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Abstract





Electric vehicles have been seen by some policymakers as a tool to target reductions in greenhouse gas emissions.1,2 Some researchers have shown that
the full environmental impact of electric vehicles depends very much on the cleanliness of the electricity grid.3 In countries such as the USA and China,
where coal-fired power plants still play a very important role in electricity generation, the environmental impact of electric vehicles is equivalent to, or even
higher than that of cars running on internal combustion engines.4,5 In this study, the environmental impacts of electric vehicles in South Africa were
investigated. We found that, as the bulk of South Africa’s electricity is generated from relatively low-quality coal and the advanced exhaust clean up
technologies are not implemented in the current coal-fired power plants, the use of electric vehicles in South Africa would not help to cut greenhouse gas
emissions now (2010) or in the future (in 2030 using the IRP 2010 Revision 2, policy-adjusted IRP scenario), and actually would lead to higher SOx
and NOx emissions.















Introduction





Electric vehicles were invented in the 19th century but were replaced by automobiles with internal combustion engines (ICEs) in the early 20th century. However, electric
vehicles have drawn more and more research and commercial interest during the last few decades because of the increased concern about the environmental impact of the
petroleum-based transportation infrastructure. There have also been concerns about the security of the oil supply, especially after the oil price hike in mid-2008. US
President Barack Obama announced in August 2009 a USD 2.4 billion investment to drive the development of the next generation of electric vehicles in the USA. The aims
of the investment are also to support the growth of domestic jobs, reduce the use of petroleum, reduce greenhouse gas (GHG) emissions and advance the USA’s
economic recovery, national energy security and environmental stability.1 The Department of Trade and Industry in South Africa also announced in early 2010,
in its 2010–2013 Industrial Policy Action Plan, a plan to commercialise South Africa’s electric vehicles.2 The major advantages of electric vehicles are that they can utilise almost all the kinds of energy resources that can be used to generate electricity, thereby reducing
the dependence of transportation on the volatile petroleum market; they can take advantage of the development of renewable energy for electricity generation; and there
are no emissions at the end use, which helps to reduce pollution in urban areas. 
Although electric vehicles are generally considered to be clean, the full environmental implication of electric vehicles depends very much on the cleanliness of the
electricity grid. Nicolay et al.3 pointed out in 2000 that the results of a life cycle assessment on electric vehicles depend strongly on the efficiency of
the energy supply chains as most of the pollutants considered in the study (CO2, NOx, SOx, etc.) are directly linked to combustion. A
report released in October 2009 by the National Research Council in the USA reported that when the damage and impacts of the whole life cycle were considered, the
aggregate impacts depended on the grid; in that case the impacts of all electric vehicles became comparable to, or somewhat higher than, those from petrol in the
USA, where coal and natural gas fired power plants account for the majority of total generation.4 
Huo et al.5 studied the environmental implications of electric vehicles in China, where improved but still low efficiency and heavily polluting coal-fired
power plants make up more than 80% of the total generation. They concluded that, in 2008, electric vehicles in China did not promise much benefit in reducing CO2 emissions,
compared with conventional petrol vehicles and petrol hybrids. A greater CO2 reduction could be expected if coal combustion efficiency improved and the share of the
non-fossil electricity increased significantly.5 The study also revealed that electric vehicles could increase SO2 emissions by three to ten times and also
double NOx emissions compared with petrol vehicles, if the electric vehicles were charged using the current grid in China. These studies raised concerns about the timing
of rolling out electric vehicles in some states. We studied the environmental implications of electric vehicles in South Africa now (2010) and in the future (2030).
















Generation mix





There are arguments in the USA that the increasing penetration of electric vehicles may require additional and new power capacity. Therefore the energy and environmental impacts
of electric vehicles should be evaluated based on the marginal generation mix.6,7,8 This approach is reasonable in the USA as the electricity consumption there has been
stabilised in the last decade9 and the new capacity would be mainly for electric vehicles. This situation does not apply to South Africa or to other fast developing
countries where electric vehicles will be only one of the factors in increasing electricity consumption.5 There has been on average a 3% electricity consumption growth rate over a 20-year period in South Africa; 20 GW of additional generation capacity is required by 2020 and up to
40 GW by 2030, on top of the current net installed generation capacity and contracted imported generation amounts of 43.5 GW.10 As Eskom’s older coal-fired power
stations will probably start to be decommissioned from 2023 onwards, a new capacity of 50 GW by 2030 is estimated by Eskom. The Council for Scientific and Industrial Research
forecast that the electricity demand in South Africa in 2030 will be 40% to 60% higher than the electricity demand in 2009; Eskom’sSystem Operations and Planning Division
model forecast even higher demand.11 Electricity consumption for electric vehicles was not considered in either forecast. 
As stated in the Eskom 2010 Annual Report, coal-fired power stations contributed 92.8% of the total of 232 812 GWh electricity generation by Eskom in 2009/2010, balanced by 5.5%
from nuclear, 1.2% from pumped storage and other, 0.5% from renewable energy and only 0.02% from gas.10 The Integrated Resource Plan (IRP 1) published in January 2010
projected 10 000 GWh (approximately 4% of the energy mix) of renewable energy by 2013.12 This projection indicates an increase of renewable energy in the future, but
the number is still insignificant as the majority of the newly installed capacity is still from coal. 
The Integrated Resource Plan (IRP 2010 Revision 2) summarises the existing South African generation capacity in its Appendix D.11 It states that, amongst all the power
plants operated by Eskom and others, coal-fired power plants contribute 35.5 GW generation capacity, nuclear contributes 1.8 GW and hydropower 2.1 GW (including 1.5 GW from Cahora Bassa)
to base load generation. Pump storage contributes 1.58 GW for peaking supplies together with 2.4 GW from gas turbines.11 There is a further 0.5 GW generation capacity from various
limited energy plants using various resources. 
The IRP 2010 Revision 2, which was promulgated in May 2010, also draws a picture of the generation mix in the future.11 The ’revised balanced scenario’ was considered
to represent a fair and acceptable balance when the draft report was released in October 2010,11 considering the divergence in stakeholder expectations and key constraints and
risks.11 A ’policy-adjusted IRP’ was proposed in the final report released in March 2011.11 In the policy-adjusted IRP scenario, 54.7 GW generation capacity
will be built between 2010 and 2030, with 10.9 GW capacity decommissioned. This build will increase the current total generation capacity to 89.5 GW to cope with the peak demand forecast of
67.8 GW in 2030. Renewable power generation technology will dominate the newly built generation capacity (including the committed new builds) with a total of 18.8 GW, followed by coal-fired
power plant’s 16.4 GW, nuclear’s 9.6 GW, peak open-cycle gas turbine plant’s 4.9 GW and closed-cycle gas turbine plant’s 2.4 GW, as well as 2.6 GW of imported hydropower.
By 2030, 10.9 GW coal generation capacities will be decommissioned. The current (2010) generation mix and that projected for 2030 (according to the policy-adjusted IRP) are summarised in Table 1. 
There is transmission and distribution loss in the grid. The actual loss as stated in the Eskom 2010 Annual Report10 was 8.45% in 2010, which includes a total distribution loss
of 5.87% and a total transmission loss of 3.27%. This loss, as claimed by Eskom, is within the benchmark parameters of 5.60% to 12.07% and in the first quartile of the top performing
distribution utilities in terms of total energy losses. Improvement is therefore not forecast in the loss management. The lower benchmark of 5.60% loss is estimated for 2030. 
The Eskom 2010 Annual Report states that for every kWh generated, CO2 emissions are 0.98 kg, particulate emissions 0.39 g, SO2 emissions 8.10 g and NOx
(as NO2)emissions are 4.17 g.10 These numbers are very high compared to European countries, Australia and the USA, as stated in the annual report, but agree with the
findings of von Blottnitz13 that the South African power industry emits more nitrous oxide, sulphur oxide and particulates than are emitted by electricity generators in any of
the 15 European countries studied. According to von Blottnitz13, these higher emissions are because of (1) the comparatively high specific emissions from coal-fired power plants
(with South African stations performing at the worst level relative to most of Europe, alongside the Spanish, Greek and Hungarian industries), and (2) the comparatively very extensive use
of coal for electricity generation in South Africa.13 
There has not been any major plan from Eskom to significantly improve the efficiency and pollution control of current coal-fired power plants. New technologies do exist to improve the
emissions and the energy efficiencies from coal-fired power plants and have been used worldwide. The IRP 2010 input parameters published by the Department of Energy in South Africa for
various technologies have been investigated and are listed in Table 2, together with the current (2010) generation mix and that projected for 2030 (according to the policy-adjusted IRP).






















Liquid fuel






Unlike in most other countries where crude oil is the only source for petrol and diesel, a significant amount of liquid fuel consumed in South Africa is made from coal and natural gas by way
of coal-to-liquid and gas-to-liquid processes, from which Sasol and PetroSA have contributed close to 36% of the total liquid fuel market.14 There is no report available for
South Africa that analyses the life cycle emissions of synthetic liquid fuel, which are very different from those of conventional fuel. Synthetic liquid fuel produced via the
Fischer–Tropsch process has a very low sulphur content (less than five parts per million), which is lower than the sulphur content requirement in the current fuel quality
standards.15,16 When carbon capture and sequestration technology is not applied, the life cycle carbon emission from synthetic fuel is higher than that of conventional
liquid fuel.17 The NOx and particulate emissions from an engine using synthetic fuel are close to, or lower than, those of conventional fuel.18,19 Because of a lack of detail regarding the life cycle assessment of synthetic liquid fuels, as well as to simplify the calculation, we assumed in this study that the introduction of
electric vehicles in South Africa will initially replace only the market share of the imported conventional liquid fuel that is made from crude oil. Emissions from synthetic liquid
fuel are therefore not included in this study. 
The environmental standards for liquid fuel quality in South Africa are low. The current refineries in South Africa produce petrol and diesel based on the dated Euro III specifications,
which are reflected in SANS 1598:2006 for petrol and SANS 342:2006 for diesel. The sulphur content of petrol and standard diesel is set at 500 mg/ kg. The sulphur content of high-quality
diesel is set at 50 mg/kg, but this diesel is available in only some parts of the country. There has been commitment from the South African Petroleum Industry Association to progress
towards Euro IV-compliant fuel, which has a sulphur content of 50 mg/kg,20 or even Euro V-compliant fuel, which has a sulphur content of 10 mg/kg.21 It is presumed
in this study that the sulphur content of petrol and diesel in South Africa in 2030 will meet the Euro V-compliant standard, which is less than 10 mg/kg. 
The emissions from light passenger vehicles in South Africa are regulated in SANS 20083:2007, which is equivalent to the Euro III standards.22 It was presumed in this study
that the Euro VI-compliant23 emission standards will apply in South Africa in 2030. The relevant emission limits are listed in Table 3. 
There is no report on the overall petroleum refining and distribution efficiency in South Africa. A study conducted in Europe reports an energy consumption of 0.155 MJ/MJ with 14 g
CO2eq/MJ emissions for diesel fuel and an energy consumption of 0.125 MJ/MJ with 12 g CO2eq/MJ emissions for petrol.17 Crude oil refining accounts
for most of the energy costs and the CO2 emissions. These values were adopted in our calculations for 2010. A 20% efficiency increase was estimated for 2030, which gives
an amount of 11 g CO2eq/MJ for diesel. These emission estimations are obviously different from that in South Africa and our calculations should be reconsidered when the
local value is available. The SOx, NOx and particulate emissions during the refining and distribution of liquid fuel are unknown and were not considered in this study.















Fuel efficiency




The National Association of Automobile Manufacturers of South Africa provides the fuel efficiency and carbon emission data of all the cars in the South African market on its
website.24 The fuel consumption for 1.6 L – 1.8 L petrol-engine light passenger cars is close to 7 L/100 km, with CO2 emissions close to 165 g/km.
The fuel consumption for 1.6 L – 1.8 L diesel-engine light passenger cars is close to 5.2 L/100 km, with CO2 emissions close to 135 g/km. The fuel efficiency
and CO2emission values used in this study were therefore, respectively, 7 L/100 km and 165 g/km for petrol engines and 5.2 L/100 km and 135 g/km for diesel engines.
The only hybrid petrol passenger car in South Africa is the Toyota Prius Hybrid. The fuel efficiency of the Prius is 4.1 L/100 km, with CO2 emissions of 94
g/km.24 The Prius has a special design for better fuel efficiency and therefore cannot be used here for comparison. There is no report available on the on-road efficiency of other petrol hybrid electric vehicles and electric vehicles in South Africa. The first South African made electric
vehicle, Joule, is expected to be available in 2013.25 The Joule is a light passenger car with five seats and a 230 km to 300 km range. It can be regarded as
comparable to the 1.6 L – 1.8 L conventional fuel light passenger cars, but the energy consumption of the Joule has not yet been released on its manufacturer’s
website. The ratios of the fuel efficiency values of hybrid electric vehicles, electric vehicles and conventional vehicles in the Greenhouse Gases, Regulated Emissions, and
Energy Use in Transportation (GREET) Model26 were adopted on the basis of the same class of vehicle, as well as the same driving conditions. 
At the moment, there are no regulations for CO2 emissions in South Africa, and therefore no regulations for the fuel efficiencies of vehicles. The European Union
had a voluntary agreement with the European Automobile Manufacturers Association, which was to achieve a fleet average for CO2 emissions of 140 g/km (equivalent to
5.8 L/100 km for petrol) in 2008 for new passenger cars. This target was not achieved. The ultimate target is now 130 g/km CO2 emissions for all new passenger cars
by 2015. The European Union is pushing for a new target of 95 g/km for a new car fleet average in 2020.27 In this study, we assumed that by 2030, petrol-engine light
passenger cars in South Africa will have achieved the CO2 emission target of 130 g/km (5.6 L/100 km for petrol). The fuel efficiencies of the diesel-engine vehicles,
petrol hybrid, and electric vehicles for 2030 were adjusted according to the fuel efficiency ratio in 2010. 
The rated fuel consumptions of conventional petrol internal combustion engine vehicles (ICEVs), diesel ICEVs, petrol hybrid electric vehicles and electric vehicles are listed in
Table 4.















Comparison




The life cycle CO2, SOx, NOx and particulate matter emissions (PM) for vehicles are listed in Table 5.
The analysis from GREET indicates that more than 97% of the SOx emissions for electric vehicles are from electricity generation.
Only SOx emissions from electricity generation were considered in our calculations and only NOxand PM emissions from electricity
generation were considered for electric vehicle pollution in this calculation. The CO2 equivalent (CO2eq) was also listed. The CO2eqis
calculated as the CO2 emission plus the CO2eq of NOx. The global warming potential of NOx is 298, which is used in the Fourth
Assessment Report (AR4) of the Intergovernmental Panel on Climate Change.28 








CO2 emissions






It has been shown that when the current grid in South Africa is used to charge electric vehicles, there is an increase in CO2 emissions of between 17% and 64%.
The actual increase in CO2 emissions by electric vehicles might be less than this amount because there are many inefficient cars on the roads in South Africa.
Petrol hybrid vehicles perform the best with respect to CO emissions, with a 30% reduction in CO emissions; the adoption of petrol hybrids is therefore the direction that
should be encouraged in the near future. 22With the application of advanced electricity generating technologies and fewer coal-fired power plants in the generation mix, the CO2 emissions from electric
vehicles can be reduced significantly from the current level. In the case of the proposed policy-adjusted IRP in the IRP 2010 Revision 2, electric vehicles will be the low
carbon emission option in 2030, producing only 69% of the CO2 emissions of a petrol ICEV and 97% of the CO2 emissions of a petrol hybrid electric
vehicle per kilometre travelled.














SO emissions





When electric vehicles are charged with the current grid in South Africa, 35 to 50 times more SOx (1.86 g/km) is emitted than from ICEVs (0.04 g/km –
0.05 g/ km). SOx pollution, which leads to acid rain, is a more serious environmental problem than GHG emissions as it affects plant ecosystems, including
agricultural ecosystems, in a very short time. With the application of advanced technologies, as well as a cleaner grid, the life cycle SOx emissions from
electric vehicles can be reduced to 0.793 g/km. Such a reduction still makes the SOx emissions from electric vehicles more than 10 times higher than the
current SOx emissions from the ICEVs, and the emissions more than 1000 times higher than those from the ICEVs in 2030 (0.0006 g/km – 0.0008 g/km) if
the new low sulphur fuel standards are implemented.









NO emissions





When electric vehicles are charged in the current grid in South Africa, the NOx emissions are two to six times higher (0.96 g/km) than those of the ICEVs
(0.15 g/km – 0.50 g/km). As the grid becomes cleaner, the NOx emissions can be reduced to 0.34 g/km if the policy-adjusted IRP scenario proposed in
the IRP 2010 Revision 2 is implemented. This number is in the order of the NOx emissions from the ICEVs in 2010 but is still four to six times higher than
those of the ICEVs in 2030 when new emission standards are applied.










Particulate matter emissions





There are no PM emissions from petrol ICEVs and petrol hybrid electric vehicles unless direct injection engines are used. The petrol vehicles using direct
injection engines are just entering the South African market and were not considered in this calculation for current (2010) petrol ICEVs emissions. If electric
vehicles are charged from the current grid in South Africa, the PM emissions are double those of diesel ICEVs. In 2030, the PM emissions from an electric vehicle
are 12 times higher than those of a diesel ICEV, and 6 times higher than those of a direct injection petrol ICEV, although a two-thirds emission cut can be
achieved from the grid compared with that of 2010. It can be argued that PM emissions are not as serious as the other pollutants, as the PM emissions from the
power plants are normally located in remote areas. The effects of the PM emissions in those areas cannot be compared directly with the PM emissions from the
diesel ICEVs, which are located in the city, but there are large settlements around coal fields and coal-fired power plants in South Africa; these
‘remote’ areas are actually peri-urban. The PM emissions, together with the NOx and SOx emissions, will result in
smog, which is already a serious problem in those areas.











Greenhouse gas emissions





Because of the very high greenhouse potential of NOx and the high emission level of NOx from electric vehicles, the total life cycle
GHG emission measure of CO2eq of electric vehicles (511 g/km) is 65% to 115% higher than that of ICEVs when electric vehicles are charged with
the current grid. A 60% reduction (to 207 g/km) in the total GHG emission is proposed in the policy-adjusted IRP scenario in 2030. This value is in the
order of the total GHG emission of hybrid electric vehicles in 2010 (182 g/km to 310 g/km), but is 25% higher than petrol ICEVs, 41% higher than diesel
ICEVs, and 70% higher than hybrid electric vehicles in 2030.











Conclusions






The major advantage of electric vehicles is that there is no emission at the user end, which will help to improve the air quality of urban areas. The pollutants from ICEVs and hybrid
electric vehicles that affect the air quality are CO, hydrocarbons and PMs. The emissions of the CO and hydrocarbons from electric vehicles were not studied here as the emissions
of such pollutants at the user end are zero. PMs may only affect the areas surrounding coal-fired power plants, but these areas are normally peri-urban; the PM pollution, together
with SOx and NOx emissions, will result in smog in these areas. In terms of CO2, SOx and NOx emissions, whose effects are not limited to the point of pollution, the environmental benefits from electric vehicles
are very limited in the current situation. The worst case scenario is that 35 to 50 times more SOx will be emitted when conventional vehicles are replaced with electric
vehicles in the current grid. The CO2 emissions from electric vehicles in the current grid are higher than those of vehicles using conventional liquid fuel. NOx
emissions will be at least double those of ICEVs and hybrid electric vehicles. The total GHG emission is actually greater from electric vehicles. 
As the grid is becoming cleaner, thanks to the implementation of advanced coal-fired power plant technology as well as renewable energy, these emissions can be cut significantly in
2030. Electric vehicles will be a cleaner option when only CO2 emissions need to be considered in 2030, with similar performances from petrol hybrid electric vehicles.
When switching to electric vehicles from ICEVs, a reduction in CO2 emissions of 18% to 31% can be achieved per kilometre travelled. In the case of NOx, the
life cycle NOx emissions from electric vehicles will still be four to six times higher than those from vehicles using conventional liquid fuel. As the reduction in
NOx emissions is not significant enough, electric vehicles are still the worst option when one considers the total GHG emissions. The worst case is that of SOx:
although there is a projected 43% reduction in SOx emissions from the grid in 2030 compared to in 2010, the life cycle SOx emission from electric vehicles will
be more than 1000 times higher than those from ICEVs and hybrid electric vehicles in 2030. 
Implementing electric vehicles in South Africa does not help to cut total GHG emissions, now (2010) or in the foreseeable future (2030), and would lead indirectly to higher
SOx and NOx emissions. If electric vehicles are to play an important role on South Africa’s roads, new technologies have to be investigated and
implemented to lower the SO and NO  emissions for electricity generation further, in order to make electric vehicle emissions comparable to those of ICEVs and hybrid electric
vehicles.












Acknowledgements










Competing interests







We declare that we have no financial or personal relationships which may have inappropriately influenced us in writing this article.









Authors’ contributions







Dr Liu was the main investigator and wrote the manuscript. Prof. Hildebrandt and Prof. Glasser made conceptual contributions and reviewed the manuscript.











References






[bookmark: ref1]1.Office of the Press Secretary, the White House. President Obama announces $2.4 billion in grants to accelerate the manufacturing and deployment of the next generation of U.S. batteries and electric vehicles [homepage on the Internet]. c2009 [updated 2009 Aug 05; cited 2011 Jan 10]. Available from: 
http://www. whitehouse.gov/the_press_office/24-Billion-in-Grants-to-Accelerate-the-Manufacturing-and-Deployment-of-the-Next-Generation-of-US-Batteries-and-Electric-Vehicles/ 





[bookmark: ref2]2.Department of Trade and Industry. 2010/11 – 2012/13 Industrial Policy Action Plan [homepage on the Internet]. c2010 [cited 2011 Jan 10]. Available from: 
http://www.info.gov.za/view/DownloadFileAction?id=117330





[bookmark: ref3]3.Nicolay S, Teller P, Renzoni R, et al. A simplified LCA for automotive sector – comparison of ICE (diesel and petrol), electric and hybrid vehicles. Paper presented at: SETAC-Europe 2000. Proceedings of the 8th LCA Case Studies Symposium [homepage on the Internet]. c2000 [cited 2011 Jan 10]. Available from: http://www2.ulg.ac.be/cior-fsa/publicat/8lca_ve.pdf





[bookmark: ref4]4.National Research Council of National Academics. Hidden costs of energy: Unpriced consequences of energy production and use [homepage on the Internet]. c2009 [updated 2009 Oct 19; cited 2011 Jan 10]. Available from: http://www.nap.edu/catalog.php?record_id=12794 




[bookmark: ref5]5.Huo H, Zhang Q, Wang MQ, Streets DG, He K. Environmental implication of electric vehicles in China. Environ Sci Technol. 2010;44:4856–4861. http://dx.doi.org/10.1021/es100520c 





[bookmark: ref6]6.Stanton HW. Impact of plug-in hybrid vehicles on the electric grid. Technical Report. ORNL/TM-2000/5454. Oak Ridge, TN: Oak Ridge National Laboratory; 2006.




[bookmark: ref7]7.Kintner-Meyer M, Schneider K, Pratt R. Impact assessment of plug-in hybrid vehicles on electric utilities and regional US power grids. Part I: Technical analysis. Richland, WA: Pacific Northwest National Laboratory; 2006.




[bookmark: ref8]8.Stephan C, Sullivan J. Environmental and energy implications of plug-in hybrid-electric vehicles. Environ Sci Technol. 2008;42:1185–1190. http://dx.doi.org/10.1021/es062314d 





[bookmark: ref9]9.US Energy Information Administration. Net generation by energy source: Total (all sectors) [homepage on the Internet]. c2010 [updated 2010 Dec 27; cited 2011 Jan 10]. Available from: http://www.eia.doe.gov/cneaf/electricity/epm/table1_1.html





[bookmark: ref10]10.Eskom integrated report 2010 [homepage on the Internet]. No date [cited 2011 Jan 10]. Available from: http://financialresults.co.za/2010/eskom_ar2010/downloads/eskom_ar2010.pdf 





[bookmark: ref11]11.Department of Energy, Republic of South Africa. Electricity regulations on the Integrated Resource Plan 2010. Government Gazette Vol. 551 No. 34263. Pretoria: Department of Energy; 2011. Available from: http://greengazette.co.za/docs/regulation-gazette-34263-of-06-may-2011-vol-551-no-9531_20110506GGR-34263 




[bookmark: ref12]12.Republic of South Africa. Government Gazette Vol. 535 No. 32898, 2010 Jan 29. Available from: http://greengazette.co.za/pages/2010/01/Gazettes/National/20100129_





[bookmark: ref13]13.Von Blottnitz H. A comparison of air emissions of thermal power plants in South Africa and 15 European countries. J Energy S Afr. 2006;17(1):72–81.



[bookmark: ref14]14.Department of Energy. Petroleum source overview [homepage on the Internet]. No date [cited 2011 Jan 10]. Available from: http://www.energy.gov.za/files/petroleum_frame.html 




[bookmark: ref15]15.Sasol. 18th World Petroleum Congress [homepage on the Internet]. c2005 [updated 2005 Sept 26; cited 2011 Jan 10]. Available from: 
http://www.sasol.com/sasol_internet/downloads/WPC_Presentation_260905_1127904387831.pdf





[bookmark: ref16]16.ACEA, Alliance, EMA, JAMA. Worldwide fuel charter. 4th ed [homepage on the Internet]. c2006 [cited 2011 Jan 10]. Available from: 
http://www.acea.be/images/uploads/aq/Final%20WWFC%204%20Sep%202006.pdf 





[bookmark: ref17]17.CONCAWE, EUCAR, European Union Joint Research Centre. Well to wheels analysis of future automobile fuels and powertrains in the European context [document on the Internet]. c2006 [cited 2011 Jan 10]. Available from: http://www.co2star.eu/publications/Well_to_Tank_Report_EU.pdf 





[bookmark: ref18]18.Johnson JW, Berlowitz PJ, Ryan DF, et al. Emissions from Fischer Tropsch diesel fuels. SAE International. c2001 [cited 2011 Jul 14]. Available from: http://papers.sae.org/2001-01-3518





[bookmark: ref19]19.Szybist JP, Kirby SR, Boehman AL. NOx emissions of alternative diesel fuels: A comparative analysis of biodiesel and FT diesel. Energy Fuels. 2005;19:1484–1492. http://dx.doi.org/10.1021/ef049702q 





[bookmark: ref20]20.Davenport J. South Africa’s big cleaner-fuels poser: Capital cost versus environmental benefits [document on the Internet]. c2009 [updated 2009 Jul 10; cited 2011 Jan 10]. Available from: 
http://www.engineeringnews.co.za/article/quality-conundrum-2009-07-10 





[bookmark: ref21]21.The European Parliament and the Council of the European Union. Directive 2003/17/EC of the European Parliament and of the Council of 3 March 2003 amending Directive 98/70/EC relating to the quality of petrol and diesel fuels. Off J Eur Union L Series. 2003;76:10–19.




[bookmark: ref22]22.The European Parliament and the Council of the European Union. Directive 98/69/EC of the European Parliament and of the Council of 13 October 1998 relating to measures to be taken against air pollution by emissions from motor vehicles and amending Council Directive 70/220/EEC. Off J Eur Union L Series. 1998;69:1–65.




[bookmark: ref23]23.The European Parliament and the Council of the European Union. Regulation (EC) No 715/2007 of the European Parliament and of the Council of 20 June 2007 on type approval of motor vehicles with respect to emissions from light passenger and commercial vehicles (Euro 5 and Euro 6) and on access to vehicle repair and maintenance information. Off J Eur Union L Series. 2007;171:1–16.




[bookmark: ref24]24.National Association of Automobile Manufacturers of South Africa. Comparative passenger car fuel economy and CO emissions data [homepage on the Internet]. No date [cited 2011 Jan 10]. Available from: http://www.naamsa.co.za/ecelabels/ 




[bookmark: ref25]25.Optimal energy [homepage on the Internet]. No date [cited 2011 Jan 10]. Available from: http://www.optimalenergy.co.za/ 





[bookmark: ref26]26.Wang M. GREET 1.8d.1 – transportation fuel-cycle model. Chicago, IL: Argonne National Laboratory; 2010.




[bookmark: ref27]27.The European Parliament and the Council of the European Union. Regulation (EC) No. 443/2009 of the European Parliament and of the Council of 23 April 2009, setting emission performance standards for new passenger cars as part of the community’s integrated approach to reduce CO emissions from light-duty vehicles. Off J Eur Union L Series. 2009;140:1–15.




[bookmark: ref28]28.Solomon SD, Qin D, Manning M, et al, editors. Climate change 2007: The physical science basis. Contribution of Working Group I to the fourth assessment report of the intergovernmental panel on climate change. Cambridge, UK and New York, USA: Cambridge University Press; 2007.





table5_603_sajs.jpg
IABLES: Uk cycle €O, SO NO, and particuete matier smisions i 2010 snd 2000,

oo & T
o e ace oo -






table3_603_sajs.jpg
LE 3:Emission andords for hght pessenger cars.

o i o P
G s : o oo






table1_603_sajs.jpg
e = oo, T
PR m—— s 1 o P

- i zv =

o i “ s oo






table4_603_sajs.jpg
TA:L? 4: Assumptions of fuel efficiency and CO, emissions of light passenger
vehicles.

Vehicle type Fuel efficiency (L/100 km) €O, emissions (g/km)
2010 2030 2010 2030
Petrol ICEVs 7.0 55 165 130
Diesel ICEVs 5.2 41 135 106
Petrol hybrid 5.0 39 118 93
Electric vehicle (kWh) 2100 16.0° - -

ICEV, internal combustion engine vehicle.
%, Battery recharge loss included.
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