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In pursuing the implementation of 
highly efficient, emission-free power, 
the U.S. Department of Energy 

(DOE) is looking to the development 
of hybrid power systems that make use 
of the coupling of an electrochemical 
device with a heat engine, or more 
specifically, a solid oxide fuel cell (SOFC) 
and a gas turbine.1-4 The synergies 
of coupling these systems in a hybrid 
configuration provide the potential for 
reaching the highest possible electric 
conversion efficiency ever realized.5 As 
such, advanced hybrid power systems 
that incorporate a fuel cell and a gas 
turbine represent fossil or renewable 
energy production technology that 
provide the opportunity for a significant 
improvement in generation efficiency.6 
An example of a simplified process 
diagram of the power cycle in a hybrid 
fuel cell gas turbine is shown in Fig. 1.

While much of the DOE-sponsored 
research focuses on improving the 
performance of solid oxide fuel cells, a 
hardware simulation facility has been 
built by the Office of Research and 
Development at the National Energy 
Technology Laboratory (NETL) to 
explore both synergies and technical 
issues associated with integrated hybrid 
systems. The facility is part of the 
Hybrid Performance (Hyper) project, 
and is made available for public research 
collaboration with universities, industry, 
and other research institutions. The 
Hyper facility is capable of simulating 
high temperature fuel cell systems from 
300 kW to 700 kW coupled with a 120 
kW turbine. The purpose of the Hyper 
project is to specifically address this 
higher risk research by combining the 
flexibility of numerical simulation with 
the accuracy of experimental hardware.7 
An illustration of the Hyper facility is 
shown in Fig. 2.

The Hyper facility makes use of 
pressure vessels and piping to simulate 
the volume and flow impedance of the 
cathode and a burner controlled by a 
real-time fuel cell model running on a 
dSpace hardware-in-the-loop simulation 
platform to simulate the fuel cell thermal 
effluent. The hardware used to simulate 
the fuel cell is integrated with a 120 
kW Garrett Series 85 auxiliary power 
unit (APU) for turbine and compressor 
system. The APU consists of single 
shaft, direct coupled turbine operating 
at a nominal 40,500 rpm, a two-stage 
radial compressor, and gear driven 
synchronous generator. The electrical 
generator is loaded by an isolated, 
continuously variable 120 kW resistor 

Fig. 2. Illustration of the Hybrid Performance (Hyper) simulation facility at NETL.

Fig. 1. Simplified flow diagram of a representative direct fired, recuperated fuel cell gas turbine hybrid 
system.

load bank. The compressor is designed 
to deliver approximately 2 kg/s of air at a 
pressure ratio of about four. The project 
facility makes use of two counter flow 
primary surface recuperators with a 
nominal effectiveness of 89% to preheat 
the air going into the pressure vessel 
used to simulate the fuel cell cathode 
volume.8 A more detailed description 
has been provided previously.7,9 A 
picture of the facility is shown in Fig. 3.

Fuel Cell Model

A real-time computational model is 
used to simulate the fuel cell portion 
of the hybrid. The model is used to 
dynamically calculate the thermal 
effluent of a stack based upon measured 
Hyper flow conditions and user set 
points, and assumes the use of coal 
syngas as a fuel, as shown in Fig. 4. In 
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Fig. 3. A photograph of the Hyper facility at NETL (the cathode volume is shown in the foreground).
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earlier studies, natural gas was used 
as a fuel source and was reformed to 
hydrogen and carbon monoxide before 
entering the fuel cell. For steady state 
system mapping studies, the model 
can be used off-line and driven to a 
steady condition that matches the 
corresponding steady state process 
conditions of the Hyper facility 
hardware for each valve position and 
specified turbine load. A more detailed 
description of the model is published 
elsewhere.10

As shown in Fig. 4, the numerically 
simulated section consists of the planar 
solid oxide stack, anode recycle, a pre-
combustor, and an anode off gas post-
combustor. For previous studies the 
stack size was fixed and composed of 
3225 cells to target a range of electrical 

power generation varying between 228 
kW and 687 kW. Computationally, only 
a single 20 cm x 20 cm cell is modeled 
with the inlet and outlet streams scaled 
by the 3225 factor. The range of fuel cell 
operating conditions used during the 
tests is specified in Table I.

To further expand the capabilities 
of the Hyper facility, a distributed 
1D model of a solid oxide fuel cell 
capable of real-time operation has been 
developed at the Georgia Institute of 
Technology and implemented in the 
Hyper dSpace platform. This facilitates 
determination of dynamic temperature, 
species concentrations, and current 
density profiles along the cell during 
transient system events. Testing is 
currently underway to examine system 
response to fuel cell load changes and 

Fig. 4. Diagram of the Hyper facility real-time fuel cell model.

compressor dynamics resulting in fuel 
cell cathode airflow transients. The 
results are expected to be useful in 
developing control strategies to mitigate 
undesirable or damaging operating 
conditions.

Synergies

Efficiency.—The most apparent synergy 
of integrating a fuel cell and a gas 
turbine is the gain in total system 
efficiency. Quite simply, using a turbine 
to recover electricity from the waste 
heat of the fuel cell system allows for an 
increase in total system efficiency. The 
total system electric efficiency is shown 
by the lines in Fig. 5 for a combination 
of topping and bottoming cycle 
efficiencies. For hybrid systems, the 
fuel cell is generally used as the topping 
cycle with the turbine in a bottoming 
configuration, as shown for the direct 
fired case illustrated in Fig. 1.

However, a hybrid system generally 
has efficiencies that are greater than 
the simple sum of its parts (up to 60% 
HHV of coal). Cathode cooling airflow 
for thermal management in a solid 
oxide fuel cell represents a significant 
parasitic loss to the electrical efficiency 
in this component. Integration with 
a gas turbine provides this airflow 
without reduction in efficiency. 
The incorporation of exhaust gas 
recuperators can provide pre-heat for 
the fuel cell and still further improve 
the efficiency of the turbine cycle. In 
a similar fashion, the turbine cycle 
allows the fuel cell to be operated 
under pressure, improving fuel cell 
performance without a parasitic cost.

System Flexibility and Energy Security.—
The need for preheating fuel cell 
cathode cooling flow is facilitated 
by the integration of a recuperated 
turbine cycle which operates at low 
pressure ratios and relatively low 
turbine inlet temperatures. Such lenient 
requirements preclude the need for 
complex turbine technologies such as 
turbine blade cooling associated with 
high temperature operation or even 
inter-stage compressor cooling required 
for high pressure ratios.

Gasification technologies are driven 
to more challenging operation at higher 
pressures by the requirement for a 
hydrocarbon rich syngas with a higher 
volumetric energy content for improved 
efficiencies in standard power cycles 
found in integrated gasifier combined 
cycles (IGCC), for example. An SOFC, on 
the other hand, is capable of achieving 
excellent performance using hydrogen 
(H2) and carbon monoxide (CO) as a fuel 
source, eliminating the requirement for 
complicated gasification technology 
and opening up the possibility of fuel 
flexible systems operating at high 
efficiency.

Since high system efficiency can 
be achieved even if the turbine in the 
cycle does not produce electricity, 
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there is the possibility of maintaining 
a low cost spinning power reserve and 
peaking demand. If the fuel cell is base 
loaded at a nominal condition without 
the turbine loaded to its maximum 
capacity, there exists the potential 
for handling peak load demands by 
auxiliary firing of the turbine without 
a significant reduction in total system 
efficiency. A spinning reserve could also 
be maintained without parasitic drain 
on fuel supplies. If sufficient turndown 
can be demonstrated, because the 

fuel cell is an electrochemical device, 
recovery from a full load reject could 
be accomplished in a matter of minutes 
instead of days. In recent studies using 
the Hyper facility to map fuel cell 
turbine operating envelopes, a system 
operating range representing a possible 
turndown of 69% was demonstrated.11 
The implementation of fuel cell turbine 
hybrid technology could result in more 
flexible power systems and a significant 
contribution to energy security in 
the U.S.

Technical Challenges

Control of Cathode Airflow.—If such 
systems are to be realized in stationary 
power generation in the near future, 
integration and control technology 
must be developed and proven. Recent 
work has shown management of 
cathode airflow to be critical to fuel cell 
performance and effective control of 
hybrid systems.12,13 Previous studies at 
NETL have shown that small transient 
changes in cathode airflow can have a 
dramatic effect on system performance.14 
The effect of flow perturbation due to 
compressor dynamics or valve operation 
was shown to be more significant than 
fuel cell inlet temperature excursions 
resulting from load variations.14 It is 
likely off-design operation of hybrid 
systems will require careful management 
of cathode flow.

Compressor Stall and Surge.—The 
introduction of pressure losses between 
the compressor and turbine decreases 
the compressor surge margin and puts 
the fuel cell at risk for exposure to the 
pressure dynamics associated with 
compressor surge. This event represents 
the greatest risk to the fuel cell in the 
system because pressure variations 
are sufficient to damage the turbine 
and destroy the fuel cell. The use of 
compressor bleed air during startup 
was shown to be effective in increasing 
compressor mass flow and avoiding stall 
and surge during startup, and a base 
condition was established for future tests 
of other control strategies.15 Currently, 
the possibility of using the other bypass 
valves in the Hyper facility to increase 
surge margin is being examined.

Currently, plans are underway to 
expand the Hyper facility to include a 
gasifier capable of utilizing either fossil 
or renewable fuel sources, as shown in 
Fig. 6. A recent numerical simulation 
conducted at the lab showed that 
capturing the CO2 upstream of the 
fuel cell anode did not reduce system 
efficiency as would be expected.16 The 
energy requirement for steam and CO2 
capture was offset by an increase in 
fuel cell performance operating on a 
hydrogen-rich syngas without anode 
recycle (since carbon deposition is not 
an issue), and an increase in turbine 
performance due to elevated turbine 
inlet temperatures.    
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Table I. Range of fuel cell parameter values.

Parameter Range Nominal Value

Cell Voltage (V) 0.746 to 0.816 0.746

Load Current (Amps) 90 to 276 220

Stack Power (kW) 228 to 687 529

Stack Fuel Utilization 0.59 to 0.90 0.80

Single Pass Fuel Utilization 0.50 0.50

Stack Efficiency (% HHV) 34 to 44 40.4

Cell Temperature (K) 1,133 1,133

Stack Number of Cells 3,225 3,225

Total Stack Mass (kg) 4,515 4,515

Heat Capacity of Stack (kJ/K) 2,134 2,134

Syngas Fuel to Stack (kW) 534 to 1,631 1,310

Syngas to C1 Combustor (kW) 0 to 288 0

Fig. 5. Total system efficiency as a function of topping and bottoming cycle efficiencies.
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Fig. 6. Proposed modifications to the Hyper facility for expanding the scope of hybrid system 
exploration.
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