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Abstract 

The global electricity generation industry is very reliant on the use of fossil fuels, par-

ticularly natural gas and coal. However, it is quickly becoming a reality that the over-

consumption of these resources will continue to lead to significant global damage via global 

warming, ecosystem destruction, and the depletion of these so-called non-renewable re-

sources. To combat this issue, renewable sources such as wind, biofuels and solar are 

becoming much more prevalent in the power generation industry, but significant economic, 

reliability and availability barriers to entry will prevent these sources from being major 

contributors to the power industry for decades. 

To this end, this thesis focuses on the design, operation, optimization and life cycle 

analysis of an integrated solid-oxide fuel (SOFC) cell power plant integrated with com-

pressed air energy storage (CAES). This plant, fueled by either natural gas or coal, can 

make much more efficient use of their limited non-renewable fuel sources, and are capable 

of achieving nearly 100% carbon capture at the plant boundary. This plant is intended to 

serve as a more efficient and environmentally responsible alternative to current power gen-

eration methods while still exploiting remaining fossil fuels to their fullest extent. 

This thesis details the design, sizing and simulation of integrated SOFC/CAES plants 

in Aspen Plus so that full feasibility and techno-economic analyses may be performed, the 

results of which are then compared to the current state-of-the-art (SOTA) options. In order 

to compare the plants on an environmental level, full cradle-to-grave life-cycle analyses 

using the ReCiPe 2008 method are completed for each SOFC-based plant and all compa-

rable SOTA options under a wide range of assumptions and plant configurations, such as 

the use of carbon capture strategies. Furthermore, detailed reduced-order dynamic models 

of the integrated SOFC/CAES plants are developed and simulated with a newly developed 

rolling-horizon optimization method to assess the load-following capabilities of the inte-

grated plant. Real scaled demand data for the market of Ontario, Canada for the years 2013 

and 2014 are used as the demand data for the simulations. 

This thesis takes strides in proving the feasibility of an integrated SOFC/CAES power 

plant for providing clean, efficient, reliable and cost-effective power using fossil fuels. The 

next steps for this project involve the development of a lab-scale pilot plant, which would 

be used to validate simulation results and provide an opportunity for the real-time applica-

tion and assessment of the potential of this plant design. 
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Research Contributions and Highlights 

 This thesis contains the design and modeling of the first integrated solid-oxide fuel 

cell (SOFC) and compressed air energy storage (CAES) plants to provide peaking 

power from fossil fuels with zero gate-to-gate emissions. 

 

 Up to 64% and 43% electrical efficiency (by higher heating value) can be achieved 

for natural gas- and coal-fueled plants with carbon capture and sequestration (CCS), 

which is at least 14 percentage points higher than any currently used state-of-the-

art (SOTA) plant using CCS. 

 

 SOFC-based plants are economically attractive under market conditions involving 

modest carbon emission taxes of $20 per tonne. 

 

 Cradle-to-grave life cycle impacts for natural gas SOFC/CAES plants without CCS 

are equivalent to the natural gas combined cycle (NGCC) with CCS. The addition 

of CCS to SOFC plants decreases the total life-cycle impact by over 50%, and is 

nearly 80% lower than an NGCC plant without CCS. 

 

 Cradle-to-grave life cycle impacts for coal SOFC/CAES plants without CCS are 

significantly lower than the currently used integrated gasification combined cycle 

(IGCC) and supercritical pulverized coal (SCPC) systems. The addition of CCS to 

SOFC plants decreases the total life-cycle impact by over 55%, and is at least 60% 

lower than any other SOTA option. 

 

 The total life-cycle impact of any SOFC plant (coal or natural gas) with CCS is 

lower than any comparable SOTA plant, regardless of the type of fuel consumed. 

 

 The use of rolling horizon optimization (RHO), formulated and simulated as a part 

of this work, can vastly improve the hour-by-hour load following capabilities of the 

SOFC/CAES plant when trying to match a typical demand profile for all fuel types. 

These effects are persistent even under the presence of significant forecasting un-

certainty. 

 

 Extension of the RHO scheme into two levels by making slow changes to the SOFC 

stack sizes allows for more effective seasonal load-following, resulting in an 86% 

improvement in annual load-following as measurement by the squared error be-

tween supply and demand.  
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Nomenclature 

Please note that the following list consists of abbreviations consistently used throughout 

all chapters of this thesis. Since chapters 2-6 (inclusive) are published reprints, they make 

use of mathematical symbols and variables native to their document, which may not be 

consistent across all chapters. For these symbols, please refer to the mathematical notation 

sections in each publication. 

ALO  agricultural land occupation 

ASU  air separation unit 

ATR  auto-thermal reformer 

CAES  compressed air energy storage 

CC  climate change 

CCS  carbon capture and sequestration 

DCB  dichlorobenzene 

ED damage to ecosystem diversity 

EOS  equation of state 

FD  fossil depletion 

FE  freshwater eutrophication 

FET  freshwater ecotoxicity 

HH  damage to human health 

HHV  higher-heating value 

HRSG  heat recovery and steam generation 

HT  human toxicity 

IESO Independent Electricity Systems Operator 

IGCC integrated gasification combined cycle 

IR  ionizing radiation 

LCA  life cycle analysis 

LCOE  levelized cost of electricity 

MD  metal depletion 

ME  marine eutrophication 



 

xiv 

 

MET  marine ecotoxicity 

NGCC natural gas combined cycle 

NLT  natural land transformation 

NMVOC  non-methane volatile organic compound 

nWGS no water-gas shift reactors 

OD  ozone depletion 

PEN  positive-electrolyte-negative 

PM10  particulate matter with radius 10 mm 

PMF  particulate matter formation 

POF  photochemical oxidant formation 

RD  damage to resource depletion 

RHO Rolling Horizon Optimization 

SCPC supercritical pulverized coal 

SOFC  solid oxide fuel cell 

SOTA state-of-the-art 

SSE  sum of squared error 

TA  terrestrial acidification 

TET  terrestrial ecotoxicity 

TSD  train shutdown 

ULO  urban land occupation 

WD  water depletion 

WGS  water-gas shift 

WSSE  weighted sum of squared error 
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 Preliminaries 

Before describing the novelties and potential scientific and societal contributions of 

this thesis project, it is important to describe the technologies that will be (and have been) 

considered and analyzed. What follows in this section is a brief literature review and de-

scription of the current North American electricity industry and descriptions of the 

currently employed state-of-the-art (SOTA) in electricity generation in sections 1.2 and 

1.3, respectively. Finally, descriptions of the two key technologies utilized in this project 

are given section 1.4. 

 Current State of the Electricity Generation Industry 

On the global scale, the electricity generation industry is largely dependent on the use 

of fossil fuels such as natural gas and coal due to their high abundance and relative ease of 

access. Energy conversion with renewable fuel sources (wind, solar, bio-fuels etc.) is still 

decades away from being implemented on any significant scale. To illustrate, it is projected 

that the total electricity produced in the United States and Canada by renewable (non-hy-

dro) sources in the year 2035 will be 16% and 10%, respectively [1],[2]. In fact, well over 

half of worldwide power production will still rely on fossil fuels into 2035 as illustrated in 

Figure 1 [3]. 

 

Figure 1: Projected worldwide electricity generation by fuel type. Adapted from [3] 

For the near to medium term, it is desirable to maximize the efficiencies of current 

fossil-based power generation technologies while remaining cognizant that carbon capture 

and control requirements are likely going to be implemented in the near future, likely 

driven by a fixed carbon tax, emissions restriction or a cap-and-trade system. The electric-

ity generation sector will likely be required to capture the CO2 generated by their operations 
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and sequester it in underground spaces such as depleted oil fields, aquifers, and other geo-

logical storage sites [4]. As such, these industries will be faced with the decision to either 

invest in the required technology for CO2 capture and sequestration, or bear the potential 

financial penalties associated with its emission. Either way, the impact to the end consumer 

will be increased electricity prices and therefore an increased cost of living. 

With this outlook in mind, it is the objective of this thesis project to address the issue 

of medium- to long-term electricity generation utilizing fossil fuels. In order to make the 

most of our available resources, there is a need to improve efficiency, reliability and envi-

ronmental impact while also addressing the economic and political concerns that are 

incumbent with the development of new technology and the consumption of limited re-

sources. Not only does this thesis aim at developing technologies that can generate reliable 

base-load electricity, it is also targeted at developing processes that are capable of accu-

rately following electricity demand patterns (known as “peaking power”) with the same 

potential improvements regarding environmental impact and fuel efficiency. This project 

is motivated by these needs (economic feasibility, environmental impact and political ac-

ceptance) to satisfy what is known as the “triple-bottom-line” of sustainability. Over the 

past several years, this project has shown that significant impacts can be made on the elec-

tricity generation industry on the global scale, potentially changing not only how power is 

made and consumed, but also how different fuel sources and their potentially unflattering 

stigmas may be overcome.  

 Current State-of-the-Art Power Generation Techniques Using Fossil 

Fuels 

Of course, in order to claim any benefits, the systems proposed in this project must be 

compared to the current SOTA in the electricity generation industry. What follows in the 

next subsections are brief descriptions of the status-quo for power generation technologies 

utilizing natural gas and coal. 

1.3.1 The Natural Gas Combined Cycle (NGCC) 

Natural gas-fed processes account for approximately 24% of all electricity generated 

in the United States and is anticipated to rise to 27% by 2035 [1]. In Canada, natural gas 

accounts for 9% of the electricity generated and is projected to increase to 15% by 2035 

[2]. Natural-gas fired power plants produce inherently lower emissions per unit of electrical 

energy than coal (50.29 g/MJ and 90 g/MJ, respectively) [5], and therefore it is responsible 

for a proportionally smaller amount of the CO2 emissions in the power sector. For example, 

in the United States, natural gas contributes to only 17.5% of the carbon emissions for the 

electricity sector [6],[1] while producing 24% of the power. However, the emissions from 

a standalone NGCC plant are still significant, and other approaches may be required to 

reduce the emissions of natural gas power plants to a sustainable level without the addition 

of expensive carbon capture strategies [7]. 



Ph.D. Thesis – Jacob Nease           McMaster University – Chemical Engineering 

4 

 

The NGCC process is briefly described as follows [7],[8]: First, the natural gas fed to 

the plant is cleaned and desulphurized if it was not done so prior to distribution. The gas is 

then combusted in air at a high temperature and pressure in a gas turbine unit, which pro-

duces electricity through a generator attached to the turbine. The waste heat from the 

exhaust stream may then be recovered through the generation of high pressure steam, 

which can be used to power steam turbines in a steam cycle for additional power generation 

(hence the name "combined cycle"). The exhaust, which now contains mostly CO2, water 

and N2 from the combustion step, may then be subjected to a solvent-based absorption 

process. This process would serve to separate the CO2 from the flue gas with approximately 

90% recovery should carbon capture and sequestration (CCS) be desired. Absorption can 

be performed with chemical solvents such as monoethanolamine (MEA) or methyldietha-

nol amine (MDEA), or physical solvent processes such as RectisolTM or SelexolTM [9]. The 

CO2 stream is then cooled and compressed to supercritical conditions suitable for transport 

in a CO2 pipeline, and the decarbonized exhaust stream is vented to the atmosphere through 

a flue stack. However, a significant amount of energy is required for CO2 capture in the 

NGCC process (up to 14% of the net power produced) which can cause up to a 40% in-

crease in the levelized cost of electricity (LCOE) [8]. Other more recent approaches for 

CCS such as membrane-based processes, pressure swing adsorption and vacuum swing 

adsorption have also been investigated with promising results but have not yet been imple-

mented at the industrial scale [10],[11]. 

1.3.2 Pulverized Coal and Gasification 

Coal powers approximately 45% of the electricity generation in the United States and 

is expected to remain the dominant fuel choice through 2035 [1],[3]. On a global scale, 

coal accounts for approximately 33% of all electricity production and is expected to main-

tain a significant share over the next few decades [12]. Coal-fired power plants produce an 

inherently high amount of CO2 per unit of electricity generated (approximately 90.29 g/MJ) 

and therefore account for a significant amount of the CO2 emissions in the power genera-

tion sector [5]. For example, in 2010, coal-based processes contributed 80.9% of the total 

CO2 emissions for the electricity generation sector in the United States, or 26.8% of all of 

the CO2 emitted across all industries [6]. Reducing or eliminating the CO2 emissions from 

coal-fed plants would contribute significantly towards the large-scale reduction of world-

wide CO2 emissions. In Eastern Canada, coal has been almost completely retired as a power 

generation option, which considerably narrows Canadian power generation options.  

The supercritical pulverised coal (SCPC) process is chosen as the “status quo” coal-

fed power generation process for the purposes of this investigation. The SCPC process is 

briefly described as follows [8]: coal is combusted with air in a boiler, generating heat to 

power steam turbines. Steam is generated above the critical point (hence “supercritical”) 

at 240 bar and 593°C to improve downstream power generation efficiency. The combustion 

products are mainly CO2, H2O, N2, SO2 and ash, as well as small amounts of other impu-

rities (Hg, S, Cl). The ash and sulphur are removed through separate cleanup steps and the 

small amounts of impurities can be removed through various well-proven processes, yield-

ing a final exhaust stream containing mainly H2O, CO2 and N2. At this point, the exhaust 
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can be vented to the atmosphere (as is typically done), or post-combustion CO2 absorption 

using the methods described in the previous section may be performed to remove CO2 for 

capture and sequestration purposes. Approximately 90% of the CO2 in the exhaust gas can 

be recovered at purities required for pipeline transport, with the rest being emitted to the 

atmosphere via the exhaust gas. Although they are effective, these absorption-based CCS 

strategies are energy-intensive and often lead to prohibitive decreases in overall system 

efficiency, leading to higher electricity costs [8]. In fact, the only example of an industrial-

scale CCS system worldwide exists in Saskatchewan, Canada [13]. 

Gasified coal processes such as the integrated gasification combined cycle (IGCC) 

involve the gasification of coal into synthesis gas (“syngas,” which is a combination of CO 

and H2) as well as CO2 and H2O. The water-gas shift (WGS) reaction can then be performed 

downstream of the gasification step to increase the amount of H2 in the syngas stream. 

After gas shifting, the same solvent-based absorption processes for CCS can be employed 

to remove CO2 before the downstream use of the syngas. As in the post-combustion CCS 

case, approximately 90% of the CO2 in the syngas stream can be recovered at pipeline 

purity [8]. 

 Brief Description of Essential Technologies and Terminologies 

1.4.1 Solid-Oxide Fuel Cells 

A solid oxide fuel cell (SOFC) utilizes a fuel gas and an oxidant (typically air) to 

efficiently produce electrical power through electrochemical reactions on opposite sides of 

a solid oxide barrier, as depicted in Figure 2. The reactions that occur in the anode and 

cathode may include, but are not limited to: 

𝐻2 + 𝑂= → 𝐻2𝑂 + 2𝑒−   (Anode) (1.1) 

𝐶𝑂 + 𝑂= → 𝐶𝑂2 + 2𝑒−   (Anode) (1.2) 

𝑂2 + 4𝑒− → 2𝑂=   (Cathode) (1.3) 

Suitable fuel sources for the SOFC anode include hydrogen gas, carbon monoxide, nat-

ural gas [14], methanol, [15], and others. Moreover, fuels such as coal [16], diesel [15], 

ethane and even biomass [17] can be pre-processed into syngas and used as a fuel source. 

Provided that the fuel utilization is high and the SOFC is equipped with appropriate seals 

that maintain separation between the anode and cathode exhausts, the anode exhaust will 

consist mainly of H2O and CO2.  The anode exhaust can hence be separated relatively eas-

ily, and the resulting captured CO2 can be compressed for pipeline transport.  The cathode 

exhaust is partially deoxygenized air at high temperatures (~900°C), which can be used for 

additional power generation through heat recovery and vented without posing an environ-

mental risk.  If the SOFC is operated at high pressures (10-20 bar), electricity can also be 

generated by feeding the hot, pressurized cathode exhaust to a gas turbine, thus forming a 

Brayton cycle. Prior studies have shown that pressurized SOFC systems of this type are 

capable of generating power at high efficiencies (up to 74% by higher heating value) with 
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essentially no CO2 emissions [7]. Comparable studies by other groups have found similar 

results [18],[19]. Furthermore, the process of electrochemical energy conversion to elec-

tricity is more efficient than combustion and forgoes the typically required heat transfer to 

another medium, which allows the SOFC plant to achieve higher thermal efficiencies than 

systems that utilize the Carnot cycle.  

However, one significant disadvantage of SOFC systems is that there are currently po-

tentially cost-prohibitive operability challenges associated with their dynamic operation. 

For example, it is possible to change the power output of a SOFC relatively quickly (per-

haps in response to load changes) [20], but this runs the risk of very high degradation rates 

or even destruction due to rapid thermal expansion or the backflow of gases [21]. To avoid 

these risks, it is probable that future large-scale SOFCs will operate at a fixed power output 

which will not be adjusted to follow the typical diurnal power demand profile of a power 

grid. Of course, a system with a fixed power output can be scaled large enough to always 

meet demand, but this approach would be wasteful since it would almost always produce 

more electricity than necessary. More details on the function and system design (both aca-

demic and industrial) of SOFCs may be found in a recent literature review [22]. 

 

Figure 2: Simple schematic of a SOFC using syngas as a fuel source 

1.4.2 Compressed Air Energy Storage 

Compressed Air Energy Storage (CAES) plants operate as an intermittent source or 

sink for electrical power. The plant consumes power in order to compress air to high pres-

sures and store it in an either man-made or naturally occurring void (which may be above- 

or below-ground) as elastic potential energy. During periods of high power demand or elec-

tricity prices, the stored compressed air is pre-heated (usually by combusting natural gas) 

and fed to gas turbines attached to an electric generator, thereby re-supplying the stored 

energy back to the power grid. A simplified schematic of a typical CAES system is shown 

in Figure 3. 
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Figure 3: Simplified CAES system schematic. Reproduced from [22] 

 

CAES technology has been utilized for over three decades. The Alabama Electric Cor-

poration has been operating a 110 MW plant since 1991, and E.N. Kraftwerke has been 

running a 290 MW plant in Huntorf, Germany since 1978 [23]. There have been several 

other studies and plans to construct further CAES plants by Chamisa and Apex Energy, but 

at the time of writing this thesis no such projects have been completed [24].  

CAES is advantageous for a variety of purposes; not only can it serve as a stand-alone 

plant capable of achieving profitability through compressing at times of low electricity 

prices and releasing at times of high prices, but it can also be combined with other processes 

to add flexibility or reliability. For example, there has been significant theoretical research 

in recent years examining the utilization of CAES as a method for levelling intermittent 

sources (such as wind power) to provide a consistent base load [23], [25]-[30]. However, 

there has not been much research concerning the integration of CAES with other power 

sources for the purposes of load following (or “peaking”). 

 Opportunities and Potential Contributions 

This thesis project investigates the integration of the two previously described technol-

ogies (SOFCs and CAES) at the systems level. The following sections are aimed at 

describing the novel and beneficial integration concept of these technologies, as well as the 

perspective in which this thesis will make comparisons of the integrated system to the cur-

rent SOTA through the triple-bottom-line of sustainability.  

1.5.1 Solid-Oxide Fuel Cell and Compressed Air Storage Integration Proposal 

The main contributions of this research thesis involve the development, analysis, com-

parison and critical evaluation of an integrated SOFC/CAES system with optional CCS to 

provide peaking power with reduced or zero CO2 emissions. In doing so, the integrated 

SOFC/CAES process makes use of the advantages of each individual technology (fuel flex-

ibility, high efficiencies for the SOFC and rapid dynamics and controllability for the CAES) 
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and overcome their limitations when used exclusively (base-load only power for the SOFC, 

external power and heat source required for the CAES). 

In order to provide reliable, peaking power with 100% CO2 capture, this thesis proposes 

the integration of SOFCs (to provide base-load power), a CCS system (to achieve near-

zero CO2 emissions), and a CAES system (to follow peaking demand). The original SOFC 

and CCS models are based on those developed in literature, but have been updated using 

more recent works and modified to incorporate CAES [7],[31],[32] as necessary.  During 

times of day in which demand is low, the CAES system can be used to charge the available 

storage space using a portion of the electrical power generated by the SOFC system to 

compress some or all of the cathode exhaust to the current pressure of the underground 

storage cavern.  The portion of the cathode exhaust which is not sent to CAES is sent to a 

turbine attached to a generator to produce additional electricity, as shown in Figure 4(A). 

During times when the electricity demanded is high, all of the cathode exhaust is sent to 

the gas turbine, maximizing the electricity produced by the SOFC/GT system. In addition, 

air is released from the storage space and fed to a second gas turbine system, producing 

additional power, as expressed in Figure 4(B). With this approach, the proposed 

SOFC/CAES/CCS system is able to provide load-following power from fossil fuels while 

maintaining high efficiency and capturing nearly 100% of the CO2.  

 

Figure 4: Simplified SOFC/CAES integration technique during (A) the maximum charging phase, 

and (B) the discharging phase. 

1.5.2 Thesis Impact– The Triple-Bottom-Line of Sustainability 

When comparing emerging and new technologies for power generation such as the in-

tegrated SOFC/CAES concept introduced above, it is not enough to only consider 

improvements or changes in performance (higher efficiencies, for example). Moreover, 

evaluating the economic advantages or disadvantages of such a process does not allow for 

a meaningful comparison between a SOFC-based power plant and one using a more tradi-

tional method (NGCC, for example). Instead, this thesis is targeted at critically analyzing 

these processes via their abilities to meet the triple bottom line of sustainability. This means 

that the processes must demonstrate:  
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(1) Improved or comparable economic performance versus the current state-of-the-

art under a variety of scenarios and market conditions. Economic performance 

includes not only operating costs and revenues, but capital expenditures as well.  

 

(2) A noticeably improved environmental impact, whether due to improved effi-

ciency, carbon sequestration or a combination of the two. It should be noted that 

not only the operational environmental impact is to be considered, but the entire 

life-cycle impact of the proposed system will be assessed as well. 

 

(3) Feasibility from a political point of view. The SOFC/CAES system must be 

shown to be safe, reliable and thus exhibit potential as a stand-alone peaking 

power plant. The application of optimization to the operation of the integrated 

plant will serve as proof that an SOFC/CAES plant has potential in a large scale 

peaking scenario.  

By addressing each of the three issues of the triple-bottom-line via feasibility studies, 

techno-economic analyses and life cycle impact analyses, the SOFC/CAES system devel-

oped throughout this thesis project has the potential to change not only the infrastructure 

of the North American electricity generation industry, but the political viewpoint on fossil 

fuels and their role as a critical resource during the transition to an environmentally and 

economically sustainable economy. 

 Chapter and Publication Summaries 

Chapter 2 consists of the first peer-reviewed publication resulting from this thesis pro-

ject. It examines the design, simulation and techno-economic analysis of an SOFC/CAES 

plant for peaking power fueled by natural gas, largely with the objective of assessing its 

capability of meeting the economic requirements as outlined in the triple-bottom-line of 

sustainability. The paper goes into detail describing the design and operation of the system, 

units selected, and other methodologies. Rigorous steady-state plant simulations of the 

SOFC baseload portion and the CAES transient portion are performed in Aspen Plus, and 

dynamic simulations to assess the preliminary peaking capabilities of the plant are per-

formed in MATLAB. In total, ten plants are modelled and compared from a techno-

economic standpoint: The SOTA NGCC plants (with and without CCS), and eight permu-

tations of the SOFC plant fueled by natural gas depending on the use of CAES, CCS, a 

heuristic partial plant shutdown schedule, or any combination of these. Sensitivity case 

studies are performed to assess the economic performance of each plant under a variety of 

assumptions such as fuel costs and potential CO2 taxes, and the results are compared across 

all plants examined. The full paper citation is as follows: 

Nease J, Adams TA II. Systems for peaking power with 100% CO2 capture 

by integration of solid oxide fuel cells with compressed air energy storage. 

Journal of Power Sources. 2013; 228(15): 281-293. 

Chapter 3 consists of the second peer-reviewed publication resulting from this thesis. 

This publication builds on chapter 2 by designing an SOFC/CAES plant with CCS for 
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peaking power using gasified coal as a fuel source. The same design procedure is taken in 

which all permutations of the SOFC/CAES plant are designed and rigorously simulated in 

Aspen Plus before the peaking plants incorporating CAES are simulated dynamically in 

MATLAB. In this case, the use of WGS reactors ahead of the SOFC stacks to improve fuel 

cleanliness and cell efficiency is also assessed, resulting in 16 permutations of the SOFC 

plant including CAES, CCS, seasonal plant shutdowns and the use of WGS reactors. The 

results of these plant configurations are compared economically with the current SOTA 

coal power plant options: supercritical pulverized coal (SCPC) and integrated gasification 

combined cycle (IGCC) plants, both with and without CCS. Therefore, a total of 20 plants 

are simulated, costed, and compared in this work. The full paper citation is as follows: 

Nease J, Adams TA II. Coal-Fuelled Systems for Peaking Power with 100% 

CO2 Capture Through Integration of Solid Oxide Fuel Cells with Com-

pressed Air Energy Storage. Journal of Power Sources. 2014; 251: 92-107. 

Chapter 4 is the fourth paper published in a peer-reviewed journal during this thesis 

and steps away from the design and economic evaluation portion of this thesis project in 

order to address the full environmental impact of the proposed SOFC/CAES plants fueled 

by natural gas. This objective is achieved by performing the first ever full cradle-to-grave 

life cycle analyses (LCAs) of SOFC power plants fueled by natural gas. For this, the ReC-

iPe 2008 method is implemented through a combination of OpenLCA software and in-

house calculation software based on the full life cycle inventory and impact data publicly 

available for ReCiPe 2008. The analyses are performed for the SOFC plant with and with-

out CCS, and for the NGCC plant as a comparative case study. It should also be noted that 

this work features the first-ever ReCiPe 2008 LCA for an NGCC plant, which was done for 

comparative purposes. Sensitivities to assumptions such as emissions and upstream plant 

impacts and the relative impact of each life cycle impact category are investigated as well. 

The full paper citation is as follows: 

Nease J, Adams TA II. Life Cycle Analyses of Bulk-Scale Solid Oxide Fuel 

Cell Power Plants and Comparisons to the Natural Gas Combined Cycle. 

The Canadian Journal of Chemical Engineering. 2015; 93: 1349-1363. 

Chapter 5 is the fifth paper published in a peer-reviewed journal from this thesis project. 

It extends on the work in chapter 4 by performing the first-ever full LCAs of coal-fueled 

SOFC power plants with and without CCS using the ReCiPe 2008 method. The same 

method is used for the first time for IGCC and SCPC plants with and without CCS for 

comparative purposes. These plants and their life cycle impact results are not only com-

pared to each other, but since a consistent LCA method was used for these plants and the 

plants fueled by natural gas in the previous chapter, cross-fuel comparisons are possible. 

This paper thus offers insights into the actual environmental strengths and weaknesses of 

not only the SOFC plant versus a comparable SOTA option, but also natural gas versus 

coal as a fuel source. The full citation is as follows: 

Nease J, Adams TA II. Comparative life cycle analyses of bulk-scale coal-

fueled solid oxide fuel cell power plants. Applied Energy. 2015; 150: 161-

175.  
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Chapter 6 consists of the third paper published throughout this thesis project. In this 

work, the objective is to address the final component of the triple-bottom-line, namely the 

social and political feasibility of the proposed SOFC/CAES system. From this perspective, 

the purpose of this paper is to show that real-time demand forecasts, which are typically 

available in major North American markets such as Ontario [33], can be utilized in a roll-

ing-horizon optimization scheme in which the peaking capabilities of the CAES system are 

optimally scheduled over the coming hours (the forecasting length is at the discretion of 

the user) based on operating and storage constraints. The main improvement brought on by 

this work is the avoidance of “large misses” which are very bad from an operability and 

reliability standpoint, especially if the integrated SOFC/CAES system is intended to pro-

vide power to a market exhibiting the typical diurnal demand fluctuations of a major power 

market. Instead, any potential shortcomings due to unavailability of stored energy in the 

CAES volume may be spread out over a longer period a series of predictable near-misses. 

This makes the acquisition of grid power or generation of additional power much easier to 

obtain, thus improving both the load-following performance of the plant and its ability to 

act as a reliable peaking power provider. Economically-oriented objectives and the impacts 

of demand and price forecasting uncertainties are also investigated and quantified in this 

work. Representative weeks of the Ontario market demand from 2013 are used as case 

studies. The full citation is as follows: 

Nease J, Adams TA II. Application of rolling horizon optimization to an in-

tegrated solid oxide fuel cell and compressed air energy storage plant for 

zero-emissions peaking power under uncertainty. Computers & Chemical 

Engineering. 2014; 68: 203-219.  

Chapter 7 consists of the sixth and final paper submitted for publication as a part of this 

thesis project. This paper also addresses the reliability and peaking operation of the 

SOFC/CAES plant to target the socio-political component of the triple-bottom-line by sig-

nificantly extending the work in chapter 6. In this work, slow movements to the upstream 

baseload plant in the form of incremental activations or deactivations of SOFC stacks are 

used as a part of a two-level rolling horizon optimization scheme to improve the ability of 

the SOFC/CAES plant to follow seasonal drifts in demand throughout the year as well as 

the hourly load-following made possible by the CAES system. Simulations are performed 

on a new reduced-order model of the SOFC/CAES plant fueled by gasified coal (different 

than the plant used in chapter 6) with a new set of decision variables. Furthermore, the 

integrated plant is subjected to the rolling horizon method for an entire year of scaled de-

mand data from Ontario for the calendar year of 2014. The addition of small baseload 

changes and the second long-term level of the rolling horizon optimization approach is 

shown to substantially improve the annual load-following of the plant. Sensitivity analyses 

on storage volume size and comparisons to the previous single-level method are also in-

vestigated. The full paper citation is as follows: 

Nease J, Monteiro N, Adams TA II. Application of a two-level rolling hori-

zon optimization scheme to a solid-oxide fuel cell and compressed air 

energy storage plant for the optimal supply of zero-emissions peaking 

power. Computers & Chemical Engineering. 2016 (Submitted). 
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 Possible Overlap Between Papers 

The reader should note that some parts of the following chapters, such as the introduc-

tory and technology description sections, will have some overlap. Although each paper has 

its own introduction and motivation to set up the work to follow, descriptions of the SOFC 

technology (a common request by reviewers), CAES systems, current SOTA power gener-

ation options, and the power generation outlook for North America and globally will be 

present in each work to some degree.  

Other more focused areas of overlap may also be present based on the topic of the 

papers themselves. Specifically, chapters 4 and 5 both discuss life cycle analyses and the 

use of the ReCiPe 2008 method since they are standalone publications in separate journals. 

Additionally, chapters 6 and 7 both make reference to the use of optimization software and 

problem formulations, certain components of which are shared. Note that although descrip-

tions of technologies are repeated in some instances, no actual results are repeated in any 

papers. 

 Author’s Contributions to Papers 

As the author of this thesis, I can confirm that I was the primary investigator, developer 

of any and all methods, and first author of all published works featured in the proceeding 

chapters. 
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Abstract 

We present a new two-level rolling horizon optimization framework applied to a zero-

emissions coal-fueled solid-oxide fuel cell power plant with compressed air energy storage 

for peaking applications. Simulations are performed where the scaled hourly demand for 

the year 2014 from the Ontario, Canada market is met as closely as possible. It was found 

that the proposed two-level strategy, by slowly adjusting the SOFC stack power upstream 

of the storage section, can improve load-following performance by 86% compared to the 

single-level optimization method proposed previously. A performance analysis indicates 

that the proposed approach uses the available storage volume to almost its maximum po-

tential, with little improvement possible without changing the system itself. Further 

improvement to load-following is possible by increasing storage volumes, but with dimin-

ishing returns. Using an economically-focused objective function can improve annual 

revenue generation by as much as 6.5%, but not without a significant drop-off in load-

following performance.  

 Introduction 

Due to pressure from governmental regulations, the constant knowledge of waning re-

sources, and the rapidly improving technologies for generating reliable electricity from 

renewable resources, classic power plants utilizing fossil fuels such as coal and natural gas 

(NG) are being eschewed in favour of more environmentally friendly alternatives, particu-

larly in North America. In fact, it is projected that by 2035 the United States and Canada 

will each generate approximately 10% [1] and 16% [2] of their power from non-hydroelec-

tric renewable resources, respectively. However, a current prohibitive feature of renewable 

resources is that they are typically intermittent in nature (variable and unpredictable 

wind/cloud patterns, day/night cycles, etc.), which makes them unsuitable for use in a bulk 

supply scenario, which requires high reliability and consistency. Although it is possible to 

use large-scale intermittent energy storage techniques such as pumped hydro storage [3], 

compressed air energy storage (CAES) [4], molten salt loops [5], material phase changes 

[6] and others in order to levelized the power supply from intermittent renewables, the high 

variability of renewables coupled with the limited capacity of energy storage techniques 
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make for significantly difficult planning and operability concerns. These problems are fur-

ther exacerbated by the low capacities of renewables and round-trip efficiency losses in 

potential energy storage systems, both of which must be improved before renewable energy 

sources will be capable of fully displacing fossil fuel-based power. 

While the paradigm in energy sources for electricity generation moves to renewables, 

the use of fossil fuels still constitutes a major portion of the power generated worldwide. In 

fact, it is estimated that the United States will still supply approximately 34% of its elec-

tricity demand through the consumption of coal [1]. Furthermore, at its current usage rate 

it is estimated that North America possesses sufficient reserves for over 250 years of do-

mestic coal consumption [7]. This large supply of coal, combined with the forecasted 

importance of it as a future resource, provides an opportunity and challenge to make the 

most efficient usage of this resource as possible. 

Solid oxide fuel cells (SOFCs) can be used to generate reliable “peaking” electric power 

at the bulk scale with minimal environmental impact when appropriate carbon capture strat-

egies are used [8]-[10]. To do this, SOFCs fueled by coal [11],[12] or natural gas (NG) [13] 

can be integrated with compressed air energy storage (CAES) in order to exploit some pro-

cess synergies that enable the system to meet an ever-changing electricity demand through 

the day despite having no direct CO2 emissions. The electric power can be generated at a 

competitive market price, even without government subsidies, once the SOFC technology 

reaches maturity. Furthermore, detailed life cycle analyses have shown that these proposed 

SOFC plants have significantly lower environmental impacts than other state of the art op-

tions such as the NG combined cycle (NGCC) [14] or supercritical pulverized coal (SCPC) 

[15] process. 

In the SOFC/CAES system, the SOFCs produce power at a constant, steady rate, and 

the CAES system either stores or releases compressed air in different amounts that can 

change hourly or even more frequently. The goal is to adjust the amount stored or released 

throughout the day in order to change the total net electricity production needed to meet the 

demand. However, because the SOFC output is limited and the CAES storage capacity is 

finite, the power demand cannot always be met every hour of every day, week, and month. 

Therefore, an operating policy is required which must decide how well to match the pro-

duction and demand at any given time. For example, the original proof-of-concept used a 

naïve (or “greedy”) operating policy, which was to always store or release energy at any 

given moment such that power demand at that moment would be met exactly. Although this 

worked sometimes, it also led to significant “large misses” when the CAES storage volume 

reached minimum or maximum capacity, leading to all flexibility in the system being lost 

instantaneously [11]-[13]. The concept of real-time optimization [16]-[19] being used in 

chemical plants and even with small SOFC experimental setups [20] led to the eventual 

development of a rolling horizon optimization (RHO) technique that uses forecasts of fu-

ture demand to optimally plan the next series of control moves based on the operating and 

storage constraints of the SOFC/CAES system [21]. With this approach, the system would 

predict a potential problem and then avoid it by scheduling a series of “small misses” over 

time in order to prevent a more serious large miss. Although this method improves the day-

to-day performance and peak-following capability of the SOFC/CAES plant, it does not 
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solve the problem of seasonal changes in demand, such as a generally higher demand (up 

to 30% more) during the summer and winter months compared to autumn and spring. 

Therefore, to better solve this problem, we present a new, expanded version of the RHO 

concept by formulating a two-stage RHO methodology that exploits the modular nature of 

the upstream SOFC stacks by turning some of them on or off safely, infrequently, and in 

incremental amounts. This leads to a modular step increase or decrease in the steady-state 

output of the plant, and thus the baseload can be optimally selected in order to track sea-

sonal changes in demand as closely as possible. This allows for the CAES storage volume 

to be much more efficiently utilized, and significantly improves season-to-season and over-

all annual load-following performance. To demonstrate, this concept is applied to a 

SOFC/CAES plant with zero direct CO2 emissions using gasified coal as a fuel source, 

showing for the first time that it is possible to use coal for clean, reliable and efficient 

electrical peaking power at the 100 megawatt scale over the entire year. 

 The Process and Simulation Models 

7.2.1 SOFC/CAES Plant Layout  

The integrated SOFC/CAES system used for this work is shown in Figure 5, which was 

studied in a prior work using the “greedy” operational strategy [11] but has not been exam-

ined using a RHO framework. This system is capable of providing reliable power with 

system-limited peaking capabilities and 100% capture of direct CO2 emissions. The essen-

tial operating principle of this plant is as follows: The plant is designed for an annual 

average expected power demand subject to diurnal fluctuations. During periods of low de-

mand, the CAES system consumes electricity provided by the base-load SOFC portion to 

charge the CAES storage of a completely independent (save for heat integration) CAES 

plant. The air source for the CAES, instead of atmospheric air, is the already-compressed 

cathode exhaust stream (mostly N2) from the SOFC power island, resulting in significant 

savings and efficiency losses during the compression step. The consumption of power by 

the CAES compressors results in a net plant output lower than the base load output of the 

plant, and the diverted cathode exhaust into the CAES storage may be adaptively selected 

in order to result in a net plant output equal to (or very close to) the demand at any given 

time. When demand increases beyond the base load capacity, the CAES system is dis-

charged, pre-heated by exchanging heat with the hot SOFC exhaust streams, and expanded 

to generate supplemental power in order to reach the required demand.  
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Figure 5: SOFC/CAES plant fueled by gasified coal that is simulated with the two stage RHO scheme 

presented in this work. Reproduced with permission from [11] 

By synergistically using the excess heat available from the SOFC stacks (preventing 

the consumption of NG for pre-heating) and compressing the cathode exhaust instead of 

atmospheric air (reducing the overall compression ratio from 40-70 to approximately 4-7 

depending on the operating pressure of the storage volume), SOFCs and CAES can be 

shown to complement each other nicely and result in peaking systems with higher efficien-

cies than any current alternative. For further details regarding the plant design and analyses, 
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the reader is encouraged to refer to the prior studies on the design of the system [11],[21]. 

Please note that although this design was chosen for the case study, many other design 

variations, including variations using other fuels such as natural gas, are also possible.  

Once constructed, some operating parameters of the SOFC/CAES plant can be changed 

during operation. The two key operating parameters which are changed hourly during tran-

sient operation are (1) the percentage of the cathode exhaust sent to either CAES or the heat 

recovery and steam generation (HRSG) section, which is controlled by the three-way valve 

immediately downstream of stream 6.5, and (2) the amount of compressed air released from 

the CAES which is controlled by the valve immediately downstream of stream 10.3. The 

number of SOFC stacks in operation (or equivalently, the total power output of the SOFC 

stacks themselves) can also be changed as a third operating variable, although only once 

per week. 

7.2.2 Rigorous SOFC/CAES Model in Aspen Plus 

Since the rigorous SOFC/CAES system model used in this work was the same as in the 

prior work and is described in detail there, [11] only a brief summary is provided for brevity. 

Rigorous simulations of the SOFC portion of the proposed plant were performed using 

Aspen Plus v8.6 using the Peng Robinson equation of state (EOS) employing the Boston-

Mathias modification, with a few exceptions (the Redlich-Kwong-Soave EOS and Electro-

lyte-NRTL packages were used for CO2/H2O streams below and near the critical point of 

CO2, respectively). The coal feedstock to the gasification step is assumed to be Illinois #6 

Bituminous, and thus has a higher heating value (HHV) of 27.267 MJ/kg [23] and contains 

63.75% C, 4.5% H, 1.25% N, 0.29% Cl, 2.51% S, 11.12% H2O and the remainder ash by 

weight [22]. The plant uses an optional water-gas shift (WGS) step upstream of the SOFC 

stacks to upgrade the H2 content of the anode fuel stream, the trade-offs of which were 

addressed in the prior work. The SOFC plant is sized to produce a maximum output of 

approximately 820 MW, which was chosen to be consistent with our prior work and is also 

the size of a typical SCPC or other comparable coal-fueled base-load plant according to 

Woods et al. [24].  

Although this is a much larger SOFC plant than any currently existing example, the US 

Department of Energy is anticipating that MW-scale SOFCs will exist by 2020 and should 

be commercially available by approximately 2030 [25],[26],[27]. In fact, Bloom Energy 

already has 210 kW modules available, further showing the advancement in technology is 

proceeding as anticipated [28]. Large-scale simulations of SOFC plants are also common 

in current literature [29]. It should be noted that the units in the SOFC plant are assumed to 

reach equilibrium, and thus the throughput of the plant may be reduced to as low as 600 

MW in response to seasonal changes in base load due to the modular nature of the SOFCs. 

A detailed description of the SOFC plant was the topic of a prior paper and is thus not 

repeated here for the sake of brevity. For design decisions and stream conditions for the 

SOFC plant, the reader is referred to a prior work [22]. 
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The CAES operating parameters were chosen based on the design recommendations by 

Luyben [30], and are comparable to the E.N. Kraftwerke plant as simulated by Raju and 

Khaitan [31]. Details regarding the operation and integration of the CAES system with the 

SOFC plant was the main topic of a prior work, and is thus not repeated here. The reader is 

referred to Table 1 in [11] for the assumptions related to the CAES system. The base case 

size of the underground CAES cavern is assumed to be 600,000 m3, which was chosen 

based on a Pareto-optimal trade-off in the original investigation. However, with the pro-

posed RHO framework allowing for better utilization of CAES storage volume, the size of 

the CAES cavern is varied in a sensitivity analysis (See section 7.4.2).  

7.2.3 Reduced-Order SOFC/CAES Model 

The Aspen Plus simulation takes approximately 5 minutes to converge, since the model 

itself requires several different iterative solves to converge tear streams, design specifica-

tions, and local optimization problems. This makes it unsuitable to use in a RHO framework 

because the RHO algorithm, which is described in Section 3, requires around 500 simula-

tions for the algorithm to complete (or about 40 CPU-hours) every timestep, which in this 

work is once every hour of the year. So for the entire year of interest, this would require 

about 40 CPU-years to compute. Furthermore, the nature of the RHO algorithm is such that 

it cannot be easily parallelized, so using more CPUs in parallel does not solve this problem.  

Therefore, a much faster reduced-order model representing the SOFC/CAES plant was 

identified from the rigorous Aspen Plus model. The reduced-order model was fit by running 

the Aspen Plus simulation at a variety of values for three key independent state variables. 

These are the pressure in the CAES cavern (𝑃) at the beginning of the time step, a variable 

related to the amount of cathode exhaust diverted to the CAES storage volume (𝑆), and the 

current baseload capacity of the steady-state plant (𝐵𝐿). Latin hypercube sampling was 

used for each independent variable. For each combination of variables, the net power output 

of the SOFC/CAES system 𝑓(𝑃, 𝑆, 𝐵𝐿) was computed with the Aspen Plus model and rec-

orded. This was performed twice, such that two models were identified, one for the charging 

mode and another for the discharging mode. A least-squares regression method was used to 

identify the coefficients of the model, which had the form: 

𝑓(𝑃, 𝑆, 𝐵𝐿) = ∑ ∑ ∑ 𝑎𝑥𝑦𝑧 (
𝑃

�̅�
)

𝑥

(
𝑆

�̅�
)

𝑦

(
𝐵𝐿

𝐵𝐿̅̅ ̅̅
)

𝑧

.2
𝑧=0

2
𝑦=0

2
𝑥=0   (7.1) 

Note that the indexed form of this model used in the optimization routine is discussed 

in section 7.3.1.1. In the model in Eq. (1), 𝑎𝑥𝑦𝑧 is the model coefficient for the 𝑥𝑡ℎ, 𝑦𝑡ℎ and 

𝑧𝑡ℎ powers of the normalized independent variables. The list of identified model parameters 

is shown in Table 1. The overbar denotes the value at which each of the variables were 

normalized to improve the scaling accuracy of the model. It is convenient to note the rela-

tionship between the variable used to describe the exhaust flow rate (𝑆), the flow rate of 

the cathode exhaust (𝐹), and 𝐵𝐿 is: 

𝑆 = {
1 −

𝐹

50.257𝐵𝐿−3123.4

𝐹                             
 

[𝑤ℎ𝑒𝑛 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝐶𝐴𝐸𝑆]
      [𝑤ℎ𝑒𝑛 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝐶𝐴𝐸𝑆]

 (7.2) 
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A plot showing the nonlinear fit of the model and sampled data points for a variety of 

baseloads (each represented by a different plane) are shown in Figure 6. It can be seen that 

the model fits the data very well without spurious curvature or significant biases, with an 

overall testing R2 value of 0.989 and a root-mean squared error of estimation (RMSEE) of 

2 MW (0.4%). A testing set was used to validate the model, which had a similar R2, and the 

model was never used outside the range of variables of which it was identified. Higher 

order polynomial terms did not increase the R2 significantly and had small coefficient val-

ues, and so only 2nd order terms were used in the final reduced model.  

Table 1: Reduced-order model coefficients for revised RHO formulation 

Coefficient 
Value when 𝒎 = 𝒄 

(charging mode) 

Value when 𝒎 = 𝒅 

(discharge mode) 

a000 173.3 0.1 

a100 -158.0 0 

a200 24.6 0 

a010 -55.8 25.5 

a020 6.2 0 

a001 369.4 696.8 

a002 79.6 0 

a011 94.5 0 

a101 12.7 0 

a110 70.7 0 

a111 -25.4 0 

 

 

Figure 6: Predicted (planes) and simulated (dots) performance of the reduced-order SOFC/CAES 

model used in this work for six selected baseline capacities (BL). 
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 Two-Stage Rolling Horizon Optimization Framework 

The reduced-order model was implemented in GAMS [32]. The RHO algorithm was 

implemented in MATLAB, which communicated with GAMS to perform the optimization 

routine at each simulated time step. The RHO problem formulation for both stages and a 

discussion of what solvers were used in GAMS is presented in this section.  

7.3.1 Problem Formulation 

In the load-following optimization case, it is the objective of the RHO to determine the 

SOFC/CAES operating parameters over the control horizon that will either minimize the 

sum-of-squared errors (SSE), maximize the total revenue, or some weighted combination 

of both over the optimization’s horizon (ℛ). The primary decision variables of interest de-

termined by the RHO program are the flow rate to or from the CAES cavern (𝐹) and what 

the baseload for the coming week should be (𝐵𝐿), which is then used to calculate the power 

output of the combined SOFC/CAES plant at each time step.  

7.3.1.1 First Stage Objective Function Formulation 

The problem formulation for this investigation is inspired by the formulation in our 

prior work [21] with some significant changes to the formulation and solution strategy for 

improved load-following and revenue generation performance. Overall, the RHO objective 

attempts to maximize a weighted objective function Φ that balances the total revenue gen-

erated by the SOFC/CAES plant (ℛ) and the load following performance of the plant as 

measured by the negative of the sum of squared error (SSE) between the plant output and 

demand as follows: 

max
𝛿𝑖,𝑡, 𝐹𝑖,𝑡

Φ𝑖 = {𝜓ℛ𝑖 − (1 − 𝜓)𝑆𝑆𝐸𝑖},  (7.3) 

𝑆𝑆𝐸𝑖 =  ∑ (𝐸𝑖,𝑡 − 𝐷𝑖,𝑡)
2𝑁

𝑡=1 ,  (7.4) 

ℛ𝑖 =  ∑ (𝐸𝑖,𝑡𝜔𝑖,𝑡),𝑁
𝑡=1   (7.5) 

where 𝑆𝑆𝐸𝑖 is the sum of squared error difference at each simulation time step 𝑖 between 

the power produced 𝐸𝑖,𝑡 and forecasted demand 𝐷𝑖,𝑡 (both in MW) at each control move 𝑡 

across the forecast time horizon 𝑁, 𝜔𝑖,𝑡 is the forecasted market spot-price of electricity 

(POE) for each one-hour optimization interval over the optimization horizon (both forecasts 

are obtained from the IESO [33]), and 𝜓 𝜖 [0,1] defines the emphasis on which of the two 

objectives should be met. Selecting 𝜓 = 1 results in a pure revenue maximization problem 

while selecting 𝜓 = 0 yields a load-following problem. 𝐹𝑖,𝑡 is the flow rate to or from the 

CAES storage volume at each simulation time step, the direction of which is denoted by 

𝛿𝑖,𝑡, which is a binary variable that denotes whether the CAES storage is being charged 

(𝛿 = 1; the net plant output is reduced below the base-load) or discharged (𝛿 = 0; the net 

plant output is increased beyond the base-load). For the demonstrative purposes of this 

work, 𝑖 ranges from 1 to 8760, for each of the 8760 hours in one simulated year of plant 
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operation. However, it is possible for this routine to be used indefinitely in real time, 

thereby not having a terminal value of  𝜉.  

7.3.1.2 Process Model Equations 

For the purposes of this investigation, the optimization or “control move” interval is 

one hour. 𝐸𝑖,1 is therefore the power actually produced at simulated timestep i, and 𝐸𝑖,𝑡 is 

the power the optimizer plans on producing t–1 timesteps in the future for 𝑡 = (2 … 𝑁), 

which may or may not be implemented depending on future decisions since the entire fore-

casted output is recalculated at each update of 𝑖. The optimal production of the plant at the 

current simulation time 𝑖 for the prediction horizon 𝑡 = 1 … 𝑁 is calculated as: 

𝐸𝑖,𝑡 = 𝛿𝑖,𝑡𝑓𝑐,𝑖,𝑡(𝑃𝑖,𝑡, 𝑆𝑖,𝑡, 𝐵𝐿𝑖) +  (1 − 𝛿𝑖,𝑡)𝑓𝑑,𝑖,𝑡(𝑃𝑖,𝑡, 𝑆𝑖,𝑡, 𝐵𝐿𝑖),    (7.6) 

where 𝐵𝐿𝑖 is the baseload selected for the current simulation timestep 𝑖 (the optimization 

sub-routine to select 𝐵𝐿𝑖 is discussed later), 𝐸𝑖,𝑡 is the electrical output of the SOFC/CAES 

plant for RHO horizon 𝑡 = 1 … 𝑁 at simulation time step 𝑖, 𝐷𝑖,𝑡 is the demand for the RHO 

horizon 𝑡 = 1 … 𝑁 at simulation time step 𝑖. The variables 𝑆𝑖,𝑡 and 𝑃𝑖,𝑡 are the variable 

related to the molar flow rate to/from the storage cavern (in kmol/hr) and the pressure (in 

bar) in the cavern at each time step, respectively, and 𝑓𝑚,𝑖,𝑡 are the indexed versions of the 

reduced-order models for the charging and discharging of the CAES cavern where 

𝑚 𝜖 {𝑐, 𝑑}, respectively and take the form: 

𝑓𝑚,𝑖,𝑡(𝑃𝑖,𝑡, 𝑆𝑖,𝑡, 𝐵𝐿𝑖) = ∑ ∑ ∑ 𝑎𝑥𝑦𝑧 (
𝑃𝑖,𝑡

�̅�
)

𝑥

(
𝑆𝑖,𝑡

�̅�
)

𝑦

(
𝐵𝐿𝑖

𝐵𝐿̅̅ ̅̅
)

𝑧

,2
𝑧=0

2
𝑦=0

2
𝑥=0   (7.7) 

𝑆𝑖,𝑡 = {
1 −

𝐹𝑖,𝑡

50.257𝐵𝐿𝑖−3123.4
       𝑤ℎ𝑒𝑛 𝑚 = 𝑐

𝐹𝑖,𝑡                                     𝑤ℎ𝑒𝑛 𝑚 = 𝑑
. (7.8) 

Note that the description of the coefficients is given in the previous section and the values 

of which are listed in Table 1. The mass balance constraint on the CAES cavern is described 

by: 

𝑛𝑖,1 = 𝑛𝑖−1,1 + 𝐹𝑖,1𝛿𝑖,1Δ − 𝐹𝑖,1(1 − 𝛿𝑖,1)Δ,   

𝑛𝑖,𝑡 = 𝑛𝑖,𝑡−1 + 𝐹𝑖,𝑡𝛿𝑖,𝑡Δ − 𝐹𝑖,𝑡(1 − 𝛿𝑖,𝑡)Δ,  [∀ 𝑡 = (2 … 𝑁)] (7.9) 

where 𝑛𝑖,𝑡 is the number of moles of cathode exhaust contained in the CAES storage vol-

ume at any given timestep 𝑖 and Δ is the length of the simulation time step in which the 

output of the plant is held constant via a zero-order hold. Note again that 𝑛𝑖,1 is the actual 

molar holdup of the cavern as a result of executing the decision variables 𝐹𝑖,1 and 𝛿𝑖,1, and 

𝑛𝑖,𝑡 for 𝑡 = (2 … 𝑁) is the predicted molar holdup 𝑁– 1 timesteps in the future based on the 

current optimization results, and may or may not change in the future. The pressure 𝑃𝑖,𝑡 of 

the CAES storage volume is calculated using the SRK equation of state: 
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𝑃𝑖,𝑡 =
𝑅𝑇𝑖,𝑡

𝒱𝑖,𝑡−𝑏𝑆𝑅𝐾
−

𝑎𝑆𝑅𝐾

𝑇0.5𝒱𝑖.𝑡(𝑉+𝑏𝑆𝑅𝐾)
 , [∀ 𝑡 = (1 … 𝑁)] (7.10) 

where 𝑎𝑆𝑅𝐾 and 𝑏𝑆𝑅𝐾 are the SRK model coefficients for the cathode exhaust (assumed to 

be pure N2) with values of 1.56 × 10-5 
𝑚6 𝑏𝑎𝑟

𝑚𝑜𝑙2
 and 2.67 × 10-5 

𝑚3

𝑚𝑜𝑙
, respectively [34]. The 

symbol 𝑅 is the universal gas constant and 𝑇 is the uniform temperature in the storage 

volume (assuming the contents of the volume itself are well-mixed). The molar volume of 

the CAES cavern contents at each control step is denoted by 𝒱𝑖,𝑡 and is determined as a 

function of the CAES storage volume 𝑉 as: 

𝒱𝑖,𝑡𝑛𝑖,𝑡 = 𝑉. [∀ 𝑡 = (1 … 𝑁)] (7.11) 

Note that the molar volume calculations given above in Eq. (7.11) combined with the ma-

terial balances in Eq. (7.9) result in nonlinear relationships between the pressure in the 

CAES cavern and the flow rate to or from its control volume, which increases the complex-

ity of the constraint in Eq. (7.10). Pressure is calculated at each time step to ensure that it 

never exceeds the operating limits of the CAES system, specifically: 

 

𝑃𝑚𝑖𝑛 ≤ 𝑃𝑖,𝑡 ≤ 𝑃𝑚𝑎𝑥 .  [∀ 𝑡 = (1 … 𝑁)] (7.12) 

 

Finally, the flow rate into the CAES cavern is bounded by the cathode exhaust flow rate 

denoted by 𝐹𝑚𝑎𝑥: 

 

0 ≤ 𝛿𝑖,𝑡𝐹𝑖,𝑡 ≤ 𝐹𝑚𝑎𝑥 . [∀ 𝑡 = (1 … 𝑁)] (7.13) 

Inspection of the above equations shows that 𝐸𝑖,𝑡 is a quadratic function in 𝑃𝑖,𝑡, 𝐵𝐿𝑖,𝑡 and 

𝑆𝑖,𝑡. However, 𝑃𝑖,𝑡 is itself a highly nonlinear function of 𝐹𝑖,𝑡 and thus 𝑆𝑖,𝑡 due to the SRK 

equations of state and material balances on the CAES storage volume. It can therefore be 

concluded that the objective function for this problem is highly nonlinear and includes the 

binary variable 𝛿𝑖,𝑡 at each simulation timestep. The RHO problem at each simulation 

timestep 𝑖 is thus a mixed-integer nonlinear program (MINLP), the size of which increases 

depending on the forecasting and optimization horizon 𝑁.    

7.3.2 Second Stage: Baseload Selection 

The baseload 𝐵𝐿𝑖 is adjusted every 𝜉 time steps of the simulation (chosen to be one 

week, or 168 hours, due to the desired low-frequency of changing the SOFC output) by 

solving the second stage optimization problem of the form: 

min 
𝐵𝐿𝑖

 Γ = {
min  

𝛿𝜄,𝜏𝐹𝜄,𝜏
[∑ ∑ (𝐸𝜄,𝜏 − 𝐷𝜄,𝜏)

2𝑁=1
𝜏=1

𝑖 +𝜉
𝜄=𝑖 ]}, (7.14) 

 

𝐵𝐿𝜄 = 𝐵𝐿𝑖 ,  [∀ 𝜄] (7.15) 

 

(𝐵𝐿𝑖 − 𝐵𝐿𝑖−1)2 ≤ (∆𝐵𝐿𝑚𝑎𝑥)2, (7.16) 
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where ∆𝐵𝐿𝑚𝑎𝑥 is the maximum permitted change in the baseload (40 MW was used in this 

work) every 𝜉 timesteps. It can immediately be seen that the objective function in Eq. (7.14) 

is the minimization of the original RHO objective function focused entirely on the minimi-

zation of SSE as described in equations (1) and (2). However, the RHO horizon for the sub-

problem is restricted to one future time step (𝑁 = 1), a technique known as the greedy 

algorithm. The optimization problem in Eq. (7.14) is subjected to the same operating con-

straints as the original RHO problem, but in this case 𝐵𝐿𝑖 is adjusted to find the baseload 

that minimizes the SSE of the greedy algorithm for the coming week. The outer optimiza-

tion problem is thus restricted to a nonlinear program of one dimension that can be solved 

much more quickly than the full-sized inner optimization problem outlined in Eq. (7.3). 

The only additional constraint for Eq. (7.14) is the restriction that 𝐵𝐿𝑖 must not move more 

than ∆𝐵𝐿𝑚𝑎𝑥 from the previous value (Eq. 7.16). 

As a final note, it should be stated that the final result of the outer-layer optimization 

problem in Eq. (7.14) is rounded to the nearest MW step change to represent the modular 

nature of the SOFC stacks and thus the gross output of the SOFC/CAES plant. Rounding 

to the nearest 5 MW has been found to not change the nature of the solution to the outer-

layer RHO problem, and thus is not added as a hard constraint to avoid having 𝐵𝐿𝑖 appear 

as an integer variable 

7.3.3 Optimization Scheme and Method 

7.3.3.1 Summary of Optimization Algorithm  

The optimization scheme in this work follows closely to that of the prior investigation 

[21]. However, in this case there is an additional outer-layer optimization that occurs every 

𝜉 time steps. A summary of the algorithm is as follows: 

1. Select desired values of the objective weighting factor 𝜓, the storage cavern volume 

𝑉, and the RHO horizon 𝑁. 

 

2. Initialize the problem with the demand predictions for next 𝑁 timesteps (The actual 

historical hourly operation of 2014 is used for this study). 

 

3. Provide the initial guesses for the SOFC/CAES plant output (�̇�), number of moles 

in the cavern (�̇�), model selection variable (�̇�) and operating pressure of the cavern 

(�̇�) to improve the likelihood of locating an optimal solution: 

 

If 𝑖 = 1 

�̇�1,1 … �̇�1,𝑁 = 𝐷1 … 𝐷𝑁 

�̇�1,1 … �̇�1,𝑁 = 𝑛0 

�̇�1,1 … �̇�1,𝑁 = 1 

�̇�1,1 … �̇�1,𝑁 = 𝑃0 

Else 
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�̇�𝑖+1,1 … �̇�𝑖+1,𝑁−1 = 𝐸𝑖,2 … 𝐸𝑖,𝑁  �̇�𝑖+1,𝑁 = 𝐷𝑖+𝑁 

�̇�𝑖+1,1 … �̇�𝑖+1,𝑁−1 = 𝑛𝑖,2 … 𝑛𝑖,𝑁  �̇�𝑖+1,𝑁 = 𝑛𝑖,𝑁 

�̇�𝑖+1,1 … �̇�𝑖+1,𝑁−1 = 𝛿𝑖,2 … 𝛿𝑖,𝑁  �̇�𝑖+1,𝑁 = 𝛿𝑖,𝑁 

�̇�𝑖+1,1 … �̇�𝑖+1,𝑁−1 = 𝑃𝑖,2 … 𝑃𝑖,𝑁  �̇�𝑖+1,𝑁 = 𝑃𝑖,𝑁 

 

4. Assign the appropriate baseload: 

 

If 𝑖 = 1 OR 𝜉 (𝑚𝑜𝑑 𝑡) = 0: 

Perform second stage RHO to select optimal baseload 𝐵𝐿𝑖 

 

Else 

 𝐵𝐿𝑖 = 𝐵𝐿𝑖−1 
 

5. Pass in demand, the current baseload, and the operating conditions of the CAES 

system to the first stage RHO and obtain results. 

 

6. Recover the actual values at simulation step 𝑖 for plant output (�̅�𝑖), cavern pressure 

(�̅�𝑖) and number of moles (�̅�𝑖) as the first value of each described by the rolling 

horizon optimizer. 

 

�̅�𝑖 = 𝐸𝑖,1 

�̅�𝑖 = 𝑃𝑖,1 

�̅�𝑖 = 𝑛𝑖,1 

 

7. Update simulation time step and save results: 𝑖 = 𝑖 + 1 . Check if 𝑖 > 𝑁𝑚𝑎𝑥, which 

denotes the end of the simulation:  

 

If 𝑖 > 𝑁𝑚𝑎𝑥  
End the algorithm.  

 

Else 

Return to step 3.  

It is important to note that for research purposes, the demand for the entire year was 

“known” up front so that each iteration of the algorithm could take place immediately. 

However, in a real application, demand forecasts for the next 𝑁 timesteps would be used 

instead, and one iteration would take place each hour over the course of the year. Also, in 

the case of the Ontario grid, the existing 24-hour demand forecast prediction models are 

very good with a low prediction error (typically less than 4%) [33]. Our prior work for the 

one-layer RHO [21] showed that the difference in performance between using predictions 

with up to 12% error versus perfectly accurate predictions was small due to the structure of 

the RHO framework. Therefore, only perfectly accurate predictions are used in this study 

to determine a “best case” scenario. 
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7.3.4 Solver Selection 

Two commercial solvers were used in GAMS in a hierarchical structure for this work: 

ANTIGONE and BARON [32]. ANTIGONE is used as the primary solver in this case be-

cause it was found to solve each optimization step of the simulation faster than BARON 

when provided with a feasible initial guess (solution time for 𝑁 = 24 is approximately 20 

seconds with ANTIGONE). However, if a feasible initial guess was not provided by the 

algorithm presented in section 7.3.3.1 due to a switch in 𝛿 or an unexpectedly large change 

in demand or price, ANTIGONE sometimes failed to converge to a feasible solution. In 

these cases, it was found that BARON was able to solve the problem to a feasible optimum 

(solution time for 𝑁 = 24 is approximately 10 minutes) in all cases. Consequently, a fea-

sible optimum was found at each simulation time step, which was recorded in MATLAB. 

The total time for one simulation of 8760 time steps (one year of operation with hour-long 

control intervals) was approximately 5 CPU days per run, on average. Note that if BARON 

were used exclusively, approximately 61 CPU days would have been required.   

 Results and Discussion 

The following sections describe the impacts that the proposed two-stage RHO scheme 

has on the load-following and revenue-maximization capabilities of the studied 

SOFC/CAES plant fueled by gasified coal. All simulation case studies use a forecasting 

and optimization horizon of 𝑁 = 24 hours (one full day ahead) and 𝜉 = 168 hours (one 

full week ahead). 

7.4.1 Effect of Two-Stage RHO Scheme on Plant Performance 

The importance of being able to change the baseload output of the integrated 

SOFC/CAES plant is demonstrated in Figure 7, which shows the average weekly demand 

for the province of Ontario, Canada for the operating year of 2014 scaled to an average of 

720 MW. Since the CAES system storage capacity is on the order of 100s of MW-h, it 

would be impossible to exclusively use CAES to account for seasonal drifts in demand such 

as those shown in Figure 7 without an intractably large storage volume. Furthermore, the 

maximum range of the power change achievable by the CAES system is constrained by the 

cathode exhaust flow rate (when charging, or dipping below the current baseload) and ex-

cess heat available from the SOFC for pre-heating (for discharging, or rising above the 

current baseload). This range, for a 720 MW baseload plant, is approximately 200 MW if 

the baseload is never changed. However, it can be seen in Figure 7 that the difference be-

tween the minimum and maximum average weekly demand is nearly 235 MW, with the 

actual difference between the highest and lowest moments of the year being 527 MW. Thus, 

the use of weekly optimal baseload changes allows for more efficient use of the CAES 

storage volume and operating constraints.  
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Figure 7: Weekly average demand for the simulated market over one year of operation 

7.4.1.1 Load Following Performance 

Shown in Figure 8 is the simulation results for one consistently high week of demand 

near the beginning of the year. Figure 8 (B) shows the performance of the SOFC/CAES 

system with the default selected initial value for 𝐵𝐿 of 720 MW (recall that this is the 

average demand over the entire simulated year) while Figure 8(A) shows the performance 

of the same system with an optimally selected 𝐵𝐿 of 830 MW (note that all subsequent 

changes to BL after this initial selection are subjected to the constraint of Eq. 15). It can 

readily be seen that the load-following capabilities of the integrated SOFC/CAES system 

are far greater when the baseload is chosen optimally, with over a 99% improvement in the 

load-following metric as measured by SSE. It is still clear in Figure 8(B) that the first-stage 

RHO scheme is attempting to use the forecasted demand to reduce large misses, but due to 

the low baseload output of the plant, the CAES storage volume cannot be utilized effec-

tively. This result is demonstrated in Figure 9(B), which shows the operating pressure of 

the CAES storage volume for the same week of operation. It is clear that the entire energy 

storage capacity of the CAES system is underutilized, primarily due to demand being con-

sistently higher than the base load can even achieve (and thus no excess energy is available 

for storage). Compare this result to Figure 9(A), which shows that the entire storage capac-

ity of the CAES storage volume is utilized (both the maximum and minimum operating 

pressures are reached). Furthermore, it can be seen that the operating limits are touched 

upon but are not active for significant periods of time. This is due to the combined optimal 

selection of the baseload output of the plant via the second layer of the RHO scheme and 

the optimal hourly output as chosen by the first layer.  
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Figure 8: SOFC/CAES plant simulation results (red dashed line) and market demand (black line) for 

a high-demand week of operation near the beginning of the year. (A): with optimal base load selection 

using both layers of the RHO scheme. (B): With default base load selection using only the first layer 

of the RHO scheme 

 

Figure 9: CAES storage volume pressure profiles for the high-demand simulated week of operation. 

(A): with optimal base load selection using both layers of the RHO scheme. (B): With default base 

load selection using only the first layer of the RHO scheme 
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Shown in Figure 10 is another case week that demonstrates the improvements brought 

about by the augmentation of the RHO scheme presented in this work, but for a week of 

consistently low-demand. In Figure 10(A), it is clear that the optimally selected baseload 

of 645 MW allows for more efficient use of the CAES storage, resulting in a load-following 

improvement of approximately 95% as measured by SSE for this week. It is clear in Figure 

10(B) that the one-layer RHO scheme is optimizing the hourly output of the plant based on 

the constraints imposed by the CAES storage volume limits (and thus avoiding big misses 

by having a more consistent demand/supply mismatch), but in general the ability to provide 

the precise demanded power is nearly impossible. This is emphasized in Figure 11, which 

shows the pressure profiles for the CAES storage volume with (Figure 11[A]) and without 

(Figure 11[B]) the second layer of the RHO scheme choosing the optimal baseload for the 

week ahead. However, Figure 11(B) is in contrast to Figure 9(B) since in this case the CAES 

storage volume is always operating at or near its maximum limit due to the non-optimized 

baseload plant being too large and thus wasting power (and the resources used to make it). 

Compare this with Figure 11(A), which clearly shows that the entire operating range of the 

CAES storage is used, leading to a more efficient utilization of the available storage. In 

addition, it is also clear that simply oversizing the baseload and leaving it at that same level 

all year round as a strategy for ensuring that high-demand weeks are met is grossly ineffi-

cient and was the original motivation for the design of the integrated SOFC/CAES plant 

[11]. Note that the difference in initial pressures for each panel in Figure 11 are due to 

different operation decisions made prior to the highlighted week of operation. 

 

Figure 10: SOFC/CAES plant simulation results (red dashed line) and market demand (black line) 

for a low-demand week of operation near the beginning of the year. (A): with optimal base load selec-

tion using both layers of the RHO scheme. (B): With default base load selection using only the first 

layer of the RHO scheme 
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Figure 11: CAES storage volume pressure profiles for a low-demand simulated week of operation. 

(A): with optimal base load selection using both layers of the RHO scheme. (B): With default base 

load selection using only the first layer of the RHO scheme 

In the previous work, the one-layer RHO scheme provided a significant load-following 

improvement for certain weeks of operation, but only those consistently at or near the de-

fault baseload output of 720 MW. The adaptive selection of the baseload output of the plant 

offered by the new second layer of the proposed RHO method allows for effective utiliza-

tion of the CAES storage volume during any week of the year. This is further reinforced by 

the fact that the second layer takes the available CAES storage into account when selecting 

the baseload for the coming week. The importance of selecting the baseload each week is 

exemplified in Figure 12, in which it can be seen that the baseload is adjusted nearly every 

week to adapt to seasonal drifts in demand. 

With regards to the annual load-following performance of the integrated plant, a figure 

is not shown since the high number of data points would make the plot virtually illegible. 

Rather, the SSE values for a one-year simulation are provided in Table 2. It is clear that, 

over an entire year of operation (8760 first-layer optimizations with 𝑁 = 24 and 52 second-

layer optimizations with 𝜉 = 168) the proposed two-level RHO scheme can meet demand 

with a total SSE of 4.15 × 106 (MW-h)2. This may be compared to the use of the single 

layer RHO developed in the prior work for the same year of demand using a fixed baseload 

of 720 MW, which is an order of magnitude higher at 30.3 × 106 (MW-h)2. Furthermore, 

employing the greedy algorithm (hourly decisions with no forecasted optimization, equiv-

alent to the one-layer scheme with 𝑁 = 1) with a fixed baseload for this year of demand 

results in an SSE of 42.7 × 106 (MW-h)2. The proposed two-level RHO method designed 

to exploit the modular nature of the SOFC stacks can thus improve the load-following per-

formance of an integrated SOFC/CAES peaking plant by over 90% when compared to 
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using no optimization at all, and 86% when compared to optimizing the hourly operation 

of the CAES system exclusively. Although it is not possible to achieve perfect load-follow-

ing from a stand-alone SOFC/CAES plant due to the operating limits and constraints of the 

CAES system, more efficient utilization of the CAES storage volume by appropriately op-

timizing the weekly baseload is possible; it is therefore likely that increasing the CAES 

storage volume beyond the base-case 600,000 m3 will result in even better load-following, 

but with diminishing returns. The effect of CAES storage on annual load-following capa-

bilities is discussed later in section 7.4.2. 

Another metric in Table 2 that shows the improvements brought on by the two-level 

RHO is the number of times the CAES storage pressure is near its upper or lower bound. 

Over the year, the two-level RHO scheme results in the CAES storage pressure dipping 

below 41 bar (that is, the CAES storage is near or at the minimum allowable pressure) 423 

times (4.8% of the total time steps). Of those 423 occurrences, the CAES pressure was 

stuck at the lower bound for more than one time step in a row at only 83 of them (0.9% of 

all time steps). Compare this to the one-layer RHO scheme for the same simulation, in 

which the CAES storage pressure was at or near its minimum constraint 990 times (11.3%). 

Of those 990 instances, 384 of them (4.4%) occurred consecutively. This indicates that 

nearly 4.5% of all demand instances, even with the one-layer RHO active, resulted in con-

secutive time steps in which the CAES system went unused due to capacity constraints. By 

reducing this occurrence to less than 1% of all time steps simulated, it is clear that the two-

level RHO is much more effective at utilizing the limited CAES storage volume when de-

mand is consistently lower than the average value of 720 MW. A similar result occurs with 

regards to the CAES storage volume operating at or near its maximum allowable pressure. 

Throughout the year, the two-level RHO results in the CAES storage pressure rising above 

71 bar (within 1 bar of maximum) 288 times (3.3% of the year), whereas the one-layer 

RHO allows this to happen 622 times (7.1% of the year). Of the 288 instances where the 

two-level RHO results in operation near the maximum pressure constraint, only 38 of them 

(0.4%) result in consecutive time steps at maximum pressure, compared to 96 (1.1%) for 

the one-layer RHO. 

Moreover, the two-level RHO results in the maximum and minimum pressures of the 

CAES storage volume being reached during the same week on 21 occasions versus only 5 

for the one-layer RHO, indicating that the baseload is being selected so as to optimally 

utilize the available CAES storage. These pressure constraint results further reinforce that 

the two-level RHO makes much better use of the limited CAES storage capacity, which 

allows for much better load-following on an annual basis. 

Note finally that in order for the two-level RHO scheme to be effective, a larger base-

load amount of SOFC stacks would have to be purchased than the averaged-out 720 MW. 

The total size of the baseload SOFC power island would therefore have to be its maximum 

output of 830 MW, which is approximately 15% higher than the size of the plant used in 

the one-layer RHO. Although a full economic impact analysis is outside of the scope of this 

work, the increase in capital investment comes with two inherent benefits that should be 

considered: (1) because more of the demand is met, more power can be sold, and (2) the 

fuel consumption of the plant, which is the largest contributor to operating cost, is actually 
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lower for the 830MW plant using the two-level RHO than the one-layer RHO case by a 

small margin (0.7%) while meeting higher peaks than possible for the one-layer method.  

Table 2: Load following metrics comparing this work to the methods used in prior studies 

 Greedy Policy 

(no RHO) 

One-Level RHO Two-level RHO 

(This Work) 

SSE (106 [MW-h]2) 

 
Lower is better 

42.7 30.3 4.15 

Time steps within 1 bar of pressure 

bound 
Lower is better 

4715 1612 711 

Consecutive time steps at upper or 

lower bound 
Lower is better 

3781 480 121 

Weeks in which maximum and mini-

mum pressure are both visited 
Higher is better 

2 5 21 

 

 

Figure 12: Weekly average demand (black line) for the simulated market over one year of operation 

alongside the optimally selected weekly baseload (red line) via the second stage of the proposed RHO 

method. The double-line is the constant average 720 MW chosen by the one-level RHO 

7.4.1.2 Economic Performance 

Shown in Table 3 are the resulting revenues generated by the SOFC/CAES plant over 

the simulated year of operation based on the actual market spot-price of electricity over that 

span. For each result, the same values of 𝑁 = 24 and 𝜉 = 168 are used as in the load-

following scenario, but in this case the economic parameter 𝜓 is varied from 0 (a purely 

load-following objective) to 1.0 (a purely economically driven objective that foregoes 

matching supply and demand in an attempt to maximize revenue) for the first layer of the 

RHO scheme. Note that price forecasting models are generally much less reliable than de-

mand forecasting models, and thus the use of the proposed RHO scheme is likely better 

suited for a load-following scenario as concluded in the prior work. Also note that the use 

of a revenue maximization objective in the first stage of the proposed two-level RHO 

scheme results in an attempt to maximize revenue while still following the seasonal trends 
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of demand. The reason for this is simply because it is unrealistic to expect to be able to sell 

the maximum possible capacity of the SOFC/CAES plant to the market for the entire year, 

which would be the exclusive optimization decision since there is no negative cost associ-

ated with overproduction included in the given problem formulation. Consequently, the 

second stage of the simulation selects a baseload most appropriately suited to the coming 

week of demand in the same fashion as the load following objective, but the first level of 

the RHO is free to produce whatever results in the highest revenue generation possible. In 

reality, there are a multitude of potential objective function reformulations that may con-

sider operating cost, annualized capital costs, or any combination of these that also consider 

operating constraints (such as minimum production constraints or constraints on maximum 

allowable misses). The following case study results are meant to show that the proposed 

two-level RHO is adaptable and may readily be implemented with an economic objective 

of the user’s choosing.  

 Results for this case study show that it is possible to use the two-level RHO to increase 

annual revenue by as much as $14.1 million (6.3%) over the load-following scenario by 

using the CAES storage to exploit future jumps or drops in the spot price of electricity. This 

is unsurprising, since the currently existing CAES plants use this concept as their primary 

motivation to employ CAES technology, as mentioned earlier. However, this increase in 

revenue does not come without a trade-off, as the load-following portion of the objective 

function is eschewed entirely, leading to a very sporadic supply profile such as that shown 

in Figure 13. Based on the results in Figure 13, any scenario requiring distributed power 

generation or other cases in which high reliability and availability is needed would not be 

an appropriate opportunity to use the revenue maximization method. The application of the 

economic objective function is rather to utilize the available CAES storage for a given week 

of operation based on a previously selected baseload.  

Given the continuous nature of the economic weight 𝜓, it is possible to achieve a hy-

bridized objective function that balances revenue generation and delivering reliable power. 

A discussion revolving around this concept and the trade-offs associated with it are pro-

vided in section 7.4.3.  

Table 3: SSE results comparing this work to the methods used in prior studies 

Economic Parameter 𝝍 Revenue Generated (106 $) Revenue Relative to Base Case 

0.00 224.6 100.0% 

0.50 229.2 102.0% 

0.75 233.8 104.1% 

0.90 238.4 105.6% 

0.95 238.6 106.2% 

1.00 238.7 106.3% 
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Figure 13: SOFC/CAES plant simulation results (red dashed line) and market demand (black line) 

for the consistently high week of operation near the beginning of the year using the proposed two-

level RHO. (A): with the economic weighting parameter 𝝍 = 𝟎. (B): with the economic weighting pa-

rameter 𝝍 = 𝟏 

7.4.2 Effect of Storage Volume on Plant Performance 

In the original work defining the conceptual plant design of an integrated SOFC/CAES 

system for peaking power, it was postulated that increasing the CAES volume would im-

prove the load-following capabilities of the integrated plant [13]. Although a sensitivity 

analysis in that work showed that such improvements are possible, they were not without 

significant added cost and exhibited a significant case of diminishing marginal return for 

increasing the size of the CAES storage volume. This result was primarily due to the CAES 

system only capable of storing intermediate amounts of energy (hundreds of MW-h), but 

the seasonal drifts in demand required massive amounts of energy storage (nearly millions 

of MW-h) that were not possible with CAES unless an excessively large volume was avail-

able. Moreover, as previously mentioned, the maximum amplitude of the CAES system is 

not sufficient to handle the maximum and minimum swing in demand observed by a typical 

market. 

However, the adaptive baseload selection routine introduced in this work allows for a 

much more efficient utilization of the CAES volume throughout seasonal drifts in demand. 

As a result, a sensitivity analysis was performed to assess what improvements to load fol-

lowing would be possible with modest increases in the base case CAES volume size. The 

results showing the annual SSE for the integrated SOFC/CAES plant using the proposed 
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two-level RHO with 𝑁 = 24, 𝜉 = 168 and 𝜓 = 0 versus the available CAES storage vol-

ume (with all other operational constraints the same) are shown in Figure 14. As expected, 

Figure 14 shows diminishing marginal returns as a function of CAES storage volume size. 

However, doubling the CAES cavern to (a very reasonable) 1.2 × 106 m3 results in a 53% 

reduction in SSE (from 4.15 × 106 to 1.95 × 106 [MW-h]2) over a year of operation. Fur-

thermore, doubling the storage size results in its operating pressure being within 1 bar of 

the maximum or minimum constrained range for only 339 time steps (or 3.9% of the year). 

This is nearly a 20% reduction compared to the base case cavern size. Along with this 

reduction in operation near the constraints, the number of instances where the CAES pres-

sure constraint is nearly active for consecutive time steps is only 45 times in this scenario, 

further reinforcing that the larger CAES volume is being efficiently used by the RHO 

scheme to improve the load-following capabilities of the plant. Any cavern size beyond 1.2 

× 106 m3 offers only a small improvement to the plant’s load following capabilities with a 

significant increase in cost and further restriction on available locations. 

One further interesting observation that can be made from Figure 14 is that the inte-

grated SOFC/CAES plant will be unable to provide perfect load following even with an 

infinitely large storage volume. This is since the maximum amplitude of weekly demand 

variation is too high for the CAES capacity to compensate for without the external use of 

atmospheric air (for charging) or the combustion of NG for pre-heating (for discharging). 

However, as a stand-alone plant meant to supply a demand profile with a moderate ampli-

tude, it is conceivable that a SOFC/CAES system would be able to supply efficient power 

with nearly 100% reliability.  

 

Figure 14: SSE using the base case parameters for the two-level RHO scheme for various CAES stor-

age volume sizes 

7.4.3 Pareto Trade-off Analysis Between Revenue and Load-Following Objectives  

A trade-off plot between the potential load-following and economic performance of the 

SOFC/CAES system using the proposed two-level RHO method for various values of 𝜓 is 

shown in Figure 15. Note that the base case CAES storage volume of 600,000 m3 was used 

to generate this plot. It can immediately be seen that greedy algorithm (used in the original 

work demonstrating the applicability of an SOFC/CAES plant for load following) falls well 
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below the Pareto frontier denoting the optimal achievable combinations of revenue gener-

ation and load following. In fact, using the proposed two layer RHO method offers both an 

increase in revenue (1.5%) and a reduction in SSE simultaneously. Alternatively, it is pos-

sible to choose 𝜓 to be a value between 0.75 and 0.90 in order to obtain approximately an 

increase in revenue of 6.5% ($14.6 million) relative to the base case study in this work with 

the same load-following performance. Any points beyond the Pareto front in Figure 15 is 

an infeasible operating condition based on the constraints of the CAES system when inte-

grated with the SOFC power island. However, increases in storage volume size, external 

air and heat sources, and lower demand profile amplitudes can push the frontier further 

upwards and to the left. 

It is also interesting to note that a base-load only SOFC plant sized to the average de-

mand for the year (720 MW) has an excessively high SSE and is thus not included on the 

Pareto front axes, clearly making it a sub optimal method of operation. Furthermore, such 

a plant would have to be sized to always meet the highest possible demand, which would 

be very wasteful from a resource consumption perspective.  

 

Figure 15: Pareto frontier showing the trade-off between revenue generation and load-following ca-

pabilities of the SOFC/CAES plant for various values of 𝝍 

 Conclusions and Recommendations 

This study focused on the development of a two-stage RHO method that takes ad-

vantage of the hourly variability of CAES and the modular nature of SOFCs to provide 

reliable peaking power from an integrated SOFC/CAES plant with no CO2 emissions. The 

first layer of the proposed RHO method used forecasted hourly demand to optimally oper-

ate the CAES portion of the integrated plant over the optimization time horizon (24 time 

steps were used in this case). The second layer of the RHO framework made adjustments 

to the SOFC baseload power island in order to adapt to seasonal drifts in demand through-

out the year, a significant shortcoming of the single layer RHO previously proposed. The 

method was applied to a simulated SOFC/CAES plant fueled by coal designed in Aspen 
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Plus v8.6. Simulations for one year of scaled demand data from the Province of Ontario, 

Canada were performed using a reduced-order model in MATLAB with all optimization 

calculations performed in GAMS using ANTIGONE and BARON. All simulation and con-

trol intervals were chosen to be one hour in order to use the demand data available. Since 

the impact of demand forecasting uncertainty was addressed in a prior work for individual 

weeks, this work focused on the performance of the plant when its baseload is selected 

optimally at the beginning of each week of operation. 

It was found that the proposed two-layer RHO method improved the load following 

performance of the SOFC/CAES plant by over 86% (from 30.3 × 106 to 4.15 × 106 [MW-

h]2) as measured by the SSE between demand and the power supplied by the plant for the 

2014 year of operation. This is also a 90% improvement over the load-following capability 

of the integrated plant operating on an hour-by-hour basis (the so-called Greedy algorithm). 

It is worth noting that this improvement in demand/supply matching comes with no altera-

tions to the plant design at all, but rather a more optimal utilization of the CAES peaking 

capabilities for hourly variations and the SOFC modularity to handle seasonal drifts in de-

mand. Furthermore, it is possible to increase the revenue of the same plant by over $14 

million (6.5%) per year if load following is not required via the tuning of the first-level 

objective function toward an economic focus. However, it should be noted that the proposed 

plant would require a larger SOFC power island (and hence capital investment), so a full 

techno economic trade-off analysis of the increased revenue should be the subject of a fu-

ture work. A sensitivity analysis on the effect of CAES storage volume showed marked 

improvements in load following performance when more CAES storage is available, yield-

ing a 53% improvement over the base case down to 1.95 × 106 (MW-h)2. However, it was 

concluded that it would not be possible to completely eliminate supply/demand mismatches 

even with an infinitely large storage volume without significantly over-designing the power 

generation equipment. 

Future work on this topic should include the investigation of uncertainty on the perfor-

mance of the two stage RHO framework. Although prior studies found that demand forecast 

uncertainty did not significantly affect the hourly performance of the SOFC/CAES plant, it 

is possible that longer forecasts (and thus a greater degree of prediction error) could bias 

the second layer of the proposed technique and thus affect the baseload selection. Although 

it is not anticipated that this will significantly affect the results, it is something that should 

be addressed to test the robustness of this strategy to real-world noise and other sources of 

error. 

Overall, the method showcased in this work has shown that, with the proper use of 

optimization strategies and by exploiting the advantages of the technologies therein, 

SOFC/CAES plants can be used to generate clean, reliable and efficient peaking power by 

using coal, which is a resource typically associated with the negative stigmas in all of these 

categories. The proposed RHO method overcomes the main weakness of the SOFC/CAES 

plant for peaking power by allowing it to slowly and safely adjust to seasonal changes in 

demand in an optimal manner, thereby more efficiently using the CAES system to save 

resources, money, and unnecessary wear on equipment. With these results, it is now appar-

ent that technologies such as SOFCs and CAES are emerging as exciting opportunities that 
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will permit the use of North America’s abundant natural resources in a sustainable future 

for electricity production.  
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 Nomenclature 

7.7.1 Abbreviations 

CAES   Compressed Air Energy Storage 

CCS   Carbon Capture and Sequestration 

EOS   Equation of State 

GT    Gas Turbine 

HHV   Higher-Heating Value 

HRSG   Heat Recovery and Steam Generation 

IESO   Independent Electricity Systems Operator 

RHO   Rolling Horizon Optimization 

SOFC   Solid Oxide Fuel Cell 

SSE   Sum of Squared Error 

7.7.2 Mathematical Symbols 

𝐸    Power produced by SOFC/CAES plant (via optimization) 

�̅�    Actual power produced at each time step 

�̇�    initial guess for 𝐸 for proceeding simulation step 

𝑃    Pressure in CAES storage (via optimization) 

�̅�    Actual pressure recorded in CAES storage at each time step 

�̇�    Initial guess for 𝑃 for proceeding simulation step 

𝑛    Number of moles in CAES storage (via optimization) 
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�̅�     Actual number of moles in cavern at each time step 

�̇�    Initial guess for 𝑛 for proceeding simulation step 

ℛ    Total revenue 

𝐷      Demand 

𝐹      Molar flow rate of cathode exhaust 

𝑁      RHO forecasting horizon 

𝑅    Universal gas constant 

𝑉    Volume 

𝑎    Model coefficient 

𝑓(⋯ )   SOFC/CAES reduced model 

𝛿    Binary charge/discharge decision variable 

�̇�    Initial guess for 𝛿 for proceeding simulation step 

𝜔    Price of electricity 

𝜓    User-defined economic/load-following weight factor 

Φ    Economic/load-following objective function  

𝐵𝐿    Base load  

𝑆    Cathode exhaust diversion parameter 

𝒱    Molar volume 

Δ    Time step length 

𝑎𝑆𝑅𝐾, 𝑏𝑆𝑅𝐾   SRK model coefficients 
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7.7.3 Subscripts 

𝑖    First-stage simulation/control time step 

𝜄    Second-stage simulation/control time step 

𝑡    First-stage RHO calculation time horizon step 

𝜏    Second-stage RHO calculation time horizon step 

𝑚    Reduced model identifier 

𝑘    Reduced model variable identifier 

𝑎, 𝑏, 𝑐   Reduced model order/coefficient identifiers 

𝑚𝑎𝑥   Maximum allowable value 

𝑚𝑖𝑛   Minimum allowable value 
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 Conclusions 

Throughout this thesis project, meaningful steps have been taken toward the industrial-

ization of SOFC power plants with integrated CAES for the production of clean, renewable 

peaking power from fossil fuels. With this objective in mind, this thesis objectively com-

pares and contrasts SOFC power plants to the current SOTA from the perspective of the 

triple-bottom-line of sustainability, which focuses on the economic, environmental and po-

litical feasibility of each plant.  

8.1.1 Economic Feasibility 

Unique bulk-scale SOFC/CAES plants were designed for natural gas (chapter 2) and 

gasified coal (chapter 3) as fuel sources in order to demonstrate the flexibility and economic 

competitiveness of plants featuring the use of SOFCs. Full techno-economic analyses of 

each configuration were performed and compared to the current SOTA (NGCC, SCPC, and 

IGCC plants) in cases with and without carbon capture, and for a variety of carbon tax 

scenarios. Rigorous simulation models were used to determine the performance of each 

plant configuration with respect to peaking capabilities and overall system efficiency with 

the objective of saving as much fuel as possible. Results show that an SOFC plant fueled 

by natural gas is economically competitive with NGCC plants when only a modest CO2 tax 

of approximately $15-20/tonne is introduced and the price of natural gas is moderately high 

($8/GJ). With regards to coal, a CO2 tax of approximately $22/tonne makes the SOFC pro-

cess with CCS more economically attractive than any SOTA alternative. In both cases, the 

addition of CAES to the SOFC plant provides a substantial improvement to load-following 

capabilities with a modest 0.3 ¢/kW-h increase in the levelized cost of electricity genera-

tion. Moreover, at high fuel and CO2 prices it was even found that SOFC/CAES systems 

with planned partial plant shutdowns, due to their ability to better utilize fuel by exploiting 

the CAES peaking functionality, are the least expensive options of all plants considered. 

Sensitivity analyses on the SOFC plants found that the economics of such systems is 

strongly dependant on the price of the SOFC stacks themselves, which were already as-

sumed to be very high since the technology is in its early commercial stages. 

8.1.2 Environmental Performance 

In order to make a meaningful claim that the environmental impact of SOFC plants with 

CCS are less harmful to the environment (as opposed to a gate-to-gate emissions study), it 

was imperative that the entire life cycle impact of the SOFC plants and the competing SOTA 

options was performed. As such, the boundary regions, life cycle impacts and complete 

long-term impact analyses for the natural gas-fueled (chapter 4) and coal-fueled (chapter 

5) SOFC plants and their competitors were compared using the ReCiPe 2008 method. It 

was found that, unsurprisingly, the addition of CCS to any plant fails to reduce its global 

warming potential by 100% regardless of the efficiency of the CCS system. This is due to 

the significant contributions of up- and down-stream uncontrolled substances and fugitive 

emissions. However, the SOFC plant with CCS fueled by natural gas was found to have a 

50% lower life cycle impact when compared to the NGCC plant, and a 30% lower life cycle 

impact compared to an NGCC plant using CCS, while also (according to chapter 2) having 
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a lower cost of electricity. However, perhaps the most significant discovery in chapter 4 is 

that, when all facets of life cycle impacts are considered (resource depletion, ecosystem 

destruction, and human health), there is no significant difference between the life cycle 

impacts of the NGCC plant with CCS and the SOFC plant without CCS; both plants have 

a total life cycle impact of 37 ecoPoints /MW-h (note that 1,000 points is defined to be the 

total impact of one human over one year). This is a very important result to argue in favour 

of the industrialization of SOFC plants fueled by natural gas. This way, SOFC plants may 

be constructed now without CCS, which may then be added in the future to even further 

improve their environmental impact. In chapter 5, it was found that adding CCS to a coal-

fueled SOFC plant reduced its end-point impact by more than 55% to 27 points/MW-h, 

which is significantly lower than any alternative SOTA plant by a significant margin. Not 

only does this mean that coal can be used in a more sustainable manner going forward, but 

coal power plants using SOFCs have even lower life cycle impacts than SOTA plants using 

natural gas as a fuel source. This is a very strong argument for the development of SOFCs 

for bulk power generation since it would unlock the otherwise unfavourable use of coal. 

It should be noted that the LCA results presented in this thesis feature the SOFC plants 

mentioned above without the inclusion of CAES. However, the impacts of CAES on the 

LCA results can be estimated to be inversely proportional to the decrease in system effi-

ciency observed while using CAES (less than one percentage point in most cases). 

Furthermore, the very small contributions of the commissioning and decommissioning of 

the CAES system would have only a marginal impact on the results, and would change no 

conclusions about the system versus the current SOTA. To repeat these results would be 

unnecessary, and thus the analysis for the baseload SOFC plants only was considered. 

8.1.3 Reliability and Load Following Capabilities (Political Performance)  

The final component of this thesis was to test the reliability of the proposed 

SOFC/CAES with regards to its ability to provide on-demand peaking power. In the origi-

nal process designs presented in chapters 2 and 3, a so-called “greedy” algorithm was used 

to demonstrate that the CAES system is able to, generally speaking, provide rudimentary 

peaking capabilities to an otherwise base-load only plant setup. In chapters 6 and 7, the 

forecasts of coming hourly and seasonal demand profiles was exploited in an RHO scheme 

aimed at matching the supply of the SOFC/CAES plant to demand as often as possible, and 

distributing problematic sudden “large misses” as a series of “small misses” in order to 

improve the load-following capabilities of the SOFC/CAES plant. Chapter 6 detailed the 

primary formulation of the RHO method, including all operating and capacity constraints 

of the CAES portion of the integrated plant. It was found that significant improvements to 

load-following on a day-to-day basis was possible with the use of RHO, even in the pres-

ence of significant demand uncertainty. It was also found that altering the objective function 

to consider the market spot-price of electricity made it possible to improve revenues and 

thus the profitability of the proposed plant. However, one significant operational issue still 

remained: the demand profile used in simulations (which was a scaled sample of the real 

demand pattern from the Ontario market for 2013 and 2014) contained much larger, slower 

seasonal drifts that were unable to be handled by the CAES system. Consequently, certain 
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months of the year still showed very poor load-following performance. This led to the de-

velopment of the two-stage RHO proposed in chapter 7, which uses the modularity of the 

SOFC stacks in the first optimization level to make small, deliberate changes in the base-

load output of the SOFC plant at weekly intervals by optimizing the forecasted load-fol-

lowing performance of the plant at the beginning of each week. The resulting formulation 

was found to vastly improve the load-following performance of the SOFC/CAES plant to 

nearly perfect levels (an 86% improvement compared to the single-layer RHO method and 

a 96% improvement to the naïve greedy algorithm), any improvements on which would 

only be made possible by the use of another long-term energy storage method and a larger 

plant.  

8.1.4 Concluding Thoughts and Outlooks 

This thesis has taken significant strides toward the industrialization of SOFC power 

plants on a number of levels. However, a more far-reaching conclusion may be drawn from 

the results of this work. In an era of dwindling natural resources deemed to be non-renew-

able coinciding with a time in which their use has never been higher, more effective and 

efficient use of these resources is imperative as a transition is made to a landscape in which 

renewable energy sources are able to more significantly contribute to global power gener-

ation. A critical observation from the life cycle analyses performed in chapters 4 and 5 are 

that carbon capture and sequestration, although important, do not provide a single answer 

to the issue of global warming. Moreover, carbon capture, particularly for combustion-

based systems, does nothing but exacerbate the issue of fossil fuel consumption by signif-

icantly decreasing overall plant efficiency. The SOFC plants, on the other hand, not only 

do not suffer from this parasitic energy loss, but also start with a higher overall system 

efficiency in all cases, making them superior to any state-of-the-art plant by a significant 

margin. The key takeaway here is that the SOFC plants, in all cases, are more efficient, 

meaning they not only consume less fuel, but also have a smaller upstream life cycle impact 

due to lower fuel consumption. 

These results show that improved system efficiency is not only a way to reduce fuel 

consumption, but also a method for reducing environmental impact as well. Moreover, im-

proved system efficiency, as was shown in chapters 2 and 3, is a method to reduce operating 

costs, leading to improved economic performance as well. SOFC plants, with their high 

system efficiency, therefore represent a forward-looking method to deliver on all three fac-

ets of the triple-bottom-line of sustainability via their higher efficiencies versus any 

currently used power plant design consuming fossil fuels.  

 Recommendations for Further Work 

The following section describes some possible projects that would further this research, 

or works-in-progress that were incomplete at the time of publication. 

8.2.1 System Dynamics and Control Studies 

It is acknowledged that the dynamics studied in this work, particularly those of the 

CAES charging and discharging system, were simplified in order to prove the conceptual 
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applicability of an SOFC/CAES plant for load-following scenarios. However, it would be 

more suitable for detailed dynamic models, either from first principles or based on empiri-

cal data, to be used to design control systems capable of effectively adjusting the many 

interconnected parts of the proposed plant. Such models could be used for the design of a 

variety of control structures including but not limited to classical controllers (proportional-

integral), model predictive controllers, or even advanced stability-oriented methods such 

as Lyapunov-based model predictive control. Explicitly accounting for modeling uncertain-

ties and disturbances would also clarify the true controllability of a dynamic SOFC/CAES 

process. Furthermore, the impact of input constraints in any MPC control implementation 

or in a more rigorous RHO study would be important to improve the validity of the RHO 

and control study results. 

8.2.2 Pilot Plant Design, Construction and Operation 

At this point, the next step for this SOFC/CAES concept would be to build and test a 

small scale experimental setup. Detailed drawings of a potential are included as Appendix 

A. In the future, it would be considered the final step of this research project, and the last 

key demonstration of the potential of the use of SOFC/CAES plants for peaking power, to 

have an operating system available for demonstration at McMaster. It would then be possi-

ble to analyze the true efficiency and performance of the system for a variety of fuel 

compositions to obtain experimental validation of the process design conclusions in chap-

ters 2 and 3. Analysis of outlet streams could validate the life cycle impact conclusions in 

chapters 4 and 5. Finally, the combination of the proposed RHO framework with a control 

system designed as mentioned above would demonstrate the true physical peaking capabil-

ities of the integrated SOFC/CAES plant. Should the pilot plant successfully confirm the 

results of this thesis, it would make a very strong case for the industrial adaptation of SOFC 

power plants. 
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Appendix A: Pilot Plant Piping and Instrumentation Diagrams and Floorplans 

 

Figure 16: SOFC/CAES pilot plant P&ID
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Figure 17: SOFC/CAES lab layout prior to pilot plant renovations 
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Figure 18: SOFC/CAES lab layout after pilot plant renovations 
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