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The use of hydrogen as a substitute to hydrocarbons, is currently the object of many research 
and development tasks in the world. To be sustainable, a hydrogen production process must 
be carried out without consumption of raw materials other than water and driven by energy 
produced without greenhouse gas emissions. Electrolysis at low temperature carried out using 
sustainably produced electricity satisfies these constraints and is currently used to produce 
Hydrogen. It is possible to improve the performance of electrolysis while functioning at high 
temperature (HTE). Another possibility is to couple a thermo chemical cycle with a source of 
heat without greenhouse gas emissions, mainly sun or nuclear. Among the various 
thermochemical processes, the Sulphur/Iodine (S/I) process is the most currently studied. 
 
Both HTE and  S/I have a few common features: 

a) potentially they could reach high efficiencies, but the operation at high temperatures 
lead to investment cost greater than for conventional processes such as steam methane 
reforming or alkaline electrolysis. An increase in the efficiency could induce greater  
investment costs; 

b) there is a need for assessing their competitiveness on the horizon 2030. However,  the 
technical feasibility of the processes is not established yet and the production cost of 
the hydrogen from these processes results from the sum of several costs accounts 
which are not at present known in a satisfactory way.  

 
In order to balance investment and energy consumption costs, we have implemented a 
technoeconomic optimisation method, which uses genetic algorithms. The optimisation 
procedure consists in minimising an objective function which takes into account operating as 
well as investment costs. As a demonstration of the method, based on assumptions on a long 
term perspective expected value for the unit cost of a high temperature electrolyser, a 
calculation of the cost of the Hydrogen produced by HTE coupled with a geothermal source. 
 
 The imperfect knowledge of the particular cost accounts is modelled by fuzzy sets. In order 
to obtain estimations of relevant results, we apply the fuzzy equivalents of the standard 
numerical operations to them. We implemented a user interface which visualizes the 
contribution of each component to the final result. To simplify the definition of fuzzy sets for 
each cost account, we model them as trapezoidal fuzzy sets where the input consists of the 
minimal, minimal expectation, maximal expectation and maximal values. The described 
software has been validated on study case data and it will be used very soon for the estimation 
of the possible benefits from recent improvements in the components of the S/I cycle. 
  
 
 



Introduction 
Hydrogen production processes without raw material consumption other than water are 
currently being investigated. Alkaline electrolysis is mature but limited in efficiency. The 
performance of electrolysis can be improved while functioning at a high temperature (HTE). 
Another possibility is to use a thermo-chemical cycle with a heat source free of greenhouse 
gas emissions. The CEA (Commissariat à l’Energie Atomique), supports research into HTE 
and the thermo-chemical Sulphur/Iodine (S/I) process [1]. These advanced systems involve 
high pressure, high temperatures and corrosive products, and sometimes several of these 
extreme conditions combined. In all of these cases, investment costs can increase by one or 
two orders of magnitude when compared to classical alternative systems, thus resulting in 
growing interest in the techno-economic (TE) approach.  

 
From a TE point of view, HTE and S/I have a number of features in common: 

c) Potentially, they could reach high efficiency levels, but this entails greater investment 
costs than for conventional processes such as steam methane reforming or alkaline 
electrolysis. More generally, enhanced efficiency could lead to greater investment 
costs. 

d) Their competitiveness in around 2030 needs to be assessed. The technical feasibility of 
the processes is not, however, yet established and the production cost of hydrogen 
from these processes is the result of the sum of several cost factors which are not 
sufficiently known at present.  

 
A techno-economical optimisation method applied to HTE 
In order to balance investment and energy consumption costs, we have implemented a 
technical and economical optimisation method. The optimisation procedure consists in 
minimising an objective function that considers operating as well as investment costs. The 
techno-economic approach we selected presupposes a flow sheet. The objective function is the 
total cost [€/kgH2] expressed with the following formula: 

 

 (1) 

Where: 
 

     CTA : Total cost [€/kgH2] 
Ci,exch : Heat exchangers investment cost during the year in question [€] 
Ci,elec : Electrolyser investment cost during the year in question [€] 
Co,th  : Thermal consumption operating cost during the year in question [€] 
Co,elec  : Electric consumption operating cost during the year in question [€] 
Ht : Hydrogen production during the year in question [kg of H2]  
τ : Discount rate  
Te : Number of years in use [years] 
Ti : Number of years of investment [years] 
N : Total number of heat exchangers 
t : Year considered 
n : Heat exchanger considered 

Taking into account the complexity of the problem, we chose to use genetic algorithms as it 
has been proven that not only do they provide good results in large search spaces, but also 



they do not get stuck in local minima. Genetic algorithms are a stochastic method of 
optimisation based on an analogy with Darwinist theory. They work with the same process, 
that is to say, the evolution of a population using mutations and crossovers. The individuals 
selected are those who are adapted according to the objective function, which means for us 
that the chosen values for the operating parameters are those corresponding to lower total 
costs. This method has many advantages. The objective function does not need to be 
continuous and nor does it have to verify any other property. It only needs to evaluate it. 
Moreover, when a local optimum is found, the algorithm does not stop. Finally, they are 
robust algorithms that allow complex systems to be studied. 

 
The implementation of the techno-economical optimisation method is detailed in [2]. An 
initial application has been devoted to HTE coupled with a geothermal heat source in 
Iceland. The cost of electricity to industry in Iceland is approximately € 0.014 /kWh. This 
value should be compared with € 0.0284 /kWh, which is expected for medium-term 
electricity produced by the next Generation III nuclear reactors in France. In Iceland the cost 
of extracting thermal energy from a geothermal source is only about 10% of the cost of the 
electricity produced. 

  
     (2) 

Given these values, the advantage of producing hydrogen by HTE in Iceland is obvious, in 
terms of the cost of vaporising and heating water. Geothermal steam is delivered at a 
temperature lower than that needed at the electrolyser’s inlet point, but the steam can be 
overheated, first by the gas at the electrolyser’s outlet point and secondly by an additional 
electric re-heater before entering the electrolyser. 
The electrolyser’s estimated operating lifetime is five years. 
 
The program found that the investment cost of the electrolyser is the overriding feature. As 
electricity consumption drops when the electrolyser’s operating temperature rises and as the 
highest possible operating temperature defined in our scenario is 950°C, the programme 
provides results in this range (cf. Figure 1).  
The optimisation results for this system show that it has sufficient energy to supply steam at 
888°C, which is then heated by the re-heater to 949°C. Figure (1) shows the final 
temperatures from our optimisation.  

 
We found that hydrogen production’s final cost was €1.7/kgH2. This value shows that, at 
least in the context of Iceland, HTE could compete with alkaline electrolysis. The cost 
breakdown is shown in Table (1). 
 

Thermal consumption cost 1% 
Pumping cost ~0.0% 
Re-heater consumption cost 0.8% 
Electrolyser consumption cost 31% 
Heat exchangers’ investment cost 0.1% 
Electrolyser investment cost 67% 

Table 1. Cost breakdown of hydrogen production cost 



 
Figure 1. Main operating temperatures of the HTE coupled with a geothermal source 

 
Use of fuzzy sets for handling the cost accounts of the S/I process 
Doubts concerning the cost accounts are linked to advanced systems such as the HTE and the 
S/I cycle. Calculating hydrogen production’s total cost is mainly based on two areas: data 
fusion and dealing with uncertain (and missing) data. In machine learning, several theories 
and techniques address the problem of dealing with uncertain information. Under a joint 
project between the CEA and the LIP6 (Laboratoire d’Informatique de l’Université Paris VI) 
a tool has been developed that allows reasoning with the available information. Based on the 
nature of the problem, and taking into account the specific needs of techno-economists, we 
decided to tackle it with fuzzy logic. 
 
We used a very simple model of the thermo-chemical S/I process. We started with an initial 
system, which implemented basic functions and provided only a few parameters. We limited 
the economic evaluations to only four main economic parameters of the production process. 
We chose the values with the highest influence on the overall costs: investment costs, 
maintenance costs, iodine costs, and the amount of hydrogen produced.  
 
A user interface, which views the contribution of each component to the final result, has been 
implemented. The input variables have been modelled as trapezoidal fuzzy sets. This allows 
the definition of the fuzzy sets for each cost account by only four parameters, the minimum 
possible value, most certain minimum, most certain maximum, and maximum possible value. 
These parameters can be simply set and/or adjusted at any time.  
 
To estimate relevant results, the standard numerical operations’ fuzzy equivalents have been 
applied. The program calculates four fuzzy cost accounts corresponding to the inputs and the 
sum of them to obtain the final result.  
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For interpretability purposes, the following 5 values are extracted from every fuzzy cost 
account: possible minimum, most certain minimum, most certain maximum, maximum 
possible, and expected value. The last one is calculated using the center of area method 
applied to the fuzzy sets [3]. The fuzzy cost accounts are visualised as reported in figure 2.  
The graphical user interface allows to directly perceive the contribution of each cost account 
to the final result since all diagrams use the same scale and unit (€/kg).  

 
Figure 2. Main cost accounts and total production cost for the S/I cycle coupled with a 

geothermal HTR 

Values indicated in figure 2 has been obtained [4] from existing data and expected 
improvements of the S/I cycle. It appears that for a S/I cycle coupled with a HTR, the 
hydrogen production’s final cost would be for sure between € 1.65 and 9.4 /kgH2. The 
analysis of the results show that the maintenance cost is the most uncertain data. 
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