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Abstract

The Ecological Footprint (EF) measures how much of the biosphere’s annual re-
generative capacity is required to renew the natural resources used by a defined
population in a given year. In essence, the EF is a resource accounting tool that
measures how much biologically productive land and sea is used by a given popula-
tion or activity, and compares this with the available land and sea.

Productive land and sea support population demands for food, fiber, timber, energy,
and space for infrastructure. These areas also absorb gaseous emissions (i.e. CO3)
generated from human activities.

The present paper discusses a methodology that allows the parametric estimation of
the EF due to the transport of aggregates to urban areas as a function of tonnage
and distance.
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Hepilnyn

To owoloyiko amotdmawuo (OA) pag digpyacios mpocdiopiler v €THOLO IKAVOTHTO
™G PLOCQaIPOS Vo OVOVEDVEL TIS PUOIKEG TPOTES DIES TOL YPHOIUOTOINONKOY ATTO
oVYKEKPLUEVO TANBVoUO Eva ovykekpiuEvo €tog. Baoikd, 1o OA eivar éva Aoyiotixo
epyoieio wov petatpénel g ypnoyomoinbeioes, and ovykekpiuEvo TinBvouo i opa-
oTNPIOTNTA, TPATES DAES T8 TOPaYWYIKN YN Kol BOAacoa Kol TIC GUYKPIVEL e TA. OVTI-
ororya o100sono. ueyéon.

H mopaywyixn yn kor Gélacoa vrootnpiler tig avaykeg tov ninBoouod oe wpoguuo,
veg, Cvlelo, evépyeia Kot ywpo yLo. DTOOOUES, EVA AGUPaveTar vIToyn 1§ OLVATOTHTO,
¢ Proopoipag vo. omoppoiicel Tig oépieg exkmounes, wy. COs, o1 omolieg Tapayovro
oo avOpwmIVES OPpo.TTHPIOTHTES.

2y epyaoia ovty mapovaialetar pia pebodoloyio. wopoustpikng extiunons tov OA
G O10OIKOTIOC UETOPOPLS AOPAVOY DAIKDV (VLo YpHOELS 0TO 00TIKO TEPIPAliov) w¢
OVLVAPTNON THS TOOOTHTOG KOl THG OTOTTOONS UETOPOPUG.

Aé&erg KAg1d1d: Latoucio, EKTOUTES POV, PLOGIUT J10)EIPHTH 0OPAVOV.
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1. Introduction

Economic development is closely linked to the extraction and use of natural resources. Over the
recent decades, however, the demand for natural resources has increased dramatically and has
created huge environmental problems including biodiversity loss, ecosystem degradation and
climate change, and, thus, it is now considered as a serious threat to the economic and social
equilibrium of the planet. One of the key sustainability challenges for the following decades is to
improve the management of natural resources in order to reduce current levels of anthropogenic
environmental pressure.

The extensive use of natural aggregates in construction projects has been gradually depleting this
resource near the areas where aggregates are in high demand. The need for resource conservation
and longer transportation distances highlights the need to quantify the environmental impacts
associated to aggregates production, transport and utilization as well as to assess potential and
demand for substitute materials (Henry et al., 2011). Aggregates consist of natural, artificial or
recycled materials. In essence, natural aggregates can be considered as non-renewable, non-
metallic and non-fossil mineral resources that are vital for modern societies. Natural aggregates are
produced in surface or underground quarries, while artificial or recycled materials used for
aggregates (i.e. broken glass, slag, etc) are processed in industrial plants.

The production of aggregates is the fastest growing activity worldwide since huge quantities
(about 15 billion t/y) are required by the construction industry; the total direct value of this
production is estimated to be in the order of €20 billion (UEPG, 2013). The U.S. Geological
Survey (USGS) in its 2013 Mineral Commodity Summaries estimates that the U.S. aggregates
production of 2.08 billion tons in 2012 increased by about 7.6 percent over 2011 numbers (USGS,
2013). The value of primary aggregates produced in the U.K was £1.425bn in 2009, representing
nearly a 30 percent drop from values shown in 2006 through to 2008 of around 1.8bn. The total
aggregates sales in Great Britain in 2009 were 198 million tons. This is down from a peak in the
late 1980s of 330 million tons of which 300 million were primary aggregates. Sales of recycled
and secondary aggregates have grown steadily accounting for just over 50 million tones (UK
Office of Fair Trading, 2011).

Construction aggregates are essential and valuable resources for the economic and social
development. Recycled aggregates (RA) and natural aggregates (NA) are not therefore in
competition, but their joint utilization is considered as strategic for the construction industry.
Transportation contributes heavily to the life cycle impacts of aggregates. Under different
assumptions relevant to transportation distances, and considering the type and grade of RA, as well
as local availability of N, it is possible to define the geographical coverage of market demand in
order to identify and quantify energy consumption and environmental impacts (Blengini and
Garbarino, 2010).

The quantity of aggregates used in construction applications varies from country to country and
depends on the type, size and quality of applications. Table 1 presents estimates of aggregate
consumption for two activities associated with urban areas: housing and road construction.

Table 1 - Estimates of aggregate consumption for two activities associated with housing and
road construction.

Country Housing Highways Reference
UK 60 tons / average house 7,500 tons/km (single mo- | Brown et al., 2008
torway lane)
US 400 tons / average house 20,000 tons’/km (4 lane | USGS, 2006
highway)
Greece 3.22 / m? of a house 36,400 tons/km (6 lane road) | Kaliampakos  and
Benardos, 2000
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It is thus estimated that in the U.K 60 tons of aggregates are required for the construction of an
average house (assuming that no construction of roads or other infrastructure is required); for the
construction of 1 km of a single motorway lane 7,500 tons of aggregates are required. In the USA
these figures amount to 400 and 5,000 tons respectively. In Greece, earlier studies estimate that
3.22 tons of aggregates are required for every m? of a house, while for the construction of 1 km of
a 6 lane highway 36,400 tons are required. Even if the number of large construction projects will
decrease in the near future in this recession period, demand for aggregates is expected to continue
at reasonable levels due to projected population growth and demand for infrastructure
improvements and maintenance.

2. Ecological Footprint
2.1. General Issues

Sustainable development has become a primary objective for almost all countries since the late
1980s. A major difficulty associated with sustainable development objectives, however, is the
absence of reliable indicators to measure progress towards the goal of sustainability. An accurate
indicator to do so is the Ecological Footprint (EF) which measures how much of the biosphere’s
annual regenerative capacity is required to renew the natural resources used by a defined
population in a given year. On an aggregate basis, the EF may be compared with the area of
ecologically productive land available to provide an indication of whether consumption patterns
are likely to be sustainable (Venetoulis and Talberth, 2006).

EFs can be calculated for individuals, groups of people (such as a nation), and activities (such as
manufacturing a product). The EF is the leading biophysical accounting tool for comparing present
aggregate human demand on the biosphere with the ecological capacity to sustain life (Niccolucci
etal., 2012).

Recently, a number of organizations and governments have begun using the term Carbon Foot-
print (CF) to refer to the quantities of CO, emissions associated with a specific activity, process, or
product. This carbon footprint, typically measured in tons of CO», is an initial step towards
calculating a full CF, which in turn is a percentage of the total EF. CF translates as tons of CO, re-
leased and is measured as the total area, in global hectares, required to sequester these carbon
emissions (GFN, 2008). A full CF systematically covers the complete supply chain and, therefore,
all the stages of the lifecycle of a process or product in a systematic way. The footprint is strongly
correlated with the per capita consumption expenditure. In Greece for example, the per capita
GHG Footprint for 2001 was 13.7 tCOze per person per year (py), while the construction sector
accounted for 14% (Hertwich and Peters, 2009).

Non-renewable fossil fuels are treated differently from other minerals since they actually represent
ancient materials of biological origin, and their combustion releases CO», which is part of the
biosphere’s material cycles. The footprint of carbon released from the combustion of fossil fuels is,
therefore, defined as the productive area required to sequester the generated CO; and prevent its
accumulation. An alternative method would be to calculate the consumption of fossil fuels
according to the productive area required to regenerate them, which would result in a CF much
higher than the current calculation (GFN, 2008).

Non-renewable mineral resources, excluding fossil fuels, i.e., copper, iron, etc., do not have an EF
in the same way as one ton of timber, which requires bio-productive area for its production. There
is, however, an EF associated with the energy and other materials used in extracting, refining,
processing, and shipping these mineral resources; all of these factors are often reported as the EF
or CF of the specific mineral resource. At the same time, it should be emphasized that when mined
materials such as mercury or arsenic enter the environment, they may cause damage and loss of
productivity; all these impacts can be properly addressed in an appropriate Life Cycle Analysis
(LCA) study, which is a method of accounting for the environmental impacts associated with a
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product, a process or a service (Chowdhury et al., 2010). Since aggregates are an abiotic resource,
several other indicators can be used to assess environmental impacts in LCA studies. These can be
based on a thermodynamic approach (use of energy or exergy indicators), on a mass flow approach
(use of a total mass requirement indicator), on a surplus of energy that will be needed for future
extractions (eco-indicator approach, Goedkoop and Spriensma, 2001) or on a scarcity approach.

Transportation includes emissions associated to the production of fuels, focusing on well-to-wheel
analysis. Well-to-wheel is the specific LCA that is carried out for transport of fuels and vehicles,
and is commonly used among others to assess total energy consumption, or the energy conversion
efficiency and emissions impact of motor vehicles including their CF and the fuels used in this
transport means. However, it does not take into account the production of the vehicles, which,
alone, emitted some 1000 million metric tons of CO, equivalent (MtCOye); this figure is
comparable to aviation emissions. Life-cycle assessments indicate that about half of the GHG
emissions of the car manufacturing sector are related to materials, and since car manufacturing
involves complex international supply chains, a detailed analysis of the emissions from the
production of imported products is essential (Hertwich and Peters, 2009).

2.2. Definitions

The EF is usually measured in ‘global hectares’. A global hectare is defined as a hectare with
world-average productivity for all biologically productive land and water in a given year.
Biologically productive land includes areas such as cropland, forest, and fishing grounds, and
excludes deserts, glaciers, and the open ocean (GFN, 2008).

Some researchers and organizations measure the EF in productive hectares, land hectares or forest
hectares, while others in tons of carbon instead of carbon dioxide or in hectares/year. Table 2
presents a comparison of a number of definitions. It is immediately evident that there is a wide
range of values for the EF. The evaluation of the assumptions and results for each study is beyond
the scope of the present paper.

It is known that oceans cover 72% of the earth's surface, while forests cover around 29% of
continents. Based on this data, extreme values shown in Table 2 and representing only specific
systems were disregarded and values involving global hectares were considered; the more
representative value of 3.75 tons CO»/year/hectare was used in this study.

Construction aggregates are usually transported in bulk in large trucks or containers in order to
achieve economy of scale. A typical unit used for freight calculations is expressed as the product
of [Payload x Distance]; this is commonly expressed as a ton-km. The transportation cost
decreases as the cost per ton-km decreases. Figure 1 presents a conceptual diagram of how supply
locations A and B may service demand locations 1, 2, and 3. The products Al, A2, A3 and B1, B2,
B3 correspond to the resulting ton-km for each route. The issue becomes more complicated when
two or more sources of aggregates are available in a given area. Large trucks will achieve a lower
unit transportation cost, but appropriate road infrastructure should be available.

3. Estimating the EF of Aggregate Transport

In this study, emphasis was given to the utilization of conventional transport vehicles and
principally the consumption of fuel, which is the dominating component of this operation. The
production chain of fuel including crude oil extraction, refining and distribution as well as the
manufacturing of production plants and the manufacturing of vehicles was not taken into account.
The average fuel consumption per ton-km is based on the work by Erkkila (2005) (Figure 2).
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Figure 1 - Conceptual diagram of transportation options between two supply and three
demand locations.

Table 2 - Definitions of Ecological Footprint.

. EF

Hectare description ¢ CO.y ha! Reference
Productive hectare (unproductive land and water surface 0.059 Zhang (2005)
areas were excluded)
Global hectare (EFs have been calculated for six land EPA Victoria (2005);
use categories) 3.73 Wackernagel et at.

& (2004)
Global hectare (includes the entire surface of the Earth 0.22 Venetoulis and Tal-
in biocapacity) ’ berth (2006)
Forest hectare (Natural eucalypt forest systems of NSW 0.15 Livesley (2007)
Australia)
Forest hectare (environmental trees at age 10) 5-10 Carruthers (2008)
Forest hectare in high rainfall regions 20 Carruthers (2008)
Forest of growing trees 6 UNEP (2008)
Global hectare of year 2003, fossil fuel 3.77 WWF (20006)
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Figure 2 - Estimation of fuel consumption on highway cycle (Erkkila, 2005).

In order to estimate the EF of aggregate transport the following assumptions/simplifications are
considered:

Only large trucks are used.
Highway cycle is applied.
Fuel consumption is converted to fuel emissions assuming the use of diesel fuel.

Only CO, emissions are taken into account (i.e. equivalent NOx or SOy emissions are
ignored).

Using data for 60ton trucks (which corresponds to a payload of about 35 tons), it is
calculated that the consumption on a highway cycle is about 55L/100km. This value is
quite similar to the value suggested by EPA for truck mileage which is in the order of Smpg
(miles per US gallon; US 2007), or about 47L/100km. Hence the consumption per ton-km
was taken as 0.0148L/ton-km. Similar data compiled for the British Department of
Transport can be summarized in Table 3 (UK Department of Transport, 2007).

Figure 3 presents the steps utilized in order to perform the parametric analysis. For each step the
following data/assumptions were used:

Based on Table 3, a higher fuel consumption, in terms of L/ton-km, was considered for
smaller trucks under the assumption that for every 5 tonne reduction of payload, the
specific fuel consumption increases by 0.001 L/ton-km.

The CO, emitted per liter of diesel was taken as 2.6kg CO, per liter (UNEP, 2008). Thus
CO:e was calculated.

To convert the COze to the area required to absorb the emitted CO, the value of 3.7 tons
COy/year/hectare was used. It should be noted that similar graphs can be generated for any
value of tons CO,/year/hectare.
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Figure 3 — Steps in parametric analysis.

Table 3 - Specific fuel consumption for truck transport (UK Dept. of Transport, 2007).

Condition Miles per gallon Liters per ton-km
44 tonne truck empty (16 tonnes) 10.27 0.017
10 tonnes cargo 7.44 0.015
16 tonnes cargo 6.53 0.014
28 tonnes cargo 5.51 0.012

The results derived are presented in the form of parametric graphs. Figure 4 shows a chart for
consumption (L/100km) versus distance (km) for different truck payloads. It is evident that the
absolute consumption increases with the heavier trucks, while the specific consumption ranges
from 0.012L/ton-km for the 35tonne payload to 0.017L/ton-km for the 10tonne payload.

Figure 5 shows the COye for a 10 tonne payload trucked under different conditions. In this case,
the CO, decreases when the specific fuel consumption decreases for higher payloads. As an
example, 10 tonnes of aggregates trucked for a distance of 50km using a 10tonne payload truck
will generate about 22kg of CO.e, while if the same material is trucked in a 35tonne payload truck
it will generate about 15kg of CO:e.

4. Other Issues for Consideration

4.1. Transport Cost

Aggregate transport cost cannot be easily compared between countries. It is known that diesel
prices differ substantially among USA, EU Member States, South East Europe (SEE countries)
and Eastern Europe, Caucasus and Central Asia (EECCA countries) (EEA, 2012), making thus
difficult to compare costs for the transport of aggregates in different regions. Usually fuel prices
increase by 3 cents per litre for each USD increase in the oil price per barrel, but this is not the
case in several countries. By taking into account different custom costs and increased taxation,
imposed on fuels in this recession period in many parts of the world, it is difficult to predict diesel
prices in the future and thus calculate and compare cost of transport. A very good example is the
evolution of diesel price in Luxembourg and Italy as a result of the increase of oil price in 2007.
When the start of the year one barrel oil cost 50.77 USD, 1 L diesel was sold for 0.85€ in
Luxembourg and for 1.16€ in Italy. The barrel price increased about 72.58% until the end of year
2007 and was sold 87.62 USD in December. For the same period the increase in the price of one
litter of diesel was 14.11% in Luxembourg and 17.24% in Italy.

XLVII, No 3 - 1966




45
40 _°

o] .

—e—payload 10t

—m—payload 15t W
30 777 s payload 20t W/
25 || —#—payload 25t
—— payload 30t ////
20 +—{ —@—payload 35t ///:?‘/
) /.//

: %/Z//

40 50 60 70 80 90 100

Consumption (L/100km)

Distance (km)

Figure 4 — Consumption vs Distance.
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Figure 5 — Equivalent tonnes of CO: as a function of specific payload.
4.2. Intermediate Transport Stations

As quarries are pushed away from the urban and suburban environment, transfer of aggregates to
the urban consumers becomes more expensive and more challenging. In addition, the EF of such
operations is definitely becoming higher, especially if smaller vehicles are used to transport
aggregates for longer distances.

A sustainable solution proposed in this paper is to use transport stations close to urban
environments. Thus, bulk material can be transported in large vehicles, trains or boats if possible
to intermediate stations, and then distributed to the consumer using smaller vehicles. The EF of
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such an operation should be calculated by taking into account the EF for unloading, reloading and
maintaining aggregate stockpiles in transport stations. The wide utilization of ready mix stations,
except for the quality advantage, contributes to the reduction of the EF footprint of aggregate
transport, since only the necessary materials will be transported to the end user and in the
requested quantity.

5. Conclusions

The need for resource conservation and longer transportation distances highlights the importance
to quantify the environmental impacts associated to aggregates production, transport and
utilization as well as to assess potential and demand for substitute materials. In this paper a
methodology followed for a parametric estimation of the Environmental Footprint (EF) for the
transport of aggregates for urban applications as a function of tonnage and distance is presented.

Fuel consumption, in terms of L/ton-km, was calculated for different truck payloads. It was
assumed that for every 5 tonne reduction of payload, the specific fuel consumption increases by
0.001 L/ton-km. The CO;e was calculated using the estimated CO, emissions per liter of diesel. In
order to convert the COze to the area required to absorb the emitted CO, the value of 3.7 tons
COy/year/hectare was used. It was calculated that 10 tonnes of aggregates trucked for a distance of
50km using a 10tonne payload truck will generate about 22kg of COye, while when the same
material is trucked in a 35tonne payload truck it will generate about 15kg of COse.

Finally, by considering the probability that in the near future a number of quarries will be relocated
and new quarries will be sited far away from urban centres, the establishment of intermediate
transport stations close to urban environments seems to be a feasible and sustainable option.
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