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A. The energy issues of the next decades ? 
 
A1.  Running out of oil, or running out of "cheap" oil ? 
The issue of "running out of oil" is really a transportation issue.  So the question is:  will we have enough 
energy to fuel the transportation sector?   With coal, it is possible to produce many fuels for 
transportation:  methanol, synthetic diesel or hydrogen with coal gasification.  Since coal reserves are 
enormous, there is no danger of "running out of energy" for the transportation sector.   
 
However, when producing various liquid fuels from coal, numerous transformations are needed, with 
efficiency losses, and higher costs and emissions than using oil.  So the real constraints are costs and 
environmental performance.   
 
A2. Climate Change and reduction of greenhouse gas emissions 
Concerning environmental performance, the most important issue is climate change.  In 2001, the IPCC 
has produced a report on the impacts of climate change. In the Summary for policymakers (p.7 and 14), 
they consider the following impacts as "likely" or "very likely" : 

- "More intense precipitation events: increased floods, landslide, avalanche, and mudslide damage." 
- "Increased summer drying over most mid-latitude continental interiors and associated risk of 
drought." 
- "Increase in tropical cyclone peak wind intensities, mean and peak precipitation intensities." 
- "Intensified droughts and floods associated with El Nino events in many different regions." 
- "Sea-level rise and an increase in the intensity of tropical cyclones would displace tens of millions of 
people in low-lying coastal areas of temperate and tropical Asia." 

 
When assessing impacts, this report (and most other reports) generally discuss a 2x scenario (where the 
impacts are those of doubling atmospheric concentration compared to pre-industrial levels).  If some 
industries question the impacts of such a scenario, very few would doubt the impacts of a 4x scenario.  In 
reality, business-as-usual scenarios show that we are currently on a 4x path or more.  This is shown by the 
following IPCC estimate:  even if we want to stabilize atmospheric concentration at 4 times pre-industrial 
level, this will require that yearly world emissions become lower than current level. Considering growth in 
developing nations, rich countries would have to reduce emissions by more than 70%  (and Kyoto is 
minus 5%). 
 
B. The performance of electricity generation options,  
based of life-cycle assessment 
 
B1. Rigorous comparisons must be based on life-cycle assessment 
To compare energy options fairly, all emissions from an energy system should be included.  Recent 
studies, called life-cycle assessments, include emissions from fuel extraction, processing and 
transportation, as well as from power plant construction and electricity production.  
 
B2. Greenhouse gas emissions from electricity generation (see Table 1) 
Table 1 present the results of life-cycle assessments (LCAs), with typical data for the Eastern portion of 
North America.  For each fossil fuel, the table includes two results, one for technology typically in 
operation, another for a high-performance modern technology (commercially available).  For renewable 
sources, such as hydro or wind power, it is not relevent to select one "modern technology", as 
performance depends mainly on site-specific conditions.  For these options, figure 1 includes two results, 
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one for typical existing project and one for very good sites available in the near future. In most studies, the 
greenhouse gases (GHG) included in the assessment are carbon dioxide (CO2) and methane (CH4).  
 
Table 1 . Life-cycle Assessment of Greenhouse Gas Emissions (kt eq. CO2/TWh) 
 Typical results 

for North-America 
 
Technical comments 

Generation Options 
(classified by level of 
service) 

Best 
commercial 
technology 

(very good sites 
for renewables) 

 
Typical 
existing 

technology 

 
Source of data 

Notes on thermal generation 
- Assessment without cogeneration. 
- Scrubbing of SO2 would increase 
GHG emissions 

Hydropower 
with reservoir 

10 
reservoir = 40 

km2 /TWh 

33 
reservoir = 

160 km2 
/TWh 

H-Q Estimates include gross emissions 
from boreal reservoirs, which 
probably overestimates their real 
emissions. 

Diesel 649 
Plant eff. 43% 

787 
Plant eff. 35%

NRCAN 
industry data 

 

Heavy oil  841 
Plant eff. 38% 

999 
Plant eff. 32%

NRCAN 
industry data 

 

Heavy oil,  
from oil sands 

1019 
Plant eff. 38% 

1177 
Plant eff. 32%

Cdn Climate 
Change 

Secretariat 

Extraction-processing:  
Oil sands               203 kt CO2 /TWh 
Conventional oil      25 kt CO2 /TWh
Added emissions= 178 kt CO2 /TWh

Natural gas 
combined cycle 
turbines;  gas 
delivery 4000 km 

 
422 

Plant eff. 58% 

 
499 

Plant eff. 49%

US NREL 
+ efficiency 

change 

Extraction/processing about 50 kt 
/TWh  
Transportation 4000 km  
= about 65 kt /TWh 

Fuel cell;  hydrogen 
from fossil fuel 

548 
H from gas; 

Cell eff. 55% 

990 
H from oil; 

Cell eff. 55% 

US NREL 
reforming + 
efficiency 

Gas delivered over 4000 km 

Bituminous coal;  
coal delivered 482 km 

941 
Plant eff. 35% 

1 022 
Plant eff. 32%

US NREL -Surface mining; avg user by river 
-For farthest user: emissions + 6% 

Lignite  1340 Dones  
Peat  1300 Kivisto  
Hydro run-of-river 3 4 HQ, Vattenfal 

Dones 
 

Nuclear 6 16 Vattenfall, Dones  
Short rotation 
coppice plantation 

51 
Plant eff. 30% 

90 
Plant eff. 30%

Matthews, UK 
+distance changes

Coppice transportation distances = 
20 km (for 51) and 100 km (for 90) 

Forestry waste 
combustion 

0 14 
 

Vattenfal 
+ correction for 

CH4  from wastes

Zero rate assumes that, without their 
use, some waste would decay and 
create CH4 emissions. 

Wind power 9 20 White 2 sites in Wisconsin,  
average use factor of 24% 

Solar photovoltaic 38 121 Vattenfal, Dones  
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B3. Rigorous comparisons must also consider the level of reliability and flexibility 
In table 1, options are presented in decreasing order of level of service.  This issue is important, because 
storing electricity in large quantities is very expensive and a reliable electricity supply must be achieved 
by producing electricity at the same time it is consumed.  If the balance between generation and 
consumption is not maintained, frequency fluctuations will result, with major impacts on electrical 
equipment such as computers or appliances.  The following ancillary services are required to provide 
reliable electricity: 

- Presence during the maximum peak load. 
- Capacity to meet hourly and daily variations in load. 
- Frequency and voltage control, to keep transmission voltages within the required ranges. 
- Regulation, to maintain minute-to-minute generation/load balance. 

 
Generation options are not all equally capable of providing such services.  Reliable electricity networks 
cannot depend only on "must-run" systems such as nuclear energy or on intermittent systems such as wind 
power, which constantly require a backup option to compensate for wind fluctuations.  In comparison, 
hydropower with reservoir or diesel plants can provide all the services required to provide reliable 
electricity. It is, however, difficult to include these issues in comparative analysis of options.   
 
Moreover, the assessment of hydropower is exceptional, because a reservoir can serve many purposes, 
such as modulating electric generation, irrigation, flood control and water supply. If irrigation levels are 
important, it may reduce the overall electricity generation, thereby affecting the performance of a project 
(per kWh).  
 
B4. Main findings concerning GHG emissions from electricity generation 
● The options with lowest emissions are run-of-river hydropower, wind power and nuclear.  We 
should remember, however, that their generation cannot be modulated to follow fluctuations in demand 
and often, fossil fuel generation will be needed for load following.   
● Hydropower with reservoir has a slightly higher emission rate, but it does not need fossil fuel 
assistance.  Overall, it should be considered as the option with the best performance, because of its 
numerous services: reliable generation and potentially flood control, irrigation, water supply ...  
● Coal (modern or old plant) clearly has the highest emission factor, with twice the emissions of natural 
gas combined cycle turbines. 
● Heavy oil also has a very high emission rate.  If the oil is extracted from oil sands, the emission factor 
is as high as coal. 
● Natural gas combined cycle turbines have the best performance among fossil fuels.  The reported 
emission rates include emissions associated with delivering the gas over 4000 km (typical for North-East 
consumption).  Emissions could be about 12% less for plants located close to gas wells.  The emission rate 
could be further reduced with cogeneration.  
● Biomass can have an excellent performance, notably the use of forestry wastes within industries.  The 
performance of biomass plantations is dependant on energy expended in operations.  The reported 
emission rates, for short-rotation coppice, are dependent on average distances between the power plant 
and the source of biomass (20 and 100 km).  
 
B5. The Energy Payback Ratio (EPR) of electricity generation options (see Figure 1) 
For each power generation system, the "energy payback" is the ratio of energy produced during its normal 
life span, divided by the energy required to build, maintain and fuel the generation equipment.  If a system 
has a low EPR, it means that much energy is required to maintain it and this energy is likely to produce 
many environmental impacts. For fossil fuels, it means environmental impacts at extraction, transportation 
and processing of fuels. For renewable sources, it means environmental impacts at building the facility. If 
an option has a ratio of close to one, it means it consumes almost as much energy as it produces, so it 
should never be developed. 
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Figure1:  

 
 
B6. Main Findings concerning "Energy payback ratios" 
● Hydropower clearly has the highest performance, with energy payback ratios of 205 and 267 
compared to fossil fuel systems with typical ratios of 5 to 7.  These figures, 205 for hydro with reservoir 
and 267 for run-of-river, are for projects in Quebec, assessed over a period of 100 years. 
● In figure 2, wind power, for the best wind sites, also has a very good performance (EPR of 80). 
However, this ratio is overestimated because the calculations did not consider the need for backup 
capacity to compensate for wind fluctuations.  
● Biomass can also have a good performance (EPR of 27), when electricity is produced from forestry 
wastes. But when trees are planted for the purpose of producing electricity, the ratio is much lower (about 
5), because these biomass plantations require high energy inputs. For these two biomass options, the 
distance between the source of biomass and the power plant must be short, otherwise the energy payback 
ratio drops to very low values. 
● For natural gas generation, the ratio of 5 is relatively low, mainly because of the energy spent in 
transportation of gas over 2000 km.  Gas generation situated near extraction and processing plants has a 
much higher performance. 
● For coal-fired generation, distance also has an effect but the performance can be affected by scrubbing 
of air pollution. The lower EPR of 5 is due to scrubbing of SO2, which requires resources such as lime that 
must be extracted and delivered.   
 
B7.  CO2 scrubbing and sequestration, in the light of Energy Payback ratios 
The EPR is a useful tool to understand the limitations of CO2 scrubbing and sequestration.   The EPR of 
coal fired generation is 7 for a plant without SO2 scrubbing and 5 for plant with SO2 scrubbing.  This is 
due to the impact of the scrubbing equipment on the plant, and the resources required by this equipment. 
Very few plants are equipped with SO2 scrubbers, because of the high costs and waste management. In 
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coal, the sulfur content is about 2%.  In contrast, the carbon content of coal is about 70%.  This means that 
the challenge to manage CO2 emissions is about 35 times greater than the sulfur challenge.    
 
CO2 scrubbing and sequestration will generate huge amounts of waste and require much energy.  We can 
estimate that the Energy Payback ratio of a coal-fired plant will drop to around 1.5.  In practice, this 
means that, to eliminate CO2 emissions and produce the same final energy, it would be necessary to 
double the amount of coal burned, while doubling all other emissions and impacts. 
 
C. Life-cycle assessment in the transportation sector 
 
C1. The "apparent" efficiency of fuel cells 
In the last 20 years, many alternative fuels have been considered to replace oil.  But life-cycle assessment 
has shown that original expectations were excessive.  The most recent "hopes" are centered around fuel 
cells and the hydrogen economy.  Why is this option so appealing?  Table 2 shows that, without 
considering the upstream life-cycle, the overall efficiency of a fuel cell vehicle should be twice the 
efficiency of a conventional vehicle.  However, once we include complete life-cycle, the overall efficiency 
of fuel cells is similar to conventional vehicle.  The options with much better efficiency are the battery-
powered electric vehicle and the direct use of electricity (subway, electric trains, etc).   
 
Table 2:  Efficiency at vehicle,  without life-cycle assessment 
Type of vehicle Assumed conditions Efficiency 
 
Conventional vehicle 

- Current technology, with Internal combustion engine 
- Source of energy: polluting oil 

 
23% 

 
Fuel cell vehicle 

- Future vehicle with electric conversion in fuel cell 
- Production of H with clean electricity 

 
45% 

 
Table 3:  Life-cycle efficiency of various transportation options 
Type of vehicle Assumed conditions Efficiency of 

each step 
Overall 
efficiency 

 
Conventional 
vehicle 

- Oil processing and delivery 
- Internal combustion engine 
- Gears in transmission 

75% 
23% 
about 90% 

 
16% 

Fuel cell 
vehicle: 
natural gas to 
methanol to H 

- Gas processing /delivery 
- Reforming of gas to methanol 
- Methanol delivery 
- Methanol to H 
- Electric conversion in fuel cell 
- Electric motor 

80% 
60% 
95% 
75% 
45% 
95% 

 
15% 

Fuel cell 
vehicle: 
central 
reforming of 
gas to H 

- Gas processing /delivery 
- Reforming of gas to H 
- Compression / delivery of H 
- Electric conversion in fuel cell 
- Electric motor 

80% 
70% 
90% 
45% 
95% 

 
22% 

Battery 
powered, with 
electricity from 
gas, CCGT 

- Gas processing/ delivery 
- Electric generation 
- Electricity distribution 
- Battery charging /use  
- Electric motor 

80 % 
55 % 
94 % 
85 % 
95 % 

 
33% 

Trolleybus, 
metro, with 
electricity from 
gas, CCGT 

- Gas processing/ delivery 
- Electric generation 
- Electricity distribution 
- Electric motor 

80 % 
55 % 
94 % 
95 % 

 
39% 
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C2.  Greenhouse gas emissions from transportation options 
Many studies create confusion by comparing different technological options, with different sources of 
energy.  Any technology, with wind as the source of energy, will have lower emissions than a technology 
with oil as a source of energy.  To be fair and instructive, comparisons of various technologies should be 
made with the same source of energy.  In table 4, a synthesis of numerous life-cycle assessment is 
presented, regrouped by source of energy.   
 
Looking at options, with natural gas as the source of energy, we can draw the following conclusions: 
● Some studies conclude that simply burning the natural gas, in an internal combustion engine, has a 
better performance than the "fuel cell /hydrogen" option.   
● Hybrid electric technology, currently available, has a better environmental performance than fuel cells 
will have in many years. 
● The "fuel cell /hydrogen" option, with hydrogen from electrolysis (and electricity from natural gas 
combined cycle), actually increase emissions relative to a convention vehicle burning oil. 
 
 
 Table 4. Relative greenhouse Gas Emissions from vehicles using alternative fuels   
(life-cycle data excluding manufacturing of vehicles) 
All percentages are expressed relative to the base case, an internal combustion engine, using gasoline. 

 
Source of energy and technology 

IEA (1) 
Urban 
driving 

1993 

MIT (2) 
Avg. 

driving  
2020 

GM+ (3) 
US data 

2001  

ExternE 
(4), 

Europe 
1999 

Pembina 
(5) 

Canada 
 2002 

CSIRO (6)
Australia 

Busses 
2003 

    Gasoline 
Combustion, current technology Base + 56% Base Base Base Base 
Combustion, advanced technology  Base     
Combustion, advanced hybrid electric  - 41%  - 46% - 42%  
Fuel cell, gasoline  H on board    - 25%    
Fuel cell, gasoline  H on board, hybrid  + 3% - 33%    
    Cereals (corn or wheat) 
Combustion of ethanol - 2%     - 36% 
     Diesel 
Combustion, current technology - 24%  - 13% - 29% - 20% - 18% 
Combustion, advanced technology  - 23%     
     Natural gas 
Combustion of methanol, from gas - 6%      
Combustion, compressed. gas,  
   current technology 

- 13%  - 10% - 26% - 35% - 9% 

Combustion, compressed gas,  
   hybrid electric 

 - 54%     

Fuel cell, decentralized gas  methanol, 
   methanol  H on-board, hybrid 

 - 24%   -10%  

Fuel cell, decentralized gas  H,   
   H on-board 

  - 40%  - 25% - 18% 

Fuel cell, decentralized gas  H,   
   H on-board,  advanced hybrid 

 - 32% - 46%    

Fuel cell, H electrolysis,   H on-board     + 15%  
Battery powered electric vehicle, CCGT - 65% - 68%  -62% - 60%  
    Coal 
Electric vehicle with batteries + 9%    Similar  
Fuel cell, H electrolysis,  H on-board     + 300%  
   N.B.   Fuel systems based on hydropower, nuclear energy or windpower all have near zero emissions 
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C3.  Clean energy for the transportation sector ? 
As seen, the "fuel cell /hydrogen" option cannot be environmentally justified, if the source of energy is 
natural gas.  Because of this, some authors propose that clean energy be used to produce hydrogen by 
electrolysis.  This system would effectively have very low emissions.  But the most relevant question is 
the following:  If more clean energy, such as wind, hydro or nuclear is available, should it be used in the 
hydrogen production cycle or should it replace coal-fired generation?  The calculations in Box 1 show that 
any new kWh of clean electricity, replacing coal-fired generation, can deliver GHG reductions that are 2 
or 3 times greater than using this electricity in the "fuel cell /hydrogen" cycle.  And replacing coal would 
also have a much greater environmental benefits concerning SO2, particulate and toxic metal emissions.  
 
In sum, it means that the "hydrogen /fuel cell" option in the transportation sector will only be justified 
under one of these 2 scenarios: 
1. Enough clean energy has already been developed, to replace most coal-fired generation. 
2. There is no more oil or gas for the transportation sector.  
 
In either cases, we are looking at a very long period before massive development of fuel cells. 
 
Box 1:  Estimates of avoided emissions from 1 kWh of clean energy 
GHG emissions avoided by clean energy, replacing coal 
 
a. Low estimate: Coal fired plant efficient at 38% without SO2 scrubbing and Energy Payback ratio of  7, 
    life-cycle efficiency  = 32,6%    1 kWh = 3,6 MJ divided by 32,6% = 11,0 MJ of coal 
     Emission factor for bituminous coal = 85 t CO /TJ  (Environment-Canada) 
     So one kWh of clean energy replaces 11,0 MJ of coal and avoids 915 g of CO2
     (Avoided emissions of  935 g of CO2 from coal less 20 g of CO2  for clean energy)  
b. High estimate:  Coal fired plant efficient at 35% with  SO2 scrubbing and Energy Payback ratio of 5, 
    life cycle efficiency = 28%   1 kWh = 3,6 MJ divided 28% = 12,86 MJ of coal 
    Emission factor for sub-bituminous coal = 94 t CO /TJ   (Environment-Canada) 
    So one kWh of clean energy replaces 12,86 MJ of coal and avoids 1189 g de CO2
    (Avoided emissions of  1209 g of CO2 for coal less 20 g of CO2  for clean energy)  
 
GHG emissions avoided when replacing oil in transportation, with the "hydrogen / fuel cell" cycle 
    Step 1: 1 kWh = 3,6 MJ of electricity to produce H: Efficiency 60%  2,16 MJ of hydrogen at electrolysis plant. 
    Step 2: compression/ delivery of hydrogen:  Energy consumption of  15%   1,84 MJ of hydrogen at the car. 
    Step 3: Electric conversion in fuel cell:  Efficiency of 45%   1  MJ of motorisation (final service) 
     
    The replaced energy service (by oil) is also of very low efficiency: 
    Internal combustion engine efficient at  23% with Energy Payback ratio of oil at 4. 

Life-cycle efficiency of  17%.   1 MJ divisé par 17% = 6 MJ of oil  
    Emissions factor of oil = 68 t CO /TJ   (Environment-Canada) 
    One kWh of clean energy can replace 6 MJ of oil and avoid 388 g of CO2
    (Avoided emissions of 408 g of CO2 of oil less 20 g of CO2  for clean energy)  
 
 
C4.  Conclusions for the transportation sector 
● Direct use of electricity (trolleybus, trams, electric trains) clearly has the best performance,  
    followed by battery powered vehicles.. 
● For cars and trucks, the hybrid/electric design can seriously reduce emissions now. 
● The "fuel cell/ hydrogen" option cannot be justified if the source of hydrogen is natural gas. 
● The "fuel cell/ hydrogen" option, fuelled by clean energy, will be environmentally justified, only when 
most coal-fired plants have been replaced by clean energy (in a given area). 

 
D. Overall conclusions 
The global context does not appear favourable to GHG emissions reductions.  Many countries rely heavily 
on coal-fired generation and energy demand will surely increase in many developing nations.  
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Moreover, when considering all the major environmental issues (climate change, acid rain, air quality  
toxic metals emissions), the first, second and third environmental priorities are replacing coal fired 
generation.  This can be done only with a variety of options: 
● Hydropower has an excellent performance but, even if remaining potential is high, it is too limited to 
replace most coal-fired generation.  
● Wind power also has an excellent environmental performance, but is limited by its intermittent 
character.   
● Even with very optimistic scenarios for renewable development and demand-side management,  these 
options will be insufficient.  Nuclear energy is unavoidable, if we want to minimize the impacts of climate 
change. 
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