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b)  
 

c)  
 

Fig. 1. Control strategies for standalone configuration (a), and hybrid 
configuration with constant current (b) and constant voltage (c) 

 

III.  RESULTS 
Figure 2 shows the comparison between the cell lifetimes in 

the three cases. 
 

 
Fig. 2. Cell lifetime comparison between the three control strategies 

 
In the standalone fuel cell, since degradation rate increased 

with time due to the increment in current, the voltage (and 
consequently the power) dropped very fast and the cell failed 
after about 6,000 hours. With the constant current in the hybrid 
configuration, degradation rate was fairly constant during time, 
slightly decreasing thanks to the reduction in fuel utilization, 
due to the increment in fuel flow. Hence, cell power gradually 
decreased to zero in about 75,000 hours. The second control 

strategy that can be implemented in a hybrid system allowed 
maintaining constant voltage, reducing current load and 
consequently degradation rate. The cell lifetime can be thus 
comparable with the lifetime of the turbine, since after 100,000 
hours the fuel cell power output reduced only by 60%.  

The efficiencies comparison is shown in Figure 3. 
 

 
Fig. 3. System efficiency comparison between the three control strategies 
 
The efficiency of the recuperated turbine cycle is 

considered constant in these simulations. However, as the cell 
degrades, the load needs to be shifted to the turbine, which has 
to be oversized at the beginning of plant life and work in off-
design conditions for a considerable amount of hours. An 
economic analysis of the system needs to be performed in order 
to evaluate the cost-effectiveness of this strategy and the 
optimal size of the turbine to compensate cell performance 
degradation over time. 

 

IV.  CONCLUSIONS  
Performance degradation of a SOFC was studied comparing 

a standalone case and a hybrid configuration where the 
pressurized fuel cell is coupled with a turbine. Two different 
control strategies were implemented in the second scenario, and 
compared with the standalone case. In the hybrid system it was 
possible to maintain the system power constant and at the same 
time extend the fuel cell life more than 10 times, reducing the 
voltage degradation rate and maintaining high system 
efficiency. Future works are required to analyze the effect of 
temperature gradients along the cell and potential mitigation 
actions, as long as economic feasibility of the system.  
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Abstract - The scope of the work is to assess the potential, the 
actors and relevant business cases for large scale storage of 
renewable electricity by hydrogen underground storage in 
Romania. This presentation intends to provide a picture of the 
multi-criterial analyses of salt cavern locations in Romania. 

The energy sector is facing with the necessity to store large 
energy quantities for short to long term in order to adapt to the 
increasingly intermittent renewable energy. The results of this 
presentation have originated from an ongoing European 
assessment project by the name of HyUnder (FCH JU, grant 
303417) regarding utilization of salt caverns for hydrogen 
underground storage. 

Currently, main uses of salt caverns include storage of 
hydrocarbons or wastes disposal. Salt caverns have stirred the 
interest of the scientific community regarding the potential 
applications in hydrogen economy. Romania has active mines or 
caverns and others closed, many of them have the potential to be 
used from hydrogen storage. These facts represent an interested 
situation in order to initiate studies or assessments of the potential 
hydrogen underground storage. The salt mines, hydrogen 
producers, renewable energy sources and research centers with 
high qualified scientists, represent essentially elements for new 
type of studies regarding hydrogen economy. In the context of 
scientific community's efforts from Romania to assert active in the 
area of hydrogen technologies, this approach can certainly 
constitutes an attractive example for pan-European cooperation. 

The work disclaims the technic multi-criterial analyses of salt 
cavern locations regarding hydrogen underground storage. The 
introduction of hydrogen into economy offers the possibility to 
provide a number of advantages: sustainable development, 
valorization of local resources and improvement of 
competitiveness. The opportunities and viabilities of salt cavern 
locations are analyzed. 

 
Index Terms hydrogen storage, HyUnder, multi-criterial 

analyses, salt caverns 

I.  INTRODUCTION 
The scientific literature describe the intelligent decision 

system as a window-based software package that has been 
developed on the basis of the evidential reasoning approach, 
that successfully is used for handling hybrid multiple criteria 
decision analysis (MCDA) problems with uncertainties. The 
approach has been developed using the concepts from several 
disciplines, including decision sciences, artificial intelligence, 
statistical analysis, fuzzy set theory, and computer technology 
[1].  

In the situation when there is need to decide which location 
or sub-locations are the best choice for hydrogen underground 
storage placement, it is inevitable to deal with both quantitative 
and qualitative information under uncertainty. Evidence-based 
reasoning within a multiple criteria decision analysis 
framework provides an alternative way of handling such 
information systematically and consistently. In this paper, the 
evidential reasoning approach is used in order to analyses both 
quantitative and qualitative data regarding hydrogen 
underground storage in salt caverns in Romania. This is a part 
of a comprehensive study performed by the authors using data 
obtained from the HyUnder European project. 

II.  RESULTS AND DISCUSSIONS 
Hydrogen storage at large scale can be expected to support 

the integration of intermittent renewable energy sources in the 
current energy system. Figure 1 provides a picture for the 
potential hydrogen infrastructure in Romania where four 
possible locations for hydrogen underground storage can be 
identified: Cacica, Targu Ocna, Ocnele Mari and Ocna Mures. 
A detailed study about these locations and afferent 
infrastructure was described by authors in other paper [2]. The 
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studies were conducted according with HyUnder project 
criteria, which refer to the evaluation of a set of locations, like: 
good geological conditions and cavern field in conservation. 

 
 
 

Fig. 1.  Locations for hydrogen underground storage 
in salt cavern in Romania, source [2]. 

 
The studies were conducted according with HyUnder project 

criteria, which refer to the evaluation of a set of locations, like: 
good geological conditions and cavern field in conservation. 
The sites were multi-criterial analyzed. The driver for potential 
utilization of hydrogen underground storage in Romania is the 
steep gradient of introducing renewable electricity and time 
lagged also in other energy sectors such as mobility, chemical 
industry and the natural gas industry. The multiple criteria 
decision analysis (MCDA) of hydrogen underground storage in 
salt caverns offer more sensitive scenarios where more details 
or differences can be visualized. In Figure 2, the authors 
provide an example of analysis of general, geologic, 
geographic, industrial, grid, mobility and development aspects 
[3]. 

III.  CONCLUSIONS 
The extended abstract shows the collective efforts of 

researchers from National Research and Development Institute 
for Cryogenics and Isotopic Technologies - ICSI Rm.Valcea 
(National Hydrogen and Fuel Cell Center) to highlight potential 
in Romania in terms of hydrogen storage. This presentation 
provides a picture of the insights, perspectives and referrals for 
hydrogen underground storage in salts caverns in Romania, 
using multiple criteria decision analysis (MCDA). 

 

 
Fig. 2.  Example of multiple criteria decision analysis 

of hydrogen underground storage in salt caverns. 
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Abstract – A novel silver/manganese dioxide compound was 
synthesized with a facile method by activating the surface of 
electrolytic manganese dioxide with SnCl2 and consecutive silver 
deposition. The possibility of using this compound as positive 
electrode in a fuel cell/battery system was assessed, i.e., by 
electrochemical cycling and evaluating its oxygen reduction 
capabilities in a pressurized vessel. At electrochemical cycling, the 
Ag free electrode showed better performance with a higher 
discharge potential and capacity. However, in case of oxygen 
reduction, the Ag in the silver/manganese dioxide electrode had a 
positive effect, increasing both the potential and maximum current 
of the compound. 

 
Index Terms – Fuel Cell/Battery System, Manganese Dioxide, 

Oxygen Reduction Reaction, Silver  

I.  NOMENCLATURE 
CB: carbon black 
EMD: electrolytic manganese dioxide 
EVA: ethylene-vinyl acetate 
FCB: fuel cell/battery 
MH: metal hydride 
PP: polypropylene 

II.  INTRODUCTION 
Our group has previously introduced the concept of an FCB 

system [1]. As a negative electrode MH is used, which can be 
electrochemically cycled in alkaline environment: 

 𝑀𝑀𝑀𝑀 + 𝑂𝑂𝐻𝐻!
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

⇌
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑀𝑀 + 𝐻𝐻!𝑂𝑂 + 𝑒𝑒! (1) 

In addition to that, MH can also be charged by gaseous 
hydrogen: 

 𝑀𝑀 + !
!
𝐻𝐻! → 𝑀𝑀𝑀𝑀 (2) 

As a positive electrode, MnO2 was found to be a promising 
material because it can be charged electrochemically: 

 𝑀𝑀𝑀𝑀𝑂𝑂! + 𝐻𝐻!𝑂𝑂 + 𝑒𝑒!
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

⇌
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝑂𝑂𝐻𝐻! (3) 

And in addition to that, discharged MnO2, i.e., MnOOH, can 
be regenerated when exposed to oxygen [2]: 

 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + !
!
𝑂𝑂! → 𝑀𝑀𝑀𝑀𝑂𝑂! +

!
!
𝐻𝐻!𝑂𝑂 (4) 

Furthermore, MnO2 can work as an oxygen reduction 
reaction (ORR) catalyst as shown by others [3]. 

In previous work, it was found that the oxygen regeneration 
and ORR were the rate limiting steps of MnO2 as positive 
electrode material in the FCB system [4]. In this work, an 
Ag/EMD compound has thus been synthesized and analyzed as 
positive electrode for an FCB because the addition of silver was 
expected to enhance the catalytic capabilities of the positive 
electrode. 

III.  EXPERIMENTAL 
Commercially available EMD (Tosoh Japan), whose crystal 

structure is γ-MnO2, was used without purification. Its surface 
was activated by stirring 1 g of EMD in 100 ml of 0.05 M 
SnCl2 in a H2O/Ethanol (50:50 vol.%) mixture for 1 h at room 
temperature. The sample was then filtered, washed with 
ultrapure water several times and dried for 1 h in 80°C. In the 
second step, the Sn-activated EMD was added into 100 ml H2O 
with 0.157 g of dissolved silver nitrate. The mixture was stirred 
for 2 h and then filtered, washed carefully with ultrapure water 
and dried overnight in 80°C. 

A gravimetric composition of (Ag/MnO2):CB:EVA = 
100:15:10 was mixed in ca. 100°C xylene to dissolve EVA and 
then grinded in a mortar. Once viscous, the slurry was pasted 
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