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Recall : work production requires a heat source

Heat source at Thot

Thermal reservoir at Tcold

Mechanical 
reservoir

If reversible process

1st principle: Heat balance

2nd principle: Carnot

Ė�
Q̇+

Q̇�

Ė� = Q̇+ � Q̇�

⌘e =
Ė�

Q̇+

Ė�max = Q̇+ ⇥ (1� Tcold

Thot
)

�Carnot =
Ė�max

Q̇+
= (1� Tcold

Thot
)

·E− = ηCarnot * θCarnot * ·Q+

ηCarnot ≈ 0.55With current technologies,  one can expect 55% of the best efficiencies calculated from 
thermodynamics
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Stack

Air inlet

Feed water
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Feed water tank

FW
pumps

HPPH

LPPH

Condenser

Air
PH

Backup fuel

Diesel
Turbo expander

Natural Gas (25 – 80 bar)

Sea water

District heat
exchangers

Main transformer

District heating
District heat

Storage

Steam Rankine Cycle
Heat source at Thot

Thermal reservoir at Tcold
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• Combustion gases
–Coal, fuel, gas combustion
–Waste combustion
–Biomass combustion
–Gas turbines outlet gases
–Internal combustion engine

• Industrial Waste Heat
–Cement
–Steel industry
–Industrial sites
–Refineries

• Nuclear reaction
• Solar heat
• Geothermal heat

What are the typical heat sources ?

Combustion of fuel

Combustion of fuel

}
}
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The origin of fuels in Nature – biomass – Photosynthesis 

nCO2+mH2O + sunlight → Cn(H2O)m+nO2    ΔHo=+470 kJ/mol 

1961 Nobel Prize in Chemistry
Calvin cycle, Calvin–Benson-Bassham (CBB) cycle 

carbohydrates

glucose

(ATP) Adenosine-5'-triphosphate 
(NADP+) Nicotinamide adenine dinucleotide phosphate

www.sheppardsoftware.com
www.the-simple-homeschool.com

The efficiency of photosynthesis (kJ stored/kJ irradiation) is about 1%



M
E-

40
9 

EN
ER

GY
 C

O
N

VE
RS

IO
N

 A
N

D
 R

EN
EW

AB
LE

 E
N

ER
GY

The origin of fuels in Nature

CO2+H2O

Plant matter
+O2

+Solar Energy

Fossil fuels

+Energy
+Energy

Partial decomposition under high
temperature and pressures

O
xidation

O
xidationSt

or
ed

 E
ne

rg
y

CO2+H2O

Adapted from
: http://w

eb.m
nstate.edu/m

arasing/

The energy stored in fossil fuels is the sun’s energy 
captured Millions of years ago by plants

+O2

Underground storage

Biosphere storage

-O2
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The origin of fuels in Nature – petroleum and natural gas 
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The origin of fuels in Nature – coal
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Combustion 

Rapid oxidation of chemical compounds generating 
heat, or both light and heat; also, slow oxidation 
accompanied by relatively little heat and no light - 

Combustion releases by oxidation reaction the 
chemical energy stored in the chemical bonds of 
the fuels


Known since more than 400.000 years

Current applications:
• Heating

• Electricity 
• Cogeneration

• Mobility 

• Military/Space (rockets, missiles, etc.)
• Hazards (fires,explosion,detonations) 

• Catalytic combustion, Metal combustion, particle synthesis

w
w

w.
au

ld
to

ns
to

ve
s.

co
.u

k

Fuel + Air => Combustion gases + Heat boiler = combustion in a BOX (boiler)
1st law efficiency : 92% 

2nd law efficiency : 16% 

(LHV, Theat=60°C)
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Fossil fuels supply up to 85% of the world energy consumption
and 75 % of the electricity production

St
or

ed
 e

ne
rg

y
B

io
sp

he
re

1-100 years100 millions years
G

eo
sp

he
re

20 MJ/kg

40 MJ/kg

A
tm

os
ph

er
e

Sun

Coal, Oil, Gas
CxHy

Decomposition under high 
pressure and temperature

10% of 1 year of solar 
irradiation

CO2+H2O

CO2
H2O

Biomass
CH2O

O2

nutrients
Photosynthesis

9

6

29

28 35

146

18

1’000’000

6

CaCO3

CO2

100 = 390 EJ/y

World balance 2013, adapted from http://sankey.iea.org

4.6 
t/year/cap

http://sankey.iea.org
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Fossil fuel reserves

But the stone age has not ended due to the lack of stones …

114 years

53 years

50 years
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The capacity of atmosphere to absorb CO2 is limited : our carbon budget

US and African corn,
Indian wheat

compared to today,
a warmer atmosphere
holds more moisture

unknown

see data for details

unknown

unknown

relative to 
1990 sea level

over pre-industrial
average temperature

serious
inundation

oceans become
more acidic as 
they absorb CO2

Greenland ice
sheet starts to
disintegrate.
Will take 50,000
years to melt
with 2°C warming,
but will raise
sea levels by 6m.

Risk of releasing
huge amounts 
of CO2 & methane
by melting of
permafrost in
Siberia and Arctic.

Risk of releasing
ocean floor
methane, causing
runaway climate
change. Possibility
of mass extinction.

GLOBAL WARMING
IF RELEASED

SCENARIO 

SEA LEVEL
RISE BY 2100

DROWNING
CITIES

% MORE HEAVY
RAIN OVER LAND

HEAT

CORN & WHEAT
YIELDS

OCEAN
ACIDIFICATION

SPECIES AT RISK
OF EXTINCTION

REALLY
SCARY THINGS

3,500,000
LAST TIME CO2 LEVELS

WERE THIS HIGH

YEARS AGO
400
CURRENT ATMOSPHERIC
CO2 LEVELS

PARTS PER MILLION

TIME NEEDED TO RE-ABSORB 
ALL THIS CO2 FROM ATMOSPHERE

300,000 
YEARS 

How Many Gigatons of Carbon Dioxide...?

have we released 
to date?

more can we 
“safely” release*? 

are left to release?

gigatons36CURRENT ANNUAL
FOSSIL FUEL EMISSIONS

TIME BEFORE WE BREAK 
OUR ‘CARBON BUDGET’

* before 2050 and still have an 80% chance
of staying below 2°C warming

if emissions continue to increase at 2.5% per year
8 YEARS 

500
added 
2000-2015

1010 GtCO2

added
1850-1999

335 710
in fossil fuel
reserves
of all energy
companies

780
remaining 
company 
reserves that 
could be
developed

1,265
other reserves
(including state-owned)

inevitable

+1.5°C

-10%

7%

nightmare

+5-6°C

more 
acidic150%

35-42%

Bangkok

happened

+0.8°C

30% more 
acidic

more severe
heat waves

Italy, Spain, 
Greece 
deserts

every Euro 
summer a 
heatwave

“safe” limit

+2°C

bleachedstops growing

CORAL

Amsterdam

-20%

13%

tipping point

+3-4°C

dead

New York

-30-40%

20-26%

0.85M 1.04M 1.24M 1.43M

40%
up to 
30%

what’s in the ground: 2755

our
‘carbon
budget’

Sources: Carbon Tracker Initiative, International Energy Agency (IEA), IPCC 2014 & 2007, CDIAC, Global Carbon Project
NASA, National Oceanic and Atmospheric Administration (NOAA), National Research Council, 

Potsdam Institute for Climate Impact Research, World Bank, European Commission Joint Research Centre, our own calcs

Note: Our emissions data is expressed in gigatons of carbon dioxide (GtCO2), so values are 3.664 times larger than the same amount of emissions expressed in gigatons of carbon (GtC).

Data based on emissions from fossil fuel burning only – see data sheet for emissions including land use changes.

All data & workings: http://bit.ly/CO2Gigatons2016

Concept & Design: David McCandless // v2.2 // Feb 2016
Lead Research: Miriam Quick

Additional Research: Ella Hollowood  // Additional design: Kathryn Ariel Kay, Paulo Estriga, Fabio Bergmaschi

InformationisBeautiful.net

  All data & workings: http://bit.ly/CO2Gigatons2016

55
%

27
%

18
%

The fossil age will not end due to the lack of fossil resources …

What has to remain underground

150 %
38

%

42
%

68
%

http://informationisbeautiful.org
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• Availability 
– Storage tanks
– Distribution grid

• Price (for industry CH - 2017 (IEA))
– Coal : 4 $/GJ
– Natural Gas : 17 $/GJ 

• Energy or Heating value (kJ/kg)
– Lower (LHV)
– Higher (HHV)

• Chemical composition (atoms)
• Oxygen requirements
• Adiabatic temperature of combustion

Fuel Characterization
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Fossil fuel cost : harvesting oil has a cost

800 bUSD invested each year for fossil resources extraction and distribution

100 = Price in 2000
• Oil: 18$/GWh (measured in toe)
• Natural gas : 8 $/GWh (measured in m3)
• Coal : 4.8 $/GWh (measured in ton)
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Prices change - order change

Today (2022) = 710

56 $/GWh

Today (2022) = 491

88 $/GWh

Coal Today (2022) = 843

40 $/GWh

100 = Price in 2000
• Oil: 18$/GWh
• Natural gas : 8 $/GWh 
• Coal : 4.8 $/GWh

2022 update statistica.com June 2022

http://statistica.com
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Element/Atoms Symbol Molar mass in kg/kmol

Carbon C 12.0112

Hydrogen H 1.008

Nitrogen N 14.0067

Oxygen O 15.9994

Sulfur S 32.046

CvHwSxOyNz1 molecule
Atoms

Stoechiometric coefficient : v atoms/molecule
1 kmol of a compound corresponds to 6,022·1026 molecules or atoms (Na = 
number of Avogadro, universal constant).

€ 

˜ M f = v ⋅ ˜ M C + w ⋅ ˜ M H + x ⋅ ˜ M S + y ⋅ ˜ M O + z ⋅ ˜ M N

Molecule => Mass : kg/kmol

Chemical composition of a fuel
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Fuels are mixtures – chemical composition

Compound Formula % vol

Methane CH4 89.16

Ethane C2H6 3.42

Propane C3H8 0.93

n-butane C4H10 0.14

I-butane C4H10 0.2

n-pentane C5H12 0.09

I-pentane C5H12 0.07

Nitrogen N2 5.13

Carbon dioxide CO2 0.86

example Natural gas - Grid

Volume composition 
equivalent to 

Molar composition  

pV=nRT

Ethyl- mercaptan

Mercaptans: 
ppb levels to serve as an 

"odorizer"

ht
tp
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w
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Combustion is an oxidation reaction

CvHwSxOyNz

vC + vO2 = vCO2

wH +
w

4
O2 =

w

2
H2O

zN + zO2 = zNO2

xS + xO2 = xSO2

kO2

vC

wH xS
(y+2k)O

zN

k = v +
w

4
+ z + x� y

2

Minimum Oxygen needed
Stoechiometric oxygen

+ Heat

In combustion, the oxygen is breaking the chemical bounds between atoms in the fuel molecule
Atoms are conserved but form new molecules with higher oxidation level.
Note that combustion needs an energy of activation (spark !)

vCO2
w
2

H2O

zNO2
sSO2
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The air is composed of 78,09%-vol. nitrogen (N2), 20,95 %-vol. oxygen (O2), 
0,93 %-vol. argon (Ar) and 0,04 %-vol.  CO2, neon (Ne), helium (He), CH4 
and other gases. However, it is in practice sufficient to consider a 
composition of 79,05%-vol. N2 and 20,95 %-vol. d'O2. In this case, the 
molar ratio if nitrogen over oxygen is equal to 3,773 kmol N2/kmol O2

€ 

CH 4 + 2 O2 + 3.773N2( )→ CO2 + 2H 2O + 7.546N2

€ 

ν f CvHwSxOyNz +νO2 O2 + 3.773N2( ) →νCO2CO2 +ν H2OH2O +νSO2SO2 + νN2
' N2

€ 

νN 2

'

ν f
=
z
2 + 3.773

νO2

ν f
   en   kmol N2

kmol CvHwSxO yNz

€ 

fν =
νCO2 +ν H 2O

+ νSO2 + νN2
'

ν f + 4.773 ⋅νO2
Volume increase ratio

Example

Amount of N2 

The oxidant : air
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Air is used as the oxidant : combustion gases composition

CvHwSxOyNz

All the expressions are molar expressions
1 kmol of a compound corresponds to 6,022·1026 molecules
or atoms (number of Avogadro, universal constant).

fuel air

fumes/ combustion gases

λa : air excess

(
v + w

4 + z + x� y
2

0.21
) ⇥ (1 + �a) ⇥ (0.21O2 + 0.79N2)

vC + vO2 = vCO2

wH +
w

4
O2 =

w

2
H2O

zN + zO2 = zNO2

xS + xO2 = xSO2

(
v + w

4 + z + x� y
2

0.21
) ⇤ (1 + �a) ⇤ (0.79N2) + (

v + w
4 + z + x� y

2

0.21
) ⇤ (�a) ⇤ (0.21O2)

+vCO2 +
w

2
H2O + zNO2 + xSO2

Oxygen is delivered by air from the atmosphere, to be sure that a molecule of oxygen meets the atoms of the broken fuel, one typically 
adds an excess of oxygen and therefore an excess of air.
The combustion gases therefore are the mix of the combustion gases, the unreacted oxygen and the nitrogen from the air used.
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Heat of combustion

CvHwSxOyNz
fuel air

fumes

(
v + w

4 + z + x� y
2

0.21
) ⇥ (1 + �a) ⇥ (0.21O2 + 0.79N2)

vC + vO2 = vCO2

wH +
w

4
O2 =

w

2
H2O

zN + zO2 = zNO2

xS + xO2 = xSO2

(
v + w

4 + z + x� y
2

0.21
) ⇤ (1 + �a) ⇤ (0.79N2) + (

v + w
4 + z + x� y

2

0.21
) ⇤ (�a) ⇤ (0.21O2)

+vCO2 +
w

2
H2O + zNO2 + xSO2

@Tad

The remaining heat of reaction is used to heat
the combustion gases to  the adiabatic temperature of 
combustion that will release the heat when being cooled 
down to ambiant conditions by heat exchange

Tad

Enthalpy of formation of the fuel molecule
is used to reconstruct the combustion gases molecules

The balance is the heat of reaction (kJ/kg)

The adiabatic temperature is never existing because it assumes that the heat of formation only heats the combustion gases which means that no heat is leaving the system boundaries 
(adiabatic system). In reality, heat transfer using radiative and convective heat exchange occurs simultaneously to the combustion reactions reducing therefore the temperature at which 
the reactions take place.
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• Amount of heat recovered by cooling the hot gases 
from the adiabatic temperature of combustion to the 
reference conditions (25°C, 1 atm), considering that 
both air and fuel are taken in reference conditions.

Heating value

LHVfuel =

Z T o
ad

T0

ṁ
o
cg

ṁfuel
cp

o
cg(T )dT =

Z Tad

T0

ṁcg

ṁfuel
cpcg(T )dT

combustion gases

Tad : Adiabatic Temperature of Combustion : temperature 
reached by the fumes heated by the release of the heat of reaction

˜·mcg
·mfuel

cpcg ≈
LHVfuel

Tad − T0
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• Higher Heating Value : HHV (kJ/kg) or PCS
• Amount of energy obtained by cooling to 25°C at standard conditions (1 

atm) the fumes obtained by the combustion of one unit of fuel with 
stoichiometric air (air excess = 0) both taken at 25°C and 1 atm.

• With higher heating value, the water produced during the combustion is 
condensed, i.e. released in the liquid form.

• Lower Heating Value : LHV (kJ/kg) or PCI
– assumes that the water formed in the combustion will not 

condense
• LHV = HHV - (heat from the condensation of the water formed 

during the combustion at 25°C)

Heating value

water produced by combustion

�H0
vap = 44332(kJ/kmolH2O), T = 25�C, P = 1bar

LHV = HHV − ΔH0
vapΔmH2Ocomb*

ΔmH2Ocomb*
[kmolH2O /kg]
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Heating values = Energy of formation of molecules

LHV HHV LHV HHVFuel        State
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mO2 LHV UHV

K kg air/kg K

2270 13,879 374 39680 38163 27891 70.3% 78.2

2290 15,693 374 44945 43225 31656 70.4% 80.9

2292 16,735 374 47900 46047 33730 70.4% 78.1

2373 8,557 376 27270 26246 19394 71.1% 81.6

Essence 2431 15,003 438 47798 44665 33795 70.7% 91.9

Vaporizing oil 2389 15 438 46105 43023 32436 70.4% 98.1

Diesel 2426 14,583 439 45867 42838 32408 70.7% 97.7

2429 14,826 438 46924 43850 33173 70.7% 94.8

2425 14,454 440 45316 42303 32009 70.6% 99.1

2423 14,264 441 44500 41507 31410 70.6% 100.6

Anthracite 1819 11,53 434 33220 30256 21397 64.4% 155.3

1954 10,21 435 31520 28929 20832 66.1% 130.1

Lignite 2111 7,23 438 25450 23488 17239 67.7% 119.6

Tad Tstack W carnot h Carnot CO2 min

kJ/kg kJ/kg kJe/kg kg/Gje

Gaz naturel

Belgique

Mer du Nord

Gaz de charbon

Kérozène

Fuel léger

Fuel lourd

Bitume

�Carnot

Heating values of typical fuels (mixture of molecules)

Natural gas
Belgium year 2000
Nord sea
Coal gas
gasoline
vaporising oil
Diesel
Kerosene
Light fuel oil
Heavy fuel oil
Anthracite coal
Bitume
Coal lignite
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• Solid fuels
– Higher heating value from final composition (% mass)

– Lower heating value :

– Humidity (ar : as received ; db dry basis)

Estimating Heating Values

HHV = 35.17cC + 116.26cH � 11.10cO + 10.47cS + 6.28cN [MJ/kgdry]

ci[%mass]

LHVdry = HHV � m̃H2O

2
�hvap

�hvap = 2441[kJ/kg]

 

 Moisture content on a wet basis (kg/kg in %)

MJ/kg

The heat of reaction is first used to evaporate the humidity, this decreases the heat available in the combustion gases and therefore the adiabatic 
temperature of combustion. This heat can only be recovered at low temperature when condensing the water that is in the combustion gases. 
A reduction of the adiabatic temperature of combustion may prevent the activation energy to be reached and therefore the combustion will be stopped 
or high quality fuel needs to be used,
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BIOMASS : Typical heating value
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Fuels and CO2 emissions
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https://www.engineeringtoolbox.com/co2-emission-fuels-d_1085.html
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• http://www.industrial-lima.com.pe/web/images/stories/sobrecalentador.jpg  http://www.cleaverbrooks.com/templates_products/

Using the heat of combustion : heat exchange

Boilers
Heat exchange Burners

·Qrad = GS(T 4
gas − T 4

water)

·Qconv = UAΔTlm

Radiative exchange (T > 850 C)

Convective exchange

Radiation

Convection

convective

Burner

Stack

Heat of combustion is exchanged via heat exchangers to a fluid that is heated (e.g.. steam). There are two mechanisms for the heat transfer : the radiative at high 
temperature and the convective at low temperature. After the heat exchange, the combustion gases leave the boiler in the chimney.

·Qb = ·Qrad + ·Qconv = ·mcg ∫
Tad

Tch

cpcgdT − ·Qloss

http://www.cleaverbrooks.com/templates_products/
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Heat recovery

T

Q (kW)

C
om

bu
st

io
n

Tad

Heat exchange in a boiler
Tch Fumes (Chimney)

Fuel
O2 (air)

T0

standard ambient temperature and 
pressure (SATP) - IUPAC
Temperature of 298.15 K (25 °C, 77 °F) and 
an absolute pressure of exactly 100 000 Pa.



M
E-

40
9 

EN
ER

GY
 C

O
N

VE
RS

IO
N

 A
N

D
 R

EN
EW

AB
LE

 E
N

ER
GY

Boiler efficiency calculation

T

Fumes (Chimney)

Q̇gc = ṁgc

Z Tch

T0

cpgc(T )dT

Hot gases losses

Q̇ch = Q̇fuel + ˙Qair � (Q̇r + Q̇gc)
Useful heat depends on the temperature of the heat requirement

Q̇rRadiative losses (1-2%)
Tadr

Q̇r =

Z Tad

Tadr

ṁgccpgc(T )dT ⇡ 2% ·
Z Tad

T0

ṁgccpgc(T )dT

Fuel
O2 (air)

Q̇fuel = ṁfuel(LHVfuel + ĥfuel(Tfuel))

ĥfuel(Tfuel) =
Z Tfuel

T0

cpfuel(T )dT + ↵fuel�hvap(Tfuel)

Q̇air = ṁair(ĥair(Tair))
Air inlet

Q̇+
air = ṁ+

air(hair(Tair)� hair(T0))

Tad

Q̇ch

Boiler useful heat

cpgc(T ) =
niX

i=1

xi ⇤ (ai + biT + ciT
2 + diT

3)

Q̇ch =

Z Tadr

Tch

ṁgccpgc(T )dT ⇡ ṁgcc̄pgc(Tadr � Tch)

Tch
Temperature of the requirement

Q

In a boiler fuel and air can be at another temperature or conditions than the standard conditions
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Boiler efficiency

Boiler efficiency : typical values are from 85% to 90%

Boiler Losses

Heat loss at the stack

Radiative losses

Useful heat

Energy from the fuel

Heat from the air

In a boiler the losses are the radiative losses and the heat released in the environment by releasing hot gases at the stack
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Water condensation

λ =1
.2

5

NATURAL GAS λ =1 λ =1
.5

λ =2

Te
m

pe
ra

tu
re

 [
°C

]

Recoverable power on combustion gases
8486889092949698100

10

20

30

40

50

60

70

80

90

100

When temperature decreases, there is a point where water starts condensing. 

Water partial pressure :

€ 

Tsat(
νH2O *P

νi
i=1

ns
∑

)

HHV LHV
% HHV

Q̇H2O = 327.6(374� T )0.3425[kJ/kg]

P sat[atm] = 0.001315 · 10(8.07131�
1730.63

233.426+T [oC] )

xsat =
P sat

P

In the combustion gases, the water does not occupy the whole space, therefore it sees a pressure (the partial pressure) that is different from the total pressure. 
The partial pressure is calculated knowing the molar concentration of the water in the mixture. 
The water will condense if its partial pressure is below the saturation pressure for the temperature of the mixture. 
The water condenses when it sees a cold part with a temperature lower than its saturation temperature in the heat exchanger or outside
As the gas contains CO2, the produced water is acidic and therefore creates corrosion. Low temperature heat exchangers in condensing boilers have to be 
protected from corrosion by using special materials. Due to the corresponding cost increase, condensations is typically avoided.
The temperature of condensation is lower than 100 °C which means that the combustion gases have to see tubes with temperatures lower than the saturation 
temperature. The liquid is forming on the tubes meaning that the temperature of the combustion gas flow will not be saturated in water.

Saturation temperature is the 
temperature at which the partial 
pressure of water is equal to the 
saturation pressure

The heat that can be recovered by condensing the water is equal to



M
E-

40
9 

EN
ER

GY
 C

O
N

VE
RS

IO
N

 A
N

D
 R

EN
EW

AB
LE

 E
N

ER
GY

Sulphur : kinetic control

Pollutants that can be produced in addition

€ 

0.95 * sS + 0.95 * sO2 = 0.95* sSO2

0.05 * sS + 0.05 * 3
2
" 
# 
$ 
% sO2 = 0.05* s* SO3

0.05 * s* SO3 + 0.05* s*H 2O = 0.05* s*H 2SO4
Affinities with water (production of H2SO4 in the liquid phase) is increasing the saturation temperature of water in the 

presence of sulphur in the gas phase => higher chimney temperatures are needed to avoid highly corrosive gases 
(+70°C) This is penalising the efficiency of the boiler.

NOx = NO, N2O, NO2 Nitrogen is coming from the fuel or from the air the oxidation of N2 occurs at high 
temperature (>1500°C) and is frozen (do not go back to N2 + O2) at lower temperatures

Unburnt = unburnt fuel (CO, tars) when the combustion is no complete or goes to fast

Ashes and dust for solid fuels (wood, coal, waste) which contains minerals in this composition
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Importance of Tstack

Natural gas
Belgium year 2000
Nord sea
Coal gas
gasoline
vaporising oil
Diesel
Kerosene
Light fuel oil
Heavy fuel oil
Anthracite coal
Bitume
Coal lignite

UHV = useful heating value

UH V [k J/kgfuel] = ∫
Tstack

Tad

mcg[kgcg /kg f uel ] ⋅ cpcg[k J/kgcg /C ] ⋅ dT
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• Importance of the life cycle

– Extraction

– Conditionning

– Transport

– Refining

– Distribution

– Combustion

Environmental impact of the use of combustion

1 2 3 4
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100
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Combustion

Other

97.4%

84%

61%

81%

Coal    Diesel    Natural gas  Shale gas 

C
O

2e
q 

em
is

si
on

s 
[t/

PW
h]

CO2 eq : is a measure of the global warming potential of the emissions over the overall conversion chain up to combustion. The global warming potential is 
considering not only the CO2 emissions but also other emissions like CH4 (that has a GWP of 20 CO2 eq), NOx and other gases in the complete life cycle chain.
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Life cycle assessment : emissions before the use

Natural gas Wood Gasoline Diesel

kg/Nm3 0.7 240 0.8 0.8

LHV MJ/kg 50 17.8 44.4 43.4

GJ/Nm3 0.0359 5.3-9.6 35.5 34.7

CO2 g CO2/MJ 49.3 0 67 72

supply eq 
CO2 g CO2/MJ 11.6

1.4-1.8 
(production)
0.19 (20 MW)
-1.1(320 MW)
1.6 - 2.9

16.7 13.4

g CO2/MJ 60.9 1.6-2.9 83.7 85.4

19% - 20% 16%

Cost cts/kWh 10 3 - 7.5 18.6 19.2

industry cts/kWh 3.4

15 to 40% of the CO2 emissions have been made to prepare the fossil fuels


