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ABSTRACT
According to the definition given by the Finnish Committee for
Sustainable Development, the ecological criteria for sustainable
development are the preservation of biodiversity and adoption of
human activities to the natural resources and tolerance of nature.
The Life Cycle Assessment (LCA) process is used to assess the
environmental effects over the entire life of the product or
activity. In the methodology of LCA the environmental
assessment is n01mally based on the account of environmental
burdens that can be quantitatively dealt with, which includes
harmful emissions into air, water and soil and consumption of resources (energy, water, mate1ials
and land).The potential harmful changes in the environment created by these burdens are dealt
with, such as the potential global warming induced by carbon dioxide or potential acidification
induced by oxides of sulphur and nitrogen.
Environmental impact of building products consists of procurement of raw material, manufacture
items (raw materials and product) and also the use of energy resources during transp011ation - all
of which burden the environment. Environmental burdens of concrete and concrete products
consist of limestone quarrying, burning and grinding of clinker, extraction, excavation and
crushing of cement stone matc1ials, manufacturing and transportation of raw materials and the
final product. The environmental burdens of concrete, hollow-core slabs, roofing tiles, exte1ior
wall panels, concrete beams and columns are dealt with in the assessment. The differences in
environmental burdens between various concrete products are a consequence of different binder
contents and types, long transp01tation distances of raw materials and products and different
electricity consumption especially in the production phases.
The goal of this paper is to identify the environmental burdens of concrete and its products which
in-tum can lead to determining options for improving environmental effects.
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1 INTRODUCTION
l.1 General
According to the Nordic guidelines and based on the definition given by Consoli et al. (Anon
1993 ), LCA is a process of evaluating the environmental burdens associated with a product
system. This assessment includes identifying and quantitatively or qualitatively describing the
wastes released into the environment, the energy and materials used, and considering the impacts
of these items on the environment. The assessment covers the entire life cycle of the product or
activity, encompassing extracting and processing raw materials; manufactming; distribution; use;
re-use; maintenance; recycling and final disposal; and all transportation involved. LCA addresses
environmental impacts of the system under study in the areas of ecological systems, hwnan health
and resource depletion. It does not address economic or social effects..
General application areas in the private sector (manufacturers) include (Anon 1995a):
- Identifying processes, ingredients, and systems that are major contributors to environmental
impacts,
- comparing different options within a pa1ticular process with the objective of minimising
environmental impacts,
- providing guidance in long-term strategic planning concerning trends in product design and
materials,
- evaluating resource effects associated with particular products, including new products, and
- helping to train product designers in the use of environmentally sound product materials or
comparing functionally equivalent products.
The methodological framework recommended by SETAC (Anon 1993) and the Nordic guidelines
(Anon 1995a) divide the LCA of products into the following steps:
- Goal and scope definition,
- Inventory analysis,
(comprised of the materials and energy flow analysis of the studied system within defined
boundaries to establish an inventory) and
- Impact assessment,
(classification, characterisation and valuation).

In the final stage, classification involves materials and energy inputs and outputs being grouped
into impact categories. Characterisation is a stage where the contributions to each impact
category are assessed by quantitative or qualitative methods. In valuation, the impact of each
category is addressed and related to the others, and the total impact is assessed. The goal for all
the valuation models is to set a one-dimensional value on resources use and emissions in order to
calculate the total environmental impact of a product or system. Life-cycle studies do not always
use impact assessment because in many cases life cycle inventory (LCI) data alone are sufficient
for evaluation.
ISO-standards have been made concerning the framework and the first part of LCA (ISO l 4040
Principles and framework, ISO DIS 14041 Life Cycle Inventory Analyses). Proposals have also
been prepared for impact assessment and interpretation. The inventory principles followed in this
study are in accordance with the ISO-standards.
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1.2 Special characteristics of building products
When comparing the LCAs of building materials to those of other products there seems to
appear some special characteristics. These characteristics also cause special requirements with
respect to development of assessment methods. Special features of building components and the
assessment problems caused by those are for example (Hakkinen & Kronlof 1994):
- Service life of building materials and components, which is typically very long. A significant
part of the environmental burden of building components occurs many years after the
production process.
- Future environmental burdens due to maintenance, repair and final disposal, potential re-use
or recycling of building materials and components after the service life.
- Lack of a well-defined functional unit in a building (if not the whole building) because
buildings are composite systems which are difficult to independently select. With respect to
LCAs of building products, common principles should be created concerning the effects of
products on the total environmental burden of buildings during their service (potential
"savings:' in energy and emissions due to exceptional thermal properties, etc.).
The effect of the target functional unit on the energy consumption of a building due to thermal or
material structural properties can be included. When measuring the product effect on the energy
consumption of a building during its life cycle, LCI may include either the basic building shell or
the shell including the interior building physical equipment and systems. It is important to
distinguish how a system was made when examining the LCI results.
Guidelines for the prediction of service life of building products and service life design have
already been detailed. Results are presented for example in RIL 183 (Anon 1996b), which
summarises the recent results by RILEM, CIB and ISO. An ISO-standard is also in the making. It
would be very helpful to link the recent results concerning prediction of service life with the LCA
methodology of building products.

1.3 Characterisation and weighing of the environmental burdens
It is proposed that environmental properties of building products be divided into 2 classes: basic
and energy raw materials. Each of these would have two classification options. Basic raw
materials are either te1med recycled or natural while energy raw materials can be renewable or
non-renewable.
In order to limit the number of environmental parameters, the harmful emiss1ons can be
characterised and weighed as follows. The suggested procedure is mainly based on other
references (Anon 1995) with more detailed reasoning presented elsewhere (Hakkinen and
Kronlof 1994). The characterisation and weighing of emissions having a potential affect on the
ozone depletion or on nutri:fication are not dealt with. This is because house building does not
significantly effect the nutrification with reference to its volume and because the Finnish building
product industry has abandoned the use of aerosol propellants, which potentially affect the
volume of the ozone layer. In the following analysis the ecotoxical and toxically compounds are
also excluded because generally accepted methods for dealing with these emissions are still
missing. Table l shows the computation rules for classified environmental effects.
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Table 1.

Computation rules.for classified environmental effects.

GLOBAL WARMING
Global Warming Potential (GWP) of gaseous compounds based on the reference list by
IPCC (Inter-governmental Panel on Climate Change) (Houghton 1992)
~ (100 year estimates): for example
COMPOUND
WEIGHTING COEFFICIENT
C02
I
CH4
25
ACIDIFICATION
Acidification Potential (AP) is expressed in terms of the potential influence on the
production of fr-ions based on stoichiometric equations with reference to S02
(Heijungs et al. 1992): for example
COMPOUND
WEIGHTING COEFFICIENT

~
II
~

S02
NOx

·

1.00
0.70

I PHOTOCHEMICAL-FORMATION OF OXIDANTS (SMOG)

l

~, The production of ozone by emission with reference to ethene is expressed by~
~ Photochemical Ozone Creation Potential, POCP (Anon 1991 ). Because of difficulties in
evaluating the composition of VOCs, emissions are only divided into ethene, methane!
~ and others. The following potentials are employed:
i
COMPOUND
WEIGHING COEFFICIENT
Ethene
I
i Methane
0.01

I

I
I

I

I

t;;2!~.~~~""'"'"'"'"'"'~---"""'"-~"""'""'""""'"'"'"'' """""""''"'"'"'""'"''''"'""'"''_J

1.4 Environmental declaration of building products
Environmental parameters can be used without difficulties in building design, though the unit
with respect to which the results are presented should be precisely defined. For this reason the
building product should be described for example by the name, use and kind with properties like
dimensions, composition, density, and moisture content. With regard to building components
sometimes the weight per square meter is a more relevant value than the density.
One of the important tools for ecological building design is service life design. In order to design
for service life conditions the designer needs to know the service life of building products with
regard to their range of use and stress, or with regard to certain preconditions and limitations.
In the declaration format, the assessed amounts of harmful emissions and use of basic and energy
raw materials are given with regard to the design service life. The harmful emissions to be
reported are those potentially affecting climatic warming, acidification and photochemical oxidant
formation, which can be weighed according to Table 1. The use of resources should be reported
so that they are classified into either recycled or natural basic materials and either renewable or
non-renewable energy materials.

- 133 -

In addition, instructions for re-use or recycling of products for users and designers can be
presented in the declaration format.
Environmental declaration of building products in Finland should include the following items:
- identification (name, trade name)
- Product details:
- description (range of use, product dimensions, density, moisture content),
- Data quality (year, coverage),
- Service life (design service life, required service conditions),
- Energy and resources (energy content (MJ/kg) - renewable energy and non-renewable
energy, content of recycled and renewable raw materials% from the total volume),
- Emissions (glkg) (emissions affecting climatic wa1ming (C02 - equivalent), acidification
(SOz-equivalent) and photochemical oxidant formation (ethylene - equivalent)).
- Recycling and final disposal of product, package and loss (instructions for re-use and
recycling, instructions for use as fuel in households),
- Description of the LCA.

2 ENVIRONMENTAL BURDENS OF CONCRETE
2.1 General
The assessment of environmental burdens of concrete is based on the materials and energy flows
reported by the Finnish material producers. The inventory principles followed in this study are in
accordance with the ISO-proposal. In concrete manufacturing processes, including limestone
quarrying, burning and grinding of clinker, extraction, excavation and crushing of stone materials,
concrete manufacturing and transportation of raw materials and products, the environmental
burdens which result are:
- using fossil fuels,
- using natural raw materials,
- using land,
- using energy and also from process emissions.
Figure I shows the concrete manufacturing process from the procurement of raw materials until
demolition and recycling of the product. The environmental profile for a I-kg concrete product
(hollow-core slab) is shown in Table 2, excluding assembling, using, demolition and recycling.
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Figure 1.

Life cycle ofmanufacturing process ofsteel reinforced concrete products.
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Table 2. Environmental profile ofsteel reinforced concrete hollow-core slab.
;: ::,:;;::::;:: :c:;

:ic:n: .;:::Q::::;.i:m;:;c:i:::n

'
rEne;"
Fossil fuel *
**
~ Electrici
~ Natural raw materials
~ Limestone
Other mineral a0
Iron ore
~ Emissions
~ Carbon dioxide, C02
~ Nitro en oxide, NOx
~ Sul hur oxide, S02
~ Methane, Cl-Li
~ Volatile or anic corn ounds, VOC01
I Dust
~

0.93
0.20

MJ/k
MJ/k

170
850
0.014

roduct
roduct
roduct
roduct
roduct

{

I
K

120
0.55
0.14
0.13
0.18
0.023

roduct
roduct
roduct
roduct
roduct
roduct

L!!~!;:'.L~~,=<=-=="''""-=-< 2~-=~~~,,E£~,~~~_,_,,..J
*

In final use (combustion) and in procurement the energy raw materials presented with
reference to higher heating value (HHV).
** In electricity production and in procurement energy presented with reference to higher
heating value (HHV).
*** Heavy metals emissions into air are Cr, As, Cd, Hg, TI and Pb.

The main portion of concrete is composed of natural raw materials and the environmental
burdens are caused by land use, raw mate1ial procurement and energy use in the transportation
and manufacturing processes. As an example, Table 3 shows the proportion of environmental
burden of different production stages of a hollow-core slab life cycle.

Table 3. Generation of emissions and energy used in various parts of the life span of steel
reinforced hollow-core slab production(%).

I
~

~

,:e.e.»»»..~~-«,,..~~"IC««

Fossil fuel
and
Electricity
63 %
3%
9%
4%

C02emissions

NOxemissions

I

Heavy
metal
~
emissions i
88 %
i
1%
~

69%
79%
~Cement*
1%
1%
I Aggregates **
3%
4%
~ Steel***
~
<l %
8%
3%
~ Transportation of raw
materials
~
5%
10 %
8%
15 %
~ Concrete production
~
•
<I%
14%
5%
6%
~ Product transportation
~
100 %
100 % ~'-V..'-~,-.:
100 %
~ Total
~v..,,..;:,,.....,v..v..~-....,"'N,,,.v..,~~,. .
~ w . . . . : . . : . : , ...:.:,..:.. .:.:-..v......-...,,~~
" I~-~--~~
* Cement production consists of procurement of raw materials, cement production and
transportation of raw mate1ials.
** Aggregates consists of their procurement and transp01iation.
*** Steel consists of raw material procurement, transportation and steel production.

I

·~

I
~

~~
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2.2 Concrete components
Cement
The examination of concrete manufacturing shows that the cement, which usually makes up I O 15% of concrete, is the main environmental polluter. The cement manufacturing covers material
and energy flows during extraction of materials, transportation of basic and energy raw materials,
and production processing such as raw meal, clinker burning, grinding and transportation of the
product. Because of the high temperatures used during cement production and the decomposition
of calcium carbonate, the cement accounts for over 60% of emissions and energy used in
concrete manufacturing (Table 3). The amounts of total concrete environmental burden depends
on the cement content as shown in Table 4.

Table 4. Environmental burdens of a concrete product depends .on cement content.
_,.

f
~
~
~

~ C02

S02

• NOx

f Fossil fuel

~:::::::::o:~:~:::c:c~a:.:00:::0:: Q::~»»0<,,.~

Cement content
280 kg/m3
190 kg
130 g
790 g
1.4 GJ

Cement content
3
300 kg/m
200kg
140 g
840 g
1.5 GJ

Cement content
3
350 kg/m
240 kg
160 g
980 g
1.8 GJ

I

I
~

Aggregate
The gravel and cmshed aggregate content in concrete products is approximately 80% and it
covers < 3 % of emissions and energy used. The environmental burdens from procurement of
aggregate consist of:
- using raw-materials,
- using land and
- using energy (in extraction, excavation and cmshing of stone materials and m
transportation) which causes emissions into air.
Besides these, cmshing causes dust emission and quanying causes land and stone waste.
The energy used in gravel excavation and cmshing is much less than in production of building
materials where heating or grinding is employed (i.e., cement production). Energy used in stone
crushing depends on the desired size fraction. Table 5 shows an example of energy used in gravel
excavation and Table 6 in quarrying and crushing.

Table 5. Energy used in gravel excavation.
~_,,,._,,,

Gravel excavation
Gravel transpoii (10 km)
Total

70¾~NlNm~

~v..~~

0.02 MJ/kg
0.01 MJ/kg

30%
100%

- - , - - - - ~. .,M.~. .
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Table 6. Energy used in gravel production.
0.05 MJ/kg
80%
Quanying + Crushing
'
20%
.. Removal. and_ transportation........ .....O.Ol __ MJ/kg .... ...................................................
0.06 MJ/kg
100%
Total

Additives and admixtures
The most common admixtures in concrete are plasticizers and air entrainment. The plasticizers
used include lignosulphonate salts, hydroxyl-carboxylic acid, modified melamine, naphthalene and
polymers. These are synthetic organic compounds which have a deflocculating and dispersing
effect. They act on the forces between solid particles suspended in water by reducing the surface
tension of water. Plasticizer content in concrete is typically very low 0.002 - 0.1 % (by cement
content) so their effect on energy use and emissions of concrete products is very low. Plasticizers
are non-volatile compounds which means that their effect on the indoor climate is also
inconsequenfo~J.
Air entraining admixtures are invariably organic substances which help to generate microscopic
bubbles of air in the fresh concrete to improve concrete frost resistance. Air entraining agents are
based on abietic acid, carboxyl acid salts, alkyl sulphonates, and phenolethoksylates. The most
common air entraining agents are made from pine oil and they are alkali metal salts. Pine oil
consists of fat and resin acid compounds, which are produced from sulphate pulp processing. Air
entraining admixture content in concrete is also typically very low 0.002 - 0.02% (by cement
content) so their effect on energy use and emissions of concrete products is very low.
Different pigments are used to make coloured concrete. These coloming pigments are very fine
flours compared to the cement particles. Mineral synthetic pigments are used in amounts of 0.1 l %. Synthetic iron oxide pigment is produced by an exothermic oxidation reaction of iron byproducts. The paste product is d1ied so the total pigment making process results in positive
energy.
By-products
Fly ash
Substitution of cement or natural aggregates with industry by-products can be done in concrete
production. By an environmental point-of-view it saves our natural resources and land. It is
possible to substitute concrete aggregate with metal industry, mining industry or mineral stone
industry by-products such as ferrochrome slag or blast-furnace slag. In some cases when using
by-products the crushing and transportation can consume more energy than in procurement of
the natural resources.

Ash from power plants can be used as a substitute for cement or filler. Ash which contains
desulphurization products rich in sulphate or sulphite are not suited for making concrete. By
using fly ash the environmental profile of concrete or concrete products can be affected only by
the ash transport burden. Approximately I O - 30% of cement content can be substituted by fly
ash without much effect on concrete prope1iies.
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Blast-furnace slag
Cement can also be substituted by ground granulated blast-furnace slag. Blast-furnace slag is a
by-product of crude iron production and its economical value is negligible compared to the crude
iron. As such blast-furnace slag is not suited for use as concrete binder because to achieve
hydraulic properties it needs to be cooled fast, dried and ground to typical cement fineness.
Blast-furnace slag processing uses less energy and causes considerably less emissions than
cement manufacturing, so already a small amount of cement substitution with blast-furnace slag
lowered environmental burdens.
Current Finnish cement has l 0% blast-furnace slag addition but it could be increased to
approximately 70% of the total binder content. Compared to concrete composed of l 00%
cement, the appropriate use of blast-furnace slag in concrete products as a cement substitute
decreases environmental effects. Table 7 shows the energy and C02 emission for production and
transportation of blast-furnace slag, fly ash and Finnish cement.

Table 7. Blast.:.farnace slag, fly ash and cement energy content and C02 emission.
,,,-.,

i

* and
Electricity **

~ Fossil fuel

Finnish cement
5.1 MJ/kg product

Blast-furnace slag
1.3 MJ/kg product

~~~

.... :..:a..:& ;.'I~.:

Fly ash

~

0.078 MJ/kg product

5.3 g/kg product
26 g/kg product
670 g/kg product
Carbon dioxide
~ emission, C02
,_._
* In final use (combustion) and in procurement the energy raw materials presented with
reference to higher heating value (HHV).
** In electricity production and in procurement energy presented with reference to higher
heating value (HHV).

Steels
Steel is commonly used as reinforcement in hollow-core slabs, concrete beams and columns.
When using steel in concrete production it is necessary for the LCA to account for steel as one of
the components. This environmental assessment would include billet production, billet
transportation, steel production and steel transportation. For example, utilising 1.3% prestressing steel in hollow-core slab production accounted for 9% of the total energy used (fossil
fuel +electricity), 4% total C02 emissions and 3% total NOx emissions.

Water
Concrete manufacturing uses normal tap water to make up about 0.06 - 0.10 kg/kg concrete. The
total water supply system consumes very little energy for water purifying and delivery so the
overall environmental impact remains small.

2.3 Environmental declaration of concrete products
The environmental burdens of concrete products are caused by component choice and concrete
design rather than production and transportation. Environmental burdens of concrete can be
amended and decreased by using industrial by-products and other renewable raw-materials.
Production and transp01iation of concrete products causes only 10 - 25% of the total
environmental burden.
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The results of LCA can be applied not only for identification of main factors but also for
comparison. In a company it is possible to compare different manufacturing processes, concrete
compositions or products environmental burdens. In comparison of environmental burdens of
building products it is important that equal functional units are used. This includes the importance
of connecting service life and maintenance to the evaluation of building products.
The following manufactured products from the Finnish concrete industry were investigated:
- Concrete K 30,
- Concrete roofing tile,
- Hollow-core slab,
- Exterior wall panel, and
- Concrete beam and column.
The life cycle inventory of these building products covers extraction of basic raw materials and
energy raw materials, production processes of materials and products, and transportation (Anon
1998). The harmful emissions characterised by weighing are shown in Table 8 for having
potential to effect climatic warming (GWP), acidification (AP) and formation of photochemical
oxidants (POCP).

Table 8. Environmental burdens and energy consumption for different concrete products
(included transportation) .
rmww,

~

I

I

:x,o,

...... ~ ~ . . . . , , ~ ~

gC02
equ
/kg
77
160
120
150
190

,_

:-..,,,.,.,,,,._,,~~

gS02
equ
/kg
0.29
1.1
0.41
0.81
0.99

{Concrete, K 30
/Concrete roofing tile
!Hollow-core slab
/Exterior wall panel
!Concrete
beam and
\
!column
~~....~..._.,,._...,.........-~..,.,,..~~-···"'"-..,.;xi.:,..~"'-""VVI.

g ethene
equ
/kg
0.014
0.016
0.032
0.024
0.037

I

Renewable Non-renewable
energy
energy
!
MJ/kg
MJ/kg
0.0035
0.61
0.19
1.3
0.039
1.4
0.15
1.6
0.39
1.8

-

Comparing in-situ concrete (K30) and hollow-core slabs can be slightly deceptive because in
production the volumet1ic equivalents (m3) would require twice as much of the in-situ concrete.
The results are then inverted for the final product with regards to emissions and energy used.
According to the Table 8 the main environmental burdens of concrete products varied by:
- carbon dioxide emissions l 00 - 200 g/kg (250 - 500 kg/m3),
- sulphur dioxide and nitrogen oxides emissions roughly 1 g/kg (2.5 kg/m3 ), and
- electricity and fossil fuel consumption l - 2 MJ/kg (2500 - 5000 MJ/m3).
Figure 2 shows the non-renewable energy of concrete products manufactured in the Finnish
concrete industry.
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Figure 2. Proportions ofnon-renewable energy for concrete products in Finland.
Non-renewable energy (fossil fuel) consumption is greatest in column and beam production
processes.
The differences in environmental burdens between various concrete products are especially a
consequence of:
- different binding content and type,
- long transportation distances of raw materials and products,
- different electricity consumption, especially in production processes.

3 SERVICE LIFE AND ENVIRONMENTAL PROPERTIES OF CONCRETE
The aim of environmental declaration of building materials is to give the customer information
about environmental burdens of the products. The service life and durability of building materials
are essential criteria in assessing environmental burdens. The environmental declarations have
important information to be transferred from the producer to the customer to ensure proper
assembling, use, environmental conditions, maintenance, demolition and recycling of materials.
Durability of concrete structures and technical service life depends on material and construction
properties. The factors which constrict technical life of concrete are:
- frost or salt strain,
- carbonation leading to steel corrosion from salt strain,
- mechanical strain (i.e. abrasion) and
- chemical strains (i.e. attack of sulphate and acid liquids).
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Even with its environmental burdens, concrete has a great benefit because of its extremely long
service life compared to other building materials. The technical service life of concrete in normal
conditions can be designed to be longer and more durable by ensuring:
- sufficient protection coatings,
- lower water-cement content,
- large cover to the steel reinforcement
- protective air content and
- proper quantity and type of binder.
Binder quality and quantity has a conclusive effect on the environmental burdens of concrete
production. By minimising binder content the concrete's environmental effect is in-tum lowered,
though the durability is compromised. In all cases it is necessary to balance the environmental
burdens with the concrete production process.
When designing concrete and concrete products it is essential for each individual company to
consider the environmental effects. The following four categories should always be considered
to optimise the overall lifetime influence of the product:
- using land for procurement of stone materials and using by products,
- using lower amounts of energy in manufacturing processes,
- using particular amounts and types of cement,
- ensuring processing quality for guaranteed high products durability.
Another way to examine concrete environmental effects is to review concrete service as an
option to "save" or decrease burdens. It can be noted as:
- saving heating energy by using massive constmctions,
- decreasing local noise by concrete constmction,
- using mineral binders for binding harmful components from contaminated lands or
- improving roadway lighting (reflectivity) and saving traffic fuels by improving road quality.
Comparisons based on LCAs between items listed above and concrete manufacturing processes
show a vaiiety of info1mation. For instance even small savings in environmental burdens from
energy used in building heating is a big saving compared to those in the concrete manufacturing
process. It is important to develop products and constructions which decrease energy needed for
heating of buildings to ensure decreased environmental burdens. It is also necessary to make
changes through-out the concrete industry to lower the environmental effects and improve the
overall product quality.
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