5% of the emissions for the material phase, which corresponded to 
83.9% of the total CO2 emissions. The CO2 emissions in the transporta-
tion phase resulted mostly from the transportation of the mixed concrete 
because the CO2 emissions from the 6-m3 capacity in-transit mixing truck 
were considerably higher than those of the bulk trailer and diesel trucks 
used to transport the concrete materials.

5.3  DATABASE OF CONCRETE MIX PROPORTIONS

To assess the CO2 footprint of concrete production under a wide  
variety of mix conditions and different 28-day compressive strengths, a 
comprehensive database was established. The database included 5294 con-
crete mixes tested in the laboratory and 3915 concrete mixes produced 
in ready-mixed concrete plants. The incidence of the various parameter 
values in the database is given in Table 5.2. When the data sets were clas-
sified according to the addition of SCMs, the laboratory specimens were 
found to consist of 3037 OPC mixes, 1000 OPC + FA mixes, 341 OPC + 
GGBFS mixes, 697 OPC + SF mixes, 135 OPC + FA+ GGBFS mixes,  



Table 5.2  Incidence of various parameter values for 5294 laboratory and 3915 plant concrete mixes
Mixing type Type of binder Range Total

50–250 250–
300

300–
400

400–
500

500–
600

600–
700

700–
800

800–
1000

1000–
1400

B (kg/m3) Laboratory 
mix

OPC 34 187 1057 882 575 235 44 23 — 3037
OPC + FA 6 74 375 289 171 58 25 1 — 1000
OPC + GGBFS 2 10 105 55 32 31 31 55 20 341
OPC + SF — 4 31 80 193 151 126 91 21 697
OPC + FA + GGBFS 2 — 45 48 18 14 5 3 — 135
OPC + FA + SF — — — 6 2 8 6 2 — 24
OPC + SF + GGBFS — — — 2 5 10 19 23 1 60

Plant mix OPC 29 184 458 42 — — — — — 713
OPC + FA 63 425 733 150 30 1 — — — 1402
OPC + GGBFS 1 7 342 184 13 2 — 1 — 550
OPC + FA + GGBFS 57 414 625 107 21 3 1 — — 1228
OPC + FA + SF — — — 18 2 2 — — — 22

(Continued)



Mixing type Type of binder Range Total

7–20 20–30 30–40 40–60 60–80 80–100 100–120 120–140 140–170

′fc  (MPa) Laboratory 
mix

OPC 118 488 604 981 507 224 105 9 1 3037
OPC+ FA 138 360 187 208 98 9 — — — 1000
OPC+ GGBFS 13 47 61 73 68 45 27 7 — 341
OPC+ SF 1 4 21 95 170 176 116 94 13 690
OPC+ FA+ GGBFS — 5 19 92 16 2 1 — — 135
OPC+ FA+ SF — — 1 7 11 3 0 2 — 24
OPC+ SF+ GGBFS — — — 3 13 14 12 13 5 60

Plant mix OPC 116 505 86 6 — — — — — 713
OPC+ FA 311 907 124 57 3 — — — — 1402
OPC+ GGBFS 8 302 167 61 12 — — — — 550
OPC+ FA+ GGBFS 293 724 163 45 1 1 1 — — 1228
OPC+ FA+ SF — — 20 — — 2 — — — 22

Mixing 
type

Type of binder Range Total

3–10 0–20 20–30 30–40 40–50 50–60 60–70 70–80 80–100

RG (%) Laboratory 
mix

OPC + GGBFS 22 41 112 62 47 35 14 8 — 341

Plant mix OPC + GGBFS 69 145 210 111 3 7 1 4 — 550

Table 5.2  (Continued)



Mixing 
type

Type of binder Range Total

3–10 10–20 20–30 30–40 40–50 50–60 60–70 70–80 80–90

RF (%) Laboratory 
mix

OPC + FA 284 469 126 85 20 10 6 — — 1000

Plant mix OPC + FA 1402 — — — — — — — — 1402
RS (%) Laboratory 

mix
OPC + SF 348 293 56 3 — — — — — 700

Mixing 
type

Type of binder Range Total

9–10 10–20 20–30 30–40 40–50 50–60 60–70 70–80 80–90

RF + RG (%) Laboratory 
mix

OPC + FA + GGBFS 2 50 43 15 5 14 6 — — 135

Plant mix OPC + FA + GGBFS 1 52 210 482 227 225 30 — 1 1228

Mixing 
type

Type of binder Range Total

0–10 10–20 21–30 30–40 40–50 50–60 60–70 70–80 80–90

RS + RG (%) Laboratory 
mix

OPC + SF + GGBFS — — 19 26 9 5 1 — — 60

Mixing 
type

Type of binder Range Total

0–10 16–20 21–30 30–40 40–50 50–60 60–70 70–80 80–90

RF + RS (%) Laboratory 
mix

OPC + FA + SF — 1 15 8 — — — — — 24

Plant mix OPC + FA + SF — 20 2 — — — — — — 22
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24 OPC + FA + SF mixes, and 60 OPC + GGBFS + SF mixes, while the 
plant productions consisted of 713 OPC mixes, 1402 OPC + FA mixes,  
550 OPC + GGBFS mixes, 1228 OPC + FA + GGBFS mixes, and 22 OPC 
+ FA + SF mixes.

The replacement level of SCMs in the laboratory specimens ranged 
between 3% and 70% for FA, between 3% and 80% for GGBFS, and between 
3% and 40% for SF, while that in the plant productions ranged between 3% 
and 10% for FA, and between 3% and 80% for GGBFS. The range of con-
crete compressive strength in the laboratory specimens was as follows: 
7–170 MPa for OPC mixes, 7–100 MPa for OPC + FA mixes, 7–140 MPa 
for OPC + GGBFS mixes, 7–170 MPa for OPC+ SF mixes, 20–120 MPa for 
OPC + FA + GGBFS mixes, 30–140 MPa for OPC + FA + SF mixes, and 
40–170 MPa for OPC + GGBFS + SF mixes. The range of concrete com-
pressive strength in the plant-produced concrete was as follows: 7–60 MPa for 
OPC mixes, 7–80 MPa for OPC + FA mixes, 7–80 MPa for OPC + GGBFS 
mixes, 7–120 MPa for OPC + FA  + GGBFS mixes, and 30–100 MPa for 
OPC + FA + SF mixes. The unit binder content ranged between 50 and 
1400 kg/m3 for laboratory specimens, and between 50 and 1000 kg/m3 for 
the plant mixes.

Table 5.1 clearly demonstrates that the CO2 emission of concrete 
results primarily from the OPC content in the material phase. Hence, it 
is essential to determine the unit binder content with the minimum OPC 
proportion for reducing the CO2 emissions in concrete production. For 
this reason, several recent studies [4,5,9] have discussed the efficient use of 
a binder to reduce CO2 emissions. The increase in the compressive strength 
of concrete commonly accompanies the consumption of a greater amount 
of binder, because a higher strength requires a lower water-to-binder ratio. 
On the other hand, a higher concrete strength can minimize the necessary 
member size, which contributes to a decrease in CO2 emissions by using 
a smaller amount of concrete. Hence, the CO2 emissions of concrete need 
to be assessed in terms of the binder content necessary to develop a unit 
compressive strength (1 MPa). Considering the interrelation of the concrete 
compressive strength ( ′f c  in MPa), the unit binder content (B in kg/m3), 
and the corresponding CO2 emissions (Ce in kg/m3), the following binder 
intensity (Bi) and CO2 intensity (Ci) [4,5] were introduced:

	 B B fi c5 / ′	 (5.4)

	 C C fi e c5 / ′	 (5.5)
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5.3.1  Effect of SCMs on Bi

Fig. 5.2 shows the effect of different SCMs on Bi with the variation of 
′f c . Best-fit curves determined according to the data of each binder type 

are also compared in Fig. 5.3. Although the mix design methods for the 
concrete and the materials used differ widely, the variability of the data 
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Figure 5.2  Binder intensity (Bi) of different concrete types as a function of compressive 
strength ( ′fc). (A) OPC concrete; (B) OPC + FA concrete; (C) OPC + FA + GGBFS concrete; 
(D) OPC + GGBFS concrete; (E) OPC + SF concrete; and (F) OPC + SF + GGBFS concrete.
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is considerably small, especially for high-strength concrete with an ′f c  of 
more than approximately 50 MPa. The differences among Bi values in both 
laboratory and plant mixes depend on ′f c  and the type of binder. When 
′f c  is 20 MPa, the Bi value determined from the OPC laboratory concrete 

mixes is 1.25 times higher than that obtained from the corresponding 
plant mixes, while the Bi value determined from the OPC+ GGBFS labo-
ratory mixes is 1.19 times higher than that obtained from the correspond-
ing plant mixes. On the other hand, when ′f c  increases to 80 MPa, the Bi 
values determined from the OPC and OPC+ GGBFS laboratory mixes 
are lower than those determined from the corresponding plant mixes by 
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7% and 10%, respectively. However, both mixes commonly tend to have 
similar Bi values for a given ′f c , although the number and coverage range 
of data in the plant mixes are considerably smaller than those in the lab-
oratory mixes. For example, when ′f c  is 40 MPa, Bi varies between 9.02 
and 14.05 kg/m3/MPa for the laboratory mixes and between 10.85 and 
12.77 kg/m3/MPa for the plant mixes. Furthermore, a similar relation of 
the Bi value and ′f c  is found in both mixes. The binder intensity com-
monly tends to decrease with the increase in ′f c , regardless of the binder 
type. This indicates that the amount of binder to develop the unit strength 
decreases as ′f c  increases. The decreasing value of Bi with the increase in 
′f c  is gradually mitigated beyond a concrete strength of 50 MPa, and the 

values of Bi converge towards a minimum value. The convergence value of 
Bi is marginally affected by the type of binder, showing a value of approxi-
mately 5 kg/m3/MPa. The value of Bi for OPC+ GGBFS concrete is very 
similar to that for OPC concrete with the same ′f c . The OPC+ SF con-
crete gives a lower value of Bi than OPC does concrete when ′f c  is less 
than 40 MPa. On the other hand, the OPC+ FA concrete and OPC+ 
FA+ GGBFS concrete have slightly higher Bi values than does OPC con-
crete, indicating that the former two require more unit binder content 
than the latter with the same ′f c .

5.3.2  Effect of SCMs on Ci

Fig. 5.4 shows the effect of different SCMs on Ci with the variation of ′f c . 
Fig. 5.5 also presents comparisons of the best-fit curves determined from 
the relationship of ′f c  and the Ci value, according to the type of binder. 
As was observed for the Bi value, the laboratory and plant mixes have 
similar Ci values for a given ′f c . The values of Ci range between 11.58 
and 18.0 kg/m3/MPa for the laboratory mixes and between 11.3 and 
16.36 kg/m3/MPa for the plant mixes when ′f c  is 20 MPa. As ′f c  increases 
to 80 MPa, the values of Ci vary between 4.66 and 7.21 kg/m3/MPa for 
the laboratory mixes and between 5.56 and 8.41 kg/m3/MPa for the plant 
mixes. Furthermore, both the laboratory and plant mixes reveal the same 
trends for the effect of SCMs on Ci. The variation of the Ci value with ′f c  
is very similar to the trend observed in Bi. At the same ′f c , the OPC con-
crete gives the highest Ci value, while the OPC+ FA+ GGBFS concrete 
commonly has a lower Ci value than any of the other concrete types. This 
indicates that the combined substitution of FA and GGBFS is more favor-
able for the reduction of CO2 emissions in developing the unit strength 
of concrete than are the other SCMs. Compared with the OPC concrete 
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laboratory mix, the Ci value for OPC+ FA+ GGBFS concrete decreases 
by approximately 12% when ′f c  is 30 MPa, and then the decreasing ratio 
increases by as much as 48% as ′f c  increases to 100 MPa. The Ci value for 
concrete with FA or SF alone is also lower than that for OPC concrete, 
resulting in a decrease of between 10% and 20%. When ′f c  is higher than 
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Figure 5.4  CO2 intensity (Ci) of different concrete types as a function of compressive 
strength ( ′fc). (A) OPC concrete; (B) OPC + FA concrete; (C) OPC + FA + GGBFS concrete; 
(D) OPC + GGBFS concrete; (E) OPC + SF concrete; and (F) OPC + SF + GGBFS concrete.
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30 MPa, the OPC+ GGBFS concrete gives a slightly lower Ci value than 
does the OPC concrete, although both concrete mixes have a similar Bi 
value. This observation is particularly noticeable for the laboratory con-
crete mixes.

Fig. 5.6 shows the effect of the substitution level of SCMs on the Ci 
values of concrete mixes for similar compressive-strength ranges. In gen-
eral, the Ci value of concrete decreases sharply as the substitution level of 
SCMs increases up to approximately 15–20%, beyond which the decreas-
ing rate tends to gradually slow, as demonstrated by the best-fit curves of 
the test data. Hence, the relation of the Ci value and the SCM substitution 
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Figure 5.5  Best-fit curves determined from Ci data of Fig. 5.4. (A) Laboratory mixes and 
(B) plant mixes.
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level is nonlinear. This observation is insignificantly affected by ′f c . At the 
same level of the substitution, the OPC+ GGBFS concrete gives lower Ci 
values than does the OPC+ FA concrete. Moreover, when the substitution 
level is below 25%, the Ci values of OPC+ SF concrete are lower than 
those of the OPC+ FA concrete. Therefore, it can be concluded that the 
substitution of GGBFS or SF is more favorable than that of FA in reduc-
ing the CO2 emissions of concrete.

5.3.3  Relation of Bi and Ci

The CO2 emissions of concrete significantly depend on ′f c , the cor-
responding unit binder content, and the substitution level of SCMs. The 
CO2 emissions of concrete for a given ′f c  can be simply assessed if the Ci 
value is known. To propose a simple closed-form equation to determine 
the Ci value, the important parameters, including Bi and the SCM substi-
tution level, were adjusted by a nonlinear multiple-regression analysis. The 
boundary conditions for the analysis were as follows: (1) a binder content 
of 0 results in a CO2 emission of 0; (2) the effect of each SCM on the 
reduction in the Ci value should be considered individually, because the 
CO2 emission of concrete is assessed by the individual integration method; 
and (3) the decrease in Ci with the substitution level of each SCM can be 
realized by the power function, as shown in Fig. 5.6. Overall, the relation 
of Bi and Ci can be formulated in the following way:
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Figure 5.6  Effect of substitution level of SCM on CO2 intensity (Ci).


