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▪ Define the concept of reactivity and 
explain the various factors affecting it

▪ Describe the operation and types of 
nuclear power plants
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Introduction

The story behind Nuclear

M
E-

40
9 

EN
ER

G
Y 

C
O

N
VE

R
SI

O
N

 A
N

D
 R

EN
EW

AB
LE

 E
N

ER
G

Y Tu
on

g-
Va

n 
N

gu
ye

n 
–

tu
on

g-
va

n.
ng

uy
en

@
ep

fl.
ch

3



Introduction
– How do we produce electricity today?
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HEAT ENGINEHEAT ELECTRICITY

Chemical / Nuclear energy (Biomass, Coal, etc.)

▪ Nuclear energy : heat from fission reactions
▪ Heat engine : a simple Rankine cycle



Introduction
– Growth of Nuclear

M
E-

40
9 

EN
ER

G
Y 

C
O

N
VE

R
SI

O
N

 A
N

D
 R

EN
EW

AB
LE

 E
N

ER
G

Y Tu
on

g-
Va

n 
N

gu
ye

n 
–

tu
on

g-
va

n.
ng

uy
en

@
ep

fl.
ch

5

Source: IEA, Nuclear Power in a Clean Energy System (2021)



Introduction
– Levelized cost of electricity
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LCOE (CHF/MWh)

Coal 
(100-110)

150

350 Nuclear
(140-150 

CHF/MWh)



Conversion
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Nuclear physics : 
how can we cause nuclear 
fission?
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Nuclear physics
Nuclear material
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• Not all atoms can undergo fission and release energy
• In theory: atoms with a mass number > 56 can release energy by fission 

(fissionable)
• In practice: only some have a high probability of undergoing fission when

colliding with neutrons (fissile) 



Nuclear physics
Nuclear material
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• The probability of undergoing fission = fission cross-section (in barns)
• It depends on the material and speed/energy of the neutron



Nuclear physics
Standard Uranium
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Uranium 238: 99.3%

Uranium 235: 0.7%

Others: <0.1%



▪

Nuclear physics
Collision
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▪

Nuclear physics
1st possibility – Scattering
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▪

Nuclear physics
2nd possibility – Absorption
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▪

Nuclear physics
3rd possibility – Fission
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Nuclear physics
Chain reaction
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▪ ↓ fissions = subcritical
▪ ↑ fissions = supercritical
Normal operations = critical conditions (enough neutrons to keep
fissions ongoing, but not too many to be out of control).



Nuclear conversion
A question of balance
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Chain reactions ↑
Reactivity ↑

Control reactions ↓
Reactivity ↓

• Normal operations = critical conditions (enough neutrons to keep fissions 
ongoing, but not too many to be out of control)

• Reactivity = 0



Nuclear reactivity
which parameters impact 
the probability of a fission 
reaction?
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Speed/Kinetic energy of the neutron (MeV)

Nuclear reactivity
The concept of cross-sections
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• A cross-section ó Probability that a nuclear reaction will occur
• Case of 238U 

Fission

Capture



Nuclear reactivity
Case of 235U
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Speed/Kinetic energy of the neutron

Fission

Capture



Nuclear reactivity
Fission cross-section
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U-235, 1 barn

U-238, <0.5 barn



A) The probability of fission of U-238 is higher at higher speeds
B) Uranium-238 has a higher chance of undergoing fission than 
of capturing a neutron 
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Speed/Kinetic energy of the neutron (MeV)

Capture

Fission

Group question – are these statements 
correct/false? (5-10 mins)



Group question – are these statements 
correct/false? (5-10 mins)

A) There is a higher chance to have fission of U-235 than of U-238.
B) Fission of U-235 occurs best at low neutron speeds
C) Fission of U-238 occurs best with fast neutrons
D) Fission of Pu-239 occurs best at high neutron speeds 

M
E-

40
9 

EN
ER

G
Y 

C
O

N
VE

R
SI

O
N

 A
N

D
 R

EN
EW

AB
LE

 E
N

ER
G

Y Tu
on

g-
Va

n 
N

gu
ye

n 
–

tu
on

g-
va

n.
ng

uy
en

@
ep

fl.
ch

23



Enrichment, 
moderation and 
absorption
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Nuclear reactivity
Enrichment (↑)
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U-235, 1 barn

M
O

R
E U

-235, 
LESS U

-238

U-238, <0.5 barn• Enrichment aims at increasing the occurrence of fission



Nuclear reactivity
Enrichment (↑)
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• The process increases the fraction of 235U, which is essential for most reactor types 



Nuclear reactivity
Enrichment (↑)
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Fuel elements
= enriched fuel



Nuclear reactivity
Moderation (↑)
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U-235, 583 barns Speed/Kinetic energy of the neutron

• Neutrons generated through fission are « fast » - we need to slow them down

SLOW DOWN 
NEUTRONS
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29Nuclear reactivity
Moderation (↑) Red = neutron

Blue = 
moderator

▪ Liquid water (H2O)

▪ Heavy water (D2O)

▪ Graphite (solid C)

• Moderation = slowing down neutrons through collisions
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30Nuclear reactivity
Absorption in control rods

Boron-10

Boron-11
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• Absorption = absorbing neutrons to prevent too many fissions



Nuclear physics
In a nutshell
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▪ Moderation (water, graphite, 
etc.)

▪ Absorption (control rods)
▪ Poisoning

Nuclear conversion
a question of balance
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Reactivity ↑
Heat supply ↑

Power ↑

Reactivity ↓ 
Heat ↓

Power ↓



Nuclear power 
plants
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Nuclear power plants
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▪ Beznau nuclear power plant
▪ PWR type, in operation since 1969



Nuclear power plants 
– Age profile
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Source: IEA, Nuclear Power in a Clean Energy System (2021)



Nuclear power plants
Quick overview
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Nuclear power plants
BWR = Boiling water reactor (20% of reactors)
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Typical conditions
▪ Water as a coolant and moderator
▪ Water at about 7.5 MPa
▪ Water boils at 285°C, generates 

steam, and is then expanded

Nuclear power plants
BWR = Boiling water 
reactor (20% of reactors)

38
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Nuclear power plants
PWR = Pressurized water reactor (70%)
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Typical conditions
▪ Water as a coolant and moderator
▪ 2 separate circuits
▪ Water at about 15 MPa
▪ Water in the primary circuit 

(moderator) does not boil

Nuclear power plants
PWR = Boiling water 
reactor (70% of reactors)
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Nuclear conversion
Metrics
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How many 
fissions per s 
are needed in 
our reactor?

How much 
fuel is 

required?



Take-home 
message
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▪ Nuclear energy low-CO2, non-
renewable and reliable source of electric 
power

▪ High investment and production costs
▪ The principle: nuclear fission 
▪ Reactivity of 0: 

• moderation 
• enrichment 
• absorption

▪ The power plants: a simple Rankine 
cycle with different reactor set-ups

Take-home 
message
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Cogeneration

Tuong-Van Nguyen
EPFL – IPESE

Lausanne, 27/10/2025



▪ Describe the working principle of 
cogeneration 

▪ Explain how cogeneration can 
replace conventional technologies

▪ Estimate the potential savings 
(energy, costs and environmental) 
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Principle
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Principle
M
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Heat engine

Furnace, boiler

HEAT ELECTRICITY

Chemical / Nuclear energy (Biomass, Coal, etc.)

HEATHEAT



Principle 
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COGENERATION
(at least 2 
products)HEAT

ELECTRICITY

Chemical / Nuclear energy (Biomass, Coal, etc.)

▪ Cogeneration : production of two useful energy outputs instead 
of one

USEFUL 
HEAT

COLD



▪ Power generation

Principle
A standard power plant
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WASTE HEAT 
60% (40°C)

FUEL
(Coal, uranium…)

100%

ELECTRICITY
40%

𝜂 = 40%



▪ Combined heat and power generation

Principle
A power plant with cogeneration
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WASTE 
HEAT 
20% (40°C)

ELECTRICITY
35%

USEFUL HEAT 
45% (150°C)

FUEL
(Coal, 
uranium…)

100%



Principle
Performance indicators
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§ Combined heat and power generation

FUEL
100%

Power
35%

Useful heat
45%

CHP

§ 𝜂!" =
#!

$"

§ 𝜂%& =
$#$%&#'
!

$"

§ 𝜺 = 𝜂%& + 𝜂!"

Electrical efficiency: 35-60%
Heat production efficiency: 35-45%

Work 
output

Useful 
heat 

output

Utilization factor 
𝜺 = 80%



Operating modes
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G en e ra to r

S ko r ste n

L u ft in d ta g

L U F O

4 00 .0 0 0 vo l t

M a sk in -
tr a n s fo r m e r

F je rn va r m e

K o n d e n s a to r

H a vv a n d

L T-fo r v.

H T -fo r v.

g a str yk s r ed u kt io n stu r b in e

N a tu r g a s ( 25  -  80  b a r )

Føde -
p um pe

F ø de v an d stan k

v ek s le r
F je rn va r m e-

A k ku m u la -
to r tan k

F jv -v an d

VH P

Van d ti l  ked le n

M OH  2

M OH  1

H P IPO L P 2 LP 1IP1 IP2

G as  -  4  b a r

D ie s el
o li e

R e se rv e b ræ n d se l

4  M W  e l

Stack

Air inlet

Feed water

RH 1

RH 2

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

HEAT 
SUPPLY

POWER 
GENERATION

USEFUL 
HEAT

WASTE 
HEAT



Benefits

Substitution
Marginal efficiencies
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Substitution : how much primary energy do we save? 
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Heat engine
40% efficiency

Furnace, boiler
90% efficiency

HEAT
ELECTRICIT

Y

Chemical / Nuclear energy (Biomass, Coal, etc.)

HEATHEAT

COGENERATI
ON

35% electrical
45% thermal

HEAT ELECTRICITY

USEFUL 
HEAT
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Furnace, boiler
90% efficiency

Chemical / Nuclear energy (Biomass, Coal, etc.)

HEATHEAT

COGENERATI
ON

35% electrical
45% thermal

HEAT ELECTRICITY

USEFUL 
HEAT

▪ How much extra primary energy do we spend with a cogeneration unit, 
compared to a boiler, for the benefit of producing electricity ? 

Substitution : how much primary energy do we save? 



56GROUP QUESTION (2 ppl., 10 mins)
A typical Swiss family living in an old building needs, per year, 4’000 kWh electricity 
and 18’000 kWh heat. It uses a gas boiler for heating with 90% efficiency and 
consumes electricity from the grid, produced with an average efficiency of 40%. 
§ How much primary energy is required to satisfy the energy demand of the house?

A small cogeneration unit with 35% electrical efficiency and 45% heat production 
efficiency is implemented in the building. It is designed to fully satisfy the heating 
needs (same heat production as the boiler).
§ How much electricity is produced in excess? 
§ How much primary energy is needed for the house?
§ Considering that the produced electricity replaces some electricity on the grid, how 

much primary energy is saved in total?
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Types of plants

Applications
Uses
Types
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Technologies
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▪ Gas turbines/engines
▪ Biofuel engines
▪ Advanced steam cycles 
▪ Combined cycles (gas)
▪ Fuel cell systems



▪ Large-scale applications

Large-scale units and power plants 
(> 10 MW) for cities and industries

▪ Small-scale applications

Internal combustion engines (5 
kWe – 1 MW) for households

Applications
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▪ Electricity + heat for district 
heating/industrial heat

Nuclear and biomass power 
plants (CH, DE, DK…) 

▪ Electricity + heat for small 
households

Micro gas turbines, fuel cells, etc. 
(research) 

Applications
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Applications
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▪ Gas turbines/power plants 
▪ Mostly large-scale 

applications
(cities/regions)

▪ Proven technology, high 
efficiencies

▪ High operational costs



Applications
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▪ Gas engines (industries)
▪ Small-to-medium sizes
▪ Application to processes

(air heating/drying)



Take-home 
message
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▪ Cogeneration
• Electricity and heat
• Utilization factors > 90%

▪ Substitution
• Which systems does it replace?
• Energy, cost and CO2 savings

Take-home 
message
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Questions?

Tuong-Van 
Nguyen


