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ABSTRACT 
 
 
 
OPTIMIZATION OF PRESSURIZED SOFC-ICE-TURBO HYBRID GENERATION SYSTEM 

 
 
 

While renewable energy sources are a clear pathway to net-zero emissions, the use of 

hydrocarbon fuels is still widespread. In the interim high efficiency hydrocarbon power generation 

systems are required. Solid Oxide Fuel Cell (SOFC) technology is a low emissions alternative to 

internal combustion engines, being both more efficient and able to run both fossil fuels and 

hydrogen. SOFC research has made several advancements in recent decades that has further 

increased their performance and reduced their cost, making them a more viable market alternative. 

Research has shown SOFC pressurization and hybrid generation increases power density, 

efficiency, and flexibility. A shift towards pressurized systems running as hybrid generators with 

internal combustion engines (ICE) has become a viable option to produce >70% efficiencies. 

However, unlike previous concepts involving gas turbines, ICEs don’t pressurize the system. 

SOFC/ICE hybrids, therefore, require high efficiency electric compressors. This study was focused 

on the evaluation and optimization of two-stage motored turbochargers within a pressurized 

SOFC/ICE generation system with key variables of air flow rate, operating pressure, and stack 

current. First, the motored turbocharger was experimentally validated at increased temperatures to 

simulate second stage conditions. Then the performance data was incorporated into a system model 

to optimize the performance of the hybrid SOFC/ICE system over a range of operating conditions. 

The results showed that the air compression was the most important factor for optimizing the 

system efficiency with a peak efficiency of 68% achieved at 220 kPa and 80 g/s with a current 

draw of 35 A.  
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NOMENCLATURE 
 
 
 
Variable Description Units 𝑚̇ Fluid mass flow g/s 

T Temperature K 
p Pressure kPa 
P Power kW 

PR Pressure Ratio - 
Pr Prandtl Number - 
U Overall heat transfer coefficient W K-1 m-1 

A Area m2 

C Heat capacity rate kJ s-1 K-1
 

q Heat transferred kW 
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Cp Specific heat kJ kg-1 K-1 
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w HEX width m 
D Diameter m 
v Fluid velocity m s-1 

L Pipe length m 
Greek Symbols 𝜂 Efficiency % 𝜇 Dynamic viscosity Pa s 𝜀 Effectiveness - Δ Difference - 𝜌 Density kg m-3 𝜆 Moody friction factor - 𝜔 Fluid Velocity m s-1 

Subscript 
i In  
o Out  
c Compressor  

corr Corrected  
w Wall  
F Fluid  
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cold Cold side of HEX  
hot Hot side of HEX  
ch Channel within HEX  
h Hydraulic  
s Isentropic process  
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CHAPTER 1: INTRODUCTION 
 
 
 
1.1: Motivation and Background 

As of 2024, United States is the second largest consumer of electricity on earth [1]. 

Electricity is primarily produced by hydrocarbons such as coal and natural gas in the USA. While 

renewable technologies have been closing the gap, they still rely heavily on these high emission 

energy sources as shown in Figure 1-1 [2].  

 

Figure 1-1: Share of U.S electric power sector generation by fuel source, 1990-2024 [2] 

 This means that the United States has a major impact on total greenhouse gas emissions 

and has a lot of room to reduce those emissions. While transitioning to renewables is the long-term 

solution, the use of fossil fuels will remain widespread for the foreseeable future. However, there 

is still room for improving emissions while using these energy sources. This primarily could be 

done through improvements in efficiency of the current fossil fuel technologies. An increase in 

efficiency for these systems would result in less fuel being consumed, which both lowers costs and 

emissions. Most of the energy produced using fossil fuels is produced with steam power plants or 
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internal combustion engines. These technologies have had their efficiencies improved since their 

introductions in the 19th and 20th century, but they have hard efficiency limits set by Carnot 

efficiency. Reciprocating internal combustion engines, gas turbines (GT), and steam power plants 

have theoretical efficiency limits between 40 and 60% [3] This means that improving technology 

has diminishing returns, as these efficiencies cannot be surpassed. However, fuel cells are an 

alternative method for using these fuels that is not limited by Carnot efficiency.  

Fuel cell technology varies greatly; however, they all operate on the same basic principles 

(Figure 1-2). Fuel is introduced on the anode side and oxidized. This fuel typically consists of 

hydrogen; however, hydrocarbons and ammonia are possible. Oxygen is broken down into oxides 

on the cathode side, and either protons or oxide ions are transported through the electrolyte. The 

electrons are delivered to the load, terminating at the cathode [4]. This operating principle has been 

applied to many technologies, which usually differ based on the electrolyte being used [5], [6]. 

The use of an electrochemical process instead of heat results in fuel cells having theoretical 

efficiency limits around 83%, substantially higher than combustion alternatives. In practice their 

efficiency ranges from 40-60%, but their performance can be improved greatly, and their lower 

operating temperatures result in less NOx emissions [4], [7]. 

Figure 1-1: Base operating principle of fuel cells [4] 

 Solid Oxide Fuel Cells (SOFC) are a fuel cell technology that offers many unique 

capabilities over other fuel cells. SOFCs operate at high efficiencies and have the capacity to 



3 
 

operate on hydrocarbon fuels, enabling them to be used both before and after the grid transition to 

hydrogen [4]. While their performance on their own is impressive it can be enhanced further by 

pressurizing the fuel cell, operating the system as a hybrid with an internal combustion engine, and 

operating at lower temperatures.  

 Previous work on enhancing the performance of SOFCs via pressurization, hybridization 

and lowering operating temperatures has been studied [8], [9], [10], [11], [12], [13], [14], [15], 

[16]. The primary focus of researchers has been on GTs due to their capacity as both a hybrid 

generator and compression system. These systems can reach impressive maximum thermal 

efficiencies of 70%. To put this in perspective, a 100-kW high efficiency steam power plant 

operating at 40% efficiency requires 250-kW worth of fuel. The equivalent SOFC-GT hybrid 

system would only require 143-kW worth of fuel, nearly cutting consumption and emissions in 

half. These systems aren’t without fault, however, and the weaknesses of GTs leave room for an 

alternative. A newer concept for increasing performance has been to operate SOFCs with a 

reciprocating internal combustion engine, which offers several advantages in efficiency and 

flexibility. Research into the topic has been limited mostly to small scale engine tests, models, and 

BOP optimizations. 

This study is part of collaborative effort between Colorado State University (CSU) and 

Colorado School of Mines (CSM) to develop a full scale pressurized intermediate temperature 80-

kW SOFC-ICE hybrid test facility. The test facility has everything necessary to operate as a power 

generation system including the fuel and air BOP alongside the SOFC and spark ignited, 

reciprocating ICE. The air BOP system is unique as it relies on motored compressors instead of 

the previously studied turbocharger or GT methods of compression. Many of the components 

within the system have been modeled and tested, including the fuel cell stacks, engine, and air 



4 
 

BOP [12], [17], [18], [19], [20]. The first air BOP system explored by Mitchel et al. was lacking 

turbines for additional performance increases and the compressors performed below desired 

efficiency levels. This has resulted in new motored turbochargers being introduced to replace the 

previous positive displacement compressors.   

1.2: Research Objectives 
While the optimization of positive displacement compressors for an SOFC-ICE system has 

been completed, a study on the relationship between motored air BOP systems and the SOFC-ICE 

has not. Modeling of a similar system using the ICE turbocharger as the compression system has 

been done [21], however the use of real components and a full-scale facility is missing from the 

literature. This study aims to model and analyze the relationship between the SOFC-ICE and air 

delivery system and find an optimal running condition for an 80-kW system.  

Three variables were identified for this study that relate the air systems and SOFC-ICE: air 

flow rate, pressure, and stack current. These three variables range from 80-120 g/s, 200-300 kPa, 

and 35-40 A, respectively. These ranges were selected as they give a reasonable scope around the 

originally selected operation conditions for an 80-kW load. To accomplish the goals of this study 

the following procedure was followed. First, the new motored turbochargers were tested in a 

testbench for corrected flowrates of 30-110 g/s and pressure ratios of 1.25 to 2.4 under specific 

conditions that guide modelling of the second compression stage. Second, a model of the air system 

was constructed including all heat exchangers, turbines, compressors and other minor components. 

This model was informed by data from the motored turbocharger manufacturer, testbench data, 

and model data from other components within the system. Third, the results of the air system model 

were combined with the results of the SOFC-ICE systems produced by a CSM model. The results 

of these combined models were analyzed to find the best performance conditions for the system.  
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1.3: Thesis Structure 
This paper is separated into seven chapters. The first contained a preliminary introduction 

to the topic as well as the research goals of this paper. Chapter two contains an in-depth background 

on the focus of this study including the motivation, previous relevant works, and the current gaps 

in the literature that this paper aims to fill. Chapter three contains the description of the test facility, 

testbench and methods for testing the motored turbocharger used in this study. Chapter four 

contains the modeling methodology used in this study alongside a description of the CSM model. 

Chapter five contains the results of both the testing on the turbocharger and the modeling of the 

air system and SOFC-ICE hybrid system. Chapter six contains the analysis of the results, including 

explanations for the results and the best design point for the range of conditions. Chapter seven 

contains concluding remarks, particularly focused on the best operating conditions and 

improvements that can be made upon the system and turbomachinery.  
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CHAPTER 2: LITERATURE REVIEW 
 
  
 

This literature review will be broken down into five sections for clarity. In section one, 

solid oxide fuel cells will be discussed as a method of generating electricity, including their 

operating principles, benefits, and the disadvantages most relevant to this study. Section two will 

review the literature that discusses addressing the costs of SOFC technology. This section will 

primarily focus on improvements to air systems and lowering the SOFC operating temperature. 

Section three will discuss current research conducted on hybrid SOFC systems, including relevant 

work on air systems. Section four will discuss the gaps in the SOFC hybrid literature and the scope 

of this work.  

2.1: Solid Oxide Fuel Cell Technology 
Solid Oxide Fuel Cells the primary focus of this paper, operates on the same basic 

principles as other fuel cells. They are, however, one of the few fuel cell types to use a solid 

electrolyte, typically yttria-stabilized zirconia. Additionally, they can operate on both carbon 

monoxide and hydrogen (Figure 2-1). The cathode is supplied with oxygen via atmospheric air, 

which is reduced to oxygen ions that pass through the electrolyte. The oxygen ions react with the 

supplied carbon monoxide and hydrogen to produce water and carbon dioxide. This reaction 

creates considerable heat and electricity  [4]. 
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Figure 2-1: SOFC basic operating principles [4] 

Because SOFC’s run on hydrogen and carbon monoxide at temperatures around 1000°C, 

they can be fueled with both traditional hydrocarbon fuels and pure hydrogen. These high 

temperatures offer the opportunity to do internal reforming, reducing the complexity of the fuel 

system [4], [22]. This fuel flexibility, and their high operating efficiency, make SOFC’s an ideal 

candidate for being a transitional energy conversion device. An SOFC could run on green hydrogen 

when available while also being a low emissions alternative for running hydrocarbons as fuels.  

 Solid Oxide Fuel Cells aren’t without challenges. The cost of these devices is quite high, 

and they cannot operate at 100% fuel utilization which results in fuel remaining at the exhaust of 

the SOFC. The inability to operate at 100% fuel utilization is due to the damage and efficiency 

losses that occur when there is local fuel starvation. To avoid this fuel starvation, the SOFC 

operates with more fuel than electrochemically necessary [23]. The high costs involved with 

SOFCs are a result of several factors, including high rates of degradation, complex manufacturing, 

and expensive balance of plant (BOP) [24], [25], [26].  



8 
 

Increased degradation of all components of the SOFC introduce both maintenance and 

material costs. The electrolyte is relatively durable and resistant to high temperatures, however, 

the materials for the rest of the fuel cell degrade quickly. Addressing this issue would require 

detailed and complex fabrication processes [26]. The BOP requires extensive material 

development and cost as well. Both the BOP and fuel cell components degradation is exacerbated 

by high temperatures within the stacks. For the BOP the result is degradation of the alloy 

interconnects between cells due to oxidation and chromium evaporation [25]. In addition, the 

temperatures outside the fuel cell are still significant. Steel and other metals used in supporting 

structures begin to have degrading strength at these elevated external temperatures (>500°C) [27].  

The high operating temperatures also increase the complexity of the full system design. 

Even at the lower possible operating temperatures (~600°C) temperature gradients can form. 

Sufficiently large gradients result in deteriorating efficiencies and potential for mechanical failure, 

particularly at elevated pressures or flows. Avoiding these gradients is vital for operation, however, 

doing so requires significant complication to the BOP. Consequently, the fuel cell geometries, 

control systems, and external heat exchangers are more complicated and expensive [28], [29] [30]. 

2.2: Reducing SOFC Cost by Lowering Operating Temperature 
Lowering operating temperature becomes the most obvious method for reducing the costs 

of SOFC operation. The lowered temperatures would result in decreasing material stress both 

thermally and chemically, while also simplifying the BOP. In addition, Nernst potential, a major 

determining factor in SOFC performance, indicates that lowered temperatures would improve cell 

performance [12], [18]. In practice, however, the opposite trend is observed because other forms 

of resistance increase at lower temperatures, which starts to counteract any gains made elsewhere. 
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In addition, the higher resistances of materials at lower temperatures result in an increase in heat 

generation, pushing the operating temperatures back up.  

Lowering the temperatures without decreasing performance of the SOFC necessitates 

improvements to materials. These improvements include using novel electrolyte and electrode 

materials, as well as using thinner components. Both methods reduce the material induced 

overpotentials, while also reducing heat generation due to inefficiency and high resistance [8].  

While the performance can be enhanced by material changes, significant gains in 

performance can also be observed with changes to the air BOP. Researchers have investigated 

increasing the air mass flow and pressure of the cathode. Increasing airflow has positive effects on 

stack performance, as it increases the availability of oxygen for chemical reactions and improves 

heat rejection. This does come at a cost, however, as the increase in airflow correlates with higher 

power demand from blowers or compressors [23]. 

 Increasing pressure has shown great potential for performance improvement because 

higher pressure increases the cell operating current. At higher currents the concentration 

overpotential becomes the dominant loss, reducing concerns for material design. The increase in 

concentration potential is compensated for by the higher diffusion rates that are a result of 

increased pressure. In addition, the higher currents  result in increased power density. Higher power 

density means that fewer cells are required to hit a target power [10], [11], [12], [13], [14], [18]. 

 The other reason for operating at high temperatures was the benefit of improved fuel 

reformation. This is what provided SOFC’s with the ability to operate on complex hydrocarbons. 

However, pressure increases can also improve reformation. Increasing reformation rates through 

pressure both assist in thermal management and reduce the need for the cells to operate at high 

temperatures [31]. 
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 The increase in pressure and airflow of the cathode comes at the price of increased demand 

on all components of the air BOP including an increase in power consumption. Not only does the 

power demand from increased flow and pressurization go up, but the amount of preheating 

necessary to operate the fuel cells with minimal temperature gradients increases. To address this 

several approaches have been taken, including only pressurizing the fuel side of the SOFC. This 

gave the benefit of reducing total power consumption, but the benefit was minimal for SOFC uses, 

only seeing improvements for electrolysis applications. The single sided pressurization also 

increased the physical stress on internal components [13]. Another approach is to preheat the air 

with specially designed SOFC configurations that include internal preheating. This reduces the 

necessity of expensive external heat exchangers; however, it requires reducing airflow through 

cathode and increasing the internal temperature gradients [32]. 

2.3: Hybridization of SOFC’s with Additional Power Cycles 
Enhancing the performance of SOFCs by lowering their operating temperatures and increasing 

their operating pressures only provides so much benefit in terms of total efficiency. This is because 

SOFCs cannot safely operate at 100% fuel utilization. The inability of these devices to do so results 

in the exhaust gases of the stacks still containing useable energy. If these exhaust gasses go unused 

the thermal efficiency significantly decreases and emissions are worsened. Fortunately, a few 

concepts exist to ensure this anode tail gas (ATG) is used efficiently.  

The most straightforward solution to increase the global fuel utilization of the SOFC 

system is to recycle the fuel rich exhaust gases back into the fuel inlet. This provides the ability to 

precisely control the chemistry of the stacks and not waste fuel. In the case of hydrocarbon use, 

the added benefit of returning steam back to the inlet assists with the reforming process which can 
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boost efficiency and reduce costs. Such systems can increase total efficiency to around 66% at full 

load [31].  

 The other use for the exhaust gases is to utilize the chemical and heat energy to generate 

additional electricity. A variety of methods for extracting energy from ATG have been studied, the 

ones discussed in this paper include both traditional and organic Rankine cycles, the Kalina cycle, 

GTs, and reciprocating engines. Each of these will be described in the following subsections. 

2.3.1:Rankine and Kalina Cycles 
The Rankine, organic Rankine, and Kalina cycles all operate on similar principles. Each 

utilizes a different working fluid; however, they all rely on heat addition to the working fluid that 

drives a turbine. Both Rankine and organic Rankine cycles operate on a phase change of the fluid 

at high pressures. The only difference between the two is the use of water in a traditional Rankine 

cycle, and an alternative fluid such as refrigerant in the organic cycle [3]. Kalina cycles operate 

similarly but rely on the mixed properties of water and ammonia to generate high temperature 

vapors that drive a turbine. The advantage of this cycle (alongside organic Rankine) is its ability 

to operate on low quality heat [33].  

Research has been conducted to integrate these cycles with heat from both the combustion 

of the exhaust gases and the waste heat off the SOFC. This research included operating a top cycle 

based on the Rankine cycle using the combustion heat, and a bottoming Kalina cycle or organic 

Rankine cycle off the waste heat from the stacks. Both increase the efficiency (>60%) of the total 

system but add additional complexity and cost to the system [34], [35]. 

2.3.2: Gas Turbines 
 The Brayton cycle or GT cycle primarily relies on air as its working fluid. The cycle 

compresses the air and then adds heat, typically through the combustion of fuel in the air. This 
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high pressure and temperature air is run through a turbine which simultaneously drives the 

compressor and produces electricity. GTs are compact, relatively simple, but are quite limited in 

their thermal efficiency compared to other internal combustion engines. In addition, their 

efficiency drops significantly at small scales [3], [36].  

GTs can be integrated into a hybrid loop with a SOFC. These GTs can be implemented to 

preheat and pressurize air for the stacks, and in some cases can be used to generate additional 

power. Several configurations exist; however, the general approach is the same. Every integration 

of the concept includes a compressor, combustor, and turbine tied in some capacity to the fuel 

system of the SOFC. The order of the components can vary depending on the goal of the system. 

 Three example configurations for SOFC-GT hybrids can be seen in Figure 2-2. Both 

pressurized and unpressurized variants are possible, with the gas turbine combustion functioning 

primarily as a method of both preheating the gases in the case where combustion occurs before the 

stacks, and as a method of preheating and pressurizing in cases where combustion occurs after the 

stacks [15], [37].  
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Figure 2-2: Three examples of SOFC-GT hybrid configurations [37] 

Models of various configurations found that the efficiency of a SOFC-GT hybrid peaked 

when both pressurization and heat recuperation from the stacks were implemented. Both the 

system efficiency itself would increase, and the economic value of high pressure SOFC-GT plants 

were higher than that of unpressurized equivalents [15], [38]. Williams et al found that gas turbine 

efficiency had little impact on overall efficiency. This implied that optimizing design of the 

turbomachinery, such as multiple stages, intercooling and heat recuperation are considered less 

consequential for SOFC-GT hybrid design [15]. Araki et al, however, produced a model that 

indicated hybrid operation and pressurization using a gas turbine improves total system efficiency 

substantially. Araki et al. also showed that intermediate temperature SOFCs at increased pressure 

were a viable option for high efficiency generation systems [9]. 

More contemporary study of gas turbines has suggested the optimization of the gas turbine 

system improves efficiency significantly. Kuchonthara et al. concluded that system efficiency 

could be increased through the optimization of the heat recuperation system for the gas turbine, 

especially when introducing steam injection [39]. Diamantis et al. found that specialized design of 

turbomachinery for SOFC-GT hybrid operation offered a wider operation range in addition to 

power increases [40]. Studies on single shaft multistage compressors and turbines showed greatly 

increased performance both in terms of efficiency and turndown ratio when operating pressures 

are very high [16], [41]. The use of multi-stage turbines was found to increase the operating 

pressure requirements of the system significantly, and the turbines being on separate shafts could 

shrink the operating envelope [42]. System efficiency is further improved when the gas turbine is 

utilized both as a generator and for pressurization. Orschchyn et al. found that power load 

distribution should be a 66.2/38.2 split in favor of the SOFC. This split could produce a system 
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efficiency of 75.6%. Other works found similarly increased performance and power distribution 

when gas turbines drive a generator [15], [16], [39], [41]. 

 Operating a gas turbine with a generator comes with the disadvantage of increasing the 

total footprint and cost of a SOFC-GT hybrid. In addition, both full sized gas turbines and 

microturbines are prohibitively expensive in smaller scale applications such as mobile or 

distributed power systems. These devices have been tested with automotive turbochargers. With 

the right selection of turbochargers these variants of SOFC-ICE proved to be more efficient than 

standalone SOFCs. However, controls of these systems are more complex due to the need to 

accurately control bypass valves in real time to account for strict operating parameters of 

turbomachines [43], [44]. 

2.3.3: Reciprocating Engines 
Reciprocating engines have been more recently investigated in the literature for use with a 

SOFC. Reciprocating engines in SOFC hybrid application typically operate on an Otto cycle. This 

applies whether it is spark ignited ignition (SI) or homogeneous charge compression ignition 

(HCCI). The one exception to this is reactivity-controlled compression ignition (RCCI), which 

more closely resembles the diesel cycle [45]. Both cycles operate principally on the compression 

of air followed by heat addition via combustion. The work is then extracted through the expansion 

of the gases with a piston [3].  

Research into the use of reciprocating engines to generate power off ATG is a recent 

development within literature. The limitations of gas turbines outlined in the previous section 

created interest in this alternative generation method commonly referred to as a Solid Oxide Fuel 

Cell – (reciprocating) Internal Combustion Engine (SOFC-ICE). The advantages of reciprocating 

engines over gas turbines becomes most apparent at low to medium power applications. The 
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upfront cost, operating envelope, efficiency, and control complexity all see improvement over GTs 

in the same application [45], [46].  

The reactivity and laminar flame speed of the ATG has been found to be a major limiting 

factor in the efficacy of a reciprocating engine, particularly spark ignited engines. Previous tests 

of reciprocating engines showed difficulty igniting the fuel gas [45], [47]. HCCI engines have been 

the engine of choice for initial experiments running on ATG. Choi et al. showed that a reciprocating 

engine could run on the fuel provided by the anode exhaust. Running an emulator with a single 

cylinder engine they were successfully able to test several conditions. They found that tests with 

highly diluted fuel could still be combusted. Even fuel mixed with steam could still ignite in the 

HCCI engine. These tests required a high inlet temperature of the engine, which typically lowers 

overall efficiency. The engine had efficiencies in the range of 25-30%. This showed the viability 

of operating a reciprocating engine as the bottom cycle of a SOFC hybrid system [48].  

Chuahy et al used a similar approach to Choi et al. They used a single piston engine to test 

ATG compositions in both HCCI and RCCI configurations. The results of these tests were paired 

with a SOFC-ICE hybrid model, the engine being modeled as a 15 L engine utilizing the same 

cylinder as the single cylinder test. Their results indicated that this hybrid setup could reliably 

provide power at the 1 MWe power with an efficiency of 70% (LHV). The study also showed that 

the laminar flame speed was significantly lower than methane, making SI operation improbable. 

For SI engines to run on ATG two improvements to the system would need to be made: sufficient 

condensation prior to the engine inlet, and sufficient turbulence generation within the cylinder 

[45]. 

Choi et al. analyzed the operation of an HCCI engine with a SOFC in a separate study. This 

study used the results of their previous study on the engine paired with a SOFC model. The analysis 
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had the SOFC operating at ambient pressures but at significantly reduced operating temperatures 

(~800 K). Because the pressure and temperature of the cells were low, the system efficiency was 

decreased. The study was able to determine a design point for a 5 kWe class system. Finding that 

pressure fluctuations from the engine had negligible effect on the stability of the stacks and the 

efficiency was increased over the equivalent standalone SOFC system [49].  

The disadvantage of HCCI engines is that they are better suited for high pressure direct 

injection much like a diesel engine. Due to the gaseous nature of ATG, HCCI is a less efficient 

method of generation. Spark assisted ignition (SAI) and SI engines would be better suited for this 

application [50]. Kim J et al. proved that SAI engines running on ATG was possible. An engine 

sized for an SOFC-ICE hybrid operating in the 5 kWe class was tested with simulated ATG. The 

SAI engine proved to be more efficient than its HCCI counterparts while also having more stable 

combustion. The fuel cell was modeled under ambient pressure conditions and low operating 

temperatures [50]. 

Rodriguez et al. analyzed the relationship between SOFC, ICE, and turbocharger. This was 

done using a system model that varied the SOFC fuel utilization and reformer temperature. The 

turbocharger relied on the exhaust gas of both the SOFC and engine to power the compression of 

the system. The study found a peak system efficiency of 62%. The turbocharger required usage of 

an additional ATG combustor to provide sufficient temperatures when reformer temperatures were 

low. This study found that the efficiency of the system was driven by the efficiency of the SOFC 

due to it being the primary power contributor [21].  

Reyes-Flores et al. successfully tested a spark ignited anode tail gas engine. The engine 

required a compression ratio of 17:1, so a modified diesel engine was used for this application. 

The engine proved the concept could deliver efficient power at the 1 L displacement level. They 
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found that the peak efficiency of the engine was 31% and much of the losses were due to parasitic 

loads that would become a less significant draw at larger power scales [19]. 

2.3.4: Hybrid System Currently Under Development 

Colorado State University and Colorado School of Mines have collaborated on a project 

which aims to address gaps in the literature about pressurized intermediate temperature SOFC-

ICE hybrids. This system operates on both pipeline natural gas and hydrogen. The system 

processes and pressurizes air and fuel that is fed into the SOFC. The exhaust gasses from the fuel 

cell are partially recycled into the stacks and combusted in a specialized spark ignited ICE. The 

system is described further in Chapter 3; however, the general layout can be seen in Figure 2-3. 

Figure 2-3: General layout of SOFC-ICE hybrid at CSU 

The goal of this system is to evaluate a metal supported intermediate temperature system 

that could reach end markets [51], [52]. Mitchel et al. conducted research on this system with a 

focus on the high efficiency electrically driven air compression systems with heat recuperation 

[20]. Reyes-Flores et al. were able to successfully run this systems SI engine on a variety of fuel 
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blends based on the SOFC models. The results showed the SI engine could run on the fuel at 

efficiencies of 31%, projecting higher efficiencies with larger engines [19]. 

2.4: Pressurization Techniques for SOFCs 
SOFC pressurization is an inherent quality of GT hybrid systems. These systems are most 

efficient when the compression system within the gas turbine is used to pressurize the fuel cells in 

addition to their function within the Brayton cycle. Much of the research is conducted with some 

form of this configuration [15], [37], [45]. These systems can differ in terms of execution, however, 

as microturbines, gas turbines, or turbochargers can be used within SOFC-GT hybrids [40], [42], 

[43], [44] 

SOFC-ICE hybrid systems are not always designed with pressurization in mind. This is 

seen in several of the papers discussed in section 2.2.3. However, three configurations for a 

pressurized SOFC-ICE hybrid have been discussed in literature: engine attached turbochargers, 

combustor driven turbochargers, and electrically driven compressors.  The most common of these 

is the use of a turbocharger that uses both engine and SOFC exhaust to drive the turbine. For 

example, Chuahy et al. used this method. This turbocharger generated 31.5 kW above what the 

compression process needed, showing that even under sub-optimal conditions this setup could 

reach necessary pressures. This turbocharger setup reduces the independence of the engine from 

the SOFC [45] 

Rodriguez et al. modelled a system that used a separately run turbocharger that required 

the use of an ATG combustor when SOFC and reformation temperatures were low. This meant the 

turbocharger could operate independently of the engine, however, less fuel would be available for 

the engine [21]. 
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Mitchel et al. evaluated the performance of the air BOP for a pressurized and moderate 

temperature 80 kW SOFC-ICE hybrid. This system utilized large positive displacement 

compressors and highly effective brazed plate heat exchangers to deliver air at flows of up to 100 

g/s and 300 kPa (Figure 2-4). These devices operate using positive displacement compression, the 

scroll oscillates in a circular motion compressing the fluid in crescent shaped pockets gradually 

over several cycles. These devices can be quite efficient and reliable. The advantage of positive 

displacement devices over their turbomachinery counterparts is their wider operating ranges, 

which are not limited by surge and choke margins [53], [54]. Scroll compressors are typically used 

in smaller fluid delivery applications and their efficiency drops at larger scales. These devices were 

experimental in nature and have no comparable market equivalents. Mitchel et al. were able to 
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evaluate the air delivery capability of these devices for an SOFC, however, no turbine was used 

on the cathode exhaust, meaning that a significant amount of energy was lost [20]. 

Figure 2-4: Image of parallel scroll compressors in CSU system 

 

Mitchel et al. study found that major heat and pressure losses in the system significantly 

degraded overall delivery efficiency. The efficiencies of the compressor system peaked at 65% and 

this study called for evaluation of a turbine system to recover some of the enthalpy in the exhaust 

[20].  

Parallel Scroll 
Compressors 



21 
 

 The present study’s air system differs from the work done by Mitchel et al. because it does 

not incorporate the scroll compressors. Instead, it uses motored turbochargers. While traditional 

turbochargers and motored positive displacement machines have been explored as options, 

motored turbochargers are missing from the literature. Motored turbochargers are simple in 

concept as they follow the same principle as a traditional turbocharger or gas turbine. These 

devices add a motor onto the shaft. The motor can function to reduce turbo lag seen on automotive 

turbos. Motored turbochargers can also function, as is the case with this study, with the motor 

being the primary driver of compression. In the second case, the turbine provides load reduction 

for the motor which creates a more electrically efficient compressor [55], [56]. These devices can 

provide high compression efficiencies and low power consumption rates. Unlike turbochargers 

driven by engine or combustor products, these devices are much simpler to control and leave all 

the ATG available to the ICE.  

 While the operation of these motored turbochargers is simpler than turbine and 

turbocharger equivalents, they are still limited by several factors. Particularly, all turbomachines 

have surge and choke limits that constrict the operating range of the devices. Surging can be quite 

damaging, causing shocks and vibrations [54], [57]. These devices are also sensitive to inlet 

conditions, particularly the inlet temperature can cause issues in their performance. Increased inlet 

temperatures cause decreases in performance due to viscosity and density changes of the fluid [58], 

[59], [60], [61], [62], [63]. Typically, this results in needing to upsize the equipment when radical 

changes in density are expected [63]. If variable fluid properties exist due to a change in inlet 

conditions the blades must account for this in their profile or have the capacity to change angle 

[54]. 
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2.5: Gaps in Literature and Focus of Current Investigation 
To summarize the literature review provided above, SOFC technology provides a potential 

solution for lowering emissions of generation systems and addressing energy storage issues [4], 

[5], [7], [22], [64], [65], [66]. Unfortunately, this technology has struggled to penetrate the energy 

sector due to its high cost. These costs mostly originate from the expensive manufacturing 

processes, materials, and balance of plant necessary for the high operating temperatures [25], [26], 

[28], [29], [32]. Alleviating the high costs of SOFC technology has become a primary motivator 

of research in the last few decades. Improvements in SOFC technology have reduced the operating 

temperatures and increased the power density and efficiency using hybridization, pressurization, 

and material improvements [10], [13], [14], [18], [23], [31], [34], [67], [68]. In addition, 

researchers have seized the opportunity to combine the benefits of pressurization and 

hybridization, which have provided clear paths to efficiencies above 65% [15], [21], [23], [39], 

[45], [48], [49], [50]. The operating principles of gas turbines have made them a choice candidate 

for pressurized hybrids. This has resulted in most of the literature focusing on SOFC-GT systems. 

We now have ample understanding of the design, optimization and operation of several SOFC-GT 

hybrids, including the use of traditional gas turbines, turbochargers, and microturbines [15], [16], 

[36], [37], [38], [40], [41], [42], [43], [44]. However, SOFC-GT technology has still had difficulty 

entering the market. The desire for dispersed power systems at a smaller scale has been a difficult 

hurdle to surpass due to the limitations of gas turbines. While turbochargers and microturbines 

have been utilized to bridge this gap, they have lower efficiencies [36], [42], [43], [44]. To address 

this problem, research has shifted towards SOFC-ICE hybrids, which have several advantages over 

GT hybrids [45], [47], [50]. 

SOFC-ICE systems have the disadvantage of not being capable of performing the 

compression necessary on their own. This has resulted in literature focusing on either operating at 
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ambient pressure with a motored air blower, or the use of an automotive turbocharger tied to both 

the engine air and SOFC cathode [21], [45], [47], [48], [49], [50]. Full system modeling and 

experimentation of SOFC-GT systems has been studied extensively, however the same cannot be 

said for SOFC-ICE equivalents. Experimentation on the individual components, such as the cells, 

engine, and air BOP have been completed. However, the modeling of these systems has been done 

primarily with air BOP being set to assumed efficiencies. In addition, there are several other key 

categories of studies from literature. These are initially the use of intermediate temperatures, 

SOFC-ICE hybrid operation, pressurization, use of turbines, experimental validation, and full 

system analysis. These categories can be further broken down into the specific types of ICE, 

pressurization method, type of turbine, and what components were experimentally validated. As 

shown in Table 2-1 there has yet to be a single study which encompasses all these noted categories, 

let alone specifically tests spark ignited ICEs and motored turbochargers. 

Table 2-1: Comparison table of previous research to this study 

 

This study aims to bridge the gaps above by incorporating experimental data of components 

within the full system with a model to find an ideal operating point. Identifying the best operating 

condition is invaluable for maximizing the efficiency of SOFC-ICE hybrids. Optimizing these 

systems will provide higher returns on investment and lower emissions, making SOFC-ICE 

hybrids a more competitive alternative to traditional fossil fuel generation systems.  
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CHAPTER 3: TEST FACILITY AND EXPERIMENTAL METHODOLOGY 
 
 
 

This chapter describes the test facility at Colorado State University and the tests undergone for 

this work. The testing section will include the function of components within and general layout 

of the testbench, and the testing procedure used to generate data that informed the model described 

in chapter four.  

3.1: Facility Description 
This work is supporting research for the overarching effort to develop a full scale 80 kW 

SOFC-ICE generation system. The test facility is being developed at Colorado State University 

under the ARPA-e INTEGRATE and DOE IEDO projects. This facility consists of a pressurized 

Ceres SOFC multi-stack module, a modified Kohler diesel ICE and support BOP.  

The system operates using several sub systems which include the fuel BOP, air BOP, 

engine, and SOFC. The fuel system desulfurizes, pressurizes and preheats pipeline natural gas 

which is then pre-reformed to reduce the more complex hydrocarbons. The ATG produced by the 

stacks is cooled and steam removed before being used as fuel for the engine. The air system 

pressurizes and preheats air that is to be delivered to the cathode, the high temperature exhaust 

gases are used to preheat the inbound air before flowing through turbines. The engine is used as a 

bottoming cycle for the SOFC, burning the cooled ATG as a fuel. The SOFC itself internally 

reforms the fuel gas and produces electricity and heat. 

The system is designed to achieve 80 kW with electrical efficiencies above 70% and CHP 

efficiencies approaching 80%. The system generates DC power through the stacks and the ICE 

attached to a generator. Some of the power generated is used to run the fuel compressor, air 
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compressors, valves, and other various small loads. The remainder is converted to AC via the 

inverter and dispersed to the grid.  

The experimental focus of this work, the air compression system, was initially a pair of 

parallel scroll compressors designed to deliver air up to 100 g/s at 320 kPa [20]. However, the 

facility has shifted to two in series motored turbochargers due to demands for higher flows and 

efficiency. These devices deliver similar pressures to the scroll compressors with increased flow 

rates. The air preheating system, designed to bring the compressed air to necessary inlet 

temperatures of the stacks, is a series of two brazed plate heat exchangers, which have their 

specifications described in Chapter 4.  

3.2: Turbocharger Test Bench 
One of the project aims is to develop a high efficiency SOFC air delivery system and to 

display the viability of motored turbochargers. For this application the Fischer MTCT-120k-Air-

Gen 4.2 was selected. SOFC technology has not penetrated markets, so there is limited selection 

of application specific motored turbochargers. This device is designed for lower temperature PEM 

cells but was the closest off the shelf design available. Initial designs of the system that include 

the Fischer device required two compressors in series; however, design limitations of the device 

mean that a few testing and design considerations must be acknowledged. One consideration is 

that the limits on axial load for the compressor bearings mean that testing the second stage with 

increased inlet pressures risks mechanical failure of the device. A second consideration is that the 

first stage raises the temperature of the second stage inlet over the maximum (Table 3-1), requiring 

an intercooler between compression stages. A similar consideration for the operating temperatures 

of the SOFC mean that the exhaust gases need to be cooled to the temperature limit of 120°C at 

the turbine.  



26 
 

Table 3-1: Specifications for Fischer MTCT-120k-Air-Gen 4.2 

A testbench was developed to characterize the Fischer device for the second stage 

compressor conditions and the increased turbine inlet temperatures (Figure 3-1). The testbench 

sets the turbine inlet at an elevated temperature of 115°C, which was selected to provide a small 

safety buffer below the limit. To determine performance of second stage compression the 

temperature of the inlet was matched with the intercooler outlet, but the pressure was set to 101 

kPa to stay within axial load limits.  

It was determined that testing the device without increasing pressure above 101 kPa would 

still provide data that would inform the model. It is well established that performance derating of 

turbomachinery is primarily due to density decreases alongside smaller derating effects from 

viscosity increases. The primary consequence of decreased density and increased viscosity is the 

speed increase of the turbomachinery required to drive the same mass flow. [58], [59], [60], [63]. 

Density increases with pressure, and the viscosity increase from 1 to 2 bar is negligible. The higher 

density from increased pressure would only slow the compressor speeds which results in less losses 

and higher efficiencies [54]. Therefore, operating at increased temperatures without increasing the 

pressure will not result in performance overestimation of the second stage compressor. 
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Figure 3-1: Test bench diagram 

A ROOTS Universal RAI-J WHISPAIR positive displacement blower compensates for the 

reduced northern Colorado atmospheric pressure while also increasing the air temperature. The 

blower is placed in a noise insulating box and is coupled to an air cooler. It is controlled by a PID 

controller that targets the measured pressure at the inlet of the Fischer compressor. The compressed 

inlet air is cooled to keep the conditions close to 38°C and then flows through a series of filters 

before arriving at the compressor inlet. The filters consist of a particulate and oil filter in series to 

provide the Fischer device and SOFC with protection from debris and potential chemical 

degradation. The pressure ratio of the compressor is controlled by the speed of the motor and a 

proportional control valve (Figure 3-2). 
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Figure 3-2: Photos of SL compressor, air cooler, filters and proportional control valve 

The pressurized air is circulated to the turbine, running through a precooler before being 

heated to the turbine target temperature (Figure 3-3). The heater is a 15-kW electric resistance 

heater, which is controlled within LabVIEW, with the target temperature set by a thermocouple at 

the turbine inlet. The precooler is necessary to avoid exceeding this temperature limit when 

compression ratios are high. A bypass is in place to route a percentage of the airflow around the 

turbine if choked flow occurs (Figure 3-4). The air then flows to the exhaust; however, the exhaust 

air is released through a proportional valve that regulates the outlet flow pressure to 101 kPa. This 

is done to more accurately emulate sea level conditions. Without regulating the exhaust pressure, 

the turbines would have more available pressure ratio, which would result in overestimation of 

performance. 

Particulate Filter Oil Filter 

Control Valve 

Sea Level Compressor 

Air Cooler 
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Figure 3-3: Heater cart and pre-cooler 

Figure 3-4: Turbine bypass valve 

 

15 kW Heater 

Backup Heater 
Precooler 

Turbine Bypass Valve 
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Figure 3-5: Fischer compressor within test bench 

The device’s performance is characterized by using the data collected from instruments 

(Table 3-2 and Figure 3-5) and the readings from the Fischer device itself. Which has power 

supplied by an inverter manufactured by Fischer (Figure 3-6). The uncertainty of the speed and 

power readings of the Fischer device were not provided by the manufacturer. The instruments 

within the piping and at the inlet and outlet of the compressor and turbine provide temperature, 

pressure, and pressure differential data. 

Table 3-2: Instrument details 

Ambient Air In 

Turbine Inlet 

Coolant In Coolant Out 

Fischer Device 

Turbine Exhaust 

Compressor Exhaust 
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Figure 3-6: Fischer power supply inverter & Fisher device 

This data can be used in conjunction with instream orifice plates for calculating mass flow 

for both controls and characterization. The orifice plates for the lower flow tests (<70 g/s) were 

performed with two 1.4375” orifice plates, which was later increased to 1.70” for the higher flow 

tests, with the formula for calculating mass flow with these orifice plates being found in “Orifice 

Metering of Natural Gas and Other Related Hydrocarbon Fluids, Part 1” [69]. Engineering 

Equation Solver (EES) was used to calculate the uncertainty of the data using equation 3-1, the 

standard method of error propagation. EES was also used to calculate the performance of the 

compressors, with all state point thermodynamic properties found using its internal property tables. 

The equations for these calculations are found in the modelling section [70].  

𝑢௖(𝑦) = ට∑ ቀ ఋ௙ఋ௫೔ቁଶ 𝑢ଶ(𝑥௜)ே௜ୀଵ   3-1 

To capture the heat rejection rate from the device to the coolant, a volumetric flow meter 

and thermocouples were placed within the coolant stream. The coolant thermocouples were 

Fischer Device 

Fischer Power 
Supply Inverter 
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calibrated to a higher degree of accuracy to account for the smaller changes in temperature of the 

coolant. The coolant system uses 30/70 propylene glycol, and flows through the compressor, pre-

cooler, and Fischer inverter in addition to the other systems of the facility. The system pumps 

coolant through several flow control valves, to different subsystems, however, all heat is rejected 

in a 100-kW rated radiator outside the test facility (Figure 3-7). 

Figure 3-7: Coolant system radiator 
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3.3: Testing Approach 
Two test plans were completed to characterize the device (Figure 3-8). The blue line 

represents the tests of both the compressor and turbine across the range the second stage 

compressor is anticipated to operate at. The red line represents the tests in the middle of the blue 

range that only included the compressor with the turbine fully bypassed. 

Figure 3-8: Manufacturer compressor map and test ranges 

The purpose of this second category of tests was to ascertain the heat transfer rate from the 

turbine to correct the initial >100% efficiencies found at low motor speeds. The tests in both 

categories were done in increments of 5 g/s and 0.1 pressure ratio. Each test was run at steady state 

with instrument data recorded at 1 Hz for 2 minutes and averaged. The data was collected and 

analyzed to inform the modeling as described in Chapter 4. 
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CHAPTER 4: MODELING METHODOLOGY 
 
 
 

This chapter contains a description of the model used in this study. It is split into three main 

sections that cover the general full system model, the Colorado School of Mines model, and the 

CSU air delivery system model. 

4.1: Full System Model Description 
The previous chapter and several studies have described the CSU 80 kW SOFC/ICE hybrid 

system in detail [19], [20], [52]. For this study, however, a simplified model of the system was 

developed to explore a range of air BOP operating conditions as shown in Figure 4-1.  

Figure 4-1: Full system model diagram 
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The model contains two distinct portions developed in cooperation between CSU and 

CSM. The first portion of the model was developed by CSM and includes the SOFC, ICE, and fuel 

BOP parasitic load. The second portion of the model was developed by CSU in EES and includes 

a parametric study of the motored turbochargers that includes the thermodynamics of the piping, 

heat exchangers, and turbomachinery.  

4.2: Colorado School of Mines Model: SOFC, ICE and Parasitic Load 
The SOFC in this system uses three multi stack modules (MSM), each containing 4 Ceres 

Power stacks. Each stack consists of 250 cells that each have an area of 194.9 cm2 each. The CSM 

model has all 3 stacks modeled independently for their thermal, flow, and electrochemical 

operation. The model is built on both manufacturer data and experimental data conducted at CSM. 

The maldistribution of gases to each stack is accounted for with the flows benchmarked against 

COMSOL CFD models of the stacks. The engine, parasitic loads, and fuel BOP systems are 

modeled with efficiency curves from the equipment within the test site [17]. The range of fuel cell 

conditions for this study were input into the CSM model to evaluate the cell efficiency, power 

production, heat release, and pressure drop. The three model variables: pressure, air flow, and 

current had their ranges selected based on previous modeling and experimental data from CSM for 

the analysis of the stacks in the 70-100 kW range and can be seen within Table 4-1 [12], [18]. 

Table 4-1: SOFC operating parameters for model 
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4.3: Colorado State University Air Balance of Plant Model 
For the CSU portion of the model, several system assumptions were made as shown in 

Table 4-2 with their respective state points numbered in Figure 4-1. 

Table 4-2: State points that include assumptions 

 

The first stage compressor inlet temperature and pressure were set at 22°C and 101 kPa, 

respectively, to match with the Fischer provided compressor maps. The intercooler of the 

compressors was assumed to produce a consistent 38°C outlet temperature which was matched 

with the experimental results. The fuel cell’s outlet temperature was set at 630°C, with a set 

utilization and anode recycle rate. The fuel pressure and flow rate are allowed to vary to ensure 

the set states are conserved. The air BOP EES model can be split into three portions, compression, 

heat exchangers and pipe losses, and expansion and exhaust.  

4.3.1: Compression 
The compression portion of the model includes the pressurization of air in one or two stages 

with intercooling. For this study, the air flow rate varied between 80 g/s and 120 g/s at an increment 

of 10 g/s while the fuel cell inlet pressure varied between 200 kPa and 300 kPa in increments of 

20 kPa. The first step was to select an air flow rate and pressure ratio within the expected ranges 
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and calculate the target compressor outlet pressure which is determined by the piping and 

component pressure losses (described in next section). The inlet conditions at state 1 are used in 

equation 4.1 to calculate corrected mass flow, which is then used to interpolate the manufacturer 

map (Figure 3-8) for efficiency. The outlet pressure, compressor efficiency, and power 

consumption are calculated using equations 4.2, 4.3, and 4.4. The enthalpy and temperature values 

are determined from EES’s internal property tables.  

𝑚̇ୡ୭୰୰ =  ௠̇ට ೅౟మవఴే ೛౟భ ౘ౗౨   (4.1) 

𝑝୭ = 𝑝୧ × 𝑃𝑅    (4.2)  

𝜂ୡ = ൫௛౥,౩ି௛౟൯(௛౥ି௛౟)    (4.3) 𝑃ୡ = 𝑚̇(ℎ୭ − ℎ୧)  (4.4)  

If the target pressure is achieved with one stage, the second compressor is bypassed. If not, 

the temperature at the inlet of stage two is set to 38°C by the intercooler, and equation 4.1 is used 

again with the new inlet conditions. The second stage corrected mass flow and pressure ratio are 

used to interpolate over the experimentally generated map (Figure 5-1). Equations 4.2-4.4 are used 

to calculate the final compressor outlet pressure, temperature, and power consumption. The logic 

for the compressor model is represented by a diagram in Figure 4-2 for clarity.  
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Figure 4-2: Air compression model flowchart 

4.3.2: Heat Exchangers and Pipe Losses 
The temperatures of the gases in the air system are important for calculating the pressure 

losses in the system. The pressure losses are vital for understanding the turbomachinery 
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performance of the system because higher flowrates and/or lower pressures will increase pressure 

drop, requiring more power to reach target pressures. 

After the air compression is complete, the air flows through piping and two counterflow 

brazed plate heat exchangers (HEX), the anode tail gas (ATG) cooler and the air preheater, before 

reaching the fuel cells. The performance of the HEX was modeled and evaluated by Mitchel et al. 

and this model bases its heat transfer calculations on their work [20]. The HEX specifications can 

be seen in Table 4-3.  

Table 4-3: Heat exchanger specifications 

The cold inlet condition (state [5]) to the ATG cooler was determined from the previous 

compressor model, but the hot inlet condition (state [18]) was set from the CSM model at 275°C. 

Similarly, the hot inlet condition (state [10]) was determined by setting the conditions at state [10] 

to 630°C. The pressure of the gas streams was set to match the outlet of the compressor after 

subtracting calculated pipe pressure drops. The flow rate of the ATG was averaged for all cases, 

and the exhaust air flow rate is assumed to be ~90% of the flow rate of the inlet air.  

The performance of the heat exchangers is evaluated using the Effectiveness-NTU (ε-

NTU) method and is modeled in four parts to enhance accuracy (Figure 4-3).  
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Figure 4-3: HEX model representation 

 Each portion is calculated using the prior states conditions, with the flowrates determined 

by the turbomachinery upstream of the HEX. To perform the ε-NTU method, the values for NTU 

and ε need to be calculated, which are done with equations 4.5, 4.6, and 4.7 [71]. 𝑁𝑇𝑈 = ௎஺஼೘೔೙   (4.5) 

For counterflow HEXs where Cr < 1 𝜀 = (ଵିୣ୶୮[ିே்௎(ଵି஼ೝ)])ଵି஼ೝ ୣ୶୮[ିே்௎(ଵି஼ೝ)]  (4.6) 

𝜀 = ௤௤ౣ౗౮  (4.7) 

The area is pre-determined by the specifications sheet, however, U and Cmin need to be determined. 

Cmin is calculated using EES property tables and Equations 4.8, 4.9, and 4.10.  𝐶௖௢௟ௗ =  𝑚̇௖௢௟ௗ൫𝐶௣,௖௢௟ௗ൯  (4.8) 
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𝐶௛௢௧ = 𝑚̇௛௢௧൫𝐶௣,௛௢௧൯  (4.9) 𝐶௥ = ୫୧୬[஼೎೚೗೏,஼೓೚೟]୫ୟ୶[஼೎೚೗೏,஼೓೚೟]  (4.10) 

U, the overall heat transfer coefficient of the HEX, is calculated using Equation 4.11. 𝑈 = ଵቈ భ೓ഥ೎೚೗೏ା೟೛೗ೌ೟೐ೖ೛೗ೌ೟೐ା భ೓ഥ೓೚ ቉  (4.11) 

The convective coefficients denoted h are calculated using the Wenzhe and Pega correlation in 

Equation 4.12. The values for the thickness and conductivity of the plates within the HEX are 

provided within its data sheet [72], [73].  

𝑁𝑢തതതത = ௛೑തതതത஽೓௞೑ = 0.2913(𝑅𝑒௖௛଴.଻଴ଶ) ቀఓ೑ఓೢቁ଴.ଵସ ቆPr୤భయቇ  (4.12) 

 The subscript f denotes the specific fluid whose properties are being calculated. The 

Reynolds number (Rech) is calculated in Equation 4.13, the thermodynamic properties of the fluid 

are provided by property tables within EES, and the hydraulic diameter (Dh) is provided from 

information within the datasheet. The pressing depth and width are also pulled from the datasheet 

for Equation 4.13. 𝑅𝑒௖௛,௙ = ଶ௠೑̇௉௥௘௦௦௜௡௚೏೐೛೟೓(௪)ఓ೑  (4.13) 

 Finally, qmax is calculated using Equation 4.14, which enables the calculation of the HEX 

heat transfer rate and outlet temperatures of each state point using Equations 4.7 and 4.15. 𝑞௠௔௫ = 𝐶௠௜௡൫𝑇௛,௜௡ − 𝑇௖,௜௡൯  (4.14) 𝑇௢௨௧,௙ = ௤஼೑ + 𝑇௜௡,௙ (4.15) 

The pressure drop across the HEX was calculated using the same 4 step model using the 

Neagu correlation (Equation 4.16). This will be added to the pipe pressure drops calculated later 

in this section. 
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∆𝑃௖௛ = 4𝑓 ቀఘ௨మଶ ቁ ቀ ௅஽೓ቁ (4.16) 

The pipe pressure losses are modeled in five locations across the system: compressors to 

heat exchangers, heat exchangers to cathode inlet, cathode outlet to air preheaters, air preheaters 

to turbine inlet, and turbine outlet to exhaust. These losses are used to determine the pressure ratio 

at the outlet of the compressors, since the inlet to the fuel cells is set.  

The pipe losses are evaluated using Equations 4.17 (Colbrook Equation), 4.18 (Minor 

Losses), and 4.19 using the specific pipe inlet conditions. The Colbrook equation is selected for 

pressure drop due to the turbulence being high, which was evaluated using Equation 4.20. Minor 

loss coefficients for the pipe fittings, such as elbows and tees, are determined by manufacturer 

values for each component.  

ଵఒ =  −2 ln ቀ ଶ.ହଵோ௘ × √ఒ + ௘஽ × 0.269ቁ   (4.17)  ℎ୐,୫୧୬୭୰ = 𝐾୲୭୲ ቀఓ౗౟౨మଶ௚ ቁ , 𝐾୲୭୲ = ∑ 𝑛୧𝑘୧   (4.18)  ∆𝑃 = ఒ௅ఘଶ஽ 𝜔ଶ + ℎ୫୧୬୭୰   (4.19) 𝑅𝑒௣௜௣௘ = ఘೌ೔ೝ௩ೌ೔ೝ஽೛೔೛೐ఓ   (4.20) 

The pressure drop is used to determine the compressor outlet pressure and pressure ratio 

for a given target pressure. For example, if the target is 300 kPa, the drop may require the 

compressor to bring the air to 320 kPa to achieve the target. 

4.3.3: Turbines 
The final section of the CSU modeling effort is the gas expansion through the turbine. After 

the exhaust air from the fuel cells has passed through the air preheater it goes to a liquid cooled 

turbine intercooler where the outlet condition is assumed to be 115°C, with the pressure set by the 

pipe and heat exchanger losses. The logic for expansion is substantially more complex than 

compression, as the performance limits are more stringent (Figure 4-4).  
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Figure 4-4: Turbine model flowchart 

The inlet temperature and pressure were used to calculate a reduced mass flow rate 

(Equation 4.21), which was used to interpolate several tables based on the experimental and 

manufacturer data. 

𝑚̇୰ୣୢ୳ୡୣୢ = ௠̇౪ඥ்౟௉౟    (4.21) 

 First, a table that establishes the range of pressure ratios available to the reduced flowrate 

is checked. The maximum pressure ratio from this range was used to check if the outlet pressure 

of the exhaust after pressure losses is below 101 kPa. If the pressure was below, the pressure ratio 
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that does not result in a sub 101 kPa pressure was selected and the second turbine is bypassed. If 

the pressure was above 101 kPa, the pressure ratio was set by the flow rate, and the second turbine 

is not bypassed. To calculate the pressure ratio from the flow rate, the reduced flow was compared 

to the range of available flowrates for the supplied inlet pressure. If the mass flow exceeds the 

maximum, the flow was set to the maximum for that pressure and the remaining flow bypasses the 

turbine. 

With the pressure ratio selected, the experimental turbine curve was interpolated for the 

efficiency and the outlet conditions such as power generation, pressure, and temperature which 

were calculated using equations 4.22 and 4.23. 𝜂௧ = (௛౥ି௛౟)௛౥,౩ି௛౟   (4.22) 𝑃୲ =  𝑚̇୲(ℎ୭ − ℎ୧)  (4.23) 
In many cases, the first stage of the turbine was available because the first stage did not reach an 

outlet condition of 101 kPa. In these cases, the same procedure is followed for the second stage, 

however, the efficiency is referenced from the manufacturer curve due to the lower inlet 

temperatures at the second stage. Finally, the model subtracts the turbine power generation from 

compressor power consumption, and accounts for a combined motor and electrical efficiency of 

86% as measured in testing. A minimum power consumption of the Fischer devices is found for 

each of the combinations of air flow rate and cathode inlet pressure. The power consumption of 

the compressor-turbines is added to the CSM model data which provides total system efficiency 

and power output.  
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CHAPTER 5:RESULTS AND DISCUSSION 
 
 
 

5.1 Experimental Results 

5.1.1: Compressor Results 
The results of the experimental testing for the compressor are shown in Figure 5-1.  

Figure 5-1: Experimental Fischer compressor map 

During these experiments, the compressor inlet temperature varied ±3°C around the 38°C 

target due to typical summer temperature variation in Colorado. This required the use of ambient 

temperature corrections. Using the analytical method found in the work of Smith et al, the data 

was able to be adjusted for the variations in temperature. A reference temperature of 38℃ was 

selected, before the stagnation pressure, density, temperature was calculated using the standard air 

assumptions for specific heat ratio and gas constant. These values are then used to calculate the 

new corrected pressure ratios, which smooth the curves for each flowrate significantly[74].  
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The higher ambient temperature caused several differences between the manufacturer 

provided map and the experimentally generated map. The corrected speed lines matched the 

manufacturer map, however, the real speed reached the 110,000 RPM speed limit without reaching 

the expected pressure ratios and flows. This is due to the difference in density at the elevated inlet 

temperature resulting in a higher speed. The compressor could not exceed a speed of 110,000 RPM, 

indicating the max motor power was reached, and the turbine was not producing enough work due 

to restricted flows described in the next section. The increased inlet temperature likely restricts the 

operating range of the compressor and results in a decrease in compressor efficiency between 2 

and 4%. In addition, the peak efficiency island shrunk significantly and moved to lower flow rates 

and pressure ratios. This is likely caused by a decrease in gas density with the temperature rise, so 

the compressor must spin faster to achieve the same target pressure. Because the compressor was 

designed to operate at a specific range of conditions for a given speed, a large deviation from this 

island will result in efficiency losses [58], [59], [60]. 

5.1.2: Turbine Results 
 The turbine results initially showed >100% efficiencies at lower speeds and pressures 

because of heat rejection to the coolant and through the housing to the surroundings. Previous 

turbocharger research by Sirakov et al. found that a single heat rejection rate was sufficient when 

low speed efficiencies are skewed for turbochargers, so the same is assumed in this study for the 

motored turbocharger [75]. Using the data from the isolated compressor tests (red line on Figure 

3-8), an average heat rejection rate across the map was calculated by using the measured coolant 

temperatures and flow rate as shown in equation 11 [47]. The ratio of heat rejected to motor work 

for isolated cases is used to calculate the motor heat rejection of the turbine inclusive tests under 

the same compressor conditions. The difference between the calculated motor heat production rate 
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and the measured heat rejection provides a near constant value that averages out to 422 W. For 

equations 5.24 and 5.25 subscript C denotes compressor only, and CT denotes compressor and 

turbine test. The corrected results can be seen on a turbine efficiency curve in Figure 5-2. 𝑄୰ୣ୨ୣୡ୲ୣୢ = 𝑚̇ୡ୭୭୪ୟ୬୲𝑐𝑝ୡ୭୭୪ୟ୬୲൫𝑇ୡ୭୭୪ୟ୬୲,୭୳୲ − 𝑇ୡ୭୭୪ୟ୬୲,୧୬൯  (5.24) 𝑄୲୳୰ୠ୧୬ୣ = 𝑄஼,஼் − ൬ ொి,ిௐౣ౥౪౥౨,ి൰ 𝑊୫୭୲୭୰,େ୘  (5.25) 

Figure 5-2: Turbine efficiency curve 
The reduced mass flow rate and efficiency were calculated using experimental data and 

equations 4.21 and 4.22, respectively. The efficiency data (Figure 5-2) showed the development of 

speed curves for the turbine, which are color coded in the figure. However, the curves are not ideal, 

with some wide variations occurring. These can be explained by variations in the mass flow.  The 

high flow low pressure cases are operating far off the turbine curve. The turbine speed, being 

independent from turbine flow because the turbine is attached to the same shaft as the compressor, 

results in speeds much higher than what would be necessary for the pressure ratio available. 

Overexpansion occurs before the pressure transducer in this process, resulting in greater 

instabilities and lowered efficiencies. Another key result from the testing is that both the 

manufacturer curve and the experimental curve converge at 80% for high pressure ratios. The two 
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curves converge on the same value because the heat rejection rate is constant, so at high flows and 

pressures the heat losses become insignificant. 

Another key result from the experimental study was the operating range of the turbine. 

Figure 5-3 shows the range of pressure ratios for a given reduced mass flow and a range for reduced 

mass flow at a given pressure ratio. 

Figure 5-3: Turbine reduced mass flow curve 

 These ranges are used to determine performance of the turbine as shown in the modeling 

section. In addition, the experimental reduced mass flow rate was approximately 17% less than the 

manufacturer equivalent at a given pressure ratio. This decrease is primarily caused by the lower 

density of the exhaust air because the temperature was 115°C compared to the 70°C manufacturer 

tests. 
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5.2: Model Results 
The results from the experimental data at increased temperatures were input into the model 

to determine performance across a range of operating conditions. The results of turbo-machine 

power consumption are shown in Figure 5-4.  

Figure 5-4: Compressor performance in test range 

Although single stage compression was possible in many configurations, in every case where two-

stage operation of the compressor-turbine system was possible it was more efficient. The only 

cases where single-stage operation was viable were cases of high flow and low pressure (bottom 

right of Figure 5-4) as a second stage is past the choke line of the map. In some cases where the 

first turbine’s inlet pressure was low, but the flow was still high, the second stage was bypassed. 

This is because at the higher flow rates the first stage was choked unless it did all the expansion, 

resulting in the second turbine being bypassed. 
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The pressure losses through the system resulted in significant over pressuring at the outlet 

of the compressor. At lower target pressures, the compressor outlet could be as high as 60 kPa 

above the fuel cell inlet. The pressure losses in the piping are larger at low pressures because the 

decrease in density requires higher flow velocity and thus higher friction losses for the same mass 

flow. In addition, higher flow rates cause a similar effect, with the increase in flow causing an 

increase in velocity which increases pressure drop for the same inlet pressure. Figure 5-4 shows 

the power consumption of the compressors and turbines combined, which form a corner along the 

center of the map. This corner forms because the turbine operates at a limited flow rate at a specific 

pressure. Following the 9-kW line for example, the turbines compensate for the power 

consumption as flow increases but at 95 g/s the second stage turbine starts to be bypassed, resulting 

in a steep drop off. The bypassing of the turbines is so extensive due to the devices being meant 

for lower temperature PEM cells. If the turbine was larger to accommodate the decreased density 

at 115°C then the first stage turbine could operate at a smaller expansion ratio, enabling full 

utilization of the second stage.  

Multiple phenomena are observed in Figure 5-5, which displays the system power and 

efficiency for the various flow conditions and currents. 
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Figure 5-5: System power and efficiency contour 

First, as the current was increased, many conditions began to fail due to heat transfer 

limitations within the cells. This is because of the increase in current results in more heat being 

produced. The modeling process assumes that the maximum allowable temperature gradient across 

the cells was 120°C, which limits air flow rate such that at high current draw and low air flow the 

operating temperatures of the cells are violated. This resulted in several model results being 

rejected particularly the low flow cases where insufficient heat rejection occurred. Lower pressure 

conditions also violated these limits because the cell efficiency dropped at lower pressures which 

generates more heat. Second, system efficiency of the full system appears to concentrate at the 

lowest flows and pressures. The peak efficiency of the system of 68.2% was observed to be 220 

kPa and 80 g/s as shown in Figure 5-6. 

 

Current: 35.0 A Current: 37.5 A Current: 40.0 A 
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Figure 5-6: Best performance for every power output 

  This indicates that pressurization of the system is still necessary to increase performance, 

and an ideal condition can be found in the 200-240 kPa region. The diagonal trend across the 

Figure 5-5 is due to the results from Figure 5-4, in which a corner for each power consumption is 

formed. The peak efficiencies for a given pressure line up with the corners, in which the maximum 

flow rate is achievable before a steep increase in power consumption is required due to turbine 

choke. The parabolic trend in Figure 5-6 is explained by the two limbs of the arc separately. The 

left limb shows the trend towards higher efficiency as the amount of power consumed by the air 

BOP is reduced (lower flowrates and pressures). The right limb shows the results of increasing cell 

current, which results in a smaller but still significant decrease in efficiency due to ohmic losses.  
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5.3:Discussion 
 
 
 
 When analyzing the results, four key system variables affect the total system performance: 

turbocharger power consumption, engine power production, system parasitic load, and stack 

efficiency. The three non-fuel cell system variables are all effected by the three modeled variables 

(air flow, pressure, and stack current); however, each component has a primary correlation with a 

system variable (Table 6-1).  

Table 5-1: System and model variable correlations 

The engine power correlates closely with increased stack current, parasitic load with inlet 

pressure, and compressor load with air flow rate and pressure. The correlation of compressor load 

with air flow and pressure is self-evident. The effects of stack current on the parasitic load and 

engine power are a result of increased fuel flow. As stack current increases, the fuel flow rate must 

increase to maintain the fuel utilization which also results in an increased fuel flow to the engine 

that can produce higher power. The same is true for the parasitic load in which the fuel compressor 

power increases due to increased fuel flow and pressure. The higher correlation of pressure than 

fuel flow rate is because fuel flow rate variation is much smaller than the pressure variation. 

The final system variable, the stack efficiency, is connected directly to each modeled 

variable. In Figure 5-5 the efficiency across each plot can be seen decreasing with the increase in 
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current. This is due to decreases in stack efficiency from increased Ohmic overpotentials at higher 

current density [18]. Another variable which affects cell performance is pressurization, which 

increases efficiency roughly 1.7% from 200 kPa to 300 kPa when all other conditions are 

maintained. The air flow rate increases efficiency marginally, around 0.3% over maintained 

conditions. The effect of these variables is visualized for the 40-Amp case in Figure 6-1 where the 

efficiency and power are represented by triangles and circles, respectively, and each set of air flow 

rates is color coded.  

 

Figure 5-7: Efficiency impacts of model variables on stacks at 40 Amps 

The x-axis is the inlet pressure of the cathode, while the y-axes are the power output or 

efficiency of the stacks. Across the three flowrates shown: 100, 110, and 120 g/s, there is a linear 

increase in efficiency of roughly 0.04%. When flow rate is held constant, pressure increases 

efficiency 0.02-0.04% per 20 kPa with higher pressures showing smaller increases. All these 

efficiency improvements result in a total efficiency increase of 1.7% which corresponds to a power 

increase of 2.75 kW.   
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Each system variable contributes either negatively or positively to system efficiency. The 

compressor and parasitic loads reduce efficiency while the engine and stacks increase it. To 

determine which variable has the higher impact, their range of contribution to system efficiency 

was determined individually with equations 5.26 and 5.27.  𝑅௩௔௥௜௔௕௟௘ = 𝑀𝑎𝑥(𝜂୴ୟ୰୧ୟୠ୪ୣ ) − 𝑀𝑖𝑛(𝜂୴ୟ୰୧ୟୠ୪ୣ )  (5.26) 𝜂୴ୟ୰୧ୟୠ୪ୣ = 𝑃୴ୟ୰୧ୟୠ୪ୣ/(𝐿𝐻𝑉୤୳ୣ୪ × 𝑚̇୤୳ୣ୪)  (5.27) 

Figure 5-2 does not show the total contribution to efficiency of a variable, but how much 

that variable’s contribution to the system efficiency changes over the case range.  

Figure 5-8: Range of system efficiency contribution of system variables 

The range selected for Figure 6-2 matches those seen in Figure 5-5: 35, 37.5 and 40 Amps. 

The average change in efficiency was -4.5%, -0.59%, 0.10%, and 1.96%, for the compressor, 

parasitic, engine, and stack efficiency, respectively. The compressor has the highest efficiency 

change which indicates the compressor is the dominant factor in the system efficiency. However, 

as the current increases, the change in efficiency drops from -5.94% to –2.80% which indicates 

that the significance of the compressor’s performance becomes less dominant at higher current 

levels. This matches the results seen in Figure 5-6, where for higher currents the compressors’ 

effect on efficiency is reduced and the ohmic losses in the fuel cells begin to dominate. 
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CHAPTER 6:CONCLUSION 
 
 
 

The present study aimed to find the optimal operating conditions for an 80-kW pressurized 

SOFC/ICE/Turbo hybrid system operating on natural gas fuel over a range of air flows, stack 

currents, and pressures. The results show that the pressurization of the cells does provide an 

increase in stack efficiency, however, there is a corresponding air BOP load which lowers system 

efficiency. Furthermore, the air BOP load has the largest effect on system performance over the 

range of conditions that was evaluated for this study. The peak efficiency of 68% for the presented 

SOFC/ICE/TURBO system with a two-stage Fischer motored turbocharger was reached at 220 

kPa and 80 g/s with a current draw of 35 A. This result indicates that pressurization is still a 

necessary part of improving system performance because the optimal point was not at the lowest 

pressure and flow rate.  

This is valuable insight for the continued development of pressurized SOFC-ICE hybrids, 

as it indicates that increased pressurization will only decrease the performance of these systems 

because of the logarithmic gains of pressurizing SOFCs in contrast to the relatively linear losses 

incurred by the compressor system. Designing these hybrid systems for lower pressures and flows 

enables designs to be more cost effective as the investment into the air BOP will be less significant, 

and the optimized efficiency of the system will result in higher return on investment and lowered 

emissions, making SOFC-ICE hybrids a more competitive alternative to traditional fossil fuel 

generation systems. 

For future work, the Fischer device was only tested as a single stage to replicate some of 

the conditions the second stage will experience. However, for more accurate modeling, two-stage 

operation needs to be validated by operating the devices for the expected pressure ratios shown in 
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this study. Further analysis of the Fischer device’s ability to handle the axial load expected on the 

second stage needs to be completed before any testing is to be completed. The device is not being 

used within its intended design range and therefore concerns of damage to the axial bearing need 

to be addressed. In addition, full system experiments should follow the compressor validation to 

confirm the modeling results presented in this study.  

Exploring only the three independent variables discussed in this study would require a 

massive quantity of tests to capture the system dynamics. This is not ideal due to the expense and 

time required to test the full system. To reduce the testing time, I suggest factorial experimental 

design in which the three factors are tested each at 3 levels. This initial set of tests would result in 

“cubes” of experimental data which would indicate an ideal range to further narrow the testing 

scope. This would hopefully only require an initial 27 tests, followed by subsequent test batches 

of similar scale instead of sweeping the 300 cases explored in the model. This would provide 

significant advantage when attempting to narrow down the performance to single kPa or g/s 

conditions, as such testing would require tens of thousands of tests using traditional methods. 

The best point of operation found in this study for the 80-kW system may not reflect the 

optimal running conditions for a much larger system. A similar study done on the 1 MW scale 

would be valuable for considering larger scale designs. As the air BOP power draw may be of 

much less significance at those scales, reducing the impact it has on the total system efficiency. 

The limited availability of specialized motored turbochargers means that the Fischer device 

selected for this study was not specifically designed for SOFC applications. The temperature limits 

at the turbine inlet meant that much of the available enthalpy was lost to the precooler. The air 

preheater hot side has an outlet temperature that averages around 150℃, meaning for 100 g/s of 

airflow the system is losing around 3.5 kW to cooling the flow. The system efficiency could be 
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further increased by redesigning the turbomachinery. Particularly, the size of the turbine would 

need to be redesigned to match the lower densities. In addition, the seals and bearings would need 

to be made with different materials to handle the 150℃-200℃. Such redesigns may pose 

challenges, as the speed of the compressor may not match well with the turbine with these 

modifications.  
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APPENDIX A. SYSTEM DATA 
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APPENDIX B. EES CODE 
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APPENDIX C. P&ID OF SYSTEM 
 

 

 

General System Layout 
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Fuel Processing 
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Coolant System 
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APPENDIX D. FISCHER OPERATING PROCEDURES 
 

 

 

Fischer Compressor-Turbine Operation 

Step 0. Turn on LabVIEW by following steps in section 6.2. 

Step 1. Turn on Cooling Loop Skid by following steps in section 6.4. 

 Open valves located under Fischer device along the coolant lines to allow flow of 
coolant through both the Fischer device and the inverters.  

 Shut coolant valves to Air-Squared  

Step 2. Check valve configuration for Air BOP to ensure a flow path is open or activate any 
valves which are required. Ensure that that P-04,05,06,08 are all set to 100% open at start of 
operation 

 For compressor operation: 
o Open Valves: V-38, V-29 
o Close Valves: V-33 and V-32 

 If including turbine operation: 
o Open Valves: V-26, V-40, V-39 
o Close Valves: V-40, V-37, V-36 
o If using heater cart: 

 Open valves V-07, V-08 
 Close valve V-26 

Step 3. Turn on fuse disconnect switch. Then enter the LabView inverter page and press the 
button for the inverter start 

Step 4. Start Fischer device at idle speed (20,000 RPM) 

Step 5. Turn on Sea Level Air Compressor by following steps in Section 6.6. 

Step 6. Increase Fischer to desire speed. 

 Ensure no compressor surge occurs by stepping the speed incrementally with the 
pressure ratio regulated by V-P04 

Step 7. Increase V-P04 setpoint and/or use PI controlled to achieve desired pressure on 
compressor side. 

 If using turbine: 
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 Increase V-P08 setpoint and/or use PI controlled to achieve desired pressure on 
turbine side. 

 Increase V-P05 setpoint and/or use PI controlled to achieve desired mass flow on 
turbine side. 

Step 8. If necessary, close V-P08 to achieve desired pressure. 

Step 9. For use of heater cart: 

 Step 9.1: Ensure the manual knobs are at 0 and then plug in heater cart cables to 
480 V plug 

 Step 9.2: Attach insulated hosing to the hose barbs on Valve 07 and 08 (hoses 
connect at appropriate heights) 

 Step 9.3: Open LabView heater cart section and turn on the devices, adjust 
temperature according to thermocouple at outlet (DO NOT EXCEED 120 ℃). 

NOTICE!  Slowly ramp up the heater before going to the full desired 
temperature as it can overshoot. 

Do not exceed 110,000 RPM and pay close attention to map on LabVIEW to 
not enter stall or surge regions. 

Fischer Compressor-Turbine Shutdown 

Step 1. Shut down the heater cart heaters 

Step 2. Ramp the Fischer speed down from operating speed to 20 KRPM 

NOTICE! When ramping down the speed of the Fischer device, ensure it 
remains away from the surge region of the map. 

Step 3. Once at Fischer speed of 20 KRPM manually ramp the sea level compressor to 5 Hz and 
shut it down using steps in section 6.6. 

Step 4. Shut off the Fischer Compressor. 

Step 5. Close all Proportional valves that were opened in the starting process 

Step 5. Shutoff the inverter and ensure that the fuse disconnect is open. 

Step 6. Turn off Cooling Loop by following the steps in Section 6.4. 

Step 7. Return all valves to standard position.  

Step 9. Press E-Stop Button on WholeSystem.VIS 
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LIST OF ACRONYMS 

 

 

 

Acronym Definition 
ICE Internal Combustion Engine 
GT Gas Turbine 
SOFC Solid Oxide Fuel Cell 
CSU Colorado State University 
CSM Colorado School of Mines 
BOP Balance of Plant 
ATG Anode Tail Gas 
SI Spark Ignited 
HCCI Homogeneous Charge Compression Ignition 
RCCI Reactivity Controlled Compression Ignition 
SOFC-ICE Solid Oxide Fuel Cell & Reciprocating Internal Combustion Engine 

Hybrid 
LHV Lower Heating Value 
SAI Spark Assisted Ignition 
MSM Multi-Stack Module 
HEX Heat Exchanger 
NTU Number of Transfer Units 

 

 


