
Review

Hybrid solid oxide fuel cells–gas turbine systems for combined heat and
power: A review

Annamaria Buonomano, Francesco Calise ⇑, Massimo Dentice d’Accadia, Adolfo Palombo,
Maria Vicidomini
Department of Industrial Engineering, University of Naples Federico II, P.le Tecchio 80, 80125 Napoli, Italy

h i g h l i g h t s

� A comprehensive review of SOFC–GT power plant is provided.
� Different layout configurations are analyzed.
� SOFC–GT energetic efficiency is extremely high.
� SOFC–GT are extremely flexible regarding the type of fuel.
� System commercialization is limited by the cost of materials.
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a b s t r a c t

This paper presents a comprehensive review of the possible layout configurations of hybrid power plants
based on the integration of solid oxide fuel cells (SOFC) and gas turbine (GT) technologies. SOFC/GT power
plants have been investigated by using a plurality of approaches, such as: numerical simulations, exper-
imental analyses, and thermo-economic optimizations. The majority of SOFC/GT hybrid systems are fed
by methane, which is much cheaper and easier to manage than hydrogen. In fact, SOFC/GT systems use
the capability of the fuel cell to internally perform the reforming process required to convert methane
into hydrogen. The steam required to drive the reforming reaction can be supplied by the anode recircu-
lated stream. Alternatively, such steam can be produced externally, by using the heat of the exhaust
gases. In this case, steam can be used also for thermal purposes and/or for further system hybridization
(e.g. Cheng cycle). The majority of the SOFC/GT power plants analyzed in literature are based on the pres-
surized arrangement, potentially able to ensure lower capital costs and higher efficiencies. Conversely,
atmospheric plants are easier to manage, due to the possibility of operate the SOFC and the GT indepen-
dently one of each other. The paper also investigates more complex SOFC/GT configurations, including:
HAT turbines, IGCC SOFC/GT power plants, ORC cycles, etc. A detailed analysis of the SOFC/GT control
strategies and part-load performance analyses is also presented, showing that such systems reach their
best performance at nominal capacity, and are affected by significant reduction of the electrical efficiency
in case of large variations of the load. Finally, the paper also presents a review of hybrid SOFC/GT power
plants fed by alternative fuels, such as coal and biomass.
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1. Introduction

One of the main goals of the research in the energy field is the
development of novel conversion technologies, allowing one to
achieve higher efficiencies and a lower environmental impact. In
fact, the energy sector must face with a constant increase of the
world energy consumption, especially due to dramatic develop-
ment of the emerging countries. As a consequence, it is crucial to
make such development ‘‘sustainable’’, considering the limited
availability of natural resources [1]. In addition, energy conversion
processes must not be harmful to the environment, and undesir-
able effects must be prevented, such as: global warming and emis-
sions of pollutants [2].

This goal can be achieved by a simultaneous development of
renewable energy sources and highly efficient energy conversion
devices. In fact, several governments are promoting and forcing
the use of renewable energy sources (solar, wind, hydro, etc.) [3–
7]. Similarly, innovative technologies must be also used for the
conventional conversion of fossil fuels, providing simultaneously
ultra-high conversion efficiencies and ultra-low environmental
impact [8–13].

Several novel and efficient renewable technologies were devel-
oped during the past few years, dramatically reducing their capital
cost and improving their power density [14,15]. Such renewable
energy sources, as wind [16,17], solar [18–23], hydro based ener-
gies [24,25], etc., are widely combined with back-up units to obtain
efficient and environmental friendly hybrid systems.
Simultaneously, novel highly efficient energy conversion systems
using fossil fuels are now commercially available, such as:

combined cycles [26–28], carbon capture technology [29–35], inte-
grated gasification combined cycles [36–39] and fuel cell-based
power plants [40–42].

Among these innovative technologies, fuel cells are considered
as one of the most promising energy conversion systems [40]. In
fact, they can electrochemically oxidize the fuel without combus-
tion, leading to ultra-high electrical efficiencies [40,43–45]. Fuel
cells can also benefit of low emissions, due to the intrinsic charac-
teristics of their electrochemical reaction, whose by-products, in
case hydrogen is used as a fuel, are just CO2 and H2O [46,47].
Fuel cells are also very attractive for their intrinsic modularity
which also allows one to assembly power plants from
micro-scale (<1 kW) to large-scale (>10 MW) systems [40,46,47].
Finally, it is worth noting that the electrochemical reaction is
highly exothermic, releasing a significant amount of heat which
can be profitably used for cogeneration purposes (space heating,
domestic hot water, district heating, steam production, etc.),
depending on the operating temperature of the fuel cell
[2,45,48–55]. In case of high temperature fuel cells, their exhaust
gases can be also used to drive a bottomed thermodynamic cycle
(e.g., Rankine cycle, Brayton cycle) [2,45,48,49,56–63]. In this case,
the overall efficiency of the overall hybrid cycle can theoretically
be higher than 70% [2,40,45]. In particular, solid oxide fuel cell
(SOFC) is the most attractive fuel cell technology for possible sys-
tem hybridization, since their operating temperature is very high
(up to 1000 �C) [64], leading to a plurality of hybrid power plants
[2,40,45–48,61,65], including steam or Organic Rankine Cycles
[45,66–69] and/or Brayton cycles [2,45–47] and many other con-
figurations, as shown later on in the paper.
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