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a b s t r a c t

Energy storage and conversion is a very important link between the steps of energy production and
energy consumption. Traditional fossil fuels are natural and unsustainable energy storage medium with
limited reserves and notorious pollution problems, therefore demanding for a better choice to store and
utilize the green and renewable energies in the future. Unitized regenerative fuel cell (URFC), a compact
version of regenerative fuel cell with only one electrochemical cell, is one of the competent technologies
for this purpose. A URFC can produce hydrogen fuel through an electrolysis mode to store the excess
energy, and output power in a fuel cell mode to meet different consumption requirements. Such a re-
versible system possesses several distinctive advantages such as high specific energy, pollution-free, and
most importantly, the decoupled energy storage capacity with rated power. Based on the different
electrolytes utilized, current available URFC technologies include the most common proton exchange
membrane (PEM)-based URFC, and other types of URFC such as the alkaline, solid oxide and microfluidic
URFCs. This part of the URFC review emphasizes on the PEM-based URFC. Specifically, the research
progress on both cell components and systematic issues is introduced. Benefiting from its fairly mature
technology stage, the PEM-based URFC has already been applied in aerospace and terrestrial areas.
However, for large-scale application, their cost and efficiency are still the obstacles when competing with
other energy storage technologies. As for the alkaline, solid oxide and microfluidic types of URFC, their
research progress is reported independently in part B of this review.
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1. Introduction

Nowadays environmental issues, such as global climate change
and air pollution, have strongly attracted world's attention. Tra-
ditional fossil fuels are still the predominant energy source for
human activity, which are responsible for many well-known en-
vironmental problems, typically the global warming due to mas-
sive CO2 emissions and the air pollution due to the emissions of
SOx and NOx. In addition, fossil fuel reserves are limited. According
to a prediction in 2009, coal can last for about 107 years, crude oil
for about 35 years, and nature gas for about 37 years [1], while
world population and energy demand still keep increasing. When
facing these problems, either the optimization of existing fossil
fuel utilization facilities or the development of renewable energy
sources is promising, of which the latter one is more sustainable
considering the limited reserve of fossil fuels. Renewable energies
such as solar, wind, geothermal etc. are getting more and more
attention and investment in recent years, with a growing capacity
and proportion in world energy supply. However, the intermittent
nature of renewable energies has restrained their application
prospect. In order to balance with their energy production inter-
mittency, either secondary batteries or regenerative fuel cells
(RFC) are proposed as auxiliary energy storage & conversion
component for them.

As shown in Fig. 1(a), a RFC is composed of three main parts: a
fuel cell for power generation, an electrolysis cell for fuel pro-
duction, and a fuel storage component. In addition, an oxygen
storage part can also be added for a completely-closed RFC system.
When coupled with renewable power sources, the electrolyzer can
utilize the redundant and inferior power input to split water for
hydrogen generation, while during the power output period hy-
drogen fuel will flow back to fuel cell and output stable electric
power. To make a more compact system, the fuel cell part and the
electrolyzer part can be unitized into a single electrochemical cell,
which functions alternatively as fuel cell and electrolyzer, as
shown in Fig. 1(b). This unitized regenerative fuel cell (URFC) holds
several advantages against the conventional discrete RFC, such as
lower capital cost, simpler structure, higher specific energy, no
need for auxiliary heating [2], etc.

Till now, secondary batteries are widely used for energy storage
purpose due to their high round-trip efficiency (around 80%) [3],
but their drawbacks are also evident. The durability of secondary
batteries is not very satisfactory when facing deep cycling, and
their specific energy is constrained by the heavy weight. Moreover,
the coupling of energy storage capacity and rated power has made
secondary batteries less efficient to scale up. To solve this problem,
redox flow batteries (RFBs) are proposed as an alternative choice.
Unlike the conventional secondary batteries which store reactants
within the cell, the RFBs utilize electro-chemical reactants dis-
solved in electrolytic solutions which are stored in external tanks
and circulated on the electrode surface during operation. In this
way, the energy storage capacity and rated power of RFBs are

decoupled [4]. By enlarging the electrolyte storage tank the ca-
pacity can be easily increased, while the rated power can be en-
hanced by enlarging the electrodes' area or through stacking.
However, due to the bulk electrolyte solution contained in the
system, the specific energy of RFBs is generally much lower. Si-
milar to RFBs, URFCs also store the fuel and oxidant, generally H2

and O2, externally in separated gas tanks, therefore achieving
decoupled storage capacity and output power, but their specific
energy is much higher due to the absence of liquid electrolyte,
which is about 0.4–1.0 kWh kg�1 including the mass of the hy-
drogen and oxygen gas tanks [5]. In addition, URFCs can be totally
charged and discharged without damaging the durability com-
pared with secondary batteries. These advantages have made
URFCs very competitive against secondary batteries and RFBs.
However, URFCs generally achieve lower round-trip efficiency
than batteries due to the sluggish oxygen reactions. Other issues
such as high cost, hydrogen storage, and relatively low technology
readiness, have also hindered their applications.

Same as the classification of fuel cells, URFCs can also be clas-
sified by the electrolytes they employ, such as the unitized re-
generative proton exchange membrane fuel cell (UR-PEMFC),

Fig. 1. Comparison between RFC and URFC: (a) RFC; (b) URFC.
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