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a b s t r a c t 

Road pavements are constructed of bulk raw materials such as aggregate, cement, bitumen and water. The en- 

vironmental, social, and economic impacts of the materials and processes should be quantified and monitored 

towards the optimisation of pavement design. At present, no such protocol is in place in South Africa. This paper 

proposes a framework for the development of a pavement life cycle assessment model, starting by documenting 

the life cycle inventory for bitumen, one of the leading environmental and social burdensome materials used for 

pavement development. 

This inventory acts as the first building block in the development of a life cycle assessment model by evaluating 

and delineating primary flows (inputs of materials and energy and outputs of pollution) related to the supply 

chain of bitumen in South Africa. The primary flows are represented by indicators which measure their quantita- 

tive impacts. The inventory provides impact category indicators for environmental and social related emissions, 

energy- and water-use and currently excludes other indicators such as emissions to water, waste generation, jobs 

creation and economic transformation, amongst others. These indicators are omitted due to lack of quality data at 

present and difficulty in the quantification of impacts, but recognition is given to their relevancy and importance. 

The approach is envisioned to function as the first version of a living protocol that will be improved on through 

further research. Although the primary target audience is South African road authorities, the approach can be 

adapted for use in any country. 
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. Introduction 

Road pavements are constructed of bulk raw materials such as aggre-

ate, cement, bitumen and water. The environmental, social, and eco-

omic impacts of the materials and processes should be quantified and

onitored towards the optimisation of the pavement design. At present,

o such protocol is in place in South Africa. The need was identified to

evelop a holistic life cycle assessment (LCA) model of the effects of al-

ernative pavement designs and technologies in terms of construction,

aintenance and rehabilitation. A life cycle inventory (LCI) is the first

tep in the development of an LCA. 

The LCI analysis phase consists of the tracking of flows (inputs of

aterials, resources and energy and outputs of waste, pollution and co-

roducts) which are represented by indicators for the system being stud-

ed [1] . For a typical asphalt plant, the indicators are listed in the in-

entory in terms of energy use, the use of materials such as aggregates,

itumen and water and the production of greenhouse gasses. These are

eferred to as the primary data sources for an LCI, which are to be traced

ack to their origin, known as the background data processes [1] . 
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For bitumen, the background processes involve extraction processes

hereas for energy, they may include delivering the crude oil to the

lace of refining. Due to the influence of background processes, it is im-

ortant to develop inputs to an LCI regionally and consider the typical

ractices and available resources of that region. It is often challenging

ollecting data from regions which do not voluntarily publish data re-

arding the processes or resources used to produce pavement materials.

n these situations, published data sets (either commercial sources or

rom literature) are often utilised. The issues related to the use of proxy

ata were observed in the early years of pavement LCI development

2] when studies were rapidly published and had numerous flaws. These

aws commonly manifested as poor-quality data, gaps in research be-

ng filled by proxy data and a general lack of consideration for location

pecific evaluations. 

Certain inventories are often viewed as ‘golden black boxes’ [3] and

pplied without much appreciation for inherent limitations in the inven-

ories. Considering the widely cited Eurobitume inventory, originally

ublished in 2012 [4] and revised in 2020 [5] . The inventory has vary-

ng embodied carbon factors applied to certain elements of the inventory
ember 2020 
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Fig. 1. System boundaries of the assessed system. 
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etween the two data sets, with up to 50% differences in some instances.

his highlights the impacts of lack of quality data on predictions. An ad-

itional flaw present in LCI development models is the inconsistency in

electing impact categories; where energy and carbon emissions are typ-

cally focused on with other important indicators such as water use often

eing omitted [6] . Focus on a holistic inventory which incorporates both

nvironmental and social indicators, as demonstrated by Bressi et al. [7] ,

s required. 

Supporting the need to quantify these indicators, Giunta et al.

8] demonstrates the contributions of various pavement life cycle phases

excluding the use phase) to the total energy and carbon footprint esti-

ates for a typical pavement project. Giunta et al. found that the pro-

uction phase generally accounted for more than 50% of the total energy

nd emissions related to pavement development, with bitumen produc-

ion being the leading material contributor. Methods, such as the use

f recycled polystyrene to substitute bitumen, are available to reduce

hese impacts [9] . 

The inventory detailed in this study is specific to South Africa but

an be modified to be representative of any country. This approach fol-

ows the notion that sustainability is spatially dependant and influenced

y local boundaries [10] . The research highlights the typical processes

itumen undergoes during production and the common constraints ex-

erienced in the development of an inventory for penetration-grade bi-

umen. Furthermore, the need to develop country specific inventories is

emonstrated through data validation and sensitivity analyses, to high-

ight key factors affecting estimates and support conclusions and recom-

endations. 

. Method: life cycle inventory 

.1. Goal and scope 

The goal of this study is to provide an inventory for the production

f straight-run penetration grade bitumen in South Africa. International

rganisation for Standardisation (ISO) standard 14040 [11] was used

o develop this inventory. The inventory is intended to act as a building

lock on which to improve and develop further life cycle inventories

here penetration grade bitumen is used with the ensuing intention

o develop a holistic LCA model for pavement infrastructure in South

frica. 

The scope of the study extends from cradle-to-gate for the production

f penetration grade bitumen at any refinery in South Africa. The inven-

ory provides indicators for environmental and social related emissions,

nergy- and water-use but currently excludes other indicators such as

missions to water and waste generation. Social related indicators in-

luding jobs creation, local economic development, and economic trans-

ormation are also excluded from consideration. These indicators are
mitted due to lack of quality data at present and difficulty in the quan-

ification of impacts, but recognition is given to their relevancy and im-

ortance. Indicators related to the provision of infrastructure required

or the extraction, transportation, refinery and storage of bitumen are

xcluded from this study. Although the primary target audience is South

frican road authorities, the approach can be adapted for use in any

ountry. 

.2. Functional unit and system boundaries 

The functional unit, representing the reference unit used to quantify

ndicator performance, is either one tonne crude oil bitumen depending

n the relevant phase considered. This study comprises all the processes

or the production and transportation of bitumen for a cradle-to-gate

pproach. In detail, the system boundaries include the following steps,

hown in Fig. 1: 

1 Crude oil extraction, which includes the requirements for extraction

of crude oil from oil reserves in Africa and the Middle East and prepa-

ration for transportation. 

2 Crude oil transportation, which includes the processes required for

transporting crude oil by ship and pipeline to the relevant South

African refineries. 

3 Bitumen refinery and storage, which includes the processes required

to process, refine and store paving-grade bitumen in South Africa. 

.3. Impact category indicators 

For this study, the following impact category indicators are used: 

- Carbon emissions (kg CO 2 e/t) 

- Energy use (MJ/t) 

- Water use (l/t) 

- Sulphur Dioxide emissions (kg SO 2 /t) 

- Nitrogen Oxides emissions (kg NOx/t) 

- Particulate Matter emissions (kg PM 10 /t) 

- Volatile Organic Compounds emissions (kg VOC/t) 

Allocation procedures specified in ISO [11] are not performed in this

tudy. 

.4. Emissions 

In this study, two separate types of emissions are focused on, namely

nvironmental and social relevant emissions. Environmental emissions

re “greenhouse ” gasses (GHGs) affecting climate, covered under the

yoto protocol, such as carbon dioxide and methane [12] . Social rele-

ant emissions are those that predominantly affect human health such
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Table 1 

Weighted average indicator factors for crude oil extraction per tonne. 

Indicators Unit Average ∗ [18–26] 

Environmental Related Indicators 

Carbon Emissions kg CO 2 e/t 157.38 

Energy Use MJ/t 1450.28 

Water Use l/t 290.92 

DQI 75% 

Social Related Indicators European average [5] 

Sulphur Dioxide Emissions kg SO 2 /t 0.4 

Nitrogen Oxides Emissions kg NOx/t 0.25 

Particulate Matter Emissions kg PM 10 /t 0.02 

Volatile Organic Compounds Emissions kg VOC/t 0.33 

DQI 72% 

∗ Weighted average for Africa and the Middle East. 
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s Sulphur Dioxide (SO 2 ), Nitrogen Oxides (NOx), Particulate Matter

PM) and Volatile Organic Compounds (VOCs) [13] . 

.4.1. Environmental emissions 

To measure the environmental impact of the provision of pavement

nfrastructure, it is important to understand the various terms used to

efine it and its effect on the environment, such as “greenhouse gases ”,

CO 2 ”, “CO 2 e ”, and “carbon ” as these terms may often be used inter-

hangeably, and their meaning may become confusing [14] . 

A GHG is any gas in the atmosphere which adds to the greenhouse

ffect by absorbing and re-emitting heat, increasing the temperature of

he planet above what it would normally be. Carbon dioxide is the most

ommon GHG emitted from human activities in terms of quantity and

otal global warming potential (GWP). The GWP indicates the amount

f warming a gas causes over several years (typically 100 years). CO 2 e

s a term used to describe the collection of greenhouse gases in a com-

on unit. For any quantity or type of GHG, CO 2 e signifies its equivalent

O 2 and the GWP impact on the atmosphere. Embodied carbon refers to

he CO 2 e associated with the non-operational phase of the project. This

ncludes the emissions caused by the extraction, manufacturing and pro-

uction of material, transportation, construction, maintenance, rehabil-

tation, deconstruction and disposal and end of life aspects which make

p the materials of a pavement. The whole life carbon of pavement in-

rastructure is both the embodied carbon and the CO 2 e associated with

he use (i.e. operational) phase of the pavement [12 , 14] . 

.4.2. Social emissions 

Emissions from pavement infrastructure development which pre-

ominantly affect human health include SO 2 , NOx, PM and VOCs. When

hese emissions are breathed in, they may cause noise, throat and airway

roblems, exacerbate asthma and in some cases cause cancer [13] . 

.4.3. Legislation governing emissions in South Africa 

The main legislation which governs these emissions in South Africa is

he National Environmental Management: Air Quality Act (AQA) [15] .

he act forms the framework for the control of air pollution and defines

he air emissions limits for specific activities and processes. According

o section 29 of the AQA, any production process which involves CO 2 e

mission over 0.1 Megatonnes annually is required to provide a pol-

ution prevention plan to the Minister for approval. The processing of

rude oil at a refinery requires an Atmospheric Emission License. De-

ned emission limits (taken as daily averages) are provided for refineries

n South Africa under the AQA. These emission limits are 20 tonne/day

or SO 2 , 4 tonne/day for NOx and 1 tonne/day for PM. 

.5. Life cycle inventory of bitumen in South Africa 

South Africa does not have any crude oil reserves and imports the

aw material to produce bitumen. The major contributors to crude oil

mports data as provided by the South African Department of Energy

16] are divided into two regions; Africa (52%) and Middle East (48%).

itumen is shipped to predominantly two ports in South Africa, namely:

urban (77%) and Cape Town (23%). South Africa has four refineries: 

• Natref (Sasol and Total) – Sasolburg, 
• Enref (Engen) – Durban, 
• Sapref (Shell and BP) – Durban), and 
• Astron (old Chevron or Caltex) – Cape Town. 

These refineries are responsible for the supply of bitumen to the

outh African market; however, they are not always able to guarantee

table bitumen supplies and refined bitumen is often imported. 

.6. Extraction 

Oil extraction is the first process in bitumen production. The oil ex-

raction process occurs in other countries from which South Africa im-
orts (mainly African and the Middle Eastern countries) and the emis-

ions so produced are specific to the extraction country and company.

he International Association of Oil and Gas Producers (IPIECA) pub-

ished guidance on voluntary sustainability reporting for oil and gas pro-

ucers worldwide. This is a parallel program to the Voluntary National

eview developed by the United Nations (UN) and allows interested

ompanies to publish data for certain indicators related to, amongst

thers, the environmental and social impacts of their operations. Using

hese data, together with Eurobitume [5] estimates, typical values for

he environmental and social emissions emitted and energy- and water-

se related to crude oil extraction may be calculated, shown in Table 1 .

hese indicator factors account for all background processes typically

equired for crude oil extraction including preparation for transporta-

ion. These estimates have been obtained from various sources and do

ot necessarily represent the view or findings of the respective compa-

ies referenced. Data quality indicators (DQIs) are used in this study to

ssess the quality of data collected according to the applicable ISO guid-

nce [11] . To do this, an adapted data quality matrix [17] is used and

pplied to all data in this study. The data quality matrix is provided as

upplementary information. 

.7. Transport 

.7.1. Shipping 

Crude oil tankers are available in a variety of sizes, namely PANA-

AX, AFRAMAX, SUEZMAX, VLCC and ULCC. In this study, crude oil is

ssumed to be transported using an AFRAMAX vessel size of between 80

 120 Dead Weight Tonnes (DWT). This vessel size is popular amongst

il companies [27] and assumed to be a conservative representation of

ypical vessel size from all regions to South Africa. 

Typical AFRAMAX vessel specifications are used for this study [28] .

he fuel consumption is calculated on the assumption that the ship is

ully loaded for the trip to South Africa, and the return trip is not consid-

red as part of the overall journey. An adjustment is made in that 28% of

outh Africa’s bitumen production is exported [29] . It is assumed then

hat the ship would be loaded for its return trip from South Africa and

missions related to the return trip are embodied in export products. The

ata for the marine engine emissions produced by the shipping vessel

s obtained from the European Environment Agency (EEA) [30] . Con-

umption of fuel to load and discharge crude oil or petroleum products

rom the vessel are vessel- and port-specific. Accurate data are not avail-

ble for South African ports and typical conservative values [5] are used

or the analysis. To determine transportation distance, a port to port

istance calculation tool [31] is used. Missing information is supple-

ented with distance measurements. EEA [30] provides estimates for

ocial-related emissions for typical marine fuel used. It is noted that the

ype of marine fuel used affects these estimates. Using this information,

ypical indicator factors may be calculated for shipping one tonne of

rude oil from all regions, shown in Table 2 . 
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Table 2 

Weighted average indicator factors for shipping one-tonne crude oil. 

Indicators Unit Weighted Average 

Environmental Related Indicators 

Carbon Emissions kg CO 2 e/t 11.12 

Energy Use MJ/t 140.15 

Water Use l/t 48 

DQI 86% 

Social Related Indicators 

Sulphur Dioxide Emissions kg SO 2 /t 0.13 

Nitrogen Oxides Emissions kg NOx/t 0.51 

Particulate Matter Emissions kg PM 10 /t 0.01 

Volatile Organic Compounds Emissions kg VOC/t 0.02 

DQI 86% 

Table 3 

Average pipeline transport indicator factors for one-tonne crude oil for coastal 

and inland scenarios [33 , 34] . 

Indicators Unit Coastal average Inland average 

Environmental Related indicators 

Carbon Emissions kg CO 2 e/t 0.30 11.77 

Energy Use MJ/t 1.01 39.6 

Water Use l/t 0.19 7.26 

DQI 74% 

Social Related Indicators 

Sulphur Dioxide Emissions kg SO 2 /t 0 0.1 

Nitrogen Oxides Emissions kg NOx/t 0 0.05 

Particulate Matter Emissions kg PM 10 /t 0 0 

Volatile Organic Compounds 

Emissions 

kg VOC/t Not reported Not reported 

DQI 76% 
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Table 4 

Average refinery and storage environmental indicator factors for one- 

tonne bitumen production. 

Indicators Unit Average 

Environmental Related Indicators 

Carbon Emissions [38 , 39] kg CO 2 e/t 53.09 

Energy Use MJ/t 610 

Water Use l/t 342.5 

DQI 75% 

Social Related Indicators 

Sulphur Dioxide Emissions kg SO 2 /t 0.6 

Nitrogen Oxides Emissions kg NOx/t 1.75 

Particulate Matter Emissions kg PM 10 /t Not reported 

Volatile Organic Compounds Emissions kg VOC/t 0.28 

DQI 76% 
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These estimates are based on a range of assumptions and simplifica-

ions. This applies for the Eurobitume [5] database which only considers

ne shipping vessel specification. More accurate results may be obtained

f better quality data is acquired reflecting the actual shipping specifi-

ations of South Africa’s oil imports. It is further worth noting that the

elatively long shipping distances to South Africa significantly increase

he environmental and social burden of imported oil compared to most

ountries. 

.7.2. Pipeline 

South Africa makes use of various pipelines to transport crude oil

rom the ships to the four refineries. For instance, ships offloading at

urban Port are required to offload at an oil terminal roughly 2.5 km

ffshore of the Bluff. Oil is pumped from the terminal through to the

nref and Sapref refineries, and further to Natref in Sasolburg with sim-

lar operations used for Astron in the Cape. Pipelines transport 100% of

rude requirements to refineries in South Africa [32] . Pipeline lengths

re obtained from Transnet [32]. 

The energy required to pump crude oil to the different refineries is

alculated using conservative data provided by Eurobitume [5] . It is

oted that the energy use from the Eurobitume [5] database is 260%

igher than that from the Eurobitume [4] database. This reflects the

ssumptions made and the effect different pipeline specifications and

opography have on the energy consumption. Eskom [33] provides esti-

ates for social-related emissions for electricity obtained from the elec-

rical grid. Emissions are provided for two scenarios, namely coastal

average for Astron, Sapref and Enref) and inland (Natref). Typical fac-

ors are shown in Table 3 for the transportation of one-tonne bitumen

ia pipelines. 

More accurate data is required for the pipelines in South Africa,

onsidering the energy efficiency of pump stations, the effect of to-

ography (with Sasolburg being 1500 m above sea level, for instance),

nd the typical specifications of the various pipelines used to transport

rude oil. 
.8. Bitumen refinery and storage 

To produce bitumen, a complex refinery is required to conduct a

traight-run distillation process on crude oil which produces a range of

etroleum products. Bitumen is a major product of this process, esti-

ated at 28.5% bitumen yield by mass [5] . 

The energy used for the distillation process is not well reported, how-

ver, Eurobitume [5] estimates that 510 MJ/t is required and includes

onsideration of various back-ground processes such as crude oil han-

ling, desalting, flaring, loading area, general heating and lighting. A

urther 100 MJ/t is estimated for the storage of bitumen. CONCAWE

35] data highlights that of the total energy used in a refinery, 96% is

btained from burning bi-products (84% refinery gas) and heavy fuel

il (12%). The remaining 4% is from the electrical grid. Eurobitume

5] disregards the energy obtained from the electricity grid. Alternative

pinions [3] state that South African refineries may use heavy fuel oil

s the primary fuel type. Based on this information, it was decided to

se heavy fuel oil (90%) as the main fuel type, supplemented with esti-

ated distributions for refinery gas (6%) and electricity (4%) from the

lectrical grid. 

Each of these energy sources was further investigated. Using calorific

alues of 40.4 MJ/kg for heavy fuel and 49.5 MJ/kg for refinery gas

36] , the consumption of energy for the production of bitumen by

traight-run distillation may be calculated. Social related emissions for

ypical refinery processes in South Africa are obtained from Sapref [37] .

able 4 shows the indicator factors for one-tonne bitumen production. 

The total emissions of 53.09 kg CO 2 e/t for the refinery and stor-

ge of bitumen may be compared to the estimate by Eurobitume [5] of

5.55 kg CO 2 e/t. The increase in emissions is related to the differences

n energy source distributions and higher emissions factors for South

frican electricity production, amongst others. It is further worth not-

ng that the emissions related to bitumen refinery between the Euro-

itume [4] (46.03 kg CO 2 e/t) and Eurobitume [5] (25.55 kg CO 2 e/t)

epresent a reduction of roughly 46% and highlights the requirement

or further research and the need for quality data. 

. Results 

The results of the analysis are provided for the emissions, energy-

nd water-use for bitumen production in South Africa considering both

oastal and inland scenarios, shown in Table 5 . 

An analysis of the phases which contribute most to the carbon emis-

ions of bitumen in South Africa was conducted. Fig. 2 shows the con-

ribution of each phase. 

It is seen that the extraction phase contributes to the majority of the

arbon emissions of bitumen production for both coastal and inland sce-

arios, followed by the refinery and storage and transportation phases.

imilar results are obtained when evaluating the contributions for other

ndicators. 
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Table 5 

Indicator factors for bitumen in South Africa. 

Scenario Unit Extraction Transportation Refinery and storage Total 

Carbon Emissions 

Coastal kg CO 2 e/t 157.38 11.42 53.09 221.89 

Inland kg CO 2 e/t 22.89 233.36 

Energy Use 

Coastal MJ/t 1450.28 141.15 610 2201.40 

Inland MJ/t 179.75 2240.00 

Water Use 

Coastal l/t 290.92 48.19 342.50 681.61 

Inland l/t 55.26 688.68 

Sulphur Dioxide Emissions 

Coastal kg SO 2 /t 0.40 0.13 0.60 1.13 

Inland kg SO 2 /t 0.23 1.23 

Nitrogen Oxides Emissions 

Coastal kg NOx/t 0.25 0.51 1.75 2.51 

Inland kg NOx/t 0.56 2.56 

Particulate Matter Emissions 

Coastal kg PM 10 /t 0.02 0.01 Not 

reported 

0.03 

Inland kg PM 10 /t 

Volatile Organic Compounds Emissions 

Coastal kg VOC/t 0.33 0.02 0.28 0.68 

Inland kg VOC/t 

Fig. 2. Contribution of phases to the carbon emissions of 

bitumen in South Africa. 
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It is noted that the results presented in this study have made use of

roxy data in the absence of accurate local data. As described in litera-

ure, the use of proxy data to fill gaps in research is a common approach

mplemented in LCA studies where the driver of the study is a relative

omparison and not quantifying absolute numbers. However, as bitu-

en has been identified as a leading material contributing to emissions

8] , the need for accurate estimates is emphasised. 

The use of proxy data was especially required for the refinery

nd storage phases and is related to the energy requirements for bi-

umen processing. Participation of local refineries could enhance the

uality of available data and remove the need to rely on external

stimates. 

.1. Data validation 

To validate the results, a comparison may be made to similar life cy-

le inventories related to penetration grade bitumen production, shown

n Table 6 . 

The carbon emissions for bitumen production from crude oil in South

frica are generally higher than in other regions in the world. Various

actors affect these estimates, detailed in the sensitivity analysis shown

n the following section. 
.1.1. Sensitivity analysis 

To determine the parameters and assumptions which most greatly

nfluence the carbon emission values of bitumen production in South

frica, a sensitivity analysis was conducted. The results of this analysis

ighlight the areas which predominantly require additional research to

nsure accurate estimates are available. 

The region and typical associated extraction processes contribute sig-

ificantly to the carbon emissions of bitumen production. In the sensitiv-

ty analysis, typical extraction embodied carbon values for the Former

oviet Union and South America [5] were used as alternative scenarios.

sing these estimates, a 25% reduction in extraction embodied carbon

stimates per tonne crude oil was obtained. 

The relatively low shipping estimate is due to the type of vessel con-

idered in the calculations and is not a true reflection of the shipping

eality. This statement is however also applicable to the shipping esti-

ates of Eurobitume [5] . In the sensitivity analysis, the shipping speci-

cations from the Eurobitume [5] analysis were used as the alternative

cenario and a 12.5% increase in carbon emissions was calculated for

rude oil shipping per tonne. 

The energy estimate required to pump crude oil greatly affects the

nvironmental burden of transportation. The lengthy pipeline used to

ump crude oil to Sasolburg may have a range of pipeline diameters,
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Table 6 

Comparison of carbon emissions for straight-run bitumen production from crude oil. 

Life Cycle Inventory Unit Extraction Transportation Refinery and storage Total 

Hammond and Jones [17] kg CO 2 e/t – – – 191.00 

Eurobitume [4] kg CO 2 e/t 99.14 30.08 45.03 174.25 

Eurobitume [5] kg CO 2 e/t 90.14 21.25 25.41 136.80 

South Africa – Import Coastal kg CO 2 e/t 157.38 11.42 53.09 221.89 

South Africa – Import Inland kg CO 2 e/t 157.38 22.89 53.09 233.36 

Table 7 

Key indicators for reporting. 

Key Indicators Unit 

Crude oil carbon emissions 1 kg CO 2 e/t 

Comprehensive energy consumption per tonne of bitumen 2 MJ/t 

Freshwater consumption per tonne of bitumen l/t 

Total water consumption per tonne of bitumen l/t 

Emissions per tonne of bitumen 3 kg gas/t 

Emissions to water per tonne bitumen 4 ppm/t 

Waste generation per tonne bitumen kg/t 

Job creation in the bitumen production sector Jobs/year 

Educational outreach 

Women empowered 5 

1 dependant on source and transportation method of crude oil to the re- 

finery. 
2 Including energy source distributions. 
3 Key emissions include CO 2 e, SO 2 , NOx, PM and VOCs, amongst others. 
4 Key emissions include wastewater, hazardous waste (e.g. phenol and 

other aromatic compounds) and oil effluent, amongst others. 
5 May be assessed qualitatively using a typical empowerment index and 

monitored yearly to evaluate performance. 
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ump stations specifications, various topographical variations and as

 result of a different energy requirement to pump crude oil. Carbon

mission estimates are directly related to energy consumption and a

hange in energy distribution proportionally affects the embodied car-

on of crude oil transport via pipelines. Using Eurobitume [4] estimates

s the alternative scenario, a 65% decrease in embodied carbon esti-

ates is calculated. 

What further influences the accuracy of the results are basing refin-

ry and storage estimates on typical international values. However, it

s worth noting that estimates for the refinery and storage phases may

e reduced if accurate energy distributions are known. Using an energy

istribution change favouring heavy fuel oil as the main energy source

or the alternative scenario reduced the carbon emissions of bitumen

efinery and storage by 9.7%. This highlights the need for the industry

o partake by voluntarily releasing information related to production

actors. 

.2. Guidance for refineries and road authorities in South Africa 

It is proposed that refineries monitor, measure and voluntarily pub-

ish data on the following key indicators of bitumen produc tion, shown

n Table 7 . 

It is further proposed that refineries use carbon emission estimates

or crude oil to benchmark the carbon footprint for crude they use. This

ay assist overall decision making and on where to source crude from.

here also exists a need for road authorities such as the South African

ational Roads Agency SOC Limited (SANRAL) to promote voluntary

onitoring and publication actions and provide a platform for the col-

ection and delineation of data from industry and researchers. 

onclusions 

The following conclusions were drawn from the study: 
• The inventory provided in this study is based on reasonable quality

data and provides rational estimates for certain environmental and

social impacts for bitumen production in South Africa. This inven-

tory may be used to enhance prediction estimates for assessments

where paving-grade bitumen is utilised. 
• There is a drive within South African roads authorities to promote

sustainable technologies and practices. However, targeted efforts are

required from roads authorities to focus on the supply chain of bitu-

men and further to asphalt production. These authorities would do

well to support academic and industry research aimed at developing

a database of quality data. 
• There is a need to create an online platform to promote sustainable

practices. This online platform may take the form of a SANRAL web-

page that is open to the public to provide a knowledge base for the

pavement community including contractors, government agencies,

private consultants as well as future industry members. Experiences

with Pavement Interactive, a similar online platform, has shown

great reach and success [40] . 
• Certain social indicators are not yet well understood, which may

carry little meaning to the practitioner. Further research is required

to develop valid quantification and impact models. 
• Development of a standard pavement LCA is required for a cradle-to-

grave scenario. This LCA needs to be developed specifically to South

Africa. 
• Holistic sustainability is only achieved if all three tenets of sustain-

ability (i.e. economic, environmental, social) are confidently evalu-

ated. Further research is required to develop a model that quantifies

holistic sustainability. 
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