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Abstract—The sustainability of electricity generation has 
been assessed by the application of eight key indictors. 
Literature data has been applied to rank different electricity 
generating technologies in order of sustainability. Photovoltaics, 
wind, hydro, geothermal, biomass, natural gas, coal and nuclear  
power have been compared according to their price, greenhouse 
gas emissions, efficiency, land use, water use, availability, 
limitations and social impacts on a per kilowatt hour basis. The 
relevance of this information to the Australian context is 
discussed.  
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I.  INTRODUCTION  

The generation of electricity worldwide is heavily 
dominated by the use of fossil fuels. The combustion of 
these fuels releases large amounts of carbon dioxide and 
other pollutants to the atmosphere. Fossil resources are also 
ultimately limited, with finite amounts in existence. While 
coal reserves are still abundant, the excessive consumption 
of coal by the electricity sector is responsible for the 
greatest share of carbon dioxide emissions globally, as well 
as emitting large amounts of other pollutants to the 
environment including NOx, SO2, CO, particulate matter, as 
well as air toxics.  

World electricity production by fuel is shown in Fig. 1 
indicating coal and peat fuels contribute to over 40% of the 
world electricity generation, with fossil fuels in total 
accounting for over 65% of the electricity generated in 
2006. Renewable energy sources are rapidly increasing in 
usage, however current market shares, excluding hydro 
power, are so low that it will be some time before a 
significant percentage of world electricity is produced by 
non-hydro renewable energy sources [1]. For example, in 
2008 solar accounted for only 0.02% of the world’s 
electricity production, despite its 33% market growth 
between 1997 and 2005. Similarly, wind power has 
undergone an annual growth rate of nearly 50% between 
1971 and 2004, yet only accounted for nearly 0.5% of the 
total world electricity production in 2004, with over 82 
TWh generated globally.  

Increased electricity demand highlights the importance 
for reduction of the impact of electricity generation per unit 
of produced electricity. The demand for electricity increased 
at an average of 1.8% per year between 1990 and 2004 [2]. 
IEA predictions show that, if the current coal dependence is 

not reduced, coal fired power stations in developing 
countries alone will produce more greenhouse gas emissions 
than the entire OECD power sector in the year 2030. The 
impacts of developing nations working to achieve better 
standards of living, compounded by the number of people in 
these nations will cause electricity consumption rates to 
keep increasing. 

In order to meet the increasing demand for energy 
production with minimal environmental impact, changes to 
the current energy generation practices are essential. The 
changes need to include increased energy efficiency of the 
current fossil fuel combustion technologies through 
introduction of oxyfiring and IGCC technologies, as well as 
increasing the share of alternative energy generation 
technologies, including hydropower, wind energy, 
geothermal, biomass combustion and gasification, solar and 
tidal power. Renewable energy sources provide freedom 
from price fluctuations, trade and transport issues associated 
with gas and coal, and can potentially improve energy 
security to countries deficient in mineral resources. 
However, traditional coal and gas based technologies offer 
high reliability and low prices. Careful evaluation of the 
sustainability of each technology should be used to direct 
future investment and policy.  

 
Figure 1. World electricity production by fuel 2006 [1] 
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This paper presents a sustainability assessment of 
electricity generation according to eight key sustainability 
indicators, price, greenhouse gas emissions, efficiency, land 
use, water use, availability, limitations and social impacts.  

A. The Sustainability Indicators 

To assess the impacts of electricity generation, eight 
key sustainability indicators were selected that together 
highlight the financial, environmental, engineering and 
social sustainability of each technology. Each technology is 
assessed on an average value per kilowatt hour, on a full life 
cycle basis. 

The cost is the first consideration, because securing 
financial benefits is one of the key important figures that 
allow sustainable development. Efficiency of energy 
transformation is considered because it has a direct impact 
on cost and provides an indication of the maturity of the 
process with greater efficiencies achieved as the process is 
further developed. Greenhouse gas emissions, including 
carbon dioxide (CO2) and methane (CH4) determine the 
global warming potential of the technology. Carbon 
accounting is now becoming the single key emission 
parameter that determines sustainability. Emissions from 
criteria pollutants (SO2, NOx, CO, Pb, PM10 and O3) are not 
considered here because their behaviour is well known and 
there is a system in place that controls these emissions 
through policy and environmental compliance. While the 
greenhouse gas emissions are showing an increasing global 
trend, criteria pollutants are in decrease. Water use, as an 
indicator of sustainability, is particularly important in arid 
climates such as Australia. Availability and limitations 
account for the ability to provide baseload, any constraints 
on the resource by day, season or location, as well as having 
a direct link to the cost. Land use or the footprint is of most 
importance when technologies compete for space with 
housing, agriculture or culturally significant sites. Most life 
cycle assessments do not consider social impacts, a critical 
aspect of sustainability.  

B. Assessment Methods 

An extensive literature review was performed to collect 
the data necessary to perform this review.  

II. SUSTAINABILITY ASSESSMENT 

A. Price 

The average price for all technologies is shown in Fig. 
2 in USA dollars per kilowatt hour, averaged over the life 
cycle of the technology [3].  

Nuclear, coal and gas are the cheapest methods of 
electricity generation costing on average 4.3, 4.8 and 4.8 
c/kWh, respectively. Hydro, wind, geothermal and biomass 
are slightly more expensive, at 5.1, 6.6, 6.8 and 7 c/kWh on 
average. The average cost of photovoltaics is quite 
prohibitive under normal circumstances, at 24c/kWh. It is 

nearly 6 times more expensive than the average nuclear 
price. 

There is significant variability within the results, 
particularly for the renewable energy sources. Hydro has the 
largest data range and also the lowest possible cost at only 
0.7c/kWh [3] and all renewable energy sources, even 
photovoltaics have the potential to be cheaper than coal and 
gas. This highlights the importance of careful site selection 
and planning. Electricity produced from coal and gas has 
much more stable price range, comparing to renewable 
energy sources. This is primarily due to the maturity of 
these technologies and the consistency of fuel products 
across the world. 

B. Efficiency  

The efficiency of conversion of the energy source to 
electricity is an important parameter which needs to be 
considered when assessing electricity production 
technologies. Efficiencies strongly influence prices as well 
as sustainability, since the high levels of waste associated 
with an inefficient process are unsustainable. However, 
there are diminishing returns in efficiency improvements. 
Inefficient processes operating at 10% efficiency will 
significantly improve profits if a 1% improvement is made, 
whereas in an efficient process, already achieving 50% 
efficiency, a 5% improvement is necessary to achieve such 
gains. A summary of literature efficiencies is shown in 
Table I [3].  

Hydropower has the highest efficiency, from double to 
up to 5 times above the highest achieved in all other 
technologies. In the correct location, with a quality wind 
resource, wind power is the second most efficient 
technology, followed closely by gas. However, gas, as with 
coal and nuclear, has a small range of efficiency, unlike 
wind, which if not placed correctly can halve its potential. 
Biomass is also affected by a large range, at its highest 
efficiencies it is comparable with coal and higher than 
nuclear, at its lowest efficiency it is one of the worst 
technology choices. Lowest quoted efficiencies are often for 
older technologies and methods. The large range in 
efficiency of photovoltaic technologies is due to different 
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Figure 2. Prices of electricity generation 
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cell types, with amorphous silica cells showing the lowest 
efficiencies and crystalline silica cells the highest. 
Geothermal efficiencies vary due to the temperature of the 
geothermal source, hotter geothermal sources give greater 
efficiencies.  

C. Greenhouse Gas Emissions 

World electricity production resulted in the release to 
atmosphere of over 10 billion tonnes of carbon dioxide 
equivalent, or 40% of the total CO2 emissions for 2004 [4]. 
This is an increase of 53% since 1990. Renewable energy 
technologies are often seen as a method of reducing global 
greenhouse gas emissions, however each renewable energy 
technology is not entirely greenhouse gas neutral. For 
instance, although wind turbines and photovoltaic cells do 
not emit CO2 during operation, there are CO2 emissions 
associated with construction, installation and 
disposal/recycling of each system. Hydro dams have 
greenhouse gas emissions during construction, but also 
during operation as a result of the decay of organic material 
within the dam. Most of this occurs in anoxic zones within 
the dam, resulting in anaerobic, methane forming decay. 

The results for greenhouse gas emissions for each 
technology are shown in Fig. 3 [3], as carbon dioxide 
equivalent, or ‘CO2e’. Nuclear has the lowest average at 
16gCO2e/kWh and profile range of emissions, as low as 
1.8gCO2e/kWh. As enrichment of the ore has the most 
significant impact on nuclear emissions, the higher values 
for nuclear would be associated with uranium enrichment by 
diffusion, which is at least 30 times more energy intensive 
than enrichment by centrifugation.  

Wind and hydro can also have very low emissions, with 
averages of 25 and 41gCO2e/kWh, and lows of 4 and 
2gCO2e/kWh, respectively. Most emissions from wind 
power are the result of turbine manufacture. For hydro, it is 
dam construction that contributes most significantly. Dam 
emissions are also affected by site specific variables such as 
temperature, rainfall, residence time, flooded terrain shape, 
etc. The greatest indication of emissions seems to be the 
power density of the plant, or the capacity of the plant 
divided by the flooded area of the dam. Plants with higher 
power densities have the lowest emissions. 

The amount of greenhouse gas emissions associated 
with the production and utilisation of wind turbines and 
solar cells varies according to the country of production, 
primarily due to the differences in the electricity grid mix of 
the specific country. Countries which are dependent on 
fossil fuels for electricity production have larger greenhouse 
gas emissions associated with the production of 
photovoltaic cells. Therefore, a typical electricity grid mix 
for the country of production should be defined for the 
emissions in question. For instance, American emissions are 
over 30% higher than European emissions. Australian 
photovoltaic emissions are also high as a result of almost 
exclusive fossil-fuel based electricity generation. There have 
been few studies which analyse the application of 
photovoltaic produced electricity to operate a factory 
producing photovoltaic cells. Pacca et al. [5] found that 
using photovoltaic modules to supply the electricity for the 
production of photovoltaic modules reduced the total CO2 
emissions of a thin film module by 82% to only 6.1 g 
CO2/kWh. Hence, one of the potential global strategies for 
the reduction of greenhouse gas emissions during 
production of solar cells is promoting global investments 
and incentives to locate solar cell production industries in 
countries that utilise alternative energy sources for 
electricity production.   

D. Water Use 

In an arid climate such as Australia, water is a vital 
resource that must be carefully conserved at every 
opportunity. Many electricity generating methods require 
large quantities of water for cooling. Literature values for 
water consumption and total withdrawal during electricity 
generation are shown in Table II [6-9]. Consumption is 
water that is evaporated, or lost from the system that cannot 
be returned to the source. Withdrawal is the total amount 
required to operate the technology and includes water 
available for recycling. At only 1g of water used per 
kilowatt hour, wind has negligible water use. Photovoltaics 
also use very little water with only 10g/kWh. Due to these 

TABLE  I.  ELECTRICAL EFFICIENCIES OF ELECTRICITY GENERATION 

Technology Efficiency Range
Photovoltaic 4 - 22%
Wind 24 - 54%
Hydro >90%
Geothermal 10 - 20%
Biomass 16 - 43%
Gas 45 - 53%
Coal 32 - 45%
Nuclear 30 - 36%  
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Figure 3. Greenhouse gas emissions from electricity generation 
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extremely low values, wind and photovoltaics are highly 
sustainable with respect to water consumption. 

The results by Inhaber [6] for geothermal differ 
markedly to the findings of Younos et al. [7], who give a 
consumption of 1.7kg/kWh. Water consumption for 
geothermal varies widely, depending on water capture and 
recycling efficiency as well as the temperature of the 
geothermal resource. It is possible to have a closed system 
with geothermal power generation that achieves the lower 
limits shown. Gas and coal show the same water 
withdrawal, 78kg water/kWh as both use water in the same 
way for cooling. Inhaber [6] states that water for 
consumption for these technologies is 1.6kg/kWh, which is 
consistent with the Australian Bureau of Statistics findings 
of Trewin [8] for coal at 1.5kg/kWh, but much less than the 
findings of Younos et al. [7] at 14 - 28kg/kWh. Trewin [8] 
gives a lower average for gas at 0.6kg/kWh. Biomass water 
consumption is higher than coal and gas, since during 
combustion biomass will consume a similar amount of 
water but there is also the added water load of crop growth 
(if applicable), collection and transportation of a low energy 
dense fuel and drying of a high moisture fuel. Dedicated 
energy crops have a water requirement over ten times higher 
than waste biomass. Nuclear power has a high requirement 
for cooling water in the reactors. Inhaber [6] states a water 
consumption of 1.8kg/kWh, again this is much lower than 
the findings of Younos et al. [7] at 31 – 75kg/kWh. 

As expected, hydro power has the largest water 
withdrawal, as water is the fuel for this technologies it 
requires significant storage volumes. Storage in this way 
results in water losses by evaporation from the dam, the 
magnitude of which is influenced by the total dam surface 
area and volume, local temperatures and geography. Inhaber 
found the average water loss from hydro dams to be around 
19kg/kWh. Younos et al. [7] found a much lower water loss 
of 260g/kWh, which would make hydro among the most 
sustainable water users. Trewin [8] gives the highest 
average water withdrawal at 3740kg/kWh across Australian 
hydro sites, however it is also stated that nearly all of this 
water is used in-stream and not consumed.  

E. Availability  

The availability of a technology is the percentage of 
time spent operating out of the total time operation was 
required. Hydropower has the highest availability of any 
generating source, providing there is sufficient water in the 
dam. The flexibility of hydropower allows for fast changes 
in output to be made in seconds. Due to response time 
capability, hydropower can supply both base and peak load 
where sufficient water is available. 

Coal, geothermal, biomass and nuclear are typically 
baseload technologies due to their reliably steady operation 
and slow response times in changing output. 

Natural gas has the ability to provide both base and 
peak power requirements. However due to its high 
flexibility and higher cost, it is often used primarily for 
peak, except where supplies are abundant.  

Photovoltaics and wind suffer from intermittency 
issues. The amount of time spent operational will depend on 
how well the site was assessed prior to installation. They 
have traditionally been used for peak power provision, 
however recent research suggests possible base load 
application. 

F. Limitations 

Fossil fuels and nuclear power have finite reserves 
available that limit how long that technology can be applied. 
Current estimates by Shafiee and Topal [10] for the time 
remaining until resource are depleted are 107 years for coal 
and 35 years for gas. 

The World Nuclear Association [11] estimated 70 years 
of uranium reserves, based on current consumption rate of 
66.5kt uranium/year and known resources of 4.7Mt 
uranium. 

High grade geothermal resources are available in over 
80 countries around the world, with a potential generating 
capacity of 11,000 ± 1,300 TWh/year [12]. The feasible, 
currently economical potential is estimated at 
8,100TWh/year, with a total theoretical potential of around 

TABLE II.  WATER CONSUMPTION AND WITHDRAWAL DURING ELECTRICITY GENERATION [6-9] 

Larson et al. Trewin Younos et al.
Withdrawal

Photovoltaics negligible 0.01
Wind 0.001
Hydropower 11 3,740* 0.26 20 13,600
Geothermal 0.3 - 1.6 1.7 12 - 300
Biomass Waste 3.2  
Biomass Energy Crops 34
Gas 0.3 - 0.5 0.6 1.6 78
Coal 0.3 - 0.5 1.5 14 - 28 1.6 78
Nuclear 31 - 75 1.8 107

Inhaber
Consumption kg water/kWh

 
*Denotes withdrawal 
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400,00TWh/year. This is much larger than the current 
production level of 2,600TWh/year. 

Due to the naturally inconsistent nature of wind speeds, 
there are limitations on potential of wind power at a single 
site, with no power generated at low wind speeds, below 
approximately 3-5 m/s. Wind turbines must also be stopped 
at very high wind speeds to avoid damage, above 
approximately 20-25 m/s [13]. Therefore, wind power can 
only be produced when the wind speed at the site is between 
this operational range. To overcome this problem a range of 
favourable sites should be used, which, between them, 
should smooth variation and supply a consistent amount of 
electricity. The IEA [14] estimated a global wind potential 
of 40,000 TWh/year. 

The Earth intercepts a solar flux of over 170 000TW of 
sunlight every year. Solar intensity on Earth varies by 
season, latitude, weather and time of day. Averaged on an 
annual daily basis, a good solar climate such as Australia 
receives about 5–6kWh/m2/day with summer to winter 
radiation levels varying by a factor or 2 to 1. A poor solar 
climate, such as Northern Europe, will receive around 2–
3kWh/m2/day and has a greater seasonal variation [15]. The 
optimal climate for solar collection is a desert, where in 
excess of 300 sunny days per year can be expected [15]. 

It has been estimated that the global potential for 
electricity production from biomass is as high as 200EJ/year 
[16]. Kaygusuz [17] gave an estimated potential of 270EJ 
on a basis of sustainability, significantly higher than the 
sustainable potential of 100EJ/year given by Parikka [18]. It 
must be noted that even the lowest of these values, 
100EJ/year, still represents 30% of the global total energy 
consumption for 2004.  

G. Land Use 

Land occupation is a measure of the direct and indirect 
footprint area of the technology. It is a measure of how 
much land is required for a technology to operate. It does 
not convey the way in which the land is used, for how long 
it is used or how much damage is done to the site as a result 
of the technology. Table III shows land occupation values 
taken from Fthenakis and Kim [19] and Bertani [20]. 

According to the results in Table III, nuclear has the 
lowest land requirement of the technologies studied. Coal 
and gas also have low land requirements, making these 3 
technologies the most sustainable with regard to land use. 
Photovoltaic land use is also sustainable, however, this is 
the total land use for ground mounted photovoltaic modules; 
building integration and rooftop mounting would 
significantly reduce this number. Wind power land use is 
high, but this is the value for the entire wind farm. The 
actual turbine occupation is typically only 1-10% of this 
area, with the remaining site used for grazing, agriculture or 
recreation. Hydropower land occupation is the second 
highest due to large dam requirements. Biomass results are 
extremely high, over four times higher than the closest 
result for hydropower. 

H. Social Impacts 

The manufacture of solar cells involves use of several 
toxic, carcinogenic, flammable and explosive chemicals. 
With constantly reducing mass requirements during cell 
manufacture due to thinner cells, masses involved and hence 
risks are reduced however, all chemicals must be carefully 
handled to ensure minimal human and environmental 
contact. There are also toxic substances used during 
operation, including antifreeze, rust inhibitors and heavy 
metals that leach from the system. Glare from solar panels is 
a hazard to eyesight, therefore care must be taken where this 
is an issue. Solar farm locations must be carefully selected 
to reduce competition with agriculture, soil erosion and 
compaction, wind diversion, potential reductions in 
evaporation rates from soil and disruption of ground and 
surface water flow. 

The main impacts of wind power are typically noise, 
visual impact and bird strike. When operational, wind farms 
generate some noise from the rotation of the blades and 
machinery noise from the gearbox and generator. Public 
annoyance at the visual impact can be significant. Wolsink 
[21] found it to be the most influential factor in public 
opposition to wind farms. Noise annoyance was more 
affected by visual impact attitudes than by the actual sound 
pressure resulting from the turbines. 

Several early wind farms were found to have a negative 
impact on birdlife due to bird contact with wind turbines. In 
depth studies of the proposed area prior to construction 
ensure any bird flight patterns can be accounted for in the 
design, to reduce the probability of bird strike. Bird kill by 
well designed, modern wind farms is now rare [18]. 

Hydropower dams provide a means of flood control and 
irrigation as well as an area for recreational water pursuits 
and conservation areas surrounding the dam. They may also 
form a tourist attraction. The worst effect of dam installation 
is the displacement of communities within the flood area. 
These people are often the poorest communities, living and 
farming the area for generations. Dam inundation will also 
result in the loss of archaeologically and culturally 
significant sites.  

TABLE  III.        LIFE CYCLE LAND OCCUPATION FOR ELECTRICITY 

GENERATION 

Technology Footprint m2/kWhx10-3

Photovoltaic 0.16 - 0.46
Wind 1.8 - 5.5
Hydro 4.1
Geothermal 1.8 - 7.4
Biomass 12.6
Gas 0.31
Coal 0.48
Nuclear 0.12  
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The likely adverse environmental impacts associated 
with geothermal power generation include surface 
disturbances, physical effects, such as land subsidence 
caused by fluid withdrawal, noise, thermal pollution and the 
release of offensive chemicals. There are large variations 
from site to site that are also technology dependent.  Abbasi 
& Abbasi [22] also found that highly mineralised water is 
being carried from cooling towers in California and killing 
downwind vegetation.  

Many geothermal systems have emission and waste free 
operation. The single location required for power 
production, avoids the need for mines, pipelines and waste 
repositories. The reinjection of process water increases in 
the frequency, but not severity of seismic activity. This is 
less of a problem than the soil and waterway contamination 
and increased water use if waste is not reinjected, since 
geothermal fluid contains significant amounts of hydrogen 
sulphide, ammonia, radon, and toxic metals. 

Food competition is the key social issue with biomass. 
In many cases, energy crops compete with food crops for 
valuable agricultural land. To avoid this competition, energy 
crops need to be grown only on agricultural land not used 
for food crops. 

Direct labour inputs for wood biomass are two to three 
times greater per unit energy than for coal [22]. There is 
also an increased labour requirement for construction, 
operation and maintenance. More occupational injuries and 
illnesses are associated with biomass in agriculture and 
forestry than with underground coal mining, oil or gas 
extraction. Agriculture has 25% more injuries per man day 
than all other private industries [22]. 

The social impacts of coal, gas and nuclear 
technologies are more widely understood. Mining often 
occurs in delicate environments and alongside communities. 
Land occupation by mining is highly invasive, removing 
large areas of vegetation and animal habitat and requiring 
significant rehabilitation after use has ended. Exhaust gases 
from thermal fuels are highly contaminated with pollutants, 
such as sulphur, nitrous oxide, dioxins, particulates and 
heavy metals, which are then dispersed over wide areas.  

III. CONCLUSION 

The sustainability of electricity generation from 
photovoltaics, wind, hydro, geothermal, biomass, coal, 
natural gas and nuclear fuels has been assessed according 
to eight key sustainability indicators.  

On the basis of price of electricity, coal and nuclear 
had the best average prices, while hydro and geothermal 
showed the lowest possible prices. Photovoltaics had both 
the highest average and overall highest cost, but at the 
lowest limits it was cheaper than coal or gas. Hydropower 
shows the highest and photovoltaics the lowest electrical 
efficiency. Greenhouse gas emissions were low in all 
non-fossil fuels, with wind, hydro and nuclear showing 
the lowest values. Coal had the highest emissions by a 
significant margin. 

Water use was the lowest in photovoltaics and wind 
power and highest for dedicated biomass energy crops. 
Hydro power has a very high water requirement, but most 
of this is not consumed, but returned to the stream.  

Nuclear, photovoltaics and wind power have the 
smallest land use, with biomass the largest. With respect 
to social impacts, wind and photovoltaics are the most 
sustainable, while all thermal technologies the least 
sustainable. 
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