
HAL Id: hal-03174460
https://hal.univ-lorraine.fr/hal-03174460

Submitted on 19 Mar 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Ammonia as a hydrogen carrier: Process synthesis using
superstructure optimization for the storage of renewable

energy sources in chemical compounds
Christian Quintero-Masselski, Jean-François Portha, Laurent Falk

To cite this version:
Christian Quintero-Masselski, Jean-François Portha, Laurent Falk. Ammonia as a hydrogen carrier:
Process synthesis using superstructure optimization for the storage of renewable energy sources in
chemical compounds. CHISA 2021, Mar 2021, Prague, Czech Republic. �hal-03174460�

https://hal.univ-lorraine.fr/hal-03174460
https://hal.archives-ouvertes.fr


Ammonia as a hydrogen carrier: Process synthesis using superstructure 

optimization for the storage of renewable energy sources in chemical 

compounds 
 

 

C. Quintero-Masselski 
a
, J.-F. Portha 

a
, L. Falk 

a
 

Laboratoire Réactions et Génie des Procédés, Université de Lorraine, CNRS, 1 rue 

Grandville, BP 20451, 54001 Nancy, France.  

Tel. +33 (0)3 72 74 37 89, e-mail: christian-steven.quintero-masselski@univ-lorraine.fr 

 

 

Hydrogen will play a key role in industrial and daily consumption decarbonization for 

the next decades, and prices for its production using renewables energy are predicted to 

decrease 60% of actual cost for the end user by 2030. Last decade showed an important fall in 

production cost of hydrogen using electrolysis technology, going from around 10-15 USD/kg 

in 2010 to 4-6 USD/kg in 2020, which suggest a similar behaviour for the next decade [1]. 

Interests for hydrogen not only remain on the zero-carbon emissions produced when used, for 

instance as a fuel for transportation, but focus must be orientated to upstream processes, 

which have to be transformed in order to reduce carbon emissions and, therefore, modify the 

methods for its obtention. 

 

Nowadays trend of using renewable sources to shift from fossil fuel sources must deal 

with energy availability, as sources such as wind and solar energy depend on climate factors 

and periodicity. Renewable energy production does not correspond to the same period of its 

consumption. Thus, intermittency creates a barrier for a reliable immediate production-

consumption pathway. 

 

Chemical storage of energy, such as liquid ammonia, can perform a reliable and 

immediate available solution when energy is required. Furthermore, NH3 is a high-dense 

hydrogen carrier, able to store 17.8 wt% of hydrogen, the highest in comparison with other 

liquid organic hydrogen carriers, such as methanol, and also can be stored in liquid conditions 

at almost ambient temperature, under moderate pressure of 10 bars [2], meaning an easier 

handling and storage than hydrogen. 

 

Industrial synthesis of NH3 using Haber-Bosch process has been performed for more than 

a century. Nitrogen, obtained from air separation units, and hydrogen, from steam methane 

reforming, are compressed and react at about 400 °C and 200 atm. Being an exothermic and 

reversible reaction, the system requires a heat removal system and the recycle of non-reacted 

gases. 

 

However, in order to use renewable sources of energy instead of fossil fuels for energy 

storage, hydrogen is produced by electrolysis. Furthermore, the yield and the energy 

efficiency of the ammonia production process are key parameters of energy storage 

efficiency. Therefore, process synthesis requires modifying the architecture and even the 

operating conditions and the sizing of the process steps (reactors, separators and heat 

exchangers for energy integration) to optimize the system. To do so, a methodology of 

process synthesis using superstructure optimization is used, searching the best suitable 

process architecture and conditions to achieve an optimal solution for NH3 production. 
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A superstructure can be defined as the interconnection of different processes that have 

the same main objective. It becomes advantageous in comparison with a single-process 

evaluation, as the superstructure estimates the best pathway of the process while assessing the 

operational conditions that allow achieving the optimum of one or a set of objective functions. 

 

As observed in Figure 1, the superstructure contains logical integer switches which 

deviate the material streams through different pathways, allowing an external optimization 

algorithm to evaluate that specific zone of the flowsheet without considering the rest. 

 

 
 

Figure 1. Superstructure logical switch for different pathways. 

 

Treating superstructure problem means trying to solve complex optimization problems, 

containing continuous (temperature, pressure, etc.) and discontinuous (logical integers) 

variables, with or without equality or inequality constraints, while minimizing non-explicit 

objective functions, such as production cost or exergy destruction. In other words, the 

optimization algorithm used to solve these complex structures must be capable of treating 

MINLP (Multi-Integer Non-Linear Programming) problems [3]. 

 

For NH3 synthesis specifically, the optimal process structure is sought considering the 

production cost of NH3 and the ratio of the destroyed exergy over recovered exergy in form of 

NH3, as the two objective functions to minimize. Compression, reaction and separation 

approaches are evaluated through this methodology, with multiple variables being considered, 

such as pressure and temperature of the reactors, stages of compression, the use of 

intercoolers, among other alternatives. 

 

At this stage, H2 and N2 are considered to be obtained from renewable sources (wind 

turbines), and the focus is limited to the NH3 synthesis zone in a first step. Further studies will 

be devoted to upstream processes for gases obtention, to englobe from the wind turbines 

electricity production until the liquid ammonia storage. 
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