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Abstract—There is increasing concern around the world 

which has led to attempts to reduce the carbon footprint and 

the embodied energy of cement and concrete manufacturing 

through using different types of materials as alternatives 

mainly for Ordinary Portland Cement (OPC). This study 

determines the emitted carbon and embodied energy for a 

concrete skeleton of an imaginary case study of a three storey 

building by using six different scenarios for the type of 

concrete. In addition, the amount of carbon absorbed by the 

carbonation process has been roughly estimated. A life cycle 

analysis framework is used to perform an assessment of the 

whole life (from cradle to grave) for the concrete elements of 

the building. An inventory of the different types of energies 

and materials used during the complete life was sourced for the 

input data to determine the exhausted energy and the 

associated carbon emissions. 

Keywords— (sustainability, carbon footprint, embodied 

energy, life cycle assessment). 

I. INTRODUCTION 

The Portland cement and concrete manufacturing 
industry is currently under close study since the energy 
exhausted for the manufacture of Portland cement results in 
the release of carbon dioxide into the atmosphere amounting 
globally to 7-10% of the total carbon dioxide generated 
though human activity [1]. The rise of understanding the 
environmental impact of construction and the necessity to 
obtain greener concretes has led to attention being paid to 
reduce the embodied energy and the carbon footprint of 
concrete and heading to new ecological concrete structures. 

II. SIGNIFICANCE OF THIS STUDY 

The performed life cycle analysis in this study was 
focused primarily on the amount of released carbon 
emissions and consumed energy through the whole service 
life of a building, which period is termed technically from 
“cradle to grave”. From what has been found in the literature 
review, there are a few researches are dealing with the same 
period of life, in particular for concrete structures. Therefore, 
an attempt is made to add more information and enrich this 
field of study in order to help others in the future to establish 
a solid database based on the findings of such studies as 
these. 

III. SCOPE OF THIS STUDY 

This research was directed to determine the embodied 
energy and the carbon footprint for an imaginary case study 
building with six different scenarios for the type of concrete 
used in the construction. This was undertaken by using the 
life cycle assessment or analysis over the whole service life 
of the building. 

The life cycle assessment was carried out by using 
computer software called SimaPro (PRé Consultants, 

Amersfoort, the Netherlands), with the support of ready 
databases such as the Inventory of Carbon and Energy [2]. 

The life cycle stages of the case study were divided into 
five major divisions (the manufacture of material; material 
transportation; construction process; the maintenance works 
accompanied at the end by the demolition and disposal) 
where the embodied carbon and energy was estimated for 
each division in order to evaluate the individual effect of 
each. 

Additionally, the carbonation effect was considered and 
estimated through two chief stages of the life cycle; the 
primary life and the secondary life. This provides at the end 
an indication of the amount of carbon dioxide (CO2) that 
could be absorbed and saved. 

IV. CASE STUDY BUILDING 

This research is based primarily on a case study of an 
imaginary concrete building. In addition, as the main concern 
of this research is with concrete, the main focus was directed 
only towards structural concrete elements (i.e. the concrete 
skeleton of this building including the superstructure part and 
also the foundation as the substructure part). 

A. Building description 

The building subject of study consists of three floors in 
the city of Sheffield, UK, located in an urban area on the 
outskirts of the city. The functionality of the structure is for 
commercial activity. The main plan of the building is 45 m × 
21 m and the total height of the building is 12.2 metres. The 
general 3D view is shown in Fig. 1. 

B. The main structural system of the building 

The system of the building follows the skeleton concept, 
where there are no bearing walls. The structural system of 
the slabs for the typical floors consists of a waffle slab in 
which the slab and beams would be integrated, thus acting as 
one rigid body. In addition, only one internal column is used, 
positioned approximately in the centre of the building. As 
illustrated in Fig. 2, the column spacing in the 45 m span was 
chosen to be 11.25 m resulting in four bays, and in the 21 m 
span chosen to be 12 m and 9 m resulting in two unequal 
sized bays. With this spacing, the slab depth was chosen to 
be 150 mm and the associated beam depth was calculated as 
450 mm, bringing the total depth of the waffle slab to 550 
mm. The integrated perimeter beams were also kept at the 
same depth of 550 mm with an increased breadth of 700 mm. 
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Fig. 1. General 3D view of the case study building 

 

Fig. 2. Column layout and plan of concrete waffle slab 

Design calculations revealed that concrete column 
sections are to be 550×550 mm, with these columns being 
loaded on concrete pad foundations sized 4.5 × 4.5 × 0.75 m. 
In terms of lateral stability of the frame, as the concrete 
structure will have rigid joints, bracing needs to be 
incorporated in some selected bays of the structure to resist 
the effects of wind pressure. All design calculations have 
been undertaken in line with Eurocodes. 

 

For the structure of the roof, the design considered the 
use of a standard UB steel section which would be curved to 
the required 40 m diameter in order to span the full 23 m of 
the roof. In terms of layout of the roof, as the loading on the 
roof was very light, the spacing of the girders was chosen to 
be 11.25 m so that each beam would span directly onto a 
column resulting in a total of five beams, thus reducing the 
need for any additional primary beams. With this layout a 
UB steel section of 762 × 267 × 197 was deemed adequate 
(Fig. 3).  

The general concrete proportions per one metre cube are 
cement/binder = 400 kg, water = 180 kg, fine aggregate = 
580 kg, and coarse aggregate = 1170 kg. The target 
compressive strength of concrete is 35 MPa. In addition, the 
overall required quantities of concrete to construct the 
building are 1715 tons, which are equivalent to 746 m

3
. 

V. MODEL BUILDING SCENARIOS 

Six scenarios for the type of concrete were modelled to 
provide a comparison. These scenarios are as follows: 

1) Normal concrete: Scenario 1 building was constructed 
using a traditional concrete mix, which consists of 
OPC as the only binder, water, and both types of 
aggregate.  

 

 

Fig. 3. Vertical section of building showing structural elements 

2) Concrete with recycled aggregates: building was 
constructed by completely replacement for the natural 
virgin coarse aggregate by recycled aggregate and 
keeping the same proportions for all constituents.  

3) Fly ash concrete: building was constructed by 
replacing some of the ordinary Portland cement with 
pulverized fly ash in 30%, which this is the most 
common percentage used in current practice [3] and 
keeping the rest of the constituents with the same 
proportions.  

4) Fly Ash with recycled aggregates: this scenario 
combines both scenarios 2 and 3, in order to examine 
the dual effect.  

5) Geopolymeric concrete: The fifth case uses 
geopolymeric cement, in particularly the alkali 
activated of slag, where it is activated by sodium 
silicate solution blended with sodium hydroxide, of 
which the activator percentage was 6%, and with an 
alkali modulus of AM= 1.25; where AM = (sodium 
silicate/sodium hydroxide). The proportions for 
concrete constituents per one cubic metre volume are 
as follows: coarse aggregate = 1039 kg, fine aggregate 
= 784 kg, slag = 412 kg, water = 135 kg, sodium 
silicate= 87 kg, sodium hydroxide = 33 kg. This mix 
design was taken from prior research, which reflects 
good results for strength and durability [4, 5 & 6]. 

6) Geopolymeric concrete with recycled aggregates: the 
last scenario is the same as the previous one using 
geopolymeric cement, but combining recycled 
aggregate with it and keeping the same proportions for 
all constituents.  

The selection of these scenarios is based on representing 
each of the different kinds of the major solutions of concrete 
sustainability (recycling and cement replacement) and also to 
investigate the effects of their combination. 

VI. LIFE CYCLE ASSESSMENT SCHEME 

The major tool for measuring the environmental impact 
was the life cycle assessment (LCA), which involved the 
whole life cycle for the building from cradle to grave, 
including the maintenance and lifetime of the building and 
ending with demolition and disposal. 

A) Main assumptions of analysis 
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The LCA of this study was based on some assumptions 
in order to be performed in a reasonable manner and the 
main assumptions of this analysis are as follows: 

- All cement manufacturing was undertaken by the dry 
process. 

- All transportation journeys are by using lorries on road. 

- The distance between the source of recycled aggregate and 
the site is 10 km. 

- The distance between the source of all building materials 
and the site is 20 km. 

- The primary lifetime of the building is assumed to be 50 
years [7]. 

- The secondary life is assumed to be 20 years (starts from 
the time of demolition is finished until the end of service 
life) [7]. 

- The frequency rate for concrete maintenance is every 5 years 
[7]. 

- Regarding the concrete durability the structural class was 
assumed to be S3 and exposure class related to 
environmental conditions is XC1 [8], which is considered a 
carbonation environment. 

- Emissions per km distance for trucks and lorries are fixed 
and the number of passengers is not taken in consideration.  

- The computation of emissions caused from road 
transportation is based on using the factor “all articulated 
lorries”, where the UK average gross weight is at a 60% 
average payload [9]. 

- The content of calcium oxide within the OPC is assumed to 
be 65%. 

B) Case study boundaries 

Following a similar concept in previous study [10], the 
stage of life cycle included the items below: 

 The manufacture of concrete constituents used in 
construction. 

 The final transportation of concrete constituents heading to 
site. 

 The waste of building materials which is created on site. 

 Transport of waste to dumping. 

 Fuels consumed on site throughout the construction 
process. 

On the other hand, there are some items and indicators 
that have been excluded from the boundaries of the study, 
such as roads, storehouses, the labour force, landscaping, 
mechanical works, electrical works, steel reinforcement, 
finishing and furniture. This is because these items are 
considered as being the same for all scenarios and 
consequently there is no change in effect for each case. 

C) Carbonation effect 

The effect of carbonation has been included during the 
life cycle, and has been evaluated based on rough estimate 
divided into major two stages of the life cycle; the primary 
life and the secondary life. The main aim for estimating the 
carbonation effect is to gain an indication about how the 
amount of carbon footprint could be reduced.  

C/1 Estimating carbonation for lifetime (primary life) 

The primary life of a concrete structure is bounded 
between the time of extracting the raw materials utill the end 
of the demolition process for the said structure [11]. In 
general, the prediction of concrete carbonation is usually 
based on Fick's first law of diffusion. The below formula was 
applied to estimate the amount of carbonation during the 
service life [12]: 

M = K × S × L
0.5

 × Q × 0.65 × (44/56) × C × E                   
(1) 

Where the definitions of symbols as follows: 

M = Mass of carbon dioxide (kilogram) 

K =Specific re-carbonation rate for concrete (0.5 mm per 
year) 

S = Surface area of concrete (meter square) 

L = Lifetime of concrete (year) 

Q = Quantity of OPC per cubic meter of concrete (kilogram) 

C = Ratio of carbon monoxide reacting with carbon dioxide 
to form calcium carbonate. 

E = Secondary life carbonation factor (was eliminated from 
the formula). 

It is necessary to state that the above equation is based 
primarily for concrete with the OPC as the only binder, i.e. it 
could be used directly for Scenarios 1 and 2. Taking in 
consideration for Scenario 2, the carbonation rate is most 
probably slightly less, since part of the concrete is already 
carbonated in prior life [13]. 

As for the other scenarios, such as fly ash concrete and 
geopolymer concrete, the rate of carbonation is considered 
slightly higher for these concretes with the same conditions 
relative to normal concrete because the nature of chemical 
reactions for the mentioned concretes reduce the alkaline 
reserve. Hence, the same equations will be used by 
multiplying an over factor 1.1 and 1.15 for fly ash and 
geopolymer concrete respectively [3, 11 & 14]. 

C/2 Estimating after life carbonation (secondary life) 

The secondary life begins after the demolition of the 
concrete structure, including recycling, until the end of the 
service life [11]. 

When concrete has been demolished and crushed, the 
surface area increases by a significant value which enlarges 
the rate of carbonation for concrete. Hence, the calculation of 
carbonation throughout the secondary life was done by using 
equation 1 multiplied by a factor that accounted for the 
concrete that had already carbonated during the primary life 
[11]: 

M = Equation 1 × F                                                         
(2) 

Where: F = (Total volume minus the carbonated volume 
through primary life) divided by the total volume. 

VII. PRESENTATION AND DISCUSSION OF RESULTS  

A- Carbon emissions and embodied energy results 

The comparison of results for all scenarios in terms of 
carbon emissions and consumed energy are demonstrated in 
Fig.s 4, 5, 6 and 7. It has been found that the released carbon 
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and embodied energy for a concrete building can be reduced 
significantly by several options. The discussion for the 
obtained results of each scenario follows below: 

A-1 Scenario 1: As can be noted from the results, the 
main contribution for the carbon emissions and 
consumption of energy in normal concrete (Scenario 
1) is attributed to the manufacture of cement and 
concrete, and in particular, when this item is taken in 
consideration with the conjunction of the fuel 
exhaustion: the result goes up to more than of 75% 
of overall CO2 emissions, which is in line with the 
conclusions that have been found in the literature. 

 
Fig. 4. A comparison of emmited carbon for all scenarios 

 

Fig. 5. A comparison of embodied energy for all scenarios 

 

Fig. 6. A comparison of emmited carbon during the life cycle stages for all 

scenarios 

 

Fig. 7. A comparison of embodied energy during the life cycle stages for 
all scenarios 

 

The production of fine aggregate was found to 
release 30% of the carbon emissions produced by 
coarse aggregates; fine aggregates produce a lower 
carbon footprint since they are mostly of natural 
sand and do not require a crushing process [15]. 

The obtained results regarding the structural 
components of the building appear to be sensible, 
where the resulting amount of carbon emissions and 
embodied energy are in parallel with the total 
volume of each type of members; the major 
quantities of concrete were for the slabs (including 
staircases) and beams, next to them are the footing, 
and then slab on grade, finally the columns. 

In addition, the results during the studied life cycle 
stages showed that the material manufacturing stage 
had the biggest carbon emissions and consumed 
energy. Realistically this could be accepted since 
most of the chemical reactions for releasing CO2 and 
exhausted energy takes place during this stage of the 
life cycle. These emissions could be reduced by 
using the waste materials and renewable energy for 
supplying the needed energy instead of conventional 
fuels [15]. 

In addition, the construction stage held the second 
position of the total embodied carbon and embodied 
energy during the life cycle. This could be attributed 
to the type of construction which is based only on 
the concreting in-situ while there is other alternative 
that may be adopted such as the precast concrete. 

Regarding the transportation and demolition stages, 
they showed very close results, and came before the 
last position in the rank of carbon emissions and 
energy consumption, which is an indication that the 
demolishing process is taking a significant share and 
should be, in general, well considered and thought 
out before deciding to remove a structure if it is still 
serviceable and in an acceptable condition.  

A-2 Scenario 2: In comparison with Scenario 1, the effect 
of using recycled aggregate concrete as coarse 
aggregate for new concrete in Scenario 2 presented a 
slight decrease by 2.2% in the amount of carbon 
emissions and by 1.93% in the rate of consumed 
energy. This result could be considered as a positive 
point as long as the distance between the quarry 
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stone and construction site is the same as used in this 
study (10 km), or less, since the transportation 
emissions are directly proportional to an increase in 
distance. At the same time, this condition is based on 
the quality of the originated concrete for the recycled 
aggregate being good so that the produced aggregate 
is not poor [16]. 

As a hypothesis, it can be stated that using the 
demolished concrete from the same site for a new 
project will ideally save the emissions sourced from 
transportation and considerably can lower the 
carbon footprint. For instance, in this study if the 
emissions of transporting the recycled aggregate is 
neglected then the overall reduction in embodied 
carbon is 5.68% and the decrease in embodied 
energy is about 6.87%. 

A-3 Scenario 3: Regarding the usage of fly ash in 
concrete, it is clearly seen from the results that the 
CO2 emissions and primary energy are decreased 
remarkably, where the percent of reduction in 
emitted carbon reached 21.52%, whereas the 
embodied energy reduced by 11.4%. This significant 
decrease is due to factors related to utilising fly ash 
as supplementary cement material. It is a recycled 
material and it does not necessitate pyroprocessing 
(the most energy consumed stage in manufacturing) 
and also it lowers the heat of cement hydration and 
reduces the water demand. Also, it aids the pumping 
of concrete at the site [1]. In addition, fly ash could 
be utilized in concrete as a replacing material for 
fine aggregates [17].  

A-4 Scenario 4: The combination of recycled aggregate 
concrete and fly ash as in Scenario 4 produced more 
saving in used energy and carbon releases. The 
obtained savings reached 23.27% in the embodied 
carbon and 13.75% in the embodied energy, where 
the effect of this combination gave better results than 
each of them separately. 

A-5 Scenario 5: Regarding applying the geopolymeric 
cement for concrete manufacturing as in Scenario 5, 
the results revealed that there is a great cutback in 
the total amount of released CO2 and embodied 
energy. The reduction percentage was 52.8% for the 
carbon emissions and 24.6% for the energy 
consumption. This huge reduction is attributed to the 
nature of chemical reaction for geopolymers where 
there is no place for the calcinations process from 
calcium carbonate as in OPC, which represents more 
than half of CO2 emissions in normal concrete. Also 
the required heat for kilns during manufacture is 
about fifty percent less than the temperature used for 
the ordinary cements. 

Additionally, the main source for the carbon 
emissions and exhausted energy in geopolymeric 
cement is the activator, where the type and the 
dosage of this activator could be varied widely and 
accordingly the embodied carbon and energy would 
be different [18]. 

A.6 Scenario 6: The dual effect of recycled aggregate 
concrete and geopolymeric cement as in Scenario 6 
led to saving slightly more energy and carbon 
emissions in comparison with Scenario 5. The total 

obtained savings in the embodied carbon is 54.21% 
whereas for the embodied energy it is 26.17% 
(which was expected). 

B- Carbonation results  

As illustrated in Table 1, the results of carbonation 
estimation for all scenarios revealed that the amount of 
absorbed carbon during the whole life cycle was a range 
from 7% (for Scenario 1) rising up to 16% (for Scenario 6) 
of the overall carbon emissions; although it is small, but is 
still a worthwhile value. The carbonation during the primary 
life was less than half the amount for the secondary life. 

The carbonation of concrete during the primary life is 
small in comparison with the total CO2 emissions, which is 
due to the small surface areas exposed for carbonation when 
compared with the total volume of concrete. On the other 
hand, the carbon uptake through the secondary life was 
increased significantly by the increase in the surface area 
after the demolition process. Also, the results show that the 
absorbed carbon for fly ash and geopolymeric concrete was 
higher than normal concrete, whereas the carbonation for 
recycled aggregate concrete was slightly less than normal 
concrete, which it could be attributed to the effect of fly ash 
and slag in lowering the alkalinity protection of concrete. 

The obtained results for carbonation presented higher 
amounts of absorbed carbon for fly ash and geopolymeric 
concrete than normal concrete, whereas the carbonation for 
recycled aggregate concrete was slightly less than that of 
normal concrete. The carbon uptake during the secondary life 
for all scenarios was twice of that during the primary life 
(these results were expected). 

TABLE I.  AMOUNT OF ABSORBED CARBON FOR ALL SCENARIOS 

Category 
Primary Life 

(ton) 

Secondary Life 

(ton) 

Total Carbonation 

(ton) 

Scenario 1 14.11 30.86 44.97 

Scenario 2 13.35 29.30 42.65 

Scenario 3 15.52 33.96 49.48 

Scenario 4 14.71 32.26 46.97 

Scenario 5 16.26 35.47 51.73 

Scenario 6 15.44 33.71 49.15 

VIII. CONCLUSIONS 

This study was targeted at evaluating the environmental 
impact of constructing a concrete building and the extent to 
which it can be reduced by using different types of concrete 
instead of conventional concrete. With the help of life cycle 
assessment, the carbon footprint and embodied energy of 
five different scenarios was determined and compared to that 
of normal concrete. The conclusions based on the 
implemented work are summarized as follows: 

 Cement and concrete manufacture represents the major 
contributor of carbon footprint and energy consumption 
in the life cycle of the concrete structure and the 
application of cement replacement materials presented 
great potential in saving carbon emissions and exhausted 
energy.  

 The next major source of carbon emissions in the first 
four scenarios was found to be fuel consumption, 
whereas in the last two scenarios (geopolymeric concrete) 
the material transportation was the second source for the 
carbon emissions. 
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 The production of overall aggregates showed much less 
embodied carbon and energy than the manufacture of the 
binders which are demonstrated in this research. The 
manufacturing of fine aggregates was found about one 
third of the carbon emissions of coarse aggregates. 

 The effect of recycled aggregate concrete in reducing the 
carbon footprint and primary energy of all scenarios was 
generally minor.  

 The required distance for transporting all types of 
materials is an important factor, which contributes 
significantly to the decision making process for the 
selection of materials. For example, recycling aggregates 
may not be a worthwhile option for carbon savings if the 
source is farther than that of the virgin aggregates. 

 Concrete with 30% of pulverized fly ash was found to 
have the capability of reducing the CO2 discharge and the 
primary energy for concrete by 21.54% and 11.4% 
respectively. 

 Geopolymers showed great potential in minimizing the 
amount of CO2 emissions and exhausted energy by 
52.8% and 24.6% respectively.  

 Alkali-activated slag appears to be a good choice as an 
alternative binder for carbon saving, but it still under 
research and needs more time to be common in the 
market and in practice. 

 The results of carbonation for all scenarios exposed that 
the amount of absorbed carbon during the whole life 
cycle was a range from 7% (for Scenario 1) up to 16% 
(for Scenario 6) of the overall carbon emissions, whereas 
the absorbed carbon for fly ash and geopolymeric 
concrete was higher than that of normal concrete. The 
carbonation for recycled aggregate concrete was slightly 
less than normal concrete. The carbon uptake during the 
secondary life for all scenarios was twice of that during 
the primary life. 

 The summation of all types of fuels was found to 
contribute carbon emissions and consumed energy more 
than both types of aggregates. So modifying the 
technology of generating power from conventional 
sources to more sustainable technologies would most 
likely result in a considerable reduction in carbon 
emissions. 

 The relationship between carbon emissions and embodied 
energy is direct proportional, but at different rates. 

 As a final conclusion, the factual impact of a material is 
reliant on its availability and potential for use. Therefore, 
the fly ash concrete (especially with recycled aggregate) 
could be considered in the current time to be a more 
sustainable material than alkali-activated slag, given that 
the fly ash is more widespread in the marketplace and the 
field of research. 
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