
Hydrogen and ammonia

Handouts
Hydrogen and ammonia : robust production, utilisation, and systemic
impact

In this document you will �nd the slides and notes of the presentation: Hydrogen and ammonia : robust
production, utilisation, and systemic impact.

If you have any question, don’t hesitate to contact us by email (francesco.contino@uclouvain.be). You
can also �nd more information about our research on the following website: TFL website.
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Hydrogen and ammonia:  
robust production, utilisation,  
and systemic impact
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What if the solution came  
from hydrogen and nitrogen?
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Hydrogen and ammonia:  
robust production, utilisation,  
and systemic impact
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Robust production

Efficient utilisation

Impact on the energy system

Producing electrofuels starts with H2, 
then we need additional building block
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Capturing carbon in the air 
is like finding Wally

Image: amazon.co.uk
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Hydrogen and ammonia

Capturing carbon in the air 
is like finding Wally

Image: amazon.co.uk

Realistic solutions to capture carbon 
are only in concentrated sources

Capturing CO2 in the air is not straight-
forward and will be costly.

PEM electrolyzer provides 
full load flexibility and fast start-up time 

proton exchange
membranealkaline

Load flexibility

Cold start-up time

Warm start-up time

20-100

1-2 h

1-5 min

0-100

5-10 min

<10 s

A more detailed comparison is avail-
able in Buttler and Splietho�: Buttler, A.
and Splietho�, H. (2018). Current sta-
tus of water electrolysis for energy stor-
age, grid balancing and sector coupling
via power-to-gas and power-to-liquids:
A review. Renewable and Sustainable
Energy Reviews, 82, 2440–2454.
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Flexibility of PEM enables storage of 
intermittent renewables

H2O2
Storage
hydrogen

Uncertainties in these systems 
can have dramatic impact

reality

expected

performance

lifetime
H2O2

Storage
hydrogen

Uncertainties in these systems 
can have dramatic impact

H2O2
Storage
hydrogen

robust

expected

performance

lifetime
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Hydrogen and ammonia

Power-to-power application,  
hydrogen for seasonal storage 

Coppitters et al. (2020)

Application example 1: while a proton ex-
change membrane electrolyzer, hydro-
gen tank and fuel cell are attached to
store and convert excess electricity for
longer term. Their performance is quan-
ti�ed based on the current voltage equa-
tion. As an energy management strat-
egy, we considered that the photovoltaic
array supplies the load, followed by �rst
the battery array and then the hydrogen
system. Finally the grid covers the re-
maining load
Coppitters, D., De Paepe, W., and Con-
tino, F. (2020). Robust design optimiza-
tion and stochastic performance analysis
of a grid-connected photovoltaic system
with battery storage and hydrogen stor-
age. Energy, 213, 118798.

Pareto front represents the tradeoff 
between robustness and cost

55.6 55.3

mean levelized cost of electricity [€/MWh]

46.4

41.9 40.5

32.5

fixed market conditionsvariable market conditions

44.0

36.6

404269300 341 312269 363 345

Mean of LCOE [€/MWh]

Std of LCOE [€/MWh]

PV

PV + batteries

PV + batteries + H2

For a community, we see a pareto front,
but here the robust design is con�gu-
ratedwith hydrogen storage aswell. This
because the decoupling of the expen-
sive and highly uncertain electrolyzer
and fuel cell array and the relatively
cheap and certain hydrogen storage
tank makes it a suitable storage method
for large scale electricity demand.
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Power-to-mobility application: 
renewable hydrogen as a fuel for buses

Coppitters et al. (2021)

Application example 2: Renewable-
powered hydrogen fueling station. From
a �eet of 50 diesel buses, how many
should we convert into hydrogen to
achieve the robust levelized cost of driv-
ing?
Coppitters et al., ECOS conference, 2021

When optimising for cost,  
diesel remains the best option

Minimum levelised cost of driving is for
a full diesel bus �eet. And the low stan-
darddeviationwould not really justify the
trouble to go for something else.

When optimising for carbon impact 
everything is converted to H2

hydrogen tank (x 100)

battery

photovoltaic

CI
standard

deviation
[kg CO2,eq/km]

capacity
[MWp]

energy
storage
[MWh]

CI mean [kg CO2,eq/km]

Pareto front

electrolyzer

GHG
components

[%]

grid
electricity

[MWh]

CI mean [kg CO2,eq/km]

photovoltaic

hydrogen tank

GHG electricity

Best to continue using 
grid electricity
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Future works: multi-objective (2) 
with uncertainties (4D graphs)

Taking one objective (cost or CO2) 
without the other, biases the results

Combining both objectives: 
cost/CO2removed 

Or multi-objective optimisation 
with uncertainties

To find the robust design, uncertainties 
need proper characterization 

Part of the uncertainty comes due to lack of data,  

other part due to natural variation of parameter 

Epistemic uncertainty: when the uncertainty can be reduced by 
gathering more data, increase model details or measurements 

e.g. price of PV panel today 

Aleatory uncertainty: irreducible due to inherent evolution of the 
parameter e.g. future oil price 

Both can be combined 
using imprecise probabilities

Energy density of hydrogen  
is a the main limiting factor

Fossil fuel

Modern high-pressure 
H2 tube trailer (600kg)

Highway petrol 
station

1 truck/hour

14 trucks/hour

One truck every hour in a traditional
highway petrol station. For hydrogen,
it would be one every 4 minutes and it
would be a major challenge for the dis-
penser.
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Energy density of hydrogen  
is a the main limiting factor

Ammonia

Fossil fuel

Modern high-pressure 
H2 tube trailer (600kg)

1 truck/hour

14 trucks/hour
3 trucks/hour

Ammonia would be a good compromise.
Anyway compared to electricity, it would
be a major change. A typical high-
way station would require 200-300 MW
peak.

In Japan, importing NH3 from Australia 
is cheaper than domestic production 

USD/kgH2 

Producing renewable-based hydrogen
and ammonia domestically is too expen-
sive, while importing ammonia and con-
verting it to hydrogen is the least expen-
sive option.
From: IEA (2019), The Future of Hydro-
gen. Paris, 2019.

But production of NH3 needs to adapt 
to variability of renewable energy 

Renewable 

power

time

NH3

time
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Traditional Haber-Bosch has limitations,  
it cannot go below 60% load

Renewable 

power

time

NH3

time

bottleneck

impossible

The traditional HBS can only go to 60%
of its full load; otherwise, it overheats the
catalyst.

New Haber-Bosch for dynamic load 
needs uncertainty analysis

Modifying the Haber-Bosch process 
to go down to 10% of the nominal load

Making a small-scale flexible and dynamic 
Haber-Bosch process would better adapt

But with versatility comes sensitivity  
to uncertain parameters

The flexible NH3 plant is sensitive to 
operational uncertainties

K. Verleysen, Energy, in review
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Hydrogen and ammonia:  
robust production, utilisation,  
and systemic impact
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Robust production

Efficient utilisation

Impact on the energy system

Spark ignition

HCCI

Hydrogen and ammonia can be used in
many applications: non-energy demand,
transport, electricity production (we’ll ex-
plore non-energydemand in the last part
and we’ll cover here transport and CHP)

Ammonia has low flame speed 

Laminar burning velocity
!!" (cm/s)

Equivalence ratio

Ammonia 
(Han et al. 2020)

Iso-octane 
(Dirrenberger et al. 2014)

60 mol% Ammonia, 40 mol% Hydrogen
(Lhuillier et al. 2019)

Ammonia has low flame speed 
but can be boosted by hydrogen

Laminar burning velocity
!!" (cm/s)

Equivalence ratio

Ammonia 
(Han et al. 2020)

Iso-octane 
(Dirrenberger et al. 2014)

60 mol% Ammonia, 40 mol% Hydrogen
(Lhuillier et al. 2019)
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Ammonia can be used in spark ignition 
preferably with some hydrogen

Highest NOx, 
lowest NH3

Low NOx, 
high NH3

High NOx, high NH3

11

Performances and emissions of the NH3 fueled SI engine

• Neat NH3 operation achievable
• H2 = efficient combustion promoter

Best 
work 

output

Best indicated 
efficiency

Fuel hydrogen fraction 
(vol.%)

Equivalence ratio !1

20

0

1.10.9

• Some exhaust % of H2 in rich mixtures
• Depleted combustion efficiency VS CH4

Net Indicated Mean 
Effective Pressure (bar)

Indicated efficiency (-)

Intake pressure (bar)

CH4

Campaign A Campaign B

NH3/H2

C. Lhuillier et al., 
Proc. Comb. Inst. 2020 

C. Lhuillier, PhD thesis

Ammonia can be used in spark ignition 
preferably with some hydrogen

Highest NOx, 
lowest NH3

Low NOx, 
high NH3

High NOx, high NH3

11

Performances and emissions of the NH3 fueled SI engine

• Neat NH3 operation achievable
• H2 = efficient combustion promoter

Best 
work 

output

Best indicated 
efficiency

Fuel hydrogen fraction 
(vol.%)

Equivalence ratio !1

20

0

1.10.9

• Some exhaust % of H2 in rich mixtures
• Depleted combustion efficiency VS CH4

Net Indicated Mean 
Effective Pressure (bar)

Indicated efficiency (-)

Intake pressure (bar)

CH4

Campaign A Campaign B

NH3/H2

C. Lhuillier et al., 
Proc. Comb. Inst. 2020 

C. Lhuillier, PhD thesis

Ammonia can be used in spark ignition 
preferably with some hydrogen

Highest NOx, 
lowest NH3

Low NOx, 
high NH3

High NOx, high NH3

11

Performances and emissions of the NH3 fueled SI engine

• Neat NH3 operation achievable
• H2 = efficient combustion promoter

Best 
work 

output

Best indicated 
efficiency

Fuel hydrogen fraction 
(vol.%)

Equivalence ratio !1

20

0

1.10.9

• Some exhaust % of H2 in rich mixtures
• Depleted combustion efficiency VS CH4

Net Indicated Mean 
Effective Pressure (bar)

Indicated efficiency (-)

Intake pressure (bar)

CH4

Campaign A Campaign B

NH3/H2

C. Lhuillier et al., 
Proc. Comb. Inst. 2020 

C. Lhuillier, PhD thesis

CH4

NH3 with …mol% H2

NH3 5%
10%

15%
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HCCI as an ideal  
power-to-power unit

H2

Water electrolysis

excess  
electricity

HEAT

CHP 
UNIT

N2

CO2

NH3

CH4

CH3OH

Homogeneous 
Charge 
Compression 
Ignition

M. Pochet, PhD thesis

Ammonia is extremely resistant  
to auto-ignition

15 16 17 18 19 20 21 22 23 24 25
Compression ratio

300

350

400

450

500

550

600

650

700

Re
qu

ire
d 

T in

Tintake for CA10 at TDC. 1 bar intake, 0.3 richness

H2
CH4
NH3
CH3OH

Intake Temperature 
(so that CA10 is at TDC)

Compression ratio

690 K

315 K

2515

595 K

450 K

505 K

430 K

325 K

Ammonia

Methane

Hydrogen
Methanol

Ammonia enables a larger  
operating range

Mix of NH3-H2

Limit of pressure 
extended with NH3 
(slower combustion)

maximum pressure  
rise rate limit

Investigation of the operating range for
ammonia hydrogen mixture
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Burning NH3 produces large quantities 
of nitric oxides

Ideally:  
NH3 + 3/4 O2 → 1/2 N2 + 3/2 H2O 

In reality also: 
NH3 + O2 → NO + H2O + 1/2 H2

Trade-off between N2O and NO 
depending on the operating conditions

staying below 1400K

Staying below 1400K 
N2O does not convert 
into NO

Exhaust gas recirculation 
could have negative impact

Exhaust gas recirculation 
reduces NO but promotes of NO2

It also increases resistance 
to auto-ignition (even harder for HCCI)
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Hydrogen and ammonia:  
robust production, utilisation,  
and systemic impact
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Robust production

Efficient utilisation

Impact on the energy system

Non-energy demand

Pathway

Comprehensive integration of the non-energy demand 
within a whole-energy system: 

Towards a defossilisation of the chemical industry in Belgium

Université Catholique de Louvain – UCLouvain, Institute of Mechanics, Materials and Civil Engineering (iMMC)
Vrije Universiteit Brussel – VUB, Fluid and Thermal Dynamics (FLOW)

Xavier Rixhon, Martin Colla, Davide Tonelli, Kevin Verleysen, Gauthier Limpens, Hervé Jeanmart, Francesco Contino

ACKNOWLEDGMENTS: 
With the support of Energy Transition Fund

Context
Non-energy demand plays a significant role in final energy 
consumption:
• World: 10% of final energy consumed
• Belgium: 20% of final energy consumed

Current production of intermediate products (ethylene, 
propylene, ammonia and methanol) is heavily based on fossil 
sources (> 90%). Nonetheless, it is generally overlooked in 
whole-energy system models.

Non-energy demand
“All the energy products used as raw materials among different sectors 
with exception of fuels production and energy carriers”.
E.g. raw materials for plastics or fertilisers production

Objective
Assessing the role of non-energy demand in a fully 
defossilised energy system.

Conclusions
The non-energy demand  is the first sector to be defossilised. 
Methanol turns out to be the key molecule. 
The Belgian system is highly dependent on import of e-fuels.

100% → 80% CO2-emissions:
• Switch to higher conversion efficiencies
• Higher wood gasification for HVC 

production
• Import of renewable NH3

80% → 40% CO2-emissions :
• Phase-out of naphta
• High increase of import of methanol 

40% → 0% CO2-emissions :
• Full potential electricity imports 
• Heat: use of biomass and further 

electrification through heat pumps
• Mobility: fuel cells penetration and 

further electrification through trains

Historical 
trend of 
molecules 
used in 
production 
processes 
unrelated to 
mobility, 
heat or 
electricity 
end-uses 

Path to defossilisation

Technologies 
used to supply 
methanol and 

HVC for 
different CO2 

limits

Perspectives
The key role of methanol suggests possibilities of 
synergies with the energy demand in mobility.

Cost-optimal 
share of 
renewable 
production 
per end-use 
demand for 
different CO2 
limits 

[1] G. Limpens et al. “EnergyScope TD: A novel open-source model for regional energy systems”. In: Applied Energy 255 (2019), p. 113729

• EnergyScope Typical Days [1]
• Whole-energy system model
• Linear optimisation model

• Cost minimization 
• “Snapshot” analysis in 2035
• Belgian energy system

Method used

Non-energy demand is the first candidate for defossilisation in the path to carbon neutrality.
Fully renewable production achieved already at 40% CO2 emissions compared to 2035 estimates (100% scenario).

EnergyScope TD: a whole-energy 
system model to minimise the total cost

EnergyScope TD

Electricity

Heat

Mobility

Energy conversionResources Demand

……

Fossil Fossil
Plants

Hydro plants
Hydro

Solar

Wind

Wind turbines

Photovoltaic

Power 
to heat

Power to 
mobility

Heat

Electricity

Mobility

Hourly resolution  
necessary for high integration  

of renewables and storage

Tractable formulation 
suitable for uncertainty  

quantification

Multi-sector  
and multi-carrier

Optimization of investment 
& operation strategies

Snapshot modeling 
approach 

optimization of a target future year

Limpens et al., 2019

To fully harness the potential of the
electro-fuels, we have to integrate them
in multi-sector and multi-carrier energy
system, EnergyScope TD.
Given the end-use energy demand, the
e�ciency and cost of energy conversion
technologies, the availability and cost of
energy resources, the model identi�es
the optimal investment (F) and opera-
tion (Ft) strategies to meet the demand
andminimize the total annual cost of the
energy system over a target future year.
Given its hourly resolution, it allows a
high integration of renewables and stor-
age. Finally, the tractable formulation is
suitable for uncertainty quanti�cation.
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Case study: from the cost-optimum  
of the Belgian energy system in 2050…

CO2 emissions
100% 

72 MtCO2

43

Total cost of 
the system 
(b€)
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Primary resources (420 TWh)

Resources

Conversion technologies

Demands

…to the full decarbonization of the 
Belgian energy system in 2050

CO2 emissions

43

Cost optimization while forcing the CO2 emissions to decrease

-25%
-50%

-75%
-100%

75% 50% 25% 0%100% 
72 MtCO2

Total cost of 
the system 
(b€)

From this reference scenario, we per-
formed several sets of runs where we
optimized the total cost of the system
while forcing the CO2 emissions to de-
crease to 75%, then 50%, 25% and �nally
0%, a net-zero emissions in operation.

Including details of non energy demand 
lead to massive import of electrofuels

mobility

heat

electricity

chemicals

demandresources

biomass

sun

wind

import

conversion
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Including details of non energy demand 
lead to massive import of electrofuels

2

4

5

2

4

1

5

Gas

Ammonia

H2

Elec
Storage

DHN

HPs

DHN Sto

Dec. sto

CHP

Biomethanation Gas Prod

Boilers

Biofuels Prod Biofuels Diesel

MTO
Methanol

HT sto

mobility

heat

electricity

chemicals

biomass

sun

wind

import 
methane

import 
hydrogen

import 
methanol

import 
ammonia

X. Rixhon et al., 2021

Massive import of electrofuels 
require a supply chain

Availability of gas and 

electrical network

Characterization production 

and distribution technologies

Distributed demand points for 

mobility, industry, power production

Optimal e-fuels penetration:

• Synergies in infrastructure design

• Large scale sector coupling 

modeling

D. Tonelli et al., 2021

Decarbonization drives up the cost  
and makes it more uncertain

CO2 emissions

25

43

60

75% 50% 25% 0%100% 
72 MtCO2

Total cost of 
the system 
(b€)

+2σ

−2σ
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Pathway to sustainability is key 
to understand the transformation

power 
SNG

100

50

Energy
[TWh/y]

2015 2050 2015 2050

150

bio-ethanol

hydrogen

heat sectors

mob. public

mob. private

mob. freight

Imported

Locally produced

bio-diesel

H2-SMR
H2-electro

biogas

G. Limpens et al., 2021

Power2Hydrogen2Power solution  
in Ribatejo combined cycle (EDPP) 

Contact: A. Zayoud

Power2Ammonia2Power solution in 
Savona laboratory (UGE) 

Contact: A. Zayoud
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Hydrogen and ammonia:  
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Robust production

Efficient utilisation

Impact on the energy system
Contino et al., Prog Energy Combust, 2020

Francesco Contino 

francesco.contino@uclouvain.be
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