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Scope of project

The	present	demonstration	project	finds	its	roots	in	a	concept	developed	in	our	laboratory,	which	
primarily	aims	at	 increasing	 the	energy	density	of	 redox	flow	batteries	 (RFBs)	and,	as	a	 conse-
quence, its energy storage capacity. The system is extensively explained elsewhere [1, 2, 3], but, 
in a few words, the idea is to use the RFB in its typical electrochemical mode except when a surplus 
of (renewable) energy is available and the battery is already fully charged. In this particular case, a 
secondary circuit (see Figure 1) made of two catalytic beds enables an external chemical discharge 
of both electrolytes. 
On the negative side (right circuit in Figure 1), the catalytic chemical discharge reaction is the reduc-
tion of protons by the V(II) species present in the electrolyte, generating hydrogen and regenerat-
ing the discharged V(III) species. The catalyst for this reaction is molybdenum carbide, which was 
chosen for its low price, its stability and its clear activity for the reaction of hydrogen evolution in an 
acidic V(II) solution. On the positive side (left circuit in Figure 1), catalysts such as iridium dioxide 
(IrO2) or ruthenium dioxide (RuO2) are able to activate the oxidation of water by the Ce(IV) ions, 
generating oxygen and protons – that can cross the membrane and re-equilibrate the proton con-
centration on the negative electrolyte – and regenerating the discharged Ce(III) species. 
Both chemically discharged electrolytes return then to the RFB, which can be charged further, stor-
ing thus surplus energy in the form of hydrogen. This increases the RFB energy density and capacity. 
The	efficiency	of	this	system	in	chemical	discharge	mode	is	calculated	by	comparison	of	the	chemical	
energy capacity corresponding to the hydrogen produced and the electrical energy used for charging 
the	V–Ce	RFB.	Using	a	bench-scale	system,	this	efficiency	was	close	to	50	%.

Status	of	project	and	main	scientific	results	of	workgroups	

lyst can be added) catalysts for 
both gas evolution reactions. 
The conditions for the chemi-
cal formation of hydrogen can 
also be different than in the 
electrochemical cell in terms of 
pressure and temperature, for 
instance. In this system, one 
electrochemical cell is used for 
two processes: the storage of 
electrochemical energy in the 

battery and additionally, the 
production of hydrogen on de-
mand. On the contrary, a con-
ventional electrolyser coupled 
to a RFB requires more costly 
equipment, as a state-of-the 
art electrolyser alone would 
not easily adapt to the highly 
variable	 power	 profile	 associ-
ated to renewable energy pro-
duction.

This secondary circuit for hy-
drogen and oxygen evolu-
tion is meant to increase the 
energy density and capacity 
of RFBs and do not compare 
to electrolysers in terms of 
productivity (due to the cur-
rently relatively lower current 
densities at the electrodes in 
RFBs). However, the indirect, 
or mediated, water electrolysis 
process exhibits several sig-
nificant	advantages	over	clas-
sical water electrolysis, such 
as the decoupling in space and 
in time of both gas evolution 
half-reactions and it avoids 
all the issues related with the 
electrode stability under gas 
evolution conditions. The elec-
trochemical process is basi-
cally independent from the 
chemical process of hydrogen 
evolution. This leads to a high-
er purity of hydrogen and al-
lows the use of less catalytical-
ly active, but more stable and 
less expensive (so more cata-

Figure 1: 

Concept of the dual-circuit 
RFB. Hydrogen is gener-
ated by the chemical dis-
charge of the negative 
electrolyte.
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Figure 2: 

Overall design of the hy-
drogen evolution reactor 
(more details in [3]).

Demonstration of a Redox Flow Battery 
to Generate Hydrogen from Surplus 
Renewable Energy

It	 should	 first	 be	 noted	 that	
the V–Ce RFB can be replaced 
by an all-vanadium RFB, as it 
is the most advanced type of 
RFBs and they are commer-
cially available. However, this 
involves changing the reaction 
for the chemical discharge of 
the positive electrolyte. The 
prerequisites for this reaction 
are that it must consume one 
proton per V(V) reduced in 
order to keep the overall pro-
ton balance of the dual-circuit 
system. Moreover, the oxidised 
product of the reaction should 
be easy to separate from the 
electrolyte – ideally it is a gas 
or a solid, and it should not 
modify its initial composition, 
i.e. it should not modify in any 
way the operation of the RFB.

In our demonstration sys-
tem, a commercially available 
10 kW / 40 kWh all-vanadium 
RFB was installed in 2014 
with the aim of validating the 
feasibility of the dual-circuit 
concept at a larger scale. As 
a	 first	 step,	 the	 battery	 was	
fully characterised by various 
analyses of the charge and 
discharge curves. Moreover, 
the chemical discharge of the 
negative electrolyte, that is the 
reaction of hydrogen evolu-
tion, was already scaled-up to 
a medium-scale on the basis 
of	a	first	reactor	design.	These	
two aspects were discussed in 
the last report and published 
last year [3, 4].

A	 first	 advance	 reported	 here	
is an improvement of the de-
sign of the hydrogen evolution 
reaction. Indeed, the previ-
ous design was not satisfying 
enough in term of electrolyte 
flow	 resistance	and	of	 the	 ef-
ficiency	of	the	liquid-gas	sepa-
ration process. The horizon-
tally-shaped catalytic reactor 

was therefore replaced by a 
vertical,	segmented	configura-
tion (Figure 2). This allows a 
more	 controlled	 and	 efficient	
separation of the hydrogen 
from the electrolyte during the 
reaction itself, without block-
ing	 the	 flow	 of	 electrolyte	 in	
the	 reactor.	 The	 flow	 rate	 of	
electrolyte in this reactor can 
reach 1 L / min, allowing the 
discharge of the fully charged 
negative electrolyte of the 
battery in 17 h (equivalent to 
2.4 kW discharge, 540 A elec-
trolysis). However the rate of 
the chemical discharge can 
easily be increased by adding 
several such reactors in paral-
lel	with	the	first	one.

The second aspect to be dis-
cussed here is the chemical 
discharge of the vanadium 
based positive electrolyte. As 
water oxidation cannot be per-
formed using the V(V) electro-
lyte, the oxidation reactions of 
N2H4, SO2 and H2S were inves-
tigated [3]. The corresponding 

products of the reactions are 
N2, SO4

2– and S, respectively. 
Nitrogen is readily separated 
from the electrolyte as a gas 
when it is produced. The reac-
tion is based and exothermic, 
it needs therefore to be per-
formed under controlled con-
ditions	 (slow	 flow	 rate	 and/or	
addition of a cooling system), 
making the oxidation of H2S 
a potentially viable approach. 
The separation of solid sulfur 
from the discharged electro-
lyte before it returns to the 
battery is also easily achieved 
by	 filtration	 for	 instance.	 The	
separation of soluble sulfate 
ions from the electrolyte is 
however less evident. Two 
processes were tested. In the 
first	case,	the	chemical	oxida-
tion of the SO2 in the electro-
lyte (no catalyst) is followed 
by the extraction of sulfate by 
dialysis. In the second case, a 
fuel cell was built, in which the 
first	 half-reaction	 is	 the	 oxi-
dation of SO2 and the second 
half-reaction is the reduction 
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of V(V). In this case, sulfate is 
produced in the stream sepa-
rated from the positive electro-
lyte stream, but this reaction 
needs a catalyst, especially for 
the reaction of SO2 oxidation. 
The	energy	efficiency	of	these	
reactions was calculated and is 
given in [3].

The chemical reactions of SO2 

and H2S were also observed 
to be fast and they are par-
ticularly interesting for gas 
desulfurization, for instance 
in petrochemical industries or 
for the removal of H2S from a 
raw biogas stream. Therefore, 
in the present state, the all-va-
nadium RFB can be discharged 
chemically on both sides, pro-
ducing hydrogen and being 

able to completely remove sul-
fur species from a gas stream. 
This	is	a	significant	advance	in	
the demonstration of the fea-
sibility of the system, but also 
for the discussion of the inte-
gration of the system into spe-
cific	energy	networks.	

In terms of perspectives, stud-
ies for the chemical discharge 
of a cerium based positive 
electrolyte (oxygen evolution) 
are still undergoing and an 
overall characterization of the 
dual-circuit RFB performance 
for various energy produc-
tion	 and	 consumption	 profiles	
will be performed based on 
the reactions discussed in this 
 report. In a longer term view, 
the scale-up of the chemical 

discharge of the V(V) elec-
trolyte based on the Westing-
house process as well as the 
production of hydrogen under 
pressure will be studied over 
the next years. The former 
process is based on the SO2 
oxidation to sulfuric acid by 
V(V), which can be reduced to 
SO2 again in presence of heat, 
generating oxygen and, in an 
overall view, consuming only 
water. SO2 is therefore cycled 
back to discharge the battery. 
This cycle allows discharg-
ing the positive electrolyte at 
low costs, it keeps the proton 
balance and it presents syn-
ergies with the application of 
sun  energy through the use 
of a solar concentrator for in-
stance.

.
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