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1. Abstract  

Solid Oxide Fuel Cell Hybrid Systems for Dynamic Rail Applications 

by Philipp Nicolas Ahrend 

Doctor of Philosophy in Mechanical and Aerospace Engineering 

University of California, Irvine, 2020 

Professor Jack Brouwer, Chair 

 

The world’s railway system is responsible for approximately 1% of the total anthropogenic carbon 

emissions [1]. Fuel cell hybrid systems can theoretically meet the power and dynamic operating 

requirements of locomotives and provide an efficient, low emission and potentially affordable way 

to decarbonize rail. In this work, different ways of hybridizing Solid Oxide Fuel Cells (SOFCs) 

are analyzed to determine the best way to power trains in the future.  

First, the development of a Solid Oxide Fuel Cell-Reciprocating Engine (SOFC-RE) hybrid system 

model on MATLAB Simulink is reported. The steady state system efficiency while operating on 

natural gas is 68.8% compared to 66.1% for a stand-alone SOFC. The cell voltage in the SOFC is 

0.802 V with a current density of 0.623 A/cm2. The SOFC-RE outperforms a stand-alone SOFC, 

but not an SOFC-Gas Turbine (SOFC-GT) hybrid system, which has an efficiency of up to 72.2%. 

The model and results can be used to predict the performance and aid in design of hybrid systems 

of this kind for both stationary and transportation applications.  

Second, the simulation of a Solid Oxide Fuel Cell-Gas Turbine (SOFC-GT) hybrid system for a 

locomotive application is presented. Using MATLAB Simulink, a 2.8 MW SOFC system was 

combined with a 500 kW GT and simulated to travel the route from Bakersfield to Mojave in 

California. Elevation data was imported using the Google Application Programming Interface  

(API) and smoothed to calculate the dynamic power demand for the SOFC-GT system, assuming 
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480 tons of freight per 120-ton locomotive traveling at an average speed of 45 mph. The SOFC-

GT system model follows this demand without causing a significant disruption to the speed of 

the locomotive. A lithium-ion battery was included into the system model to improve the net 

system efficiency with regenerative braking and make the operation smooth enough for the 

highly dynamic route power demands. The overall efficiency along the simulated route has been 

estimated as 57% operating on partially pre-reformed compressed natural gas (CNG) fuel. These 

results suggest that SOFC-GT systems are promising for the future of freight rail transportation 

throughout the United States. CO2 and particulate matter emissions are significantly reduced 

compared to current diesel-electric locomotives and it is also possible to operate the system on 

hydrogen to make it completely emission-free.  

Third, different scenarios for how to the use of a renewable hydrogen-powered hybrid SOFC-GT 

system used in both freight and passenger trains are considered. A techno-economic analysis is 

performed to evaluate the potential emission reductions and the direct costs associated with this 

conversion. The corresponding reduction in carbon dioxide emissions ranges from 1.07% to 3.05% 

of global carbon emissions and the expected demand for renewable hydrogen is annually between 

30 and 50 million metric tons, with future costs ranging from $45-75 billion. Moreover, this 

technology offers the potential to reduce global carbon emissions by up to 15%, if more aggressive 

adoption occurs. A case study for the U.S. in which the necessary renewable energy infrastructure 

is designed. It is shown that in order to decarbonize the transportation sector, zero-emission 

hydrogen-powered trains are both essential and viable in terms of technical, economic, and 

practical feasibility.
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2. Introduction and Background 

Recent years have seen overwhelming evidence for global anthropogenic climate change, largely 

due to the combustio1n of fossil fuels and the resulting emission of greenhouse gases, especially 

carbon dioxide (CO2)[2]. While petroleum is expensive and its future availability is uncertain — 

proven reserves will only last 53 years at the current extraction rate [3] — coal (107 years) and 

natural gas (37 years). Coal has always been the main source for the production of electrical energy 

in the world [4], but the recent discovery of large reservoirs of natural gas is causing the beginning 

of a new era [5]. This has fueled research into energy conversion devices powered by natural gas 

(NG). NG has a higher specific heat of combustion and a higher hydrogen-to-carbon ratio than 

other fossil fuels, so its life-cycle greenhouse gas emissions per unit of energy are significantly 

lower, even when accounting for methane leaks [6].  

One of the greatest challenges of our time is to accommodate increasing energy demands with 

clean, efficient and affordable solutions. Solid oxide fuel cells (SOFC) have generated a lot of 

interest in this matter because of their unique characteristics. They include and unite the 

advantages of batteries (electrochemical energy conversion) and conventional engines (separate 

storage of fuel from the energy conversion components for high energy density) allowing 

independent scaling of the power and energy capabilities of the fuel cell system [7].  

 

The cleanest way to run an SOFC is with hydrogen which is very promising for energy storage 

plants, such as next to a wind or a solar farm. The electricity that is not immediately required by 

the grid can be used to electrolyze water, and a fuel cell can later convert the stored hydrogen 

and oxygen electrochemically to generate electricity when needed. However, this study is 

concerned with a fuel cell system that produces electricity locally at the point of use. The price of 

hydrogen per MJ of chemical energy is considerably higher than that of natural gas ($0.0332 vs. 

$0.0047) [8]; therefore, the latter will be selected as the fuel of choice until hydrogen becomes 

cheaper. Moreover, use of natural gas today in fuel cell systems can significantly reduce criteria 

pollutant emissions and corresponding health impacts [9]. 

 

In fact, although not yet fully commercialized, SOFCs promise to be one of the most sought-after 

energy conversion devices in the future of electricity generation. Their high efficiency, scalability 

and low pollution emissions — including noise — make them ideal for distributed power systems 

[7]. Furthermore, SOFCs run at high temperatures (750–1000 °C), which makes combinations with 

heat engines such as gas or steam turbines and reciprocating engines into a hybrid  system attractive 

from a thermoeconomic view [7]. One extensive review paper about fuel cell-gas turbine hybrid 

systems, published in 2015, demands that researchers try to reduce the cost of fuel cells before 

thinking about using them in expensive power plants because this is not yet economically viable 

[10]. However, this author disagrees because the best use for fuel cells should be determined by 

the time they become commercially available so that efficient and sustainable strategies can be 

implemented immediately.  

Efficiency is a key parameter when assessing energy conversion devices. While conventional 

power plants have an advantage over fuel cells in that they are relatively cheap, the efficiency of 
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the average natural gas plant was only 42.9% in 2013 in the U.S. [11]. For coal, this is even lower 

(32.6%). 

According to a 2007 report from the California Air Resources Board (CARB), exposure to criteria 

pollutants, especially PM2.5 (fine particulate matter), above the state standard leads to 5,400 

premature deaths, 2,400 hospitalizations, 140,000 cases of asthma and other lower respiratory 

problems, and 980,000 lost work days per year in the South Coast Air Basin (SCAB) alone [12]. 

A large part of these emissions is attributed to the movement of goods via freight railway 

operations to and from the ports of Los Angeles and Long Beach. Therefore, developing 

locomotives with higher efficiencies and lower pollutant emissions will not only slow down 

climate change globally, but also significantly reduce the impacts on the local population in a place 

like the SCAB. As discussed later in the literature review, use of SOFC-GT hybrid technology for 

locomotive applications has been a topic of research at the University of California, Irvine (UCI) 

since 2008, because of the promise it portends for lowering greenhouse gas (GHG) emissions and 

improving air quality. 

Throughout this work, natural gas is considered to be the fuel of choice because it is readily 

available and almost 20 times cheaper than hydrogen ($0.0027 per MJ of chemical energy content 

versus $0.058 for hydrogen [13], [14]). 

However, SOFCs using natural gas require fuel processing — desulfurization and pre-reforming 

— because hydrocarbon reformation dynamics are faster than electrochemical kinetics leading to 

carbon formation that cannot be completely managed inside the fuel cell [7]. The operating 

temperature of SOFCs is usually high (between 700–1000oC) due to the need to facilitate oxygen 

ion transport within the solid oxide electrolyte. 

Since the acquisition of the first Solid Oxide Fuel Cell-Gas Turbine (SOFC-GT) hybrid 

system at the National Fuel Cell Research Center (NFCRC) at UCI [15], there has been an 

increasing research interest in the development of methods to hybridize and control SOFC 

systems. It is believed by many that SOFCs can reach their full potential when they work in 

tandem with a heat engine, such as a gas turbine or a reciprocating engine, in order to maximize 

system efficiency. This is inherently due to the fact that fuel cells do not use all the incoming 

fuel and have leftover fuel in the anode off-gas, and because SOFCs operate at high temperature 

producing high quality thermal energy that can be used for pre-heating and reforming as well as 

in a bottoming heat engine cycle [15]. The initial hybrid idea was to place an SOFC stack in 

between the compressor and turbine stages of a gas turbine which synergistically leads to higher 

Nernst potential and lower losses. 

However, this setup comes with the difficulties of high pressure operation, compressor stall-

surge dynamics, and flow management [16], so it is important to search for different types of 

SOFC hybrids that could work in practice. For instance, the team led by Dr. Masoud Rokni from 

the Technical University of Denmark in Copenhagen has made considerable efforts into the 

analysis of SOFCs integrated with both Stirling and Rankine cycles. The uses for the systems 

investigated by this group, are quite specific, e.g., a power system for a single home for the 

former  
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 [7] and a large stationary power plant for the latter [17]. The aim of this study is to evaluate an 

SOFC-Reciprocating Engine (SOFC-RE) hybrid system from a thermodynamic perspective and 

compare performance to a stand-alone SOFC system and an SOFC-GT hybrid system. 

The efficiency of a fuel cell system is most typically highly dependent upon operating voltage. 

This cell voltage depends upon the Nernst voltage, which is the maximum electrochemical 

potential between the anode and cathode exit species concentrations, temperature and pressure, 

and upon activation, ohmic and concentration polarizations (losses). 

In the current fuel cell model, the exit species concentrations are calculated using a thermodynamic 

equilibrium assumption, yielding the Nernst voltage, from which the losses are then subtracted to 

obtain the operating cell voltage [18]. This is described by the formulas below [8]. 

For the two half-reactions 

                               𝐻2 + 𝑂2− → 𝐻2𝑂 + 2𝑒−                   (Anode) 

and 
1

2
𝑂2 + 2𝑒− → 𝑂2−  (Cathode), 

the standard cell potential is given by 

𝐸0
𝑐𝑒𝑙𝑙 = −

∆𝐺

2𝐹
    (1) 

The Nernst potential is calculated in the following way: 

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 𝐸0
𝑐𝑒𝑙𝑙 +

𝑅𝑇

2𝐹
ln(

𝑥𝐻2
𝑥𝑂2

1
2

𝑥𝐻2𝑂
𝑝

1
2)   (2) 

Where R, T, F, 𝑥𝑖 and p are the universal gas constant, the temperature, Faraday’s constant, the 

mole fraction of each species, and the pressure (normalized with respect to atmospheric pressure), 

respectively. The activation and concentration losses at the cathode (which losses are assumed to 

dominate) are simulated using the following: 

𝜂𝑐𝑎𝑡ℎ =
𝑅𝑇

4𝛼𝐹
𝑙𝑛 [

𝑗

𝑗0 ∗ 𝑝𝐶{𝑥𝑂2|𝑑 − 𝑡𝐶𝑗𝑅𝑇/(4𝐹𝑝𝐶𝐷𝑒𝑓𝑓
𝑂2 ,𝑁2

)}
]    (3) 

Where 𝛼, 𝑗, 𝑗0, 𝑝
𝐶 , 𝑥𝑂2|𝑑 , 𝑡𝐶𝑎𝑛𝑑 𝐷𝑒𝑓𝑓

𝑂2 ,𝑁2
 are the charge transfer coefficient, the current density, 

the exchange current density, the cathode pressure (normalized), the mole fraction of oxygen at 

the cathode and the effective binary diffusivity between oxygen and nitrogen, respectively. 

This leaves only ohmic losses to be taken into account. The ohmic polarization is calculated as 

follows: 

𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑗 ∗
𝑡𝑀

𝜎
= 𝑗 ∗

𝑡𝑀𝑇

𝐴𝑆𝑂𝐹𝐶𝑒−
∆𝐺𝑎𝑐𝑡
𝑅𝑇

    (4) 



4 
 

Where 𝜎 is the electrolyte conductivity, 𝑡𝑀 is the membrane thickness, 𝐴𝑆𝑂𝐹𝐶  the active area of 

the fuel cell, and ∆𝐺𝑎𝑐𝑡 the change in Gibbs free energy required for activation.  

From this, the complete formula for the operating cell voltage is determined as follows: 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝜂𝑐𝑎𝑡ℎ − 𝜂𝑜ℎ𝑚𝑖𝑐                                            

= −
∆𝐺

2𝐹
+

𝑅𝑇

2𝐹
ln(

𝑥𝐻2
𝑥𝑂2

1
2

𝑥𝐻2𝑂
𝑝

1
2) −

𝑅𝑇

4𝛼𝐹
𝑙𝑛

[
 
 
 
 

𝑗

𝑗0 ∗ 𝑝𝐶 {𝑥𝑂2|𝑑 −
𝑡𝐶𝑗𝑅𝑇

4𝐹𝑝𝐶𝐷𝑒𝑓𝑓
𝑂2,𝑁2

}
]
 
 
 
 

− 𝑗

∗
𝑡𝑀𝑇

𝐴𝑆𝑂𝐹𝐶𝑒−
∆𝐺𝑎𝑐𝑡
𝑅𝑇

  (5) 

 

The efficiency of the fuel cell is, however, not calculated simply by dividing the cell voltage by 

the Nernst or the standard cell potential, but rather it must be based on the lower heating value 

(LHV) of the total amount of fuel provided to the system (accounting for the fact that not all fuel 

is utilized in the electrochemical reactions). This leads to a fair comparison to combustion 

because at high temperatures, the heat of combustion is equal to the negative enthalpy of 

combustion (the higher heating value, HHV) minus the enthalpy of vaporization of the water 

which is formed. This is also equal to the negative enthalpy of formation of 𝐻2𝑂(𝑔) under 

standard conditions if one assumes only hydrogen electrochemistry occurs in the fuel cell as 

follows. 

 

𝐿𝐻𝑉 = −∆𝐻𝑐𝑜𝑚𝑏 = 𝐻𝐻𝑉 − ∆𝐻𝐻2𝑂
𝑣𝑎𝑝 = −ℎ𝑓

𝑜(𝐻2𝑂(𝑔)) = 241.84 𝑘𝐽
𝑚𝑜𝑙⁄  [16]    (6) 

Using equation (1), this corresponds to a cell voltage of 1.253 V as a basis for 100% cell 

electrochemical efficiency (which is theoretically and practically unachievable). So, for instance, 

a cell voltage of 0.800 V would correspond to an electrochemical conversion efficiency of 

63.8%.  

The cell voltage dependence upon mole fractions also gives rise to the concept of fuel utilization. 

Whereas heat engines simply burn all of the fuel which they use, some fuel must be left over at the 

exit of a fuel cell because otherwise, the mole fraction of electrochemically active species (e.g., 

hydrogen) near the exit approaches zero, causing the Nernst voltage to also approach zero. Because 

the electrodes are good electron conductors, a chemical potential at the fuel cell exit that goes to 

zero produces no voltage difference that can be sustained across the two equipotential surfaces of 

the electrodes. Therefore, it is crucial to optimize the fuel utilization such that both the amount of 

unused fuel and the loss of voltage due to low exit fuel concentrations are minimized and the best 

possible fuel cell efficiency is achieved. From an analysis of the SOFC system model used in this 

study, this occurs at a utilization of about 95% as shown in Figure 1. Most practical systems must 
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employ lower fuel utilizations to account for maldistribution of fuel throughout the fuel cell stack 

and other practical limitations for achieving such a high fuel utilization. 

 

Figure 1: Efficiency dependence on fuel utilization. Above 95%, the efficiency drops sharply (not 

shown).  

There are two reasons for the decrease in stack efficiency with increasing fuel utilization: Firstly, 

a lower mole fraction of fuel at the exit leads to a lower Nernst potential, as discussed above. 

Secondly, a small loss is caused air blowers required to produce sufficient air flow to cool the fuel 

cell. When more excess fuel passes through the reforming process, which is endothermic, this 

saves some of the energy needed for cooling and improves the overall system efficiency. The fuel 

cell efficiency increases almost linearly with fuel utilization, but as the stack efficiency drops more 

sharply due to the mole fraction term in the Nernst equation, the system efficiency levels off and 

reaches a maximum at about 95% utilization. Above this level, operation of the fuel cell starts to 

become impossible because with less than 5% of fuel left over, a reasonable operating cell voltage 

can no longer be sustained.  

The fuel cell hybrid system presented in this paper also contains a basic reciprocating engine with 

gaseous fuel and compression ignition, i.e., a gas engine operating on the Diesel cycle. This is one 

of the most common ways to convert the chemical energy contained in hydrocarbons to useful 

work and does not present a significant challenge in terms of system design or availability. 
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In order to reduce the excessive emissions of criteria pollutants and greenhouse gases by freight 

locomotives in Southern California, a novel hybrid system comprised of a Solid Oxide Fuel Cell 

and a reciprocating engine is proposed. This author focused his Ph.D. research on the dynamic 

simulation of such a system, which will include a new reciprocating engine model integrated with 

an existing SOFC model on Matlab Simulink®, with the intent to implement it on a freight 

locomotive. A preliminary study will investigate the cycle conceptualization and a steady state 

thermodynamic analysis in order to determine the feasibility and potential performance of this 

hybrid system. 

3. Literature Review  

 

The idea of incorporating fuel cells into a power plant first appeared as early as 1990 [19]. Dunbar 

et al. calculated that the 41.5% efficiency of a conventional Rankine cycle power plant could be 

increased to as much as 62% by topping it with a SOFC. Masoud Rokni from the Technical 

University of Denmark in Copenhagen would later pick up this idea, but first there were many 

efforts in modeling a fuel cell-gas turbine hybrid cycle in the 2000s. SOFC-Gas Turbine (SOFC-

GT) systems have since been investigated in multiple ways. First, Gemmen et al. [20] developed 

a dynamic model for the basic components of an MCFC-GT hybrid system and gained 

understanding about their reliability and performance. Voltage and current behavior following step 

changes in load resistance for the fuel cell models, as well as steady state performance curves are 

shown. They found that the anode gas flow rate affects the performance of the system — the fuel 

cell voltage is reduced dramatically below a certain flow rate. As the temperature of the fuel cell 

is raised, its resistance decreases strongly.  

Researchers at the National Fuel Cell Research Center (NFCRC) at UCI were pioneers in SOFC-

GT hybrid systems. In 2001, they obtained a 220 kW hybrid system from Southern California 

Edison and Siemens Westinghouse after running theoretical simulations on APSAT. Yi et al. [15] 

confirmed the power output, efficiencies and process temperatures with only <1% error with 

respect to the simulation. The system efficiency is 52% with a 183 kW power output — 172 kW 

from the fuel cell and 21 kW from the gas turbine. The fuel cell stack consists of 1152 tubular cells 

and is integrated with a microturbine generator. This setup is ingenious in that the microturbine 

moves the air and acts as a turbocharger for the fuel cell, pressurizing it to 3 atm to improve power 

density and efficiency. At the same time, the fuel cell has a hot exhaust which simultaneously 

functions as the combustor of the microturbine, thereby gaining efficiency over a traditional power 

generation system. There is no combustion because the hot air generated by cooling the fuel cell 

stack is used to drive the compressor and an AC generator. The fuel is natural gas which is both 

desulfurized and reformed to increase hydrogen content. SOFC fuel utilization is 82%, leaving the 

rest to spontaneously combust to generate heat. Increasing the pressure ratio and the compressor 

and turbine efficiencies increases the total system efficiency, while bypass flow decreases it. Heat 

losses did not have a significant negative impact on the efficiency. 
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Around the same time, Yi et al. [21] also computationally investigated a much larger SOFC-ICGT 

(intercooled gas turbine) system as part of the Vision 21 program by the U.S. Department of 

Energy (DOE). This plant was optimized to a 75% efficiency at 50 bar and only 55% excess air 

with an impressive output power of 627 MW. However, the cost of pressurizing to such an extreme 

level is considerable, to a balance between cost and efficiency needs to be found. Nonetheless, this 

showed that SOFC-GT systems are feasible from a small to a large power-plant scale.   

Several years later, Leucht et al. [22] devised a dynamic model for SOFC-GT hybrid power plants 

including thermal coupling of a pressurized tubular SOFC system with a fuel cell stack, 

combustion zone and balance-of-plant components (desulfurization, humidification, reformer, 

ejector, heat exchanger). Citing an increased demand in power plants, the authors suggest a 

strategy to decentralize power generation. The efficiency of such a power plant could exceed 60% 

from 10 kW to several MW, but for it to be feasible from an economic perspective, a system 

lifetime of over 40000 hours is required. While pressurization may increase the power output, 

higher pressure and temperature reduce this lifetime. The German Aerospace Center (DLR) wants 

to build a small power plant and develop the technology before it is industrialized. In two different 

configurations, air is either compressed externally or in the compressor, and in the latter case the 

SOFC is downstream of the turbine and is operated near atmospheric pressure. However, the 

second setup required additional fuel to maintain the operational temperature of the GT, and 

dramatically reduces the system efficiency to under 39%. Hence, the pressurized cycle is preferred. 

The model contains a partial oxidation burner and includes convective and radiation heat transfer. 

For increased computational speed (10 times faster), a look-up table replaced the detailed model. 

The inputs are voltage, cell temperature, pressure, H2/H2O ratio, H2/inert gas ratio, and the output 

is the cell current. The combustion zone is where the anode off-gas is mixed with the cathode-off-

gas to auto-ignite above a temperature under 1400 K where the fuel cell would be destroyed. Fuel 

and air flow management are key to control. Power increased from 100 kW to 121 kW when 

increasing the pressure to 4 bar. The model predicts the dynamic operation of the system and keeps 

it within a stable and safe operation range using control loops. 

A very active researcher in the field of SOFC hybrids is Dr. Masoud Rokni at the Technical 

University of Denmark in Copenhagen. He has published several papers about different combined 

systems that he designed, such as an integrated SOFC cycle with a Rankine cycle [17]. In this 

system, natural gas is fed to a SOFC on top of a steam turbine. Sulfur is removed from the fuel 

and pre-reforming breaks down large hydrocarbons. The off-gases produce steam for a Rankine 

cycle in a heat recovery steam generator (HRSG). 

There are advantages of steam turbines over gas turbines, for instance operation at relatively low 

pressure. For the reforming step, an adiabatic steam reformer (ASR) was tested versus catalytic 

partial oxidation (CPO). Even though CPO requires additional air mass flow, reducing the SOFC 

efficiency by about 1%, the overall plant efficiency is greater than with ASR —63.0% at 38.0 MW 

versus 61.7% at 36.7 MW — because the steam cycle produces more power at higher temperature. 

Using cathode pre-heating, the efficiencies could be increased to 68% and 67.7% at a utilization 

factor of 0.72, agreeing with the mathematical calculation. This efficiency would be considerably 

higher than that of conventional combined cycles. 
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In another paper [23], Rokni describes a similar plant to the one above. Decreasing the utilization 

factor increased the efficiency by 6% to 71%. Natural gas is preheated, desulfurized, cracked down 

and heated to 650 °C before it is fed into the fuel cell. The plant operates at 39 MW output with 

65.8% efficiency, but the efficiency falls from 66% to 61% when the temperature is lowered from 

780 °C to 660 °C. However, the plant efficiency increases from 66% at a fuel utilization factor of 

0.80 to 71% at 0.70 utilization.  

Furthermore, Rokni devised a 10 kW system of a SOFC topping a Stirling engine for a family 

home [6]. Simulations of different fuels were made: natural gas, ammonia, dimethyl ether, 

methanol and ethanol. The effects of fuel utilization, different operating conditions and using a 

methanator were analyzed. Overall, the result was a 60% efficiency — 10% better than for a lone 

SOFC. With the output power fixed to 10 kW, the system fueled by ethanol had the best efficiency 

with 62.6%. A utilization factor of 0.75 performed slightly better than 0.80. An operating 

temperature of 650 °C far exceeded the performance of operating at 780 °C, mainly because of 

underlying thermodynamics (entropy). The cost for the complete hybrid plant is $20.6k, 

corresponding to $2060/kW. The main point of this paper is that a relatively affordable SOFC 

hybrid plant for a single home is feasible.  

A 2014 study by Lanzini et al. analyzes the efficiency and economics of different configurations 

of coal-fed integrated gasification fuel cell (IGFC) cycles with carbon capture [24]. The system 

consists of a pressurized SOFC integrated with a Shell coal gasifier. The best efficiency of 55% 

was achieved with HICOM (high CO methanation upstream of the SOFC is an effective way to 

heat the fuel). 8.26 kmol/s of clean syngas from oxygen-blown entrained flow gasifiers yielded 

997.9 MWe. 162.2 kg of CO2 are captured per second. The SOFC cost of $1700/kW is offset by 

its efficiency and carbon capturing. According to Lanzini, SOFC planar stacks have a potential of 

500 mW/cm2 when they become economically viable. Future work requires the determination of 

the optimal operating pressure and investigating integration of the IGFC with perovskite-based ion 

transfer membrane reactors. 

 

The review paper published by Buonomano et al. from the University of Naples in Italy offers a 

comprehensive account of SOFC-GT systems for combined heat and power (CHP) applications 

[8]. In summary, SOFC-GT power plants have been investigated by numerical simulations, 

experimental analyses and thermo-economic optimizations. Most are fueled by methane which is 

cheaper and easier to manage than hydrogen, and can even use internal reforming from methane 

to hydrogen (the required steam can come from anode stream or exhaust gases).  Pressurizing the 

system yields lower costs and higher efficiencies, but atmospheric pressure is easier to manage. 

Coal and biomass can be used as alternative fuels. SOFCs operate at very high temperatures with 

high thermal and electrical efficiencies, in hybrid cycles up to 70% (in theory). The fuel cell is 

used as an electrochemical device so an external pre-reformer is required for natural gas. Anode 

recirculation shows the best performance for steam reforming. Control and management is a 

problem, especially if pressurized and at part-load. In conclusion, the authors concede that 

excellent energy performances in innovative systems such as Cheng cycles, HAT turbines and 

desalination represent a tremendous research effort, but SOFCs are still far from being 

commercially available because of the expensive cost, higher even than proton-exchange 

membrane fuel cells (PEMFC). Most studies are only theoretical, few practical, and the latter show 
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lower efficiencies because of SOFC-GT mismatching. Studies are limited by the cost which cannot 

be scaled for small systems. According to the authors, the main challenge for the near future is to 

make SOFCs cheaper and more reliable for manufacturing and mass commercialization. They 

recommend researching materials and economic viability rather than complex and expensive 

hybrid systems. However, this author disagrees because once SOFCs are commercially 

competitive, they should be implemented rapidly and in the best possible way, which means that 

hybrid systems need to be developed to a sophisticated level for when this occurs. 

 

Another researcher who has been heavily invested in fuel cell-gas turbine hybrid system modeling 

is Dustin McLarty (then UCI). He developed a detailed, spatially resolved, physical model that 

could simulate off-design performance [18]. A minimally coupled MCFC-GT bottoming cycle 

with cathode recirculation produced up to 74.4% efficiency. For the more complex, directly 

integrated SOFC-GT topping cycle, no high temperature heat exchangers are required and 

pressurization of the SOFC increases performance. Bypass pathways and cathode recirculation 

allow control of the cathode flow rate and inlet temperature to fix the rotational speed of the 

turbine. Air compression increases the amount of available heat to drive the turbine. The 

drawbacks of this integrated cycle are increased need for control due to coupling and danger of 

cell damage and compressor surge due to the high pressure and amount of air flow. The pressure 

is limited to 5 atm and detailed simulation including a regenerative heat exchanger results in 72.4% 

efficiency. For dynamic control, feed-forward, proportional-integral (PI) and cascade control can 

handle a 4:1 turndown ratio for the MCFC and 2:1 for the SOFC hybrid system at over 65% 

efficiency [25]. Flow rates as well as stack voltage and current are manipulated to maintain the 

temperature. The minimal requirements for part load operation include a power controller for the 

FC stack current, a fuel controller to maintain fuel utilization, and a generator load controller to 

maintain the turbine rotational speed. Overall, results were encouraging with high efficiencies and 

thermocouples in the cathode inlet and exhaust could avoid excessive thermal transients during 

load changes.  

 

In 2012, Andrew Martinez from UC Irvine published a two-part paper about his SOFC-GT hybrid 

locomotive power feasibility study. His work would go on to lay the foundation for the ongoing 

research on a locomotive powered by a SOFC hybrid system, which this author joined in 2015. 

Such a locomotive could meet future air quality standards which are necessary because of the many 

premature deaths and illnesses that occur due to the movement of goods in the South Coast Air 

Basin alone [10]. In Part I, the author developed a dynamic 3.5 MW SOFC-GT FORTRAN model 

and analyzed the system operating on diesel fuel reformate, natural gas reformate, and humidified 

hydrogen. The diesel reformate case took the longest to converge to steady state, but its efficiency 

was the highest with 69% (compared to 68% for NG and 65% for hydrogen) [26]. In Part II of the 

paper, the model is simulated along an operating route in Southern California. Compared to the 

Caterpillar 3516B diesel engine scaled to 3666 kW with an average efficiency of 38.2%, the 

SOFC-GT system efficiency over the duty cycle was 19% higher using diesel fuel (45.4% 

efficiency) and 43% higher when operating on natural gas reformate (54.7% efficiency) [27]. This 

could lead to substantial fuel and emissions savings. Furthermore, the authors estimated that the 

volume and mass of the hybrid system would be similar to those of the GE7FDL 3355 kW Diesel-

electric system. However, the balance of plant, which occupies a very large part of every SOFC 

system, was not accounted for, so this author will re-evaluate the sizing calculation. 
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From the current state of the literature review, different aspects of research are still required and 

outlined below. Significant progress in the design and simulation of SOFC hybrid systems has 

been made, but these systems have not been satisfactorily demonstrated to perform well under 

dynamic conditions, so this is something that must be focused upon. 

4. Research Goal and Objectives 

 

The goal of this research is to understand the dynamic performance of integrated hybrid SOFC-

heat engine and battery systems and to develop system designs and control strategies for highly 

dynamic traction applications. In order to achieve this goal, the following objectives have been 

established. 

1. Review the literature around the topic of SOFC hybrid systems 

2. Analyze designs for SOFC and SOFC-GT steady-state operation 

a. Modify the existing SOFC model to match the steady-state performance 

characteristics of current state-of-the-art SOFC systems 

b. By varying parameters 

c. By improving control and reformation 

d. Apply similar modifications to the existing SOFC-GT model and improve its 

steady-state performance  

3. Develop system design concepts for SOFC hybrid systems 

a. Design a SOFC-reciprocating engine (SOFC-RE) hybrid system 

b. Simulate the steady-state performance of the above system 

4. Test dynamic operation of SOFC-GT system for a locomotive load cycle 

a. Use load profile of a representative route 

b. Smoothen the load profile in order to reduce transient stress on the system 

c. Simulate the dynamic profile and identify the shortcomings of the system 

 

5. Integrate a lithium ion battery in order to improve dynamic operation 

a. Integrate a dynamic battery model in Matlab Simulink with the SOFC-GT model 

b. Simulate the dynamic profile on the new SOFC-GT-LIB model  

6. Perform tests on a prototype 

a. Depends on funding for experiments, to be determined 

7. Techno-economic analysis 

a. Analyze the cost of the system to power a long-haul, 4 MW locomotive 

b. Calculate and assess the cost of energy and the cost per revenue ton-mile 

compared to a diesel-electric locomotive 

 

5. Results and Discussion 
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5.1. Matlab Simulink® Modeling Methodology 

For the modeling of the SOFC system, the spatially resolved two-dimensional NFCRC 

model previously developed by McLarty et al. [6] is used. The system performance is calculated 

using a simplified nodal geometry where each individual fuel cell consists of 9 nodes (3 rows, 3 

columns), and each cell of the stack is assumed to perform identically. The electrochemical 

reactions are assumed to occur quickly and are spatially resolved to account for local temperature 

and species concentrations at each node, governed by fluid dynamics, thermodynamics, and heat 

transfer physics. Cell exit species concentrations are determined iteratively, from which the 

Nernst and cell potential is calculated at any given timestep, which with the equipotential 

assumption determines the local current density across the cell.  

Local temperature, pressure and species concentrations throughout the cell cross-section then 

determine local current density consistent with the cell equipotential assumption. Different 

modeling processes like heating, mixing and internal reforming are represented as subsystem 

blocks, similarly to the system diagram in Figure 2. External reformation is not simulated; instead, 

the fuel is assumed to be reformed to a set percentage which allows the calculation of the fuel 

composition. The less fuel is pre-reformed, the more needs to be internally reformed in the stack, 

which is modeled according to the empirical reaction rates of the nickel cermet catalyzed steam 

methane reforming process by Achenbach and Riensche [28].  

Fuel Tank

Air Blower

Anode
Fuel Cell Stack

Cathode

Cathode 
Inlet 

Mixing

Oxidizer

Recirculation

 

Figure 2: SOFC system configuration 

Firstly, the performance of the lone SOFC model had to be improved in order to match the 

efficiencies of current existing systems, such as the Bloom Energy® Server ES-5710 with up to 

60% LHV efficiency. Assuming a fuel utilization of 90%, this means that an operating voltage of 

at least 0.835 V is required. By adjusting the thicknesses of cathode, anode and electrolyte layer 
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as well as increasing the exchange current density, the efficiency could be improved to closely 

match the desired efficiency, as shown in the results section.  

5.2. SOFC Model Parametric Analysis 

In this part of the study, several parameters in the model were changed to increase the cell voltage 

and ensure optimal performance similar to the Bloom ES. For instance, increasing the exchange 

current density greatly reduces the activation overpotential and thus increases the cell voltage and 

efficiency. This can be done by using a highly catalytic electrode to reduce the activation barrier, 

or by using a rough electrode surface which increases the number of available reaction sites per 

unit area [8]. The following figures (3-5) show the effect of varying different parameters on the 

SOFC system efficiency.  

 

Figure 3: SOFC Efficiency versus Cathode Thickness 

Decreasing the cathode thickness increases efficiency linearly, but not by a large amount. This is 

because the cathode only contributes a small amount of activation polarization and therefore does 

not leave much to be improved.  
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Figure 4: SOFC system efficiency versus average cell temperature 

The efficiency further varies with the average cell temperature, but not significantly between 970 

and 1010 K. To the right, increasing the temperature further leads to a reduction of the Nernst 

potential, thus reducing thermodynamic efficiency. To the left, decreasing temperature excessively 

increases activation polarization significantly and also reduces efficiency. SOFCs are often said to 

operate at 700°C so the value of 973 K was used going forward. 
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Figure 5: SOFC system efficiency versus exchange current density 

In terms of electrochemistry, the largest efficiency gain can be achieved by increasing the 

exchange current density. This directly reduces the activation overpotential, but since this can only 

be reduced asymptotically towards a minimum, the efficiency increases logarithmically instead of 

linearly. The activation overpotential is high for 1000 A/m2 so the highest gains are possible in the 

range from 1000-10,000. Using 10,000 yields a realistic activation overpotential of about 30 mV, 

so this value will be used from here on. 

Table 1 summarizes the adjustments that were made to the SOFC model to improve its 

performance and make it more realistic.  

Parameter Initial Value Adjusted Value Voltage Increase  Efficiency 

Increase 

Cathode 

Thickness 

800 μm 60 μm 16 mV 2% 

Average Cell 

Temperature 

1073 K 973 K 18 mV 2% 

Activation Current 

Density 

1000 A/m² 10000 A/m² 82 mV 11% 

Table 1: Summary of adjustments to the SOFC model 

While decreasing the temperature slightly increases activation and ohmic polarizations, the 

positive effect of a higher standard cell potential overcomes these polarization increases. Reducing 

the cathode thickness reduces concentration polarization and increasing the exchange current 
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density reduces activation polarization. At the optimal setting, the cell voltage is 0.831 V and the 

SOFC system efficiency is 58.5% for fuel utilization conditions of 92%.  

Next, the SOFC performance was analyzed by manipulating current density to determine 

polarization curve (V-I) characteristics as shown in Figure 6. 

 

Figure 6: V-I characteristics of the optimal SOFC settings. Below a current density of 0.2 A/cm², the 

effects of activation polarization can be observed – the cell voltage falls more rapidly with increasing 

current density than the region of ohmic polarization above 0.2 A/cm². 

As expected, the cell voltage falls approximately linearly with increasing current density because 

the resistance in the cell is primarily ohmic, with a small amount of activation polarization apparent 

below current densities of 0.15 A/cm2. Note that the current required for full power operation at 

50 Watts per cell is 60.17 A at 0.831 V, corresponding to a current density of 0.6017 A/cm2, which 

is slightly more than the highest current density in this graph. 

 

5.2.1. Effect or the degree of pre-reformation 

The final parameter to consider for SOFC system design considered here is the percentage of fuel 

that is pre-reformed. The previous parametric analysis was carried out with a constant pre-

reformation fraction of 80%. Now, this parameter will be varied to determine whether a higher 

system efficiency is possible, since a lesser percentage of pre-reforming might improve efficiency 
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by synergistic in-situ chemical and heat exchange that upgrades the fuel inside the fuel cell stack. 

Figure 7 shows the cell voltage and system efficiency of an SOFC system as a function of the 

fraction of natural gas fuel that was pre-reformed.  

 

Figure 7: Voltage and Efficiency vs Fraction Pre-Reforming 

Note that the cell voltage slightly increases with the amount of natural gas pre-reformed, while 

the system efficiency decreases with a larger slope. The voltage increase can be explained from 

the Nernst equation; the more hydrogen is present in the fuel, the larger the voltage becomes 

because hydrogen has a higher Nernst voltage than methane (and one similar to CO) under the 

same conditions [8]. ]. Considering the pre-reforming fractions from 0 to 1, the dry mass 

percentage of hydrogen in the fuel increases linearly from 0% to 70%, while the percentage of 

methane decreases from 33% to 0%. At first glance, it may seem that system efficiency should 

increase if cell voltage increases, the power output increases. However, this is only true when 

keeping the amount of pre-reforming constant. Reforming reactions use heat to convert methane 

to a carbon monoxide and hydrogen mixture that contains more chemical energy than the 

original methane mixture so that the denominator of the efficiency expression increases [8]. 

Hence, even though the energy output slightly increases, the energy input increases significantly 

due to the increased energy content of hydrogen, and thus the efficiency decreases. Since 

reducing pre-reforming significantly improves efficiency, but some is still required to break 

down large hydrocarbons and prevent coking due to the speed of reforming reactions in 

comparison to electrochemical reactions [7], a pre-reforming fraction of 20% will be used for the 

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

V
o

lt
ag

e 
(V

) a
n

d
 E

ff
ic

ie
n

cy

Fraction Pre-Reforming

Voltage

Efficiency



17 
 

final simulation results of the current study. Using this fraction of pre-reforming produces a 

stand-alone SOFC system that can achieve an efficiency of 66%.  

 

5.2.2. Multiple SOFC Stacks 

A popular system design that fuel cell manufacturing companies such as Bloom Energy use is that 

of multiple SOFC stacks in succession. For example, with just two stacks, the fuel utilization in 

the first stack can be reduced significantly, which improves efficiency, while keeping the overall 

system utilization constant. Decreasing utilization increases the concentration of reactants at the 

exit of the first stack and therefore the Nernst voltage and cell voltage. The concentration at the 

exit of the second stack is unchanged so its voltage should remain approximately unchanged. This 

leads to an overall improvement in system efficiency. To investigate the extent of this 

improvement, steady state simulations were run. For simulating the first stack, the fuel utilization 

was simply reduced to a reasonable value. Then, the anode off-gas was used as the fuel mixture 

for the second stack. The higher water content throughout slightly reduces the Nernst voltage of 

the second stack, but not as much as it increased in the first stack from reducing the utilization. 

Thus, the overall system efficiency of two successive stacks is higher than that of just one stack.  

Table 2 shows an efficiency comparison between one stack and two stacks with the same overall 

fuel utilization, indicating the individual stack utilizations as well.  

Configuration U(fuel) Voltage Efficiency 

Stack 1 60% 0.8574 43.1% 

Stack 2 75% 0.7841 44.9% 

Two Stacks 90% 0.8347 63.3% 

Regular stack 90% 0.8081 60.8% 

Improvement  3.3% 4.1% 

 

Table 2: Comparison of one stack versus two stacks 

This proves that the system efficiency of two stacks in succession is indeed higher than that of a 

single stack, i.e. by about 4% or 2.5 percentage points. This result is close to the maximum 

efficiency of 65% that Bloom Energy now achieves and is therefore a positive indicator for the 

accuracy of the model.  

 

 

5.3. SOFC-RE Cycle Conceptualization 

Since this study of a SOFC-RE hybrid is the first of its kind in the literature, a new system design 

is required. This was done by identifying the main components of the system and assembling them 

in a chart. Figure 8 shows the system diagram, where the specified temperatures in the SOFC 
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correspond to the ones in the stand-alone SOFC model. This model will be described in the next 

subsection. 

 

Figure 8: SOFC-Reciprocating Engine (RE) hybrid system configuration 

The proposed system consists of the SOFC parts (fuel tank, air blower, desulfurizer, pre-reformer, 

heat exchangers and fuel cell stack) and a gas generator. The reciprocating engine is one that 

converts chemical energy to thermal and then mechanical energy, which in this case is converted 

to electrical energy via an electric motor.  

The fuel is pre-heated to 200°C and desulfurized, heated again to 650°C and pre-reformed to 

methane before entering the SOFC. In parallel, ambient air is pre-heated to 600°C and conducted 

into the SOFC. Inside the topping SOFC, internal reforming converts the methane into syngas at 

850°C. Depending on the fuel utilization, a certain percentage of the fuel is converted directly to 

electricity in the fuel cell, while the rest leaves the anode as syngas (a mixture of fuel (H2, CO, 

CH4) with electrochemical reaction products (H2O, CO2). This anode off-gas is directed into the 

gas engine downstream, where it is combusted with the cathode off-gas (depleted air) in the 

reciprocating engine in order to generate more electricity. The total electric output of the system 

is thus the electric power generated from both the fuel cell and the gas engine. 

Since the reciprocating engine downstream of the fuel cell needs to output electricity, it was 

modeled in Simulink® as a Diesel (compression ignition) engine that includes a generator with an 

assumed mechanical to electrical energy conversion efficiency of 99%. The isentropic efficiencies 

of compression and expansion were assumed to be 90%, while for the heat addition step, a 

combustion efficiency of 98% is assumed. 

5.3.1. Preliminary Analysis 

For a first-law efficiency analysis of the SOFC-RE hybrid, the Matlab Simulink® model for a 250 

kW SOFC stack operating at maximum power was run for a range of fuel utilizations. This helped 

determine the fuel utilization for which the hybrid system efficiency is greatest – if the fuel 

utilization is too high, the RE can only contribute a small amount of power, whereas if it is too 

low, the fuel cell with its higher efficiency is not used to m its full potential. Assuming a state-of-

the-art gas generator efficiency of 42.8%, which is that of the CAT® CG132-6 [29], the hybrid 
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efficiency was plotted against fuel utilization in Figure 9. For example, a lower fuel utilization, 

meaning more excess fuel, increases the fraction of the total power generated by the gas engine, 

while the fuel cell generates more electricity at higher utilizations. 

 

Figure 9: SOFC-RE hybrid system efficiency versus fuel utilization  

The theoretical efficiency of the hybrid is relatively low for utilizations of less than 0.85 and 

more than 0.92, but higher for utilizations in between those two values. This occurs because as 

the utilization is lowered from 95%, the SOFC efficiency increases sharply so that the RE, even 

though its efficiency is only 42.8%, can increase the overall efficiency. However, as more and 

more excess fuel is fed into the SOFC, its efficiency starts to increase more slowly, which 

eventually cannot be compensated by the RE. Thus, there is a maximum in the overall efficiency 

of 61.7% at about 88% fuel utilization. However, it is worth noting that this efficiency stays 

above 60% for utilizations down to almost 70%.   

The maximum hybrid efficiency is 61.7%±0.1% at a utilization of 88±2%.  At this point, the 

SOFC contributes 90% and the RE contributes 10% of the power.  Note that compared to the 

corresponding stand-alone SOFC system (58.5%), this SOFC-RE system has first-law efficiency 

that is 3.2 efficiency points higher. 

 

5.3.2. SOFC-RE Hybrid Simulation 
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For the key part of this study, a simple model of a reciprocating engine (RE) operating on the 

Diesel cycle was created in Simulink® and integrated into the existing SOFC system model. This 

gas engine is placed downstream of the SOFC, as shown before in Figure 2, where it uses the 

leftover fuel, including a stoichiometric amount of air, from the anode off-gas as the combustion 

fuel for the heat addition step. The steam, which makes up the majority of the non-fuel portion of 

the anode off-gas and also contains the majority of thermal energy of the anode off-gas due to its 

high heat capacity, is separated from the stream via a condenser at 90°C and is used for pre-heating 

just like in the stand-alone SOFC model, so this does not affect the performance of the SOFC. The 

compression ratio in the gas engine was set to 20 and it was assumed that the compression and 

expansion step can be completed with 90% isentropic efficiency which is achieved in state-of-the-

art REs [30]. The thermodynamic efficiency of the gas engine is computed to be 38.7%, which is 

lower than the 42.8% based on a real system in the preliminary analysis. This proves that the 90% 

isentropic efficiency is both a reasonable and conservative estimate. 

Since the fuel utilization in the SOFC is 90%, this means that 10% of the fuel should be converted 

to useful energy by the gas engine at an efficiency of 38.7%, leading to an approximate 

improvement in system efficiency by close to 3.9 percentage points. The model confirms this; the 

actual increase is 3.4 percentage points from 58.5% to 61.9% because some energy is lost by 

cooling the fuel portion of the anode off-gas to a temperature that is suitable as the initial 

temperature for injecting into the gas engine. 

This efficiency improvement is significant because it means that 5.5% less fuel is required for a 

SOFC-RE hybrid than for the same stand-alone SOFC system to generate the same amount of 

power. Considering that state-of-the-art SOFC systems currently cost between $1,400 and $2,300 

per kW [31], and gas generators are available for $200-300 per kW, the cost of a gas generator 

with 1/17th of the power rating of an SOFC system is almost negligible. Conservatively, a gas 

generator for this kind of SOFC-RE hybrid is estimated to add 0.5% to the total cost of the system, 

which would easily be recovered through the savings in fuel that will lead to significant savings 

after a short time. For example, in a 263 kW hybrid system containing a 250 kW SOFC and 14.5 

kW gas generator (1.5 kW are used for the blower), the SOFC system would cost at least $1.75 

million, while the gas generator would come to $5000 at the very most. This corresponds to less 

than 0.3% of the total system cost. Since the price of natural gas is approximately $3 per GJ of 

energy content [11] and the system operates at an efficiency of 61.9% instead of 58.5%, the fuel 

savings are estimated to be $2000 per year. This means that after 2.5 years, the SOFC-RE hybrid 

starts to save money compared to a stand-alone SOFC in addition to reducing its fuel consumption 

and greenhouse gas emissions by 5.5%.  

5.4. SOFC-GT Hybrid Simulation 

Using the same SOFC model, as described above, and integrating this model with a gas 

turbine , simulations were accomplished for the same operating parameters in the fuel cell as for 

the SOFC-RE model. The only difference was that one model has a reciprocating engine 

downstream of the SOFC and the other has the SOFC in between the compressor and turbine 

stage of the gas turbine. The SOFC-GT system is more expensive and complicated than the 

SOFC-RE would be, and so it is the aim of this section to determine whether its efficiency is 
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significantly better to warrant the effort. As shown in the system schematic of Figure 10, the 

integrated hybrid system model contains a compressor. Air is compressed to a pressure of 5-10 

bar and heated in a regenerative heat exchanger, from which it is mixed with recirculated air 

before entering the cathode of the fuel cell stack. Pre-reformed LNG fuel from a tank is heated 

and enters the anode compartment of the fuel cell stack. After electrochemically reacting in the 

stack, the anode off-gas is oxidized and the resulting hot gas mixture is expanded in a turbine 

connected to the compressor and a generator. The turbine exit gas is used for preheating the air 

inlet stream to the fuel cell. Both the fuel cell stack and the gas turbine generator are connected 

in parallel to an electric motor which serves to power the locomotive. Different modeling 

processes like heating, mixing, and reforming are represented as subsystem blocks. Standard 

isentropic efficiencies of 90% [32], [33] are assumed for the compressor and turbine.  

 

 

Figure 10: SOFC-GT system diagram. The SOFC stack is placed between the compressor and the turbine 

for maximum synergy.  
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Figure 11: SOFC-GT Hybrid System Efficiency versus Fuel Utilization.  

This plot follows a similar trend to that of the SOFC-RE, but the overall efficiency is 

significantly higher, peaking at 70.3% for a fuel utilization of 92% versus 61.7% for a fuel 

utilization of 88%. The fact that the maximum efficiency is higher and occurs at a higher 

utilization is largely due to the system integration features of the SOFC-GT system — placing 

the fuel cell between the compressor and turbine of the gas turbine allows for most of the fuel to 

be used in the fuel cell since nothing needs to be saved for an engine downstream.  In addition, 

there is a synergistic impact of higher voltage (and thus higher electrochemical efficiency) when 

the SOFC operates under pressurized conditions.  Therefore, it is best to maximize utilization 

just as in the stand-alone SOFC case while staying well below the 95% where the voltage starts 

to drop sharply. Figure 12 compares the SOFC-GT performance to the other two systems 

considered. 
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Figure 12: SOFC, SOFC-RE, and SOFC-GT efficiency comparison 

It is apparent that this system far outperforms both the stand-alone SOFC and the SOFC-RE 

system efficiency-wise — by as much as 20% for the former and 14% for the latter. Since gas 

turbines are now similar in cost to or even cheaper than reciprocating gas generators of the same 

size [34], the cost of the gas turbine for this hybrid would still be much less than that of the fuel 

cell and therefore increase the total cost by only a small percentage. Hence, it can be concluded 

that in the current state of development, the SOFC-GT hybrid system is the most efficient and 

economical choice of SOFC system for clean, steady-state natural gas-powered electricity 

generation system.  This plot follows a similar trend to that of the SOFC-RE, but the overall 

efficiency is significantly higher, peaking at 70.3% for a fuel utilization of 92% versus 61.7% for 

a fuel utilization of 88%. The fact that the maximum efficiency is higher and occurs at a higher 

utilization is largely due to the setup of the SOFC-GT system — placing the fuel cell between 

the stages of the gas turbine allows for most of the fuel to be used in the fuel cell since nothing 

needs to be saved for an engine downstream. Therefore, it is best to maximize utilization just as 

in the lone SOFC case while staying well below the 95% where the voltage starts to drop 

sharply.  

Since the degree of pre-reformation played such a large role for the SOFC system, a final 

comparison of the hybrid systems was made taking pre-reformation into account. In order to 

compare the hybrid systems, simulations of the SOFC-RE and SOFC-GT systems were 
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performed with these same ideal parameters found in section 5.2.1. A comparison plot of the 

system efficiencies achieved is presented in Figure 13.  

 

Figure 13: SOFC, SOFC-RE and SOFC-GT efficiency comparison for 20% pre-reforming 

conditions. 

The SOFC-RE and SOFC line fits are almost parallel because the bottoming engine adds about 3 

percentage points of efficiency regardless of pre-reforming. This is because the composition of 

the anode off-gas is also very similar on both ends and does not depend much on external 

reforming, since internal reforming converts most of the methane to syngas. However, for the 

SOFC-GT system, while its efficiency increases similarly when reducing the fraction of pre-

reforming at high values, it levels off much more towards lower values of pre-reforming 

percentage. Whereas for 80% pre-reforming it performed 7.8 percentage points better than the 

SOFC-RE, at 20%, this advantage is reduced to 3.4 percentage points. This is due to the fact that 

the supercharging of the fuel cell stack already increases the cell voltage, and the reduced 

external reforming has already increased the voltage to near its theoretical limit. Under optimal 

conditions, the efficiencies are 66.1% for the stand-alone SOFC, 68.8% for the SOFC-RE, and 

72.2% for the SOFC-GT system.  
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5.4.1. SOFC-GT Dynamic Operation 

Having established that the SOFC-GT hybrid has by far the highest steady-state efficiency of all 

the systems considered, it then needs to be shown that it is suitable for a dynamic traction 

application. For a first assessment of what kind of load transients this system could handle, code 

was written in Matlab to transition between different percentages of maximum load at different 

time intervals, such as, from 100% to 30% of maximum load and back up in 100,000 seconds. 

The result is shown in Figure 14. 

 

Figure 14: Simple SOFC-GT dynamics 

The load profile is followed well, but only when enough time is given, otherwise the system fails 

due to excessive fuel flow. The time required exceeds the time it takes for a whole trip so this 

result was not particularly promising. Next, an attempt was made to recreate a dynamic load 

profile similar to the one that Martinez [24] simulated for the route that he investigated. Figure 

15 shows the performance on this load profile which rises and falls quickly over various time 

intervals between a maximum of 3.5 MW and a minimum of 1.3 MW.  
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Figure 15: More complex SOFC-GT dynamics 

In general, it can be said that the load is followed well, with some issues when the power demand 

is lowered significantly and quickly. However, it is believed that spike in the power is a 

momentary glitch in the calculation of the gas turbine power and can be ignored. No such spikes 

are found when simulating a fuel cell system by itself, and a gas turbine should be able to handle 

this kind of dynamic load curve. However, more work was done in subsequent dynamic 

simulations to ensure that such spikes do not occur and the load is followed well.  

 

5.4.2. Bakersfield-Mojave Route Simulation 

 

The railway from Bakersfield to Mojave is an important route for freight rail in California due to 

its location and difficult nature with significant elevation changes [35]. To fully test the system’s 

suitability for a freight locomotive application, a detailed power demand curve is produced for 

this sample route. This was accomplished using the Google API Console to find the elevation 

profile of the 66-mile (106 km) long Bakersfield-Mojave route and then using that to calculate 

the power demand dynamics for a locomotive traveling along this route. Figure 16 shows a map 
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of the route, which starts off with a moderate incline before becoming very steep in the middle 

third. In this part, there are many curves in the railroad because of the steep incline, including the 

famous Tehachapi loop. The final stretch is mostly downhill, as shown in Figure 17.  

 

Figure 16: Map of the Bakersfield-Mojave route [36] 
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Figure 17: Elevation profile of the Bakersfield-Mojave route 

 

The power demand that is necessary for a standard 240 ton (218 metric ton), 3 MW locomotive 

pulling 10 cars to make it through this route at a reasonable speed, i.e., between 4.5 and 27 m/s, 

was calculated for the controls of the hybrid system. For longer freight trains, this could simply 

be multiplied with the number of locomotives required. Since the maximum allowed weight for a 

rail car on most tracks is 268,000 lbs [37], the total mass of this assembly should not exceed 

1,440 tons (1,306 metric tons). To achieve this, a dynamic notching model of a 3 MW 

locomotive engine was built in Matlab Simulink, calculating the power required to keep the train 

moving within the desired speed range at each given position and slope. Figure 4 shows this 

power demand curve as a function of time, ranging from 900 kW to 2,800 kW which is typical 

for a freight locomotive [26]. The demand mostly peaks in the middle third, but again rises 

towards the end, where there is a steep downhill slope, incicating that the brakes require 

assistance in the form of backward thrust.  

The following section will illustrate the process with which a power demand curve was created 

that the system is able to meet. After using the API console to produce an elevation profile, this 

profile was smoothed with multiple iterations until a realistic power demand curve could be 

obtained, as described below.  

Previously, the Simulink model had been used to demonstrate steady-state functioning of the 

SOFC-GT hybrid system, and some experiments were made to introduce dynamic load changes. 

However, in order to accommodate such a highly dynamic load profile on the scale of the 

locomotive route, two significant alterations had to be made. Firstly, the model still crashes when 

attempting to follow the raw power demand curve so this had to be smoothed out. To accomplish 

this while keeping the curve similar to its original shape, MATLAB’s curve fitting tool with the 

option “smoothing spline” was used. Figures 14-16 show how the smoothing parameter affects 

the shape of the curve. It was found that the best results were achieved with a smoothing 

parameter of 0.05. 
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Figure 18: Raw locomotive power demand curve 

The graph above shows the raw power demand from elevation algorithm method with no time 

delays, i.e. instantaneous steps in power demand. This is not feasible with the SOFC-GT model 

and causes it to fail. Note that all power demand curves, including this one, have been adjusted 

upwards by 250 kW to account for the fact that there is a minimum operating power below 

which the system cannot function. This is an improvement based on earlier runs where up to 900 

kW had to be added for the system to run. Also note that the length of the x-axis (3957 seconds) 

corresponds to the time that is calculated for the locomotive to travel the Bakersfield-Mojave 

route. 
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Figure 19: Smoothed locomotive power demand curve, smoothing parameter 0.5 

For comparison, this is a smoothed version of the curve in figure 1. It is less dynamic, but still 

causes an error in the SOFC-GT system.  
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Figure 20: Smoothed power demand curve, smoothing parameter 0.05 

The above graph shows the optimal amount of smoothing for this purpose. Although it looks 

similar to the one above, it is just smooth enough for the system to be able to handle it. The 

resulting power output curve on top of this one is displayed below in figure 5. 

Secondly, the control strategy was evaluated. The model had previously shown only an 

insignificant response to fast changes in the power demand on the order of seconds. Based upon 

these results it was determined that proportional integral (PI) control of the system may be 

sufficient for dynamic operation.  Thus, the gain of the current controller was progressively 

increased in order to accelerate the dynamic response of the fuel cell stack. 
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Figure 21: Smoothed power demand (blue) and power output (red) with old controller setting 

It is obvious from this graph that the old controller setting was not designed for a highly dynamic 

system because the output barely correlated with the demand. Also, the lowest power output was 

more than half of the maximum and so not only the dynamic response, but also the range of 

possible power output had to be improved.  

Dynamic simulations of the SOFC-GT system have been performed at the NFCRC in several 

previous studies [18], [25]. However, the model had previously shown only an insignificant 

response to fast changes in the power demand on the order of seconds. Sensitivity of the PI 

controllers were carefully adjusted to improve dynamic performance without causing compressor 

surge or excessive variations in fuel flow into the stack. The need for fast ramping rates of power 

has to be balanced with stability of the system. Hence, there were delays in simulations, but the 

system can be classified as highly dynamic, considering that current controller requires enough 

time to be adapted to control the fuel flow, which ultimately determines the power output. 

Initially, the response of the system to the power demand was too slow due to the complexity of 

the system. However, by adjusting the system parameters, the controller response was improved. 

Figure 22 shows the result obtained, overlaying the SOFC-GT power output onto the power 

demand curve from above.  
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Figure 22: Smoothed power demand and power output with new controller setting 

After changing the controller setting, both of the above issues have been alleviated. The range of 

power outputs now goes as low as 20% of the maximum and the power curve is significantly 

more dynamic. Clearly, it still does not nearly follow the power demand, but it is promising, and 

it will be interesting to see how the performance and dynamic response of the prototype system 

on a real test stand will compare. Also, the smoothing in Matlab does not allow taking the 

average of the power demand over larger time periods, thus reducing the maximum power 

demand. If this could be done in another way, the power output could possibly follow the 

demand more closely. 

It is important to note that the peak output power is about 1.8 MW, but the maximum power 

demand is above 3 MW. However, the average of the output matches the average demand very 

closely and a solution to reconcile the two is proposed below.  
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Figure 23: Nernst voltage (blue), cell voltage (red), ohmic overpotential (purple), and activation 

overpotential (yellow) 

Figure 23 shows the influences on the cell voltage (red). The Nernst voltage (blue) is consistently 

between 0.92 and 0.94 V and varies only slightly because of temperature variations in the fuel 

cell stack. The activation overpotential (yellow) also varies with temperature but is generally low 

due to the good kinetics of novel fuel cell materials. It can be seen that the largest and most 

significant contributor to variations in the cell voltage is the ohmic overpotential (purple). This is 

because the parameter varying the most with time is the current – when the power demand is 

increases, the current increases and the ohmic resistance is high, whereas lowering the power 

demand causes less current and therefore lower ohmic resistance. Therefore, the cell voltage 

varies almost exactly with the negative of power output and ohmic resistance.  
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Figure 24: System Efficiency versus time 

As observed from Figure 24, the system efficiency curve follows the cell voltage curve exactly, 

because the fuel cell stack efficiency is calculated as the ratio of actual cell voltage divided by 

the Nernst voltage at standard condition. For the calculation of the overall system efficiency, the 

fuel utilization in the fuel cell stack and the efficiency of the gas turbine also need to be taken 

into account. However, since the utilization is kept constant at 80% and the gas turbine 

efficiency is always close to 30%, the variation of the system efficiency effectively only depends 

on the cell voltage. 

The anode and cathode inlet and outlet temperatures are shown below as a function of time. All 

of these somewhat oscillate, but the anode inlet temperature varies the most which makes it seem 

like it oscillates the most. This is because of dynamic operation — the fuel flow rate through the 

fuel pre-heater varies and the heating rate cannot be adjusted with exact precision. However, it 

can be seen in Figure 25 that this has little effect on the temperature towards the exit of the stack.  
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Figure 25: Anode and Cathode Inlet and Outlet Temperatures versus Time 

 

5.4.3. SOFC-GT-LIB System 

Since the dynamic performance of the SOFC-GT hybrid does not completely meet the 

requirements of the Bakersfield-Mojave route load cycle, a solution to achieve the completion of 

this route using a system that includes an SOFC must be found. What is required is an additional 

component to the system that is able to generate a large amount of power quickly. Moreover, this 

component should also be able to store a large amount of energy in order to provide traction for 

an extended period of time. This leads to the novel concept of adding a lithium ion battery to the 

SOFC-GT hybrid system. In this way, the battery can be charged when the SOFC-GT is 

generating more power than required, and provide additional power when the SOFC-GT alone 

cannot meet the demand. Moreover, it can be used for regenerative braking. Energy wise, the 

best way to do this is to ensure that the total energy generated by the SOFC-GT equals the total 

energy demand after accounting for losses from charging and discharging the battery. That is, 

𝐸𝑆𝑂𝐹𝐶−𝐺𝑇 = 𝐸𝑑𝑒𝑚𝑎𝑛𝑑 + 𝐸𝑙𝑜𝑠𝑠,𝑏𝑎𝑡𝑡𝑒𝑟𝑦  



37 
 

where 𝐸𝑆𝑂𝐹𝐶−𝐺𝑇 is the total energy supplied by the SOFC-GT, 𝐸𝑑𝑒𝑚𝑎𝑛𝑑  the total energy demand, 

and 𝐸𝑙𝑜𝑠𝑠,𝑏𝑎𝑡𝑡𝑒𝑟𝑦  the total energy lost by charging and discharging the battery. The losses are 

accounted for by the following equations [38]: 

Discharge Model (𝑖∗ > 0): 

𝑓1(𝑖𝑡, 𝑖
∗, 𝑖) = 𝐸0 − 𝐾

𝑄

𝑄 − 𝑖𝑡
(𝑖∗ + 𝑖𝑡) + 𝐴 ∗ exp (−𝐵 ∗ 𝑖𝑡) 

Charge Model (𝑖∗ < 0): 

𝑓2(𝑖𝑡, 𝑖
∗, 𝑖) = 𝐸0 − 𝐾

𝑄

0.1 ∗ 𝑄 + 𝑖𝑡
∗ 𝑖∗ − 𝐾

𝑄

𝑄 − 𝑖𝑡
∗ 𝑖𝑡 + 𝐴 ∗ exp (−𝐵 ∗ 𝑖𝑡) 

where 𝐸0: constant voltage (V), 𝐾:  polarization constant (Ah−1), 𝑖∗: low frequency current 

dynamics (A), 𝑖: battery current (A), 𝑖t: extracted capacity (Ah), Q: maximum battery capacity 

(Ah), A: exponential voltage (V), B: exponential capacity (Ah−1). Figure 26 shows the system 

diagram of this new system. 

 

 

Figure 26: SOFC-GT-LIB hybrid system configuration 
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Figure 27: Current, Voltage, and SOC for LIB throughout Bakersfield-Mojave route 

Figure 27 shows the battery cycling through the one-way Bakersfield-Mojave route. In the first 

third, the terrain is relatively flat and so the battery gets charged by the excess power the SOFC-

GT provides. During the steep incline of the second third, the battery is needed to provide extra 

power and is discharged gradually from 92% to 12%. Finally, as the route flattens out in the last 

third, the battery is charged back up to its initial state of charge of 50%. In this manner, the 

SOFC-GT-LIB can function as one unit that only needs to be refueled with pre-reformednatural 

gas, and there is no downtime associated with having to charge the battery. Quantitatively, the 

required specifications of the battery are a charge capacity of 650 kWh and a maximum power of 

2.62 MW operating at 2.15 kV in order to keep the locomotive traveling at a constant speed of 

26.8 m/s (60. mph).  However, this charge capacity is very large for a lithium-ion battery [39], 

and so the best way to proceed is to return to the original power demand curve and investigate 

whether it could be smoothed further. 

When inspecting the elevation data on Excel, it could be determined that while geographically 

accurate, it does not represent the way a railway would be constructed. For example, there are 

differences of several meters of altitude within just a few meters of distance, suggesting that the 

elevation profile includes features such as rocks and small cliffs that would not affect a railway. 

These sharp features were small enough to go unnoticed on the initial elevation plot, but they are 

likely to have been the cause of the large variations which were visible in the power demand 
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curve. To remedy this, instead of plotting the elevation every 10 meters, the average elevation 

change of larger sections, such as over 100 meters, was calculated in Excel, thereby smoothing 

out these sharp peaks and dips. Running the new, more realistic, elevation curve through the 

algorithm generated the new power demand curve below, which is much more reasonable in its 

local variation.  

     

 

Figure 28: Locomotive power demand (blue) and SOFC-GT output (red) 

Since the power demand curve is now less dynamic and the model is also able to handle fast 

changes better after the changes that were implemented, the system performed significantly 

better for this new curve. The power output follows the demand, with a slight delay and 

providing slightly less than required for local maxima and slightly more for local minima in 

demand. The system performance, described by fuel cell voltage and overall efficiency Figure 

29, is shown below.  
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Figure 29: Fuel cell Voltage (red) and Efficiency (blue) versus Time 

The cell voltage fluctuates considerably as expected because the higher the power demand and 

therefore the current, the lower the voltage and vice versa. The system efficiency follows a very 

similar trend due to its relationship to the fuel cell voltage accounting for the gas turbine 

generator contribution to the overall system efficiency.  

Figure 29 shows that the system efficiency ranges between 25% and 81% and averages 57%. 

Considering the highly dynamic nature of the route and the complexity of the system, the 

controllers met the required power quite well.  It is highly probable that with the relatively small 

deviations from the demand, the SOFC-GT system in the above simulation would be able to 

power a freight locomotive along the route within the desired speed range or that a battery 

system could be incorporated to generate and absorb power dynamically to more perfectly meet 

the desired power demand dynamics and provide regenerative braking. The addition of a lithium-

ion battery system to the hybrid system is modeled to provide the energy storage required for 

traction over extended period of time of the route considered. The integration of batteries with 

the SOFC-GT system brings novelty to long-haul industrial locomotive applications. In this way, 

the battery system can be charged when the SOFC-GT is generating more power than required, 

and can provide additional power when the SOFC-GT alone cannot meet the demand. Moreover, 

the regenerative braking functionality should improve efficiency by conversion of braking 

energy into battery stored energy and not requiring the SOFC-GT system to provide reverse 

thrust. Energy-wise, the best way to do this is to ensure that the total energy generated by the 

SOFC-GT plus battery system equals the total energy demand after accounting for losses from 

charging and discharging of the battery system. That is, 
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𝐸𝑆𝑂𝐹𝐶−𝐺𝑇 = 𝐸𝑑𝑒𝑚𝑎𝑛𝑑 + 𝐸𝑙𝑜𝑠𝑠,𝑏𝑎𝑡𝑡𝑒𝑟𝑦  

where 𝐸𝑆𝑂𝐹𝐶−𝐺𝑇 is the total energy supplied by the SOFC-GT, 𝐸𝑑𝑒𝑚𝑎𝑛𝑑  the total energy demand, 

and 𝐸𝑙𝑜𝑠𝑠,𝑏𝑎𝑡𝑡𝑒𝑟𝑦  the total energy lost by charging and discharging the battery. Figure 30 shows 

the system diagram of this new system. 

 

Figure 30: Current, Voltage, and SOC for Lithium Ion Battery (LIB) throughout Bakersfield-Mojave 

route  

 

Whenever the SOFC-GT does not provide enough power, the state of charge (SOC) of the 

battery decreases, and when the SOFC-GT provides excess power, the SOC of the battery 

increases. In the first third, the terrain is relatively flat and so the battery gets charged by the 

excess power the SOFC-GT provides. During the steep incline of the second third, the battery is 

needed to provide extra power and is discharged gradually, with some ups and downs. Finally, as 

the route changes to downhill in the last third, the battery is charged at first but then discharged 

again as additional braking power is required and regeneration is possible. This way, the SOFC-

GT-Battery system can function as one unit that only needs to be refueled with pre-reformed 

natural gas, and there is no downtime associated with having to charge the battery. Overall, the 

addition of the battery slightly reduces the overall system efficiency to 57% because in this route 

case, regeneration is mostly available towards the route end and is insufficient to overcome 

losses in the battery. However, it is possible that for other routes, the overall efficiency could be 
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the same or greater compared to the efficiency of the stand-alone SOFC-GT system. For 

example, if there is a downhill section near the beginning of a route, the battery could be charged 

without power from the SOFC-GT system and thereby increase the overall system efficiency. As 

for the battery system specifications to meet the current route dynamics, the required storage 

capacity is 100 kWh and required maximum power is 400 kW operating at 2.15 kV in order to 

keep the locomotive traveling at a the required speed.  The highest power-to-energy ratio 

(kW/kWh) for lithium-ion battery systems is currently around 13 [39] so that a 100kWh lithium-

ion battery system should easily be able to produce at least 400 kW. Therefore, it is estimated 

that the future cost of such a battery system would be less than $6k (assuming the U.S. DOE 

target price of $200/kWh [34][40]) which means that it would represent only a small fraction of 

the cost for the SOFC-GT-Battery system. The fuel consumption for this route was simulated to 

be 658 kg of natural gas, corresponding to a volume of 1.4 m3 of LNG [41]. Even for an 

equivalent route of 1000 miles, only a 50 m3 tank would be required, which is less than the 

typical tank car [42]. This shows that an SOFC-GT-LIB system for a freight train operating on 

LNG is feasible without sacrificing performance or spatial efficiency for the quite difficult 

Bakersfield-Mojave route.   

 

 

5.5. Techno-Economic Analysis 

5.5.1. SOFC-GT on LNG 

 

In order to demonstrate not only the technical, but also the economic feasibility of a SOFC-GT-

LIB powered locomotive, a techno-economic analysis must be completed. This will compare the 

cost of the SOFC-GT-LIB locomotive and the cost of energy for this system against the cost for 

a conventional diesel-electric long-haul freight locomotive as well as an overhead electric 

locomotive. Furthermore, this can lead to analyzing the cost to achieve a certain amount of 

revenue and thus determine whether a SOFC-GT-LIB locomotive is economically competitive. 

In a preliminary analysis in collaboration with Dr. Lori Schell, it was found that for a $5 million 

SOFC-GT locomotive running on LNG fuel, the levelized cost of energy (LCOE) is $553/MWh, 

saving 7% against both the tier 4 diesel-electric locomotive and the overhead electric locomotive. 

For the levelized cost per revenue ton-mile, the margin was narrower, but the SOFC-GT 

locomotive still won out by 3-4%. Conservatively, based on a profit margin of the freight rail 

industry of 18% for 2013 [43], this could increase the profit margin by 4 percentage points to 

22% [39]. However, these results are highly dependent on the cost of a future SOFC-GT system, 

since for an assumed cost of $8 million, the SOFC-GT locomotive was the most expensive to 

run. Thus, it remains to be seen what such a future system of around 4 MW will cost.  

 

5.5.2. SOFC-GT trains on Hydrogen 
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After considering that a) the SOFC-GT running on LNG would initially serve as a bridging 

technology towards using hydrogen, and b) hydrogen-powered trains are already being deployed 

[44], it was determined that it would be best to conduct a long-term techno-economic analysis on 

zero-emission trains that use hydrogen instead of LNG. Furthermore, in order to be as 

comprehensive as possible, the analysis was expanded to include passenger on top of freight rail.  

Critical questions that need to be answered for renewable SOFC-GT renewable locomotive 

systems are: 

• If all locomotive engines were switched to SOFC-GT technology, how much hydrogen fuel 

is required? 

• How much will the transition to SOFC-GT systems cost compared to other feasible zero 

emission pathways? 

• Can a decarbonized rail sector be leveraged to reduce carbon emissions in other 

transportation sectors? 

The goal of this chapter is to provide a first answer to these three questions for when the global 

locomotive fleet is transitioned to operate on zero emission renewable hydrogen fuel. The scope 

of the analysis includes determining the technical feasibility of producing all of the renewable 

hydrogen required, assessing dynamic operation feasibility of SOFC-GT locomotive engines, and 

economic analyses of fuel production and technology conversion to meet global rail demand. This 

work consists of 1) an economic analysis of converting freight and passenger locomotives to 

SOFC-GT hybrid power, including analysis of a comparison zero emissions catenary system, 2) 

an accounting of greenhouse gas savings for the United States and the world, and 3) analysis of 

different potential scenarios for producing renewable hydrogen to power the new SOFC-GT trains. 

The results show that this transition is feasible and economically competitive with other 

locomotive zero emission pathways. 

5.5.3. Economics of decarbonizing rail using H2  

A cost comparison between locomotives using a fuel cell versus other power systems is conducted, 

assuming a test case in the United States. Three scenarios are considered: 

1. Business as usual (BAU) where conventional diesel hybrid locomotives continue to be used 

into the future, 

2. Transition to electric locomotives supported through catenary infrastructure, and 

3. Conversion of all locomotive to SOFC-GT hybrid systems powered by renewable 

hydrogen from wind & solar power. 

For the technical aspects of this analysis, a well understood rail corridor is used as a proxy for 

worldwide carbon free locomotive development. The route, which is detailed in [45], consists of 

65 miles of rail, spanning from Bakersfield to Mojave (California), and it is primarily used for 

Class 1 freight haul (having annual carrier operating revenues of $250 million or more in 1991 

dollars). The overall propulsion efficiency of a freight train with a 3.3 MW SOFC-GT locomotive 

pulling 10 freight cars, weighing a total of 1,306 metric tons, traveling this route was found to be 

57% [45]. Since this route — characterized by considerable elevation changes — is fairly 
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challenging for a freight train, the efficiency serves as a good conservative estimate of what will 

be achieved in a longer or flatter route. In terms of fuel consumption, the corresponding 1,000-

mile route was simulated to require 3,910 kg of hydrogen. Using compressed hydrogen at 70 MPa, 

this would require a 103 m3 tank (density of 38 kg/m3 [46]), which is feasible because this volume 

is slightly less than the typical fuel-tending tank car [42].  

For Scenario 1, conventional locomotive technologies are assumed to have a 30-year economic 

life and have been shown to cost $592/MWh and to operate using a capacity factor of 26.9%. 

The installation costs of an overhead catenary system span the range of about an order of 

magnitude, from a low of $5 million per mile to a high of $50 million per mile depending upon 

the geography and population density [47]. Since the average freight route is mostly rural in nature 

with some urban and suburban areas in between, Scenario 2 assumes that the complete overhead 

catenary infrastructure can be installed at an average cost of $20 million per mile, with electric 

locomotives costing $2 million each. As a comparison case, this estimated cost is two-thirds of the 

estimated $30 million per mile cost of the 51 miles of the ongoing CalTrain electrification up the 

peninsula from San Jose to San Francisco, California [47], reflecting the fact that freight routes 

are more rural in nature. 

For Scenario 3, The SOFC-GT hybrid locomotive technology is assumed to have a 20-year 

economic life. The capital costs for each locomotive technology were based on a Railtec, 2016 

[47] study commissioned by the California Air Resources Board.  The capital cost for a single 

SOFC-GT hybrid locomotive was estimated to be $5 million. The cost of renewable hydrogen is 

required to drop to $1.50 per kg in order to achieve parity with hydrogen obtained from steam 

methane reformation of natural gas by 2050. Techno-economic analyses with reasonable learning 

curves for the associated solar, wind and electrolysis technologies determined that $1.50 per kg 

was feasible by 2050 (see next subsection). This is also equivalent to $1.71 per gallon of diesel on 

an equivalent energy basis, which would make it cheaper than diesel fuel is in 2020. The results 

of this comparison show that levelized cost per revenue ton-mile for a hydrogen-powered SOFC-

GT locomotive (7.79¢) is lower than that for an electric-only catenary locomotive (8.08¢) and the 

business-as-usual diesel-electric locomotive (8.04¢). If the cost per mile for the installation of 

catenary infrastructure were cheaper, this would reduce the cost per revenue ton-mile for this 

technology, but it would have to be as low as $13 million per mile to reach parity with SOFC-GT 

technology. Overall, the authors suggest that the costs of the three zero emissions technologies are 

comparable given the uncertainty in the estimates. 

 

5.5.4. Techno-economic analysis: Cost model methodology 

Levelized cost of ton-miles for different powertrains 

Using MATLAB, a simulation model is used to calculate the levelized cost per ton-mile of rail 

transportation comparing the technologies from Scenarios 1, 2, and 3. The model includes the data 

inputs required for each locomotive powertrain technology and provides the default values in the 

Locomotive Cost Model (LCM) input matrix.  Data input values include locomotive cost and 

operating parameters, financial parameters, fuel- and emissions-related parameters, and 

parameters related to how Class 1 freight trains are operated in the United States.  By necessity, 
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default input values are based on averages, but the LCM input matrix structure allows the default 

input values to be changed at will for sensitivity analyses.  In order to calculate the Levelized Cost 

for the different scenarios, all the data inputs are used to calculate an average value for each of the 

technologies considered.  

 

Cost of Hydrogen 

According to Schmidt et al., 2019 [48], alkaline electrolyzers will be characterized by a decreasing 

capital cost at a learning rate of 18% for a production capacity ranging between 1 GW/year in 2020 

to 2.5 GW/year in 2030. Estimation of production capacity beyond 2030 and up to 2050 are 

performed herein using an extrapolation of the learning curves by Schmidt et al., and using the 

long term predictions recently published by BNEF as an optimistic long term scenario (i.e., 

$98/kWe at 750 GW/year in 2050) and the DOE long-term cost targets as a conservative scenario 

(i.e., $228/kWe at 39 GW/year in 2050). Error! Reference source not found. represents the v

alues of specific capital cost for alkaline electrolyzers used between 2020 and 2050. Note that, in 

order to represent electrolyzers of 20 MWe size, a scaling factor of 0.95 is employed. 

Variable and fixed operation and maintenance costs for electrolyzers are calculated as a 

combination of: i) degradation rate (1.3%/year); ii) stack replacement time (5 years in 2020, 7 

years in 2030 and 10 years in 2050) with a stack replacement cost equal to 40% of the total 

CAPEX; iii) electrolyzer hydrogen production efficiency equal to 87% (based upon the LHV of 

hydrogen – 119.96 MJ/kg) to calculate the electric input required. The electricity input cost is 

calculated as the Levelized Cost of Electricity (LCOE) from the combined production of onshore 

wind farms and high capacity factor grid photovoltaic plants. 
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Figure 31 – Specific capital cost of installed alkaline electrolyzers in $/kW. Data from Schmidt et al, 2019 

until 2030. Predictions for 2040 and 2050 based on data extrapolation, guided using a combination of 

BNEF and DOE cost targets. 

Solar PV and onshore wind are assumed to account respectively for 70% and 30% of the total 

renewable generation, which is close to the split used in the U.S. Case Study. LCOE calculations 

consider an average capacity factor for grid solar PV and onshore wind of 33.1% and 40% (during 

the first year of operation, the capacity factor is reduced by 30% in order to conservatively account 

for reduced operating time due to startup). Moreover, both PV and wind farms are considered to 

be affected by a degradation factor equal to 0.4%/year. The assumed operational lifetime of the 

plant is 25 years and the construction time is two years, with 80% of the capital cost installment in 

the first year. Financial assumptions include an inflation rate at 2%, an interest of debt and on 

equity capital at 8% and 12%, respectively. The share ratio of the loaned and private capital is 

assumed at 75/25. Tax rate is fixed at 21%. 

Considering all these assumptions, the LCOE of the coupled solar/wind scenario results to be 

$24.1/MWh determining a Levelized Cost of Hydrogen (LCOH) production from a combined case 

of wind (30%) and solar (70%) at $1.49/kg and $1.23/kW in 2050 for the conservative and for the 

optimistic scenario, respectively.  This is competitive and in some cases lower than current 

hydrogen production technologies using natural gas steam reforming [49].  
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Figure 32 – Predictions of levelized Cost of Hydrogen production with alkaline water electrolyzers using a 

combination of 30% onshore wind electricity and 70% photovoltaic solar electricity. 

Emissions 

Using the Organization for Economic Co-operation and Development (OECD)(+) data as 

reference [50], the total CO2 emissions from road transport of both freight and passengers were 

extrapolated assuming the OECD(+) countries account for 75% of the world’s Gross Domestic 

Product (GDP) and therefore assuming that they account for a similar percentage of emissions 

from the transportation sector.  

5.5.5.  H2 demand and CO2 emission savings 

This section calculates the expected hydrogen demand and resulting emission reductions from the 

adoption of hydrogen-powered locomotives in the U.S. The retrofit of all existing rail plus the 

optimistic addition of switching all road transportation to hydrogen-powered rail are considered, 

defined here as “Modal Switch”. Freight and passenger rail are analyzed separately. 

Freight Rail 

In 2016, the total U.S. ton-miles of freight transported by railroads was 1.585 trillion [51]. The 

Association of American Railroads (AAR) also reports that for each gallon of diesel, 474 revenue 
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ton-miles can be achieved1 [52]. Based on this, 3.34 billion gallons of diesel were used in the 

freight rail sector in 2016. From Martinez et al. [27], it is estimated that the average thermodynamic 

efficiency of a diesel engine is 38.2%, and for a SOFC-GT system operating on natural gas 

reformate is 54.7%. Preliminary research suggests that a similar efficiency could be achieved using 

hydrogen instead of natural gas reformate [53]. Using the LHV of diesel (136.4 MJ/gallon) and 

hydrogen (120.0 MJ/kg), and assuming the presented efficiency values are realized in the average 

locomotive operating efficiency, if all freight rail were shifted from diesel-powered to hydrogen-

powered, then 2.7 million metric tons of hydrogen would be required every year for freight. 

Moreover, when factoring in the above efficiency values, a $3.00kg cost of renewable hydrogen 

is equivalent to $2.38 per gallon of diesel.  

Implementing the above changes to the rail sector would dramatically increase demand for 

hydrogen and nearly eliminate pollutant and greenhouse gas emissions from this sector. Using the 

3.34 billion gallons of diesel fuel estimation, and a diesel fuel emissions factor of 10.16 kg of CO2 

per gallon of diesel [54], it is estimated that the U.S. freight rail sector currently emits 34 million 

metric tons of CO2 per year, or 0.66% of total U.S., and 0.098% of all global carbon emissions (the 

total U.S. emissions in 2018 were 5.268 billion metric tons [55] and global energy-related 

emissions were 33.1 billion metric tons [56]). If a full transition towards renewable hydrogen 

occurred, these ongoing carbon emissions would be eliminated.  

However, the freight transported on roads in the U.S. offers a much greater potential for emissions 

reductions, both because of its higher volume and lower energy efficiency compared to rail. In 

2016, the total U.S. freight of freight transported by trucks was 2.023 trillion ton-miles [51]. In the 

most optimistic scenario, where all of this freight is shifted to hydrogen-powered rail with an 

average efficiency of 54.7%, this could provide demand for another 4.8 million metric tons of 

hydrogen per year. Average fuel efficiency for freight trucks is estimated to be 134 ton-miles per 

gallon of diesel [9]. This results in a significantly larger amount of 15.1 billion gallons of diesel 

fuel per year used by freight trucks, releasing 153 million metric tons of CO2 per year. This value 

is 3.0% of U.S. emissions, or 0.44% of global emissions.  

The worldwide volume of freight transported by railroads is 7.26 trillion ton-miles [57]. Assuming 

the same fuel-to-ton-mile efficiency value as found for the U.S., it is estimated that the diesel fuel 

used in this sector currently results in 155 million metric tons of CO2 emissions per year, or 0.45% 

of global carbon emissions. Adjusting for efficiency, this would increase worldwide demand for 

hydrogen by approximately 12.1 million metric tons annually. With a levelized cost of renewable 

hydrogen production from solar and wind of approximately $3.00 kg, the overall annual cost would 

be $36.4 billion. 

Globally, each year, the CO2 emissions from this sector are 1.50 billion metric tons or 4.4% of 

global emissions [58]. Theoretically, if all this freight could be moved to hydrogen-powered rail 

or a combination of rail and hydrogen-powered trucks with a similar efficiency, this would create 

 
1 A revenue ton-mile is equivalent to one ton of revenue-generating freight transported along a 

distance of one mile. 
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a yearly demand of 55 million metric tons of hydrogen, costing not more than $70 billion annually. 

The above results are summarized in Table 3. 

Scope/Measure H2 Annual demand (million 

metric tons) 

Annual CO2 Savings (million 

metric tons)/(% of global) 

U.S. Existing Rail 2.7 34 (0.10%) 

U.S. Modal Shift 4.8 153 (0.46%) 

Global Existing Rail 12 155 (0.47%) 

Global Modal Shift 55 1500 (4.5%) 
Table 3: Hydrogen demand and CO2 emissions reduced in the freight sector 

Passenger Rail 

In 2016, the total rail passenger miles traveled in the U.S. was 39.6 billion [59]. According to Oak 

Ridge National Laboratory, the fuel economies of intercity rail, transit rail, and commuter rail are 

respectively 56.7, 51.2, and 44.7 passenger-miles per gallon of gasoline equivalent (pmpgge) [60]. 

Using a weighted average of 52 pmpgge [60], the LHV of gasoline as 121.1 MJ/gallon, and 

assuming that similar efficiencies can be achieved for hydrogen-powered passenger rail as for 

freight rail, 769 million kg of hydrogen would be required per year to accommodate all passenger 

rail transport, costing $1.15 billion. This only allows for potential savings of 5.4 million metric 

tons of CO2 or 0.1% of U.S. emissions.  

In terms of passenger transportation, US rail is lagging behind freight transportation because most 

trips are still made by cars. In 2016, passenger miles traveled by car totaled 4.58 trillion [59], 

exceeding rail passenger miles by a factor of over one hundred. If a significant percentage of car 

trips, which have an average fuel economy of 39.7 pmpgge [60], were instead made by hydrogen-

powered rail, this could lead to the greatest hydrogen demand of any scenario. For example, if just 

20% of passenger miles traveled by car were shifted to hydrogen-powered rail, this could provide 

demand for 11.6 million metric tons of hydrogen per year, which would cost $17.4 billion.  

However, if SOFC-GT hybrid systems powered using renewable hydrogen are used to power 

locomotives, each 10% of passenger miles converted from being met using gasoline powered cars 

to renewable hydrogen power train would reduce yearly carbon emissions by 10.25 million metric 

tons, or 2.0% of all U.S. and 0.3% of global emissions. On average, 5.8 million metric tons of 

hydrogen would be required to meet this new renewable fuel demand.   

The worldwide passenger-miles transported by rail is 2.36 trillion [57]. Assuming that half of these 

are traveled on routes that have not been electrified and that the average fuel economy is 52 

pmpgge, this leads to a demand of 18 million metric tons of hydrogen which would save 200 

million metric tons of CO2 emissions (0.58% of global emissions) at a $27 billion price tag. 

The potential emissions savings are much higher for road passenger transportation, which accounts 

for 15% of global CO2 emissions. If all passengers could be transported by zero-emission trains 

and equivalent zero-emission vehicles, 5.23 billion metric tons of CO2 emissions could be avoided 

while creating demand for 196 million metric tons of hydrogen annually [61], costing $294 billion. 

The hydrogen demand and emission savings results for passenger rail transportation are 

summarized in Table 4. Table 5 adds together the results for both freight and passenger rail. 
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Scope/Measure Hydrogen Annual demand 

(million metric tons) 

Annual CO2 Savings (million 

metric tons)(% of global) 

U.S. Existing Rail (A) 0.77 5.4 (0.016%) 

U.S. 20% Modal Shift (B) 12 205 (0.62%) 

Global Existing Rail 18 200 (0.60%) 

Global 20% Modal Shift 39 1,050 (3.2%) 

Global 100% Modal Shift 196 5,230 (15.8%) 

Table 4: Hydrogen demand and CO2 emissions reduced in the passenger sector 

Scope/Measure Hydrogen Annual 

demand (million 

metric tons) 

Annual CO2 Savings 

(million metric 

tons)(% of global) 

Cost (billion USD) 

U.S. Existing Rail (A) 3.5 39 (0.12%) 10.6 

U.S. 20% Modal Shift (B) 13 235 (0.71%) 39.0 

Global Existing Rail 30 355 (1.07%) 90 

Global 20% Modal Shift 50 1,080 (3.3%) 150 

Global 100% Modal Shift 251 6,730 (20.3%) 754 

Table 5: Hydrogen demand and CO2 emissions reduced in passenger and freight sectors combined 

The summary tables for the passenger and freight sectors show very clearly that simply retrofitting 

existing trains with a hydrogen powertrain is not enough to reduce emissions significantly, but that 

a greater effort must be undertaken to decarbonize road transportation. Even though it is not 

realistic that all road traffic would be shifted to rail, we show that there are significant CO2 

emissions reductions that could be achieved by decarbonizing road transportation in this manner, 

whether it be using hydrogen-powered rail or another solution. Rail is just one solution to 

decarbonizing the transportation sector but is essential to consider if all sectors of the economy are 

to be decarbonized.  

5.5.6. Providing the Hydrogen – U.S. Case Study Feasibility 

In order to investigate how feasible the above scenarios are, the U.S. was selected as a case study 

in which designs for the renewable power and electrolysis systems, taking into account renewable 

dynamics, availability, and cost were determined for two different scenarios:  

Scenario A) only replacing existing rail and  

Scenario B) 20% modal shift in addition to replacing existing rail.  

Adding up the freight and passenger sectors, the amount of hydrogen required to operate hydrogen-

fueled trains in the U.S. is 3.5 million metric tons for Scenario A and 16.8 million metric tons for 

Scenario B. Assuming production of all renewable hydrogen via steam electrolysis with the largest 

electrolyzer unit currently operating at 20 MW (electric input) with an 87% electric-to-hydrogen 

efficiency [62], the number of electrolyzer units required to produce the hydrogen is 765 for 

Scenario A and 3,670 for Scenario B.  

For these scenarios, production of all renewable hydrogen from wind and solar resources in the 

U.S. is assumed. In 2018, wind and solar accounted for 37% and 6% of all renewable generation 
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respectively. This corresponds to an average power of 42.3 GW. For comparison, Scenario A 

requires 15.3 GW of wind and solar power in the near future, and Scenario B requires 73.4 GW in 

the medium to long term. The ideal split between solar and wind power to minimize cost [63] is 

assumed to be a ratio of roughly 2:1, so installing 5.3 GW of wind and 10 GW of solar is assumed 

for Scenario A. According to a 2013 study by the National Renewable Energy Laboratory (NREL) 

[64], the average area of total land use required for each 1 MW of large scale solar PV is 0.032 

km2. Adjusting this for module efficiency gains from 15.5% to 19.1% [65], this area would be 

reduced to 0.026 km2 per MW in 2050. 10 GW would use an area of 260 km2. According to a 2009 

study by NREL [66], the average capacity for onshore wind power in the U.S. was 3.0 MW/ km2. 

Adjusting for an increased average capacity factor from 30% in 2009 to 42% in 2016 [67], this 

becomes 4.2 MW/ km2. Therefore, for 5.3 GW, this would require an area of 1260 km2. For the 

longer-term Scenario B, 48 GW of solar and 25.4 GW of wind power would be required, 

respectively using an area of 1,250 km2 and 6,040 km2. These numbers are summarized in Table 

6 below.  

 

Requirement Scenario A Scenario B 

Total Power 15.3 GW 73.4 GW 

Number of 10 MW Electrolyzers 765 3670 

Solar Power 10 GW 48 GW 

Solar Area 260 km2 1,250 km2 

Wind Power 5.3 GW 25.4 GW 

Wind Area 1260 km2 6,040 km2 

Table 6: Requirements for Scenarios A and B 

The following map (Figure 33) shows a possible future for hydrogen enabled zero-emission rail in 

the U.S. based on the scenarios considered in this paper where renewable energy and electrolyzer 

systems are developed near or around major rail corridors. Such a design would allow for this 

modal shift to occur.  
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Figure 33: Zero-emission trains vision for the United States 

The dots on the map (not drawn to scale; actual area is smaller) represent locations that could be 

used for solar and wind hydrogen production sites, meaning that there is a solar or wind farm and 

an electrolyzer station to convert the renewable electricity to hydrogen and for use at a rail fueling 

station. The sites were chosen according to the availability of resources and placed roughly 800 

miles apart so that a hydrogen-powered train could complete a real route, for example from 

Southern California to New Jersey [68], with enough fueling stations along the way. Note that the 

land area required and the solar and wind resources required for the conversion of all freight plus 

a 20% overall modal shift, which would lower GHG emissions by 4.4% globally (0.83% of global 

emissions achieved in the U.S.), are all quite reasonable and feasible. 

 

5.5.7. Conclusion  

Retrofitting the current diesel-powered rail sector to hydrogen-powered fuel cell hybrid 

locomotives would significantly reduce carbon dioxide emissions by as much as 0.83%. If modal 

shift of all passengers and goods could occur, then hydrogen rail operations could reduce global 

carbon emissions by 4.4%.  
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Decarbonization of rail can be achieved using SOFC-GT hybrid systems operating on renewable 

hydrogen. Renewable fuel production needed to power the SOFC-GT trains developed across the 

world would reach 30 million metric tons, would cost $45 billion in total initial investment, and 

would save 355 million metric tons (1.07%) in global CO2 emissions per year. If the global 20% 

modal shift worldwide is realized, then hydrogen production will need to increase to 50 million 

metric tons at a cost of $75 billion, reducing carbon emissions by 1,080 million metric tons, or 

3.05% of global emissions. 

For the physical feasibility for the U.S. case study in Scenario B (20% modal shift in addition to 

replacing existing rail), it was determined that 235 million metric tons of CO2 emissions would be 

avoided, which would demand 13 million metric tons of H2 that could feasibly be made along 

routes like that from Los Angeles, CA to Newark, NJ. This would cost $19.5 billion and require 

3,670 10 MW electrolyzer units as well as 1,250 km2 of land for the solar power and 1,250 km2 

for the wind power.  

It is likely that road transportation will be decarbonized in in multiple ways, but the current 

analyses suggest tremendous emissions savings are possible at reasonable costs using renewable 

hydrogen-powered rail. Future work should look at the practical feasibility and cost of mode 

switching versus zero-emission methods of road transportation, such as fuel cell and battery-

electric cars and trucks.  

 

5.6. Future Work: Testing with a Prototype 

Future work on the techno-economic section might include a more detailed economic analysis 

that combine locomotive, renewable energy infrastructure, and hydrogen infrastructure to project 

the yearly cost of developing an SOFC-GT locomotive fleet until 2050. 

To determine whether the simulated system for a traction application performs comparably in the 

real world, experimental testing with a prototype will be required. A switcher type locomotive 

can be connected to a test stand and e to the load profile of the representative route. However, 

planning of this stage of the project is still pending as it is dependent upon future funding for the 

desired components. The currently planned prototype system is a 200 kW Fuel Cell Energy CSA 

(Compact SOFC Architecture) system (pictured in Figure 34) coupled to the 65 kW Capstone 

C65 gas turbine to deliver approximately 265 kW in total. 
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Figure 34: FCE CSA Stack Module (simple) – Stacks, Pressure Vessel, Manifolding and Thermal 

Insulation  
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