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Nowadays road construction is rapidly increasing on-demand to meet several
medium and long terms development programs. A huge amount of natural
resources, types of machinery and fuels are used in road construction. Using
material resources and fuel an efficient manner, reducing in emission of
greenhouse gases and controlling various impacts on the environment are
important tasks in the road construction industry. In the present research,

Keywords: several environmental impacts related to the construction of asphalt paved

highways in Ethiopia have been determined using the Life Cycle Assessment
Asphalt Pavement; Approach for common pavement materials and construction activities. A deep
Environmental Impact; focus has been given towards the extraction and processing of sand and gravel
Life Cycle Impact for preparation of base and sub-base; transportation of these input raw
Assessment; materials; consumption of fuels by various road construction machinery; direct
Biodiesel or indirect emissions of carbon dioxide and other pollutants to atmosphere etc.

Various suitable methods have been used to calculate the impacts of raw
materials, fuel and machinery on various categories such as global warming
potential, ozone depletion potential, terrestrial acidification potential,
freshwater eutrophication, freshwater ecotoxicity etc. From the investigation, it
has been suggested to use recycled materials for substituting gravel as base or
sub-base materials and biodiesel for substituting diesel in the transportation
trucks and dumpers. These types of new recycled materials may greatly help in
assisting the evaluation of sustainable pavement construction. The present case
study may help for potential changes in asphalt pavement construction to
improve environmental sustainability.

© 2022 MIM Research Group. All rights reserved.

1. Introduction

Roads are the arteries of the country, deeply associated with its socio-economic
development. It is the only infrastructure, by which society can access the resources,
consumer goods and various services easily at a low cost. As the population of the world is
increasing, the demand for road infrastructure is increasing in that proportion. It is found
that a total of forty-three million km length of paved road has been spread throughout the
world till 2010 and has targeted to construct additional fourteen million km up to 2030
(1]. Any construction (particularly road construction) inside the country causes many
environmental impacts such as consumption of natural resources, deforestation,
disturbances of natural habitats, a huge amount of greenhouse gas emission, the
transformation of land etc [2]. Cement and aggregates are the main ingredients are used
for the preparation of concrete by consuming a huge amount of natural resources. Due to
the continuous consumption of a natural resource, our environment and ecosystem are
badly affected. Hence geopolymer concrete can be suggested for road construction instead
of cement concrete.
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In Ethiopia, National highways and expressways have been constructed radiating from its
capital city to several regional state capitals in all directions. Ethiopian Roads Authority
has set a target to complete the expansion of roads up to two lakhs kilometres at the end
of the current year 2021. All these proposed roads are asphalt roads and the life cycle
assessment approach is best accomplished for quantifying the environmental impact of
those road pavements. The Ethiopian roads can be classified based on three categories as
shown in Table 1. They are Technical Classification, Functional Classification and Political
Classification. The detailed road classification of Ethiopia is given below. During the most
recent periods, various studies have been done on the environmental impact of road
infrastructure. Among those studies, it has been focused on the environmental impact of
asphalt pavement [3], it has been studied to compare the environmental impact of different
pavements [4, 5], it has been explanted about the traffic fuel consumption on a different
surface of the layers during the use phase or on maintenance strategies [6] and it has been
studied about a review on existing of life cycle assessment [7]. Several researchers have
studied the life cycle of road pavement and divided it into five categories [8, 9]. They are
extraction of raw materials, construction of road, using of road and end of its life [10]. Now
a days people are focusing on the exploration of various sustainable options for the
construction of asphalt pavement such as its reusing, extending its lifetime [11], using
recyclable materials in road construction [12], reducing of friction in between pavement
and wheels of the vehicle [13]. Now a days reclaimed asphalt pavement is considered as
standard asphalt pavement practice. In this process, the combined materials of asphalt and
aggregates collected from old damaged asphalt road are feeding to the hot recycling of
asphalt paving mixtures. In the early days recycling of pavement, process had been
practiced. This type of sustainable effort was conducted in Nevada and Texas during 1974,
by recovering and reusing the old asphalt paving materials [14]. The life of pavement can
be extended by using a geosynthetic insulation layer with low heat conductivity [15]. Now
a days various recyclable materials are used in road construction. It was found that
replacing recycled polymers with coarse aggregate up to 15% in road construction
increased its strength and performance with attaining sustainability and reducing the
negative effect on the environment [16]. Also, it was noticed that various rejuvenators such
as waste engine oil, waste cooking oil virgin olive oil can restore the aged asphalt binder to
a penetration grade of 60/70 [17]. The friction resistance can be reduced by improving the
flexible pavements using above rejuvenators in asphalt. As a result, vehicle energy, as well
as greenhouse gas emission, will be reduced significantly. To reduce the friction and
improve the asphalt mix stability performance HDPE plastic seeds can be added to asphalt
at 5.5% as optimum value [18]. Due to the addition of HDPE plastic seeds into oil asphalt,
the penetration value reaches 60/70. However, people are focusing on construction and
maintenance phases. Various activities such as raw material extraction and its
transportation, production of materials, application of pavement materials is often
incorporating in the construction phase. Many studies such as Pavement Embodied Carbon
Tool (PECT), Intergovernmental Panel on Climate Change (IPCC), Functional Unit (FU)
have highlighted various difficulties for obtaining various data during the life cycle
assessment of roads [19].

A huge amount of raw materials such as gravel, sand, bitumen, cement and water is
required for the construction of road pavements. To optimize the road pavement design,
several types of impacts such as environmental, economic and social on the materials
should be quantified and monitored. At present condition, no such type of protocol has
been applied in Ethiopia. This type of quantification is required to develop a holistic life
cycle assessment model on design and technology of construction, maintenance and
rehabilitation. Hence the first step for the development of such a holistic life cycle
assessment model is an analysis of life cycle inventories. The life cycle assessment process
consists of tracking resources, energy, input materials, outputs of waste, coproducts etc to
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provide a proper indicator to the system against various environmental impacts [20].
Moreover, due to local construction techniques and context-dependent aspects, the road
section has been analyzed for the designed traffic load and its life span. The production of
various road materials highly influences the lifecycle environmental impact [21].
Particularly production of bitumen influences asphalt pavement and the production of
cement influences concrete pavement [22]. Besides the production of road materials, road
maintenance also plays a significant role in the lifecycle environmental impact [23]. From
the literature review, it is found that near about one-third of life cycle environmental
impact are caused by the various operations for maintenance such as asphalt overlay,
reconstruction, thin hot-mix asphalt (HMA) overlay, chip seal, crack seal and cold in-place
recycling (CIR) with foamed asphalt etc. Traffic fuel consumption is another environmental
impact that is much higher than the environmental impact due to the production of road
construction material and road maintenance [13]. The consumption of energy from
construction, maintenance and operation of the road is only 9.9% whereas the
consumption of energy due to traffic is near about 11.8% [21]. Also, several authors have
recommended that for the analysis of traffic fuel consumption, the texture of road surface
should be included [6] [24], [25]. If one compares to the environmental impacts between
concrete pavement and asphalt pavement, it can be concluded that global warming
potential and human health impacts are more contributed by construction and
maintenance of concrete pavement while acidification, photochemical smog and
eutrophication are more contributed by construction and maintenance of asphalt
pavement [7]. Besides the lifecycle environmental impact, lifecycle costing is also
increasing in the transportation sector. Various countries like the USA, Europe and Canada
are using lifecycle cost at a state-of-the-practice [26]. Comparing concrete pavement and
asphalt pavement it is found that concrete pavement is more expensive but suitable for a
higher traffic intensity. Because concrete pavement requires lower maintenance
frequencies and a less amount of thickness of concrete is required for higher traffic
intensities [27].

The environmental licensing monitors the various socio-environmental impacts, which
depends on the elaboration of environmental impact studies such as climate change, ozone
depletion, ecotoxicity, acidification, Eutrophication etc. [28]. These studies always require
several types of impacts caused by the activity, which include an order of magnitude
estimation of indirect and direct impacts. But the life cycle approach is not followed by
these studies, whether the road built will reduce the habit disruption and deforestation or
not. In other words, the various impacts related to road construction are not assessed.
Thus, the objective of this study is to determine the environmental impacts associated with
the construction of the road in Ethiopia using the life cycle assessment method.

In the present research, a deep level study has been done by the two road projects of
Ethiopia (Addis Ababa- Ambo and Addis Ababa-Adama) and found that a huge amount of
natural resources has been deployed for the construction of those road pavements. Various
types of environmental impacts have been quantified. It is found that the major reason for
the pollution of environment (i.e. air, water and soil) is due to the consumption of huge
amount petroleum fuel on various activities of road construction such as mining of hills for
natural aggregates, transportation of the materials from mines to crushing centre and
crushing centre to the construction site, operation of various types of machinery, refining
of petroleum products for getting bitumen etc. To reduce this environmental pollution due
to a huge amount of fuel consumption, using biodiesel is suggested in vehicles and types of
machinery used for road construction. A comparison has been shown between using of
petroleum fuel and biodiesel in various types of construction machinery on various
environmental impacts.
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Table 1. Classification of Ethiopian roads [29]

. e Functional Political
Technical Classification Classification Classification
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gg? 5300_17050 28 Gravel 5 g RRAs (Regional
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DS-9 0-25 4.0 Farth = Woreda Rural Road
DS-10 0-15 3.3 Office

2. Research Significance

The pavement construction process of the country passes through several phases such as
the production of raw materials, transportation of raw materials, construction of
pavement, use and maintenance of pavement, and its end life. All these processes possess
a unique burden on the local environment [30]. Hence evaluation of the environmental
impact of the country's pavement by using lifecycle assessment is the best solution for
getting a future warning to society and the construction industry. Lifecycle assessment can
assess a product from cradle to grave, explore everything from each and every supply chain
process to recycling or disposal after reaching of product at its ultimate end life. In the
present condition, no lifecycle data on environmental impact are available in the ordinance
of the Ethiopian Road Authority (ERA). The aim of this study is to evaluate various
environmental impacts which are associated with the construction of asphalt pavement in
Ethiopia by using a life cycle assessment approach.

The life cycle assessment process includes the various construction activities such as
extraction of gravel, sand and asphalt and their process; transportation of these materials
to the construction site; use and operations of various types of machinery; emissions of
greenhouse gases directly or indirectly from materials, transportations and types of
machinery fuel. The required input data have been collected from two road projects of
Ethiopia. Various impacts are calculated by the ReCiPe method for each category and
verified by a suitable alternate method. After analysis of environmental impact, an
alternative scenario has been proposed to replace petroleum diesel with biodiesel in
diesel-operated machinery and transportation trucks. The innovative part of the present
research is the finding of different factors which affect the local environment badly during
the road construction process of Ethiopia and finding out the solution for reducing the
environmental pollution. A limited amount of research has been found on how the local
environment has been badly affected due to the various construction process in Ethiopia.
For this reason, two case studies (Addis Ababa-Ambo and Addis Ababa-Adama highway)
on the asphalt road project have been deeply studied. It is found that the air is polluting
due to the emission of greenhouse gasses from various types of construction machinery,
vehicles used for transportation of construction materials, hot mix plant, crushers,
petroleum refineries plant etc, whereas the local watersheds and soils are polluted from
petroleum refineries plant, washing of various types of construction machinery and
materials. Since the major factor of pollution is the emission of greenhouse gasses,
biodiesel is suggested to use in various types of machinery and vehicles for the
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construction process. It is also found that by using of biodiesel in construction machinery
then air pollution can be reduced more than 50%.

3. Methodology
3.1. Method for Life Cycle Assessment

The Life Cycle Assessment (LCA) is divided into four different parts. They are the definition
of aim and scope, life cycle inventory, assessment of impact, interpretation of results [31].
The present study aims to determine the environmental impacts of the construction of
flexible asphalt pavement in Ethiopia. The observation sample has been taken as 1 km of
the two-lane highway for a total road width of 7.3 m. The following activities have been
encompassed in the present system. They are extraction or production of road
construction materials such as sand, gravel and asphalt; transportation of those road
construction materials to and within the construction site; production of asphalt from hot
mix concrete plant near to the site; preparation of land for pavement construction by
excavation and compaction and application of pavement materials. Energy, road
construction materials and fuels needed for all activities are taken as input. Emission of all
types of greenhouse gases to the atmosphere directly or indirectly during the above
activities is considered as output. The direct emission may be from the construction of the
pavement and the indirect emissions are those emissions from the different processes
before pavement construction such as raw material extraction, asphalt production, during
transportation of raw materials to the site etc. Two factors such as intensity of usage and
frequency of maintenance may vary on the lifetime of the road. But the frequency of
maintenance may be in between 10 to 15 years. The financial expenses during the different
lifecycle stages are considered within the Life Cycle Cost approach. They are investment
costs such as expensive for materials, labour and indirect costs for initial construction,
maintenance, cleaning, energy cost at the time of use phase and demolition cost and
treatment of waste at the time of the end-of-life stage. The life cycle financial cost is the
sum of all expenditure occurring during the period of the life cycle of the road
infrastructure. This research is following an attributional approach, to determine the
environmental impacts that stem from the flow of energy to and from the system
boundary. All activities are linked from activity producing waste to the process of waste
treatment by the allocation method, which is used at the point of substitution. The whole
system considered in the study is shown in Figure 1. Since all the transportation trucks in
Ethiopia are using diesel as a fuel, this research also considered the environmental impacts
when biodiesel will be filled in the truck instead of petro-diesel for transportation of raw
materials to the construction site.

3.2. Life-Cycle Inventory

The amount of materials required for road pavement construction and using of inventories
for extraction or production of those materials are described in this section. It also consists
of the consumption of fuel and greenhouse gas emissions at the time of freight
transportation and machinery operation.

3.2.1. Materials Used in Ethiopian Roads

The width of the road and the depth of the layers is directly related to the environmental
impacts. In most parts of Ethiopia, the width of the road is 7.2 m. Most of the pavement in
this country possesses the following layers. They are (i) Natural Subgrade, (ii) Compacted
Subgrade, (iii) Sub Base Course, (iv) Base Course, (v) Binder Course (vi) Finishing Coat.
Since the surface coat is thin layers, they are calculated based on the area of application.
The construction depth for each layer and the ratio between thick layer density to the
utilized area for thin layers are showing in Table 3. There is no specific rule for road
construction products in Ethiopia, hence it was not required to follow any product category
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rule. The technical specification for various road construction material such as gravel,
binders, asphalt, sand etc has been followed as per Ethiopian standards [32].
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Fig. 1 System diagram for energy consumption and green house gas emission during
pavement construction
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Table 2. Depth of pavement layer and quantity of materials applied in 1 km road

Layers Depth (m) Ratio of Application Quantity (Metric Ton)
Sub-Base Course 0.35 2150 kg/m3 5423
Base Course 0.15 2150 kg/m3 2324
Binder Course 0.05 2400kg/m3 864
Finishing Coat 0.04 2200 kg/m3 634

Table 3. Pavement layer composition (kg)

Layers Gravel Sand Asphalt
Sub-Base Course 1 0 0
Base Course 1 0 0
Binder Course 0.81 0.25 0.05
Finishing Coat 0 0.11 0.07

Table 4. Total quantity of materials for the construction of 1 km road with 7.2 m width

Particulars Quantity Unit

Gravel 8500 Metric Ton

Sand 300 Metric Ton

Asphalt 100 Metric Ton
Material transportation to the construction site 695000 Tkm
Material transportatlosni t\gnthm the construction 190000 Tkm

Excavator (Poclain or JCB) 4307 M3
Diesel used in construction machine and hot mix 7200 Litre
plant
Diesel operating machinaries 15 Operating hours

Electricity used for crushing of stones 2000 kwh

Both the sub-base and base course are filled by gravel only. Both binder course and
finishing coat are assumed as filled by asphalt. The filler in the binder course is sand. Due
to the thin section of the binder course and finishing coat, the amount of materials has been
calculated on the basis of surface area. Two different bitumen mixes have been prepared
for both binder course and finishing coat depending upon the percentage of aggregate
materials (i.e sand and gravel). The Binder course has larger aggregate materials as
compared to the finishing coat.

3.2.2. Classification of Road Construction Materials for Extraction and Production

Based on the total quantity of materials of each layer and the composition of each layer,
the quantities of gravel, sand and asphalt required for the construction of pavement for 1
km length and 7.2 m width is possible. The detailed quantity of materials for above is
shown in Table 4 for the corresponding depth shown in Table 2. In Table 2 the depth of
different layers has been taken according to Ethiopian Building Code. The density of local
materials required for each layer has been determined in the laboratory. The width of the
road is taken as 7.2 m. The mass of materials for each layer has been determined by the
multiplication of the volume of each layer with the corresponding density of materials. The
required quantity of materials may vary depending upon the width of the lane and the
depth of the layers.

Three extraction and production types of materials (Sand, Gravel and Asphalt) are
described here. The sands are extracted from the river bed. The process includes dredging
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of slurry (i.e. mixture of sand, water, silt and clay) from the river, washing of sand to
separate clay and silt and transportation of the separated sand to the site. This process
considers the energy for loading on the trucks but does not consider the separation of sand
from silt and clay. All equipment is considered as diesel running equipment. The gravels
are collected from an open granite quarry. The extraction process includes drilling and
blasting of stones in open pits, transportation of mined big stone blocks to crushers,
crushing of big stone blocks into gravels of different sizes by electric operated crusher,
loading and unloading of crushed stones into delivery trucks. The production process of
asphalt was developed in such a way that the end products obtained with some specific
impacts because it should be followed some specific allocation rules to confirm the impacts
for asphalt product were correctly determined. The whole extraction process of asphalt
passes through the various process such as the construction of refinery infrastructure,
storage of crude oil in refinery ground, feeding of crude oil into the refinery, supplying of
freshwater from nature for refinery process, wastewater treatment process exhausted
from refinery plant and use of energy.

3.2.3. Detailed Process of Transportation of Materials

The distance for transportation of road construction material to the construction site or
within the construction site depends upon the geographical locations and ease of
connectivity of road construction projects with other service roads. In this study, the
transportation distance has been recorded as the average distance of two road
construction projects of Ethiopia. The detailed distance for transportation of different
materials is shown in Table 5 has been recovered from Final Project Report, Ethiopian
Road Authority 2019 [33]. The total quantity of materials for 1 km road construction to the
construction site or within the construction site (Table 4) is calculated based on total
transportation distance (Table 5) and quantity of composition materials used in each
pavement layer (Table 3). It is assumed that the transportation of all materials is carried
to the construction site or with in construction site by trucks of a capacity of 23 metric
tons. The inventory for transportation of material includes all activities such as production
maintenance of the truck, production of diesel, construction and maintenance of road. A
small modification has been done such as low sulfur diesel production in Ethiopia has
suggested instead of petroleum diesel.

3.2.4. Various Machinery Operation

For base preparation and soil excavation, excavators like poclain and JCB are used. Various
types of machinery are used for each layer of pavement as follows. For sub-base course
sheep foot compactor, for base course sheep foot compactor followed by a smooth wheel
roller, for binder course asphalt spray truck, paver, pneumatic roller and for finishing coat
paver, smooth wheel roller have been used. Electricity has used for rotating the mixture
drum, running the pumps, compressors, fans, elevators, driving the belt etc while diesel
has used for the operation of the hot mix plant for heating the mixtures. The total operating
hours, volume for excavation, consumptions of electricity and diesel are summarized in
Table 6. From the Ecoinvent database [34] machinery operation inventories are obtained.
The capacity of all machinery is assumed as above 75kW and high load factor, operated by
diesel and the mode of operation has considered as operating hours. It is based on
calculations performed by US EPA’s Motor Vehicle Emissions Simulator (MOVES) [35]. The
inventory for the excavator has based on excavated volume.

The hot mix plant operation has been divided into two categories. The first one is the
heating process running on diesel and the second one is building machine running on
electricity. All inventories are used for local geography with incorporating necessity
modification to Ethiopian electricity production mix [36].
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Table 5. Transportation distance to the construction site or within construction site for
present research

Materials From To Total Distance

(km)
River bed Hot mix plfmt/Storage 150
site
Sand Application on
Storage site PP 10
pavement
Mines Hotmix Pla_nt/ Storage 100
site
Gravel Application on
Storage site PP 10
pavement
Petroleum .
Asphalt Refinery Hotmix plant 600
Hot mixed Application on
bituminous Hotmix plant PP 10
. pavement
mixture

3.2.5. Production of Bio-Diesel and its use in Transportation Trucks

In the present research, an alternative scenario has been suggested that to use biodiesel
instead of petroleum diesel in transportation trucks as a fuel [37]. The biodiesel can be
formed from various African oil bean seeds [38]. It will give a positive impact on the
environment and cost during transportation of materials to the construction site. For the
production of biodiesel and transport trucks running on this biodiesel, a separate
inventory is required.

The African oil bean seeds are consuming at a limited amount by local people as a vegetable
and can be categorized as an underutilized crop. Though this crop has a good yield in
present condition, a few numbers of local farmers are cultivating these types of crops. Due
to lower demand in the market, farmers are not getting a good sum. If these oil bean seeds
will be used for extraction of edible oil and made the conversion of oil to other product,
then its value will be added and a higher financial turnover can be yield.

3.2.6. Life Cycle Impact Assessment

To determine the impacts on various categories such as Global Warming Potential, Ozone
Depletion Potential, Terrestrial Acidification Potential, Freshwater Eutrophication
Potential and Freshwater Ecotoxicity Potential. To calculate the impacts, two types of
approaches have followed. The first one is ReCiPe 2016 [39] and the second one is different
methods for evaluating impact from the ILCD handbook. For the Global Warming Potential
category, the IPCC 2013 method [40], for Ozone Depletion Potential and Terrestrial
Acidification Potential category the CML 2001 method [41], for Freshwater Eutrophication
Potential category USEtox v1.0 method and Freshwater Ecotoxicity Potential category
EDIP 2003 method [42] has been used. To evaluate the impacts of each system of
production, open Life Cycle Assessment software version 1.10.2 has been used [43].
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Table 6. Specifications for various machineries operated in pavement construction

Layer Type of Machinery Specification
Excavation Excavator (Poclain or JCB) Based on the excavated volume
No of passing per lane: 8
Sub Base Sheep-foot Compactor Power of Compacter: 100 kW
Course Avg. speed of Compactor: 5.5km/h

Compactor width: 2.1m

Base Course

Sheep-foot Compactor

Smooth Wheeled Roller

No of passing per lane: 6
Power of Compacter: 100 kW

Avg. speed of Compactor: 5.5km/h

Compactor width: 2.1 m
No of passing per lane: 10
Power of Compacter: 100 kW

Avg. speed of Compactor: 5.5 km/h

Compactor width: 2.1m

Binder
Course

Asphalt Spray Truck

Paver

Pneumatic Roller

Power: 205 kW
Average Speed: 4 km/h
No of passing per lane: 2

Power: 200 kW

Paver width: 2.5m
Avg. Speed: 4 km/h
No of passing per lane :8
Power: 100 kW
Avg. speed: 10 km /h
Roller width: 2.1m

Finishing
Coat

Paver

Smooth-wheeled Roller

No of passing per lane: 2
Power: 195 kW
Paver width: 2.5m
Avg. Speed: 4 km/h
No of passing per lane: 6
Power: 195 kW
Paver width: 3m
Avg. Speed: 4 km/h

Mixer

Hotmix plant

Plant capacity: 130 t/h
Power: 240 kW

Fuel Consumption: 7.2 L/t of asphalt

mix

4. Results and its Interpretation

Figure 2 and Figure 3 show the impacts on various categories that have been considered
in the present research. The impact of each process within the road pavement construction
has been shown in Figure 4 and Figure 5 as a percentage contribution and following
notations have been given for different processes. The notation for "Sand", "Gravel" and
"Asphalt" shows the extraction of these materials; Transport refers to the transportation
of all above material; and the word "Machinery" indicates use and operation machinery for
the building of the pavement. Notation C1 represents the condition for the present
situation i.e. all transport vehicles are fueling by petroleum diesel whereas notation C2
represents the alternative condition i.e. all transport vehicles are fueling by biodiesel.
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4.1. Total Impact

The total impact of both conditions i.e. C1 and C2 are analyzed in Table 7. For condition C1,
two types of life cycle impact assessment approaches have been implemented. They are
ReCiPe and combined methods. For condition C2, only ReCiPe has been used. Figure 2 and
Figure 3 are showing the total impact for conditions C1 and C2 by using the ReCiPe method.
From Figure 2 and Table 7 it can be seen that the transportation truck fueled by biodiesel
(C2) has lower environmental impacts than the transportation truck fueled by petroleum
diesel (C1). By comparing two conditions C1 and C2 it has been found that values of C1 are
41.6%, 11.1%, 20%, 50% and 60% more than w.r.t the values of C2 for different types of
impacts such as GWP, ODP, TAP, FWEP and FWECP respectively. Again, from Figure 3, it
has been found that there is a close relationship between methods used for various
categories of life cycle impact assessment except for FWECP. The normalized value was
calculated by ReCiPe method and IPCC method for GWP, ReCiPe method and CML method
for both ODP and TAP categories, ReCiPe and EDP method for FWEP category. But there is
a large difference between ReCiPe and USEtox for the FWECP category.
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Fig. 3 Comparision between ReCiPe and
combined methods for calculation of total
impacts

Fig. 2 Total impact for both conditions C1
and C2 calculated by ReCiPe method

Table 7. Total impacts for conditions C1 and C2 by using life cycle impact assessment
approaches

. Combined .
Types of Impact ReCiPe 2016 Methods Unit
C1 Cc2 C1
GWP 2.45E+5 1.85E+5 2.48E+5 kg CO2
ODP 8.5E-2 7.65E-2 8.5E-2 kg CFC
TAP 2.3E+3 1.9E+3 2.53E+3 kg SO2
FWEP 1.75E+1 1.6E+1 1.61E+1 kg P
FWECP 2.5E+3 1.9E+3 2.53E+3 kg 1,4-DCB

4.2. Role of Each Process to the Total Impact

There is a various process who plays an important role to the impacts for the condition C1
based on the ReCiPe method are gravel, asphalt and transport. The maximum
contributions of machinery are near about 15%, while sand has a very negligible
contribution to all impacts. Various contributions of materials and process in percentage
on total impact by ReCiPe method has shown in Figure 4. It is found that the gravel impacts
on TAP at the highest percentage and on ODP at the lowest percentage by both methods.
Asphalt contributes near about 50% on ODP as highest and 10% on FWECP as the lowest
percentage. The contribution of sand to total impact is very negligible. Machinery
contributes at an equal level to all categories impacts ranges in between (10% to 13%).
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Transport contributes near about to 52% on GWP as of the highest percentage and 15.5%
on TAP as the lowest percentage of contribution. Again, from Figure 5, it can be seen that
when biodiesel (C2) is used instead of petroleum diesel (C1) there is an increase in the
transportation process for all categories except ODP. The transportation process
decreased from 28.7% to 18.4%.

5. Brief Discussions of Results

Based on an interpretation of results impact from the various parameters such as sand,
gravel, asphalt, machinery and transportation, a brief discussion with its scientific causes
has been quoted after analyzing the results. In this analysis, every process has been a break
down into various subprocesses and their impacts resulting from each of them. From the
contribution tree of open life cycle analysis software, the contribution of each sub-process
to the total impacts has been obtained and discussed briefly as follows.

5.1. Global Warming Potential (GWP)

From Figure 5, one can notice that the Global Warming Potential category has been
influenced by mainly the transportation process which is analyzed for conditions C1 and
C2 (above 50% contribution). Also, by ReCePi and IPCC method, Global Warming Potential
has been influenced by the transportation process showing its contribution percentage as
above 50% for condition C1. This highest value is showing due to the emission of carbon
dioxide into the atmosphere directly during transportation. The production and utilization
of diesel fuel to other machinery are showing 13% and 12% by ReCiPe and IPCC method
respectively. Seeing the more contribution of transportation process to Global Warming
Potential due to using petroleum diesel in transportation truck and other machinery,
biodiesel is used as an alternative fuel. Vegetable oil is the main source of biodiesel for the
African country. Though biodiesel is eco-friendly, the transportation process showing
higher contribution towards Global Warming Potential. This is due to the transportation
of vegetables to the oil mill for grinding and preparation of biodiesel. Near about 70%
contribution is giving to Global Warming Potential for transportation of raw materials.
Hence it is recommended that more biodiesel plants should be established near the firm
land of Ethiopia. Again, it can be seen that the transport category only impacts near about
4.5% caused by the emission of carbon dioxide during transport itself since 95.5% of these
emissions of carbon dioxide are non-fossil [44].
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Fig. 4 Contribution of different categories  Fig. 5 Contribution of different categories
to the total impacts by various methods to the total impacts by both conditions C1
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Since the transportation of vegetable seeds to the oil mill and production of fuel has been
considered in condition C2, the biodiesel impacts more than petroleum diesel on Global
Warming Potential though it has been replaced to the petroleum diesel to a transportation
truck. But for the extraction of sand, gravel and asphalt the biodiesel (condition C2)
impacts less than petroleum diesel (condition C1). For condition C1, the process of gravel
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is showing an 18% contribution to Global Warming Potential, from which near about 40%
contributes from direct emissions from machinery fueled by petroleum diesel for
production of gravel and the remaining 38% contributes from explosives used in quarry
for blasting purposes. The asphalt contributes 18% to Global Warming Potential impact,
out of which 65% contributes emissions from oil refinery plants and the remaining 35%
from direct emissions during transportation and heating before application to the
pavement. Again, the contribution of machinery is showing 14% on Global Warming
Potential impact, out of which only 15% contributes at the time of petroleum diesel
production and the remaining 85% contributes at construction activities such as
excavation, hot mix plant and road construction types of equipment. On average there is
no significant variation between two life cycle impact assessment methods. The difference
between total Global Warming Potential impacts differ between the two methods is only
1.5% due to the absence of some factors such as CO in the ReCiPe method. The impact
factor of carbon dioxide for both methods is showing the same.

5.2. Ozone Depletion Potential (ODP)

Among the various categories of life cycle assessment, the production of asphalt is showing
the highest contribution i.e. 53.2 and 60.1 for conditions C1 and C2 respectively. This is
because of the direct emission of the halogenated compound such as Halon-1211, Halon-
1301 and CFC-114 from petroleum refinery [45]. The emission of halogenated compounds
depletes the ozone layer. The production of diesel plays the main contributor to the Ozone
Depletion Potential impact among all processes. But for condition C2, biodiesel has been
replaced with petroleum diesel and reduced the impact due to transportation near about
10.3% for the total Ozone Depletion Potential impact. Again, the impact value due to the
transportation process is near about to same for both ReCiPe and CML methods.

5.3. Terrestrial Acidification Potential (TAP)

The Terrestrial Acidification Potential category for condition C2 has impacted 8% more
than Condition C1. This is because of the higher emission of NOx during the combustion of
biodiesel. The oxygen inside the biodiesel helps to increase the percentage of NOx due to
an increase in temperature during the combustion process [46]. Under the transportation
process, both petroleum diesel and bio-diesel contribute near about 30% in the process of
fuel production. It is seen that the transportation of petroleum diesel impacts 37%,
whereas transportation of bio-diesel impacts 53%.

From condition C1 it is found that TAP is already affected by gravel only, which contributes
near about to 50% by both ReCiPe and CML method with very good agreement. Both
methods are indicating that the cause behind contributing a higher percentage of gravel is
the blasting of mineral mines. The blasting process contributes near about to 80% and rest
of 20% are contributed by diesel-fueled truck for transportation of gravel. Again, itis found
from the ReCiPe method that the most contributing substance to Terrestrial Acidification
Potential by gravel process is NOx. It contributes near about 60% along with 40% NHs. But
in the CML method, the contribution of NOx is 75% along with 25% of NHs. Now it is
verified with the previous literature that the ReCiPe method contributes a higher value of
NH3 and a lower value of NOx as compared to the CML method [40]. Next to gravel the
second most category which contributes to TAP is the transport process and production of
asphalt. Though the values by both ReCiPe and CML methods are near about equal, the
ReCiPe method is slightly higher than CML due to the emission of NOx.

5.4. Freshwater Eutrophication Potential (FWEP)

From various literature, it is found that phosphorous and nitrogen are used as a reference
compound for aquatic eutrophication potential [40]. Generally phosphorous is using for
fresh lake water and nitrogen for saline marine water. From Figure 4 it is found that the
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EDIP method shows higher value than the ReCiPe method for sand, gravel and machinery
categories and lower value for asphalt and transport categories. The lower value (i.e 4%
for asphalt and 7% for transportation) for the EDIP method is due to the emission of P-
containing to the freshwater source [44]. The main contribution of phosphate to impact
freshwater from the treatment of residues emitted from construction, machinery and
production of raw materials. For the processing of gravel, the freshwater is impacted near
about 90% due to direct emission during blasting and consumption of diesel by the ReCiPe
method. No seashore is near to Ethiopia country; hence Merine Eutrophication Potential
has not found here. In condition C2, using bio-diesel in transport trucks shows a large
eutrophication impact than petroleum diesel because of the emission of phosphate during
utilization of chemical fertilizer to the bean plants. Hence it is recommended that organic
fertilizer has to be used for the cultivation of vegetable seeds for the production of bio-
diesel.

5.5. Freshwater Ecotoxicity Potential (FWECP)

From Figure 4 it is found that the USEtox method is showing more impacts on Freshwater
Ecotoxicity Potential by the categories of gravel, transport and machinery and lower
impacts by the categories of asphalt and transport as compared to the ReCiPe method.
Figure 3 shows a larger difference between ReCiPe and USEtox method, but it may be
significant and acceptable. The USEtox model does not show absolute comparison with
others [47]. The higher uncertainties in the parameters of both models give more
differences because 10 to 20 numbers of most contributing substances make both models
ideal rather than predicting the actual value. Both models are influenced by gravel and
transportation at a higher percentage. The transport category is influenced more by the
USEtox method (48%) than the ReCiPe method (40%). The higher percentage is due to
residue treatment during the truck production process and tire and brake wear emissions.
The impact on Freshwater Ecotoxicity Potential by gravel is showing more due to the use
of explosive materials in mines and the treatment of residues during the process of
explosive production. The substances which cause more impact to Freshwater Ecotoxicity
Potential are copper than other influenced materials such as zinc, nickel, silver and
vendium. By replacing petroleum diesel with biodiesel in condition C2, the Freshwater
Ecotoxicity Potential is impacting 2.8 times than condition C2. This is because of the
esterification of vegetable oils, treatment of various residues such as phosphoric acid,
chemical fertilizer, methanol etc from the raw materials used for the production of
biodiesel.

6. Conclusions

This work belongs to an inventory for the asphalt paved road construction based on
collected data from Ethiopian Road Authority. By using different methods various
environmental impacts like Global Warming Potential, Terrestrial Acidification Potential,
Ozone Depletion Potential, Freshwater Eutrophication Potential and Freshwater
Ecotoxicity Potential have been analyzed by taking various factors such as road
construction materials, machinery and transport. Also, the environmental impacts have
been evaluated by replacing petroleum diesel with biodiesel in transportation and
machinery. From the evaluation process following conclusions are drawn.

e Among all impact categories, gravel and transport are two main processes, who
are playing an important contributor to each environmental impact categories.

e Asphalt influences more to Ozone Depletion Potential category than other
categories.
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e Theimprovements in the production process of road construction materials such
as sand, gravel, asphalt and transportation should be required to reduce their
impacts on the environment and improve the quality of construction.

e The environmental impact from transport may vary on the location of the
construction site and the availability of the distribution network.

e Each category of environmental mental impact evaluated by different methods
are showing a similar percentage of contribution and the same substances and
sub-process are showing as the most impactful.

e The replacement of petroleum diesel by biodiesel derived from the vegetable oils
is showing lower environmental impacts than petroleum diesel and proved
beneficial. Hence it is recommended that the production of biodiesel should be
encouraged by Govt. of Ethiopia.

e Since the production process of gravel plays one important role in environmental
impacts, it is suggested that construction waste may be a substitute for gravel. So
that the natural resources of the country may be saved as well as our environment
may be kept green.
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