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Waste CO₂ to CO for Energy Storage Waste CO  to CO for Energy Storage 

Abstract Abstract 
In this report, we present a process design for the storage of electricity using solid oxide fuel cell (SOFC) 
technology to convert electrical energy to chemical fuel via the reduction of carbon dioxide. The goal of 
this project was to design a system that could alleviate the issues around the intermittent nature of 
renewable energy production, which must phase out the use of fossil fuels in the future. The overall 
process was developed for two storage strategies, and the economics feasibility of the design is 
considered and reported. The key aspect of this process is its reversible nature. Both the production and 
consumption of the chemical fuel are achieved in the same plant, both with the SOFC technology. 

Two cases are presented. In both, carbon monoxide is produced via electrolysis during high-production 
hours for solar and wind power. Carbon dioxide is renewably sourced from fermentation plants. In the first 
case, the carbon monoxide is pressurized for storage at 2,000 psig. In the second case, the carbon 
monoxide is minimally compressed to 5 psig and stored at near atmospheric conditions. It was found 
that for the high-pressure storage case, the efficiency of the process was 53.5%, and in the low-pressure 
storage case, the efficiency was 54.6%. 

Two pricing strategies were considered. The first assigned an opportunity cost of electricity storage to the 
off-peak electricity price. In this scenario, the high- and low-pressure cases had negative ROI’s of -32.5% 
and -29.4%, respectively. In the second pricing strategy, we consider the eventuality of overproduction of 
solar and wind energy, when renewable energy sources comprise a majority of the supply. In this scenario, 
the opportunity cost of the excess electricity production would be zero, and the ROI of the high- and low-
pressure cases are then positive at 29.9% and 31.8%, respectively. Though the latter is not reflective of the 
current economic reality, in the future it may become more relevant, and a design such as the one 
presented here should be considered as a potentially profitable solution. 
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University of Pennsylvania 

Department of Chemical and Biomolecular Engineering 

School of Engineering and Applied Science 

220 South 33rd Street 

Philadelphia, PA 19104 

April 28th, 2019 

 

Dear Prof. Vohs and Prof. Vrana, 

 

This spring, our senior design team set out to design an energy-storage process utilizing fuel cell 

technology to convert electricity to chemical fuel.  The overarching goal of this process is to 

provide a means of efficient storage for excess energy-production from variable, renewable 

sources such as wind and solar energy.  The profitability of the process is analyzed from a grid-

balancing perspective, in which the price difference between on- and off-peak electricity demand 

is taken advantage of, and the intended application of excess energy storage, in which the input 

electricity has zero or negative opportunity cost.  The latter scenario, in which potential energy 

production is foregone due to operating costs, is sometimes referred to as curtailment. 

 

In this designed process, energy is stored by running an electrolytic cell that applies a potential to 

drive an energy-consuming reaction.  When needed, the energy is dispensed by running a reverse 

process with a fuel cell that drives a current using an energy-producing reaction.  Here, we use the 

reduction of carbon dioxide and the oxidation of carbon monoxide as the energy-storing and 

energy-producing reactions, respectively.  This process’s advantages include the side production 

of high purity oxygen gas and geographic invariance.  Additionally, the process analyzed here does 

not use any fossil fuels and sources carbon dioxide sustainably. 

 

The report analyzes the effect of different storage conditions on the overall profitability of the 

process.  High-pressure storage reduces the capitalized cost of the storage tanks and overall size 

of the plant but reduces the efficiency of the energy-storage process, and therefore compromises 

the revenue.  Here we show that it is optimal to store the carbon monoxide fuel at near-atmospheric 

conditions to maximize the efficiency and simplify the equipment needed.   

 

Our analysis and evaluation show that the fuel cell energy storage process is not profitable for the 

purpose of grid balancing, as the price difference between on- and off-peak demand is not high 

enough to justify the operating costs for the optimized efficiency of the process.  However, in the 

scenario where the input electricity has zero opportunity cost, such as in the case of overgeneration 

or curtailment, the process is profitable.  We suggest that, when renewable sources of energy 

eventually become the primary source of electricity, this process should be revisited and 

considered for a potential energy-storage solution.   
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In this report, a detailed description of the optimized process, an analysis of the efficiency of the 

energy storage, an analysis of the costs and potential revenue of the design, and recommendations 

are included.   

 

Sincerely, 

 

 

Vignesh C. Bhethanabotla Joseph C. Dennis Mavis A. U Chen 
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1.   Abstract 
 

In this report, we present a process design for the storage of electricity using solid oxide fuel cell 

(SOFC) technology to convert electrical energy to chemical fuel via the reduction of carbon 

dioxide.  The goal of this project was to design a system that could alleviate the issues around the 

intermittent nature of renewable energy production, which must phase out the use of fossil fuels 

in the future.  The overall process was developed for two storage strategies, and the economics 

feasibility of the design is considered and reported.  The key aspect of this process is its 

reversible nature.  Both the production and consumption of the chemical fuel are achieved in the 

same plant, both with the SOFC technology.   

 

Two cases are presented.  In both, carbon monoxide is produced via electrolysis during high-

production hours for solar and wind power.  Carbon dioxide is renewably sourced from 

fermentation plants.  In the first case, the carbon monoxide is pressurized for storage at 2,000 

psig.  In the second case, the carbon monoxide is minimally compressed to 5 psig and stored at 

near atmospheric conditions.  It was found that for the high-pressure storage case, the efficiency 

of the process was 53.5%, and in the low-pressure storage case, the efficiency was 54.6%.   

 

Two pricing strategies were considered.  The first assigned an opportunity cost of electricity 

storage to the off-peak electricity price.  In this scenario, the high- and low-pressure cases had 

negative ROI’s of -32.5% and -29.4%, respectively.  In the second pricing strategy, we consider 

the eventuality of overproduction of solar and wind energy, when renewable energy sources 

comprise a majority of the supply.  In this scenario, the opportunity cost of the excess electricity 

production would be zero, and the ROI of the high- and low-pressure cases are then positive at 
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29.9% and 31.8%, respectively.  Though the latter is not reflective of the current economic 

reality, in the future it may become more relevant, and a design such as the one presented here 

should be considered as a potentially profitable solution.   
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2.  Introduction 
 

2.1 Project Background 
 

 

The use of fossil fuels continues to be integral to the energy sector.  However, the use of fossil 

fuels must be curtailed to mitigate its contributions to climate change.  While the efficacy of 

renewable and clean alternative energy production technologies has grown, they suffer from a 

risk of overgeneration during peak production hours and undergeneration during peak demand 

hours on a day-to-day basis.  For example, solar energy plants waste potential electricity 

generation during midday when sunlight is strongest but demand for electricity tends to be lower.  

At the same time, demand for electricity tends to increase towards the evening and night, when 

solar energy production is low to zero.  Variability is inherent to renewable energy sources such 

as this and necessitate the development of effective storage solutions.  A representative diagram 

is shown in figure 2.1.1 to illustrate this concept. 

 

A model for commercial viability of energy storage is load shifting, a simple arbitrage practice 

that leverages the natural changes in production and demand throughout the day. During daylight 

hours, demand for electricity is typically lower, as people are out of their homes and in high-

density buildings. During this time, renewable energy facilities are also generating power at their 

highest rates, driving down the price further by providing excess power in the market. This is 

called the off-peak period. At night, when populations return home and increase demand, the 

power supply from renewables decreases, leading to on-peak pricing. The marked difference in 

wholesale energy price-points between the two periods serves as the economic impetus behind 

many storage projects: store the energy when it can be acquired cheaply and sell it back when 
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demand increases later in the day. The principle of load shifting is the basis for this project’s first 

economic case, on-peak/off-peak pricing. 

 

The second economic case uses a different set of underlying assumptions about the price of the 

acquired power. Oftentimes, renewable power plants are ordered or incentivized to stop 

production when there is an oversupply of energy in the market. This is called curtailment, and it 

is intended to avoid driving the price down to levels that are uneconomic or in some cases, 

negative. This is a common occurrence in areas with significant renewable energy generation 

buildout and will become increasingly common as renewables continue to increase their share of 

the power market. In these situations, the plants are unable to produce at their full capacity, with 

the curtailed energy essentially being wasted. From this standpoint, any power that can be stored 

instead of curtailed can effectively be thought of as free energy, or energy that would not 

otherwise generate revenue. For this project’s second economic case, curtailment, the price of 

input energy is set to zero while the selling price remains at on-peak levels. 

 

Chemical energy conversion provides an avenue of high energy and power density which would 

allow for solar and wind power plants to match demand without underproducing.  Excess energy 

produced could be used to drive an endothermic reaction, storing energy in the form of chemical 

bonds.  Then, when needed, the reverse reaction can be used to generate electricity.  The 

challenge is to develop a system that achieves this forward and reverse process while minimizing 

lost energy; that is, maximizing the efficiency of the energy storage process.  Solid oxide fuel 

cells (SOFCs) and solid oxide electrolytic cells (SOECs) can exploit redox reactions to generate 

electricity from exothermic reactions and store energy via endothermic reactions, respectively.  
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The conversion of CO2 to CO is a potential chemical storage reaction made possible with this 

technology.  Waste CO2 from point sources can be used to generate high purity CO and co-

product O2 streams using SOFCs.  CO can be stored and then reacted with oxygen when 

electricity is needed using SOECs.  The efficiency and economics of this process, in addition to 

the specific process considerations, is analyzed and presented by this study to provide insight 

into the feasibility of this technology and application.    

 

Figure 2.1.1:  A schematic diagram illustrating the overall concept of the process design goal 

  



 

6 

 

2.3 Preliminary Process Synthesis 
 

 

The process synthesis is driven by the technology focused innovation map, in Figure 2.3.1 

below. Different alternatives and final products were assessed qualitatively to select the final 

process synthesis. As mentioned before, our focus is on green technology and electrochemical 

reduction was the targeted technology of interest.  

 

Figure 2.3.1: Preliminary innovation map 

 

 

The initial final product that seemed promising was syngas production from electrochemical CO2 

reduction. Syngas has CO and H2 as the primary components in the fuel. Globally, 6EJ of syngas 

is produced because of its substantial use as in intermediate, consuming 2% of the world’s 

current energy consumption [1]. The syngas market is dominated by ammonia production. 

Another alternative was using the Fischer-Tropsch technique to produce clean synthetic fuel. The 

motivation behind creating syngas then producing clean synthetic gas using electrochemical 
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reduction is to limit the carbon emissions from conventional methods. The ways to produce 

syngas is through steam reforming of natural gas and gasification of coal and biomass. Due to 

the current abundance of natural gas and goal, these methods are operated in large capacities and 

are convenient and highly profitable. Using electrochemical reduction for syngas production was 

unpromising in the economic environmental of current syngas production methods.  

 

A shift to energy storage solution was made and the final innovation map is shown in Figure 

2.3.2 below. The main components that we considered in the preliminary process synthesis are 

the modeling of the fuel cells, acquiring CO2 as a raw material, and CO storage methods.  

 

Figure 2.3.2: Final innovation map 

 
 

 

SOEC and SOFC models were a combination of thermodynamic calculations and searching for 

industrialized models on the market, more information can be found in section 2.7: Assembly of 

Database. There were three main sources of CO2 emissions that were considered: coal, natural 

gas or ethanol power plants. Ethanol power plant was the primary choice due to the high 

amounts and relatively pure CO2 production. CO storage became the focus of our design. CO 
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storage could be done in two ways: high pressure storage or low-pressure storage. These designs 

have impacts on plant size, equipment units and costing and safety measures. The main process 

design and flow sheets will present the analyses of the two cases.  
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2.4 Market and Competitive Analysis 
 

With intensifying global efforts to address the climate crisis, increasing energy storage capacity 

to support build out of renewable power generation has been identified as one of the key 

strategies in reducing overall carbon dioxide emissions. According to Michigan University’s 

Center for Sustainable Systems, the United States currently has just over 31 GW of storage 

capacity installed, compared to 1098 GW of total power generation capacity, and less than 3% of 

power delivered within the US is cycled through an energy storage facility before use [2]. From 

these statistics, as well as multiple state governments issuing mandates to boost their renewable 

energy generation in the wake of the federal government pulling out of the Paris Climate 

Accords commitment, it is clear that demand for additional electricity storage capacity exists. 

Pumped hydroelectric storage dominates the sector globally, accounting for over 90% of storage 

capacity. However, expanding pumped hydroelectric is difficult because of extensive zoning 

requirements and environmental impact studies that must be completed before construction can 

begin; additionally, the geographical inflexibility of needing large amounts of water and natural 

elevation mean that it is not a solution that is readily scalable or widely deployable. Advanced 

lithium-ion batteries are gaining popularity across the world, especially because of their easy 

integration into behind-the-meter distributed generation systems, like residential solar 

installations. Even with costs projected to come down in the future, their dependence on rare 

metal components means that there is room for additional utility scale storage solutions. Other 

options include flywheels, compressed air storage and solar thermal storage. For more details 

about these technologies and their applications, please refer to Appendix A. 
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Fuel cells are a very attractive option for this space; they do not require expensive, precious 

metals for construction, can operate on extremely abundant fuel sources like carbon dioxide, and 

are not subject to the same geographical limitations as pumped hydroelectric storage. The 

modularity of the fuel cells also makes the solution naturally scalable for use in a wide range of 

plant sizes. 
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2.5 Customer Requirements 
 

Energy storage can help address the intermittency of variable renewables like solar and wind. 

The US generated 4 billion MWh in 2017 and there were only 431 MWh of electrical storage 

available [3]. Our CO2 Reduction energy storage solution utilizes electrochemical technologies, 

SOEC and SOFC. The energy storage mode takes the CO2 emissions from an ethanol power 

plant and uses SOEC technology to reduce it to CO, then stored as fuel. In the energy production, 

stored CO is turned back into electricity using SOFC technology.  While reversible fuel cell 

technologies exist (i.e. where the same cell can be used for the forward and reverse reaction), in 

this design we consider a plant with separate cells for forward and reverse-mode production due 

to the possibility of utilizing active materials and cell designs optimized for each of the reactions 

involved. 

 

A common large-scale energy storage solution is pumped-hydro storage, which utilizes the 

gravitational force to generate electricity. Pumped hydro has large storage capacity and can be up 

to 85% efficient [2]. However, these systems are highly dependent of geographical location: 

natural rise in elevation and large amount of area. Pumped hydro is typically not readily 

available in the Midwest due to the flat geographical features.  

 

CO2 Feed Stream 

The specification of our plant requires a steady input of carbon dioxide while in operation. The 

design is based on 60% of carbon dioxide emissions from an average size ethanol power plant in 

the United states, which equates to 410,100 lb CO2/day. The CO2 is transmitted by pipes will be 

stored at 25℃ and 1atm, readily as an input.  
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Oxygen Revenue Stream 

High purity oxygen is a revenue stream from the energy storage mode.  Due to the nature of the 

separated components in the SOEC, namely cathode, anode, and electrolyte, pure oxygen is 

obtained through an oxidation reaction on the anode side. With our plant process capacity, 

149,100 lb of 99.9% pure oxygen is produced per day. The oxygen is then compressed and 

stored at 50℃ and 136 atm. The high purity oxygen from the plant can be sold at $90 per ton [4]. 
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2.6 Competitive Patent Analysis 
 

Electrochemical technologies, SOEC and SOFC, are primarily used in our design. Both 

technologies have been industrialized at different capacities. There are two major companies, 

Haldor Topsøe and Bloom Energy, that have the technologies commercialize and researched.  

 

(i) Haldor Topsøe 

Haldor Topsøe is a Danish high-performance catalysis company founded in 1940 [5].  

The company’s technology focuses within chemical processing, hydroprocessing and 

emissions management. The technology of interest for our design is Haldor Topsøe’s 

carbon monoxide generator – eCOs™ [5]. The Solid Oxide Electrolytic Cell (SOEC) is 

the core to the eCOs™ units. The eCOs™  technology has produces levels of CO purity, 

around 99.5-99.9% vol pure, with minimal CO2 contaminants and operates at 700-850℃ 

[6].  The total energy consumption on an eCOs™ unit is 6-8 kWh per Nm3 CO produced 

and the design is operated on food/beverage grade CO2 [1]. The brochure for the eCOs™ 

can be viewed in the appendix.  

 

The first industrialized plant has been in operation in LaPorte, Texas since January 2016 

with a plant capacity of 12Nm3/hr. Haldor Topsøe expected a 10 time increase in plant 

capacity by the end of 2017. The technology focuses on onsite and flexible production of 

CO based on customer specifications and demands. This eliminates the need for tube 

trailer/cylinder supply, which can be expensive due to the safety measures for 

transporting carbon monoxide. The current plant capacity for the eCOs™ is significantly 
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lower than the plant capacity that our design would require to process 60% of the CO2 

emissions from an average ethanol plant.   

 

(i) Bloom Energy 

Bloom Energy, founded in 2001, is a green energy company that manufactures and 

markets solid oxide fuel cells. The main product from the company is the Bloom Energy 

Servers, which are energy generation platforms that utilizes proprietary solid oxide fuel 

cell technology. The system offers three designs at three different power outputs, 200kW, 

250kW and 300kW [7]. The fuel cells utilize natural gas or biogas as input and produces 

near zero criteria pollutes. The efficiency of the system is reported as 53-65%. The 

system uses a stack configuration for fuel cells and is operated continuously. The fact 

sheet of the Bloom Energy Servers can be viewed in the appendix.  

 

The company has customers from 500 sites globally. Aside from Bloom Energy Servers, 

they also provide other advanced services like integrated energy storage where SOFCs 

and lithium ion batteries are used in combination, and microgrid management which 

protects businesses from power outages. The company stretches further from providing 

traditional fuel cell power generation to a more marketable and holistic energy solution in 

the 21st century.  
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2.7 Assembly of Database 
 

 

(i) Fuel Cell Technology 

Solid Oxide Electrolytic Cell (SOEC) is the reverse fuel cell mode which converts electrical 

energy to chemical energy through an endothermic reaction. In the energy storage mode, excess 

electricity is used to electrolyze CO2 to from CO, which the acts as fuel that is stored and used in 

the latter energy production mode. The excess electricity comes from solar and/or wind power 

plants during off-peak hours or for curtailment purposes. In SOEC, the electrolyte is a solid 

ceramic material and the electrodes are commonly composites of metallic nickel (Ni) and yttria-

stabilized zirconia (YSZ) [1].  The electrochemical reactions on the electrodes in the SOEC can 

be expressed as: 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 ∶  𝐶𝑂2 + 2𝑒− → 𝐶𝑂 + 𝑂2− 

𝐴𝑛𝑜𝑑𝑒 ∶ 𝑂2− → 0.5𝑂2 + 2𝑒− 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 ∶ 𝐶𝑂2 → 𝐶𝑂 + 0.5𝑂2 

On the cathode, carbon dioxide is reduced to carbon monoxide, where the electrons for the 

reaction are provided from external power source. On the anode, oxide ions are oxidized into 

molecular oxygen. Schematic diagram for SOEC is provided in Figure 2.7.1. 
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Figure 2.7.1: Schematic diagram for SOEC 

 

A review paper by Küngas et al provides an overview of existing electrolysis technology for CO2 

reduction for CO production [8]. The system that we chose to model the SOEC from is presented 

in Ebbesen et al [9].  The cell has a strontium-doped lanthanum manganite (LSM) composite 

anode, nickel and yttria-stabilized zirconia composite cathode and a yttria-stabilized zirconia 

electrolyte. The performance of the SOEC system is presented in Table 2.7.1. The energetic 

efficiency (EE) represents the efficiency of the applied electric potential into the desired product, 

carbon monoxide. The parameter combines the effects of non-ideal selectivity and polarization 

losses. The electric power consumption (EPC) refers to the amount of electric energy required to 

produce 1 Nm3 of CO.  

Table 2.7.1: SOEC Model from Ebbesen et al. 

Cell Composition LSM-YSZ∣YSZ∣Ni-YSZ 

EE 92% 

EPC (kWh/Nm3) 2.4 
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Solid Oxide Fuel Cell (SOFC) is a type of fuel cell that uses a solid ceramic electrolyte. It 

converts chemical energy of a fuel gas into electrical energy in an exothermic reaction. Unlike 

batteries, fuel cells do not run down or require recharging, which guarantees continuous power 

production as long as fuel and oxidants are supplied. Additionally, fuel cells are environmentally 

clean and have promising applications in commercial electricity generation. The electrochemical 

reactions on the electrodes in the SOFC can be expressed as: 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 0.5𝑂2 + 2𝑒− → 𝑂2−  

𝐴𝑛𝑜𝑑𝑒: 𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2𝑒− 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙: 𝐶𝑂 + 0.5 𝑂2 → 𝐶𝑂2 

On the anode, carbon monoxide is oxidized to carbon dioxide, where the electrons produce a 

current. On the cathode, molecular oxygen from air is reduced to oxide ions. Schematic diagram 

for SOFC is provided in Figure 2.7.2. 

Figure 2.7.1: Schematic diagram for SOFC 
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Similar to the SOEC, the cell composition of the SOFC will also be a composite of Ni/YSZ and 

LSM/YSZ. The SOFC operations in this process is modeled by the thermodynamics of a fuel 

cell. The maximum amount of work done in the system is expressed by the Gibbs free energy of 

the system [10][11]. Therefore, the maximum electric output in a “perfect” fuel cell is the change 

in Gibbs free energy in the system. The Gibbs free energy is dependent on temperature and 

pressure. Since the SOFC will be operated at high temperatures, the Gibbs free energy of the 

chemicals in the reaction is listed in Table 2.7.2 below. Using Hess’s Law, the change in Gibbs 

free energy for the entire reaction is calculated to be –206.7 kJ/mol, which is comparable to the 

values in Kitazaki et al. [4]. The efficiency of typical SOFC cells can go up to ~60%, which is 

analogous to the industrial fuel cell models in Bloom Energy [12][13]. The power production 

from the SOFC could be obtained from the thermodynamics of a fuel cell, using the parameters 

above.  
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(ii) Primary Chemicals 

The primary components of this process are listed in Table 2.7.2. This includes the inputs 

and outputs to the SOEC and SOFC systems and their relevant properties. For the SDS of 

all the chemicals, refer to Appendix C.  

Table 2.7.2: Thermophysical Property and Cost for Primary Chemicals 

Chemical Molecular 

Weight 

(g/mol)  

Density 

(kg/m3) 

ΔG°(kJ/mol) 

at 600℃ 

Cost ($ per 

ton) 

Comments 

Carbon Dioxide 

(CO2) 

44.01 1.98 -395.5 N/A Input to SOEC, 

output to SOFC 

Carbon 

Monoxide (CO) 

28.01 1.25 -188.9 N/A Output to 

SOEC, input to 

SOFC 

Oxygen 32 1.43 0 90 Output to SOEC 

Water 18.01 997 N/A ~0 Cooling water 

Air 28.96 1.23 N/A 0 Input to SOFC 

 

 

(iii) Toxicity  

Carbon monoxide (CO) is a colorless, odorless and toxic gas. Due to its odorless and colorless 

nature, special precautions are required when hazardous concentrations are possible. CO is the 

source of fuel in our process. It is stored at 1 atm and 50℃ for the low-pressure design and 

stored at 136 atm and 50℃ for the high-pressure design. The lower flammability limit is 12.5% 

and upper flammability limit is 74.5%. For indoor storage of CO, the safety limit is 5ppm 

concentration in air. For this value, the plant should be nominally more than 2 km away from 

residential areas. The Midwest is a suitable region for the design due to the sparsely populated 

areas. For safety and handling procedures, refer to SDS on CO in Appendix C.   
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(iv) Cost of Chemicals 

The raw material for this process is CO2. However, since the CO2 is sourced from the emissions 

of ethanol plants, there is no cost associated with acquiring the CO2. In favorable sustainable 

initiatives or legislations, the CO2 may even be a source of revenue for the plant, where ethanol 

power plants would pay to remove a portion of their CO2 emission. The primary byproduct of the 

process is a pure O2 stream produced form the CO2 reduction reaction in the SOEC. The O2 

stream is 99.9% pure and can be sold as a commodity. With our plant capacity, 248487 lb of O2 

is produced per day. Since O2 is a competitive commodity, the pricing will differ based on 

regions and time. An estimate of the pricing of O2 is gathered from Intratec and scaled up by the 

producer price index. The pricing of O2 in 2020 is estimated to be 14.42 cents/Nm3, which is 

equivalent to $90/ton ($0.045/lb) [14].  

 

(v) Ethanol Plant Emissions 

The primary raw material, CO2, is sourced from ethanol plant emissions. Emission data from 

ethanol plants in the US is gathered from the Greenhouse Gas Reporting Program (GHGRP) 

from the United States Environmental Protection Agency (EPA) [15]. The average CO2 emission 

from an ethanol plant is calculated to be 683495 lb/day. To ensure a continuous supply of CO2, 

60% of the CO2 emissions from an ethanol power plant is taken as the input to the process. Thus, 

the plant receives 410097 lb of CO2 per day.  
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(vi) Process parameters 

Table 2.7.3: Process utilities and parameters 

Cooling Water 

Inlet Temperature 80℉ 

Outlet Temperature 125℉ 

Compressor Efficiency 

Isotropic Efficiency 72% 

Mechanical Efficiency 80% 
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3.  Overall Process Considerations 
 

3.1 Material Balances 
 

Table 3.1.1 shows the overall material balance for the process, which remains the same in all the 

designs.  The basis of this material balance is the average emission of carbon dioxide from 

ethanol production plants in the target region (American Midwest).  The design utilizes 60% of 

the waste carbon dioxide produced per day to account for the batch nature of fermentation 

processes.   

Table 3.1.1:  Overall Material Balance for total process 

 

 lb/day lbmol/day 

Inputs   

CO2 410,097 9,318 

   

Products   

CO 261,005 9,318 

O2 149,092 4,659 
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3.2 Oxygen Profitability Analysis 
 

Oxygen production tradeoff derivation 

Due to the use of an electrolyte separator intrinsic to the SOFC and SOEC technology, high-

purity oxygen gas is produced along with the carbon monoxide gas.  Two options are presented 

for this product.   

 

One option is to use the high-temperature gas to preheat the feed carbon dioxide stream and then 

cool and compress into storage tanks to be sold.  High-purity oxygen is used in many industries, 

including industrial processes and medical applications.  In order to sell this oxygen, the stream 

must be cooled and compressed for storage and transportation.  This incurs an energy cost in the 

storage mode without increasing the extensive amount of electricity produced in the reverse 

mode.  A market price of $90 / ton, obtained from Intratec Chemical commodity reports (14.42 

cents / SCM) [1], is used for this analysis.   

 

Another option is to use the high-temperature oxygen gas to preheat the feed carbon dioxide 

stream and subsequently vent the oxygen to the atmosphere.  By venting the oxygen instead of 

compressing and storing it, less electricity needs to be inputted for storage, increasing the 

efficiency of the process relative to the other option.   

 

An analysis on a per-kWhr basis is taken to determine which of these options is more profitable.  

First, the value of the extra efficiency gained by venting the oxygen stream as waste is 

considered.  Here we refer to this strategy as “option 1.”  The strategy of storing oxygen at 2000 

psig to sell will be referred to as “option 2.” 
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Δη = η1 − η2 

Where η1 is the efficiency of the process with venting oxygen and η2 is the efficiency of the 

process when oxygen is compressed to 2000 psig for storage.  The opportunity cost of option 1 in 

dollars per kWh is therefore 

𝑟1 = Δ𝑃 ∗ Δη 

Where ΔP is the revenue per kWh of the electricity storage / distribution cycle and r1 is the 

revenue per kWh gained by the energy savings of option 1 over option 2.  Then, the revenue is 

multiplied by the capacity of the designed plant, C in kWh/cycle, in kWh, to determine the 

extensive revenue from the increased efficiency R1, in USD/cycle. 

𝑅1 = 𝑟1 ∗ 𝐶 

Next, we turn to the added revenue of selling the high-purity oxygen stream.  The amount of 

oxygen produced per storage-discharge cycle is calculated and reported in the material balance 

of the process.  The amount, in tons/cycle, is denoted by MO2.  The price of oxygen gas, in USD / 

ton, is denoted by PO2.  

𝑅2 = 𝑀𝑂2 ∗ 𝑃𝑂2 

In option 2, R2 represents the added revenue from selling the oxygen gas, while R1 is the 

opportunity cost of the loss of energy storage efficiency.  The relevant input values for this 

analysis are reproduced in this section.  The two economic scenarios presented are both analyzed 

in this manner. 

 

In the first scenario, electricity is bought from the grid at off-peak prices to be sold at on-peak 

prices.  
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In the second scenario, the electricity is assumed to be 0 cost due to curtailment, which occurs 

when an amount of electricity that could be produced is not due to low demand. Effectively, this 

electricity would have zero or negative opportunity cost.   

 

Here we consider the effect of pressurization of oxygen gas for the high- and low-pressure cases.  

In both cases, the economics of buying-selling and storage of curtailed electricity are considered.  

The specific values of efficiency and costing are calculated and reported in sections 4 and 5.   
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High-Pressure Process Design:  On-Peak/Off-Peak Pricing 

 

Variable Value 

η1  0.5089 

η2 0.4899 

ΔP (USD / kWh) 0.00889 

C (kWh/cycle) 226590 

MO2 (tons/cycle) 73.8 

PO2 (USD / ton) 90 

Table 3.2.1:  Inputs for grid-balancing economic analysis, where electricity is bought at off-

peak pricing and sold later at on-peak pricing 

 

Calculating the opportunity cost of this scenario using the derived equations yields 

Variable Value 

R1 (USD/cycle) 38.27 

R2 (USD/cycle) 6642 

ΔR (USD/cycle) 6603.72 

 

Clearly, in this scenario the loss in electrical efficiency is dwarfed by the revenue of the oxygen 

stream after compression.    
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High Pressure Process Design:  Curtailment Pricing  

 

Variable Value 

η1  0.546 

η2 0.535 

ΔP (USD / kWh) 0.00889 

C (kWh/cycle) 226590 

MO2 (tons/cycle) 73.8 

PO2 (USD / ton) 90 

Table 3.2.2:  Inputs for overgeneration mitigation economic analysis, where it is assumed that 

electricity input is solely from overgeneration and has no opportunity cost of utilization. 

 

Calculating the revenue values using the same equations: 

Variable Value 

R1 (USD/cycle) 92.30 

R2 (USD/cycle) 6642 

ΔR (USD/cycle) 6549.70 

 

Here, the opportunity cost of the electricity spent on compressing the oxygen is higher, however 

it still is less than the potential oxygen revenue.  

 

In the high-pressure design case, regardless of the electricity pricing, selling the purified oxygen 

as a byproduct is a more cost-effective strategy.    
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Low-Pressure Process Design:  On-Peak/Off-Peak Pricing 

 

Variable Value 

η1  0.556 

η2 0.545 

ΔP (USD / kWh) 0.00889 

C (kWh/cycle) 226590 

MO2 (tons/cycle) 73.8 

PO2 (USD / ton) 90 

Table 3.2.3:  Inputs for grid-balancing economic analysis, where electricity is bought at off-

peak pricing and sold later at on-peak pricing 

 

Calculating the revenue of selling oxygen and venting oxygen strategies yields:    

Variable Value 

R1 (USD/cycle) 22.16 

R2 (USD/cycle) 6642 

ΔR (USD/cycle) 6619.84 

 

Again, the value of the oxygen stream is much higher than that of the electricity input to the 

compressor. 
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Low-Pressure Process Design:  Curtailment Pricing 

Variable Value 

η1  0.556 

η2 0.545 

ΔP (USD / kWh) 0.00889 

C (kWh/cycle) 226590 

MO2 (tons/cycle) 73.8 

PO2 (USD / ton) 90 

Table 3.2.4:  Inputs for overgeneration mitigation economic analysis, where it is assumed that 

electricity input is solely from overgeneration and has no opportunity cost of utilization. 

 

Calculating the revenue of selling oxygen and venting oxygen strategies yields:    

Variable Value 

R1 (USD/cycle) 92.30 

R2 (USD/cycle) 6642 

ΔR (USD/cycle) 6549.70 

 

The change in efficiency in the low-pressure case reduces the opportunity cost of the electricity 

used to run the oxygen compressor while maintaining the high daily revenue of the byproduct.   
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Oxygen Revenue Conclusions 

Clearly, regardless of the final design or pricing of electricity, selling oxygen as a byproduct is 

the correct design choice.  This process design is therefore used for all economic and profitability 

analyses in this report.   
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4.  Case 1: High-Pressure Storage Process 

Design  
 

4.1 Process Flow Diagrams 
 

Process flow diagrams are shown in this section, along with ASPEN stream reports listing 

relevant thermodynamic data.   
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  Units S-201 S-202 S-203 S-204 S-205 

From     BL-201 HX-201 HX-202 FH-201 

To   BL-201 HX-201 HX-202 FH-201 FC-201 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole 
Flow             

Carbon Dioxide lbmol/hr 388.2 388.2 388.2 388.2 388.2 

Carbon Monoxide lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Water lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Component Mass 
Flow             

Carbon Dioxide lb/hr 17083.7 17083.7 17083.7 17083.7 17083.7 

Carbon Monoxide lb/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lb/hr 0.0 0.0 0.0 0.0 0.0 

Water lb/hr 0.0 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 388.2 388.2 388.2 388.2 388.2 

Mass Flows lb/hr 17083.7 17083.7 17083.7 17083.7 17083.7 

Volume Flow cuft/hr 151361.3 91919.1 253748.0 356052.3 496679.0 

Temperature F 77.0 198.3 1044.2 1223.4 1292.0 

Pressure psia 14.7 29.7 24.7 19.7 14.7 

Molar Vapor 
Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid 
Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -169196.3 -168077.9 -158591.4 -156340.1 -155462.6 

Mass Enthalpy Btu/lb -3844.5 -3819.1 -3603.5 -3552.4 -3532.5 

Enthalpy Flow Btu/hr 

-
65678436.

9 

-
65244315.

2 

-
61561840.

4 

-
60687915.

9 

-
60347294.

6 

Molar Entropy 
Btu/lbmol-
R 0.7 1.2 10.6 12.5 13.6 

Mass Entropy Btu/lb-R 0.0 0.0 0.2 0.3 0.3 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.1 0.2 0.1 0.0 0.0 
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  Units S-206 S-207 S-208 S-209 S-210 

From   FC-201 BL-202 HX-201 CM-201 IC-202 

To   BL-202 HX-201 CM-201 IC-202 CM-202 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole 
Flow             

Carbon Dioxide lbmol/hr 3.9 3.9 3.9 3.9 3.9 

Carbon Monoxide lbmol/hr 384.3 384.3 384.3 384.3 384.3 

Oxygen lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Water lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Component Mass 
Flow             

Carbon Dioxide lb/hr 170.8 170.8 170.8 170.8 170.8 

Carbon Monoxide lb/hr 10764.3 10764.3 10764.3 10764.3 10764.3 

Oxygen lb/hr 0.0 0.0 0.0 0.0 0.0 

Water lb/hr 0.0 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 388.2 388.2 388.2 388.2 388.2 

Mass Flows lb/hr 10935.2 10935.2 10935.2 10935.1 10935.1 

Volume Flow cuft/hr 496697.3 409414.9 191685.9 67066.4 34370.9 

Temperature F 1292.0 1475.3 216.3 754.4 122.4 

Pressure psia 14.7 19.7 14.7 75.6 70.6 

Molar Vapor 
Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid 
Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -39744.5 -38276.3 -47762.8 -43882.3 -48430.7 

Mass Enthalpy Btu/lb -1410.9 -1358.7 -1695.5 -1557.7 -1719.2 

Enthalpy Flow Btu/hr 

-
15427985.

8 

-
14858044.

4 

-
18540519.

2 

-
17034170.

6 

-
18799761.

9 

Molar Entropy 
Btu/lbmol-
R 29.9 30.1 22.8 23.8 18.7 

Mass Entropy Btu/lb-R 1.1 1.1 0.8 0.8 0.7 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.0 0.0 0.1 0.2 0.3 
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  Units S-211 S-212 S-213 S-214 S-215 

From   CM-202 IC-203 CM-203 IC-204 FC-201 

To   IC-203 CM-203 IC-204   BL-203 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole 
Flow             

Carbon Dioxide lbmol/hr 3.9 3.9 3.9 3.9 0.0 

Carbon Monoxide lbmol/hr 384.3 384.3 384.3 384.3 0.0 

Oxygen lbmol/hr 0.0 0.0 0.0 0.0 192.1 

Water lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Component Mass 
Flow             

Carbon Dioxide lb/hr 170.8 170.8 170.8 170.8 0.0 

Carbon Monoxide lb/hr 10764.3 10764.3 10764.3 10764.3 0.0 

Oxygen lb/hr 0.0 0.0 0.0 0.0 6148.5 

Water lb/hr 0.0 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 388.2 388.2 388.2 388.2 192.1 

Mass Flows lb/hr 10935.1 10935.1 10935.1 10935.1 6148.5 

Volume Flow cuft/hr 11689.3 6347.3 2356.6 1271.2 245846.0 

Temperature F 617.0 122.4 597.3 121.2 1292.0 

Pressure psia 388.8 383.8 2000.0 2000.0 14.7 

Molar Vapor 
Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid 
Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -44887.3 -48480.2 -44979.5 -48687.0 9356.8 

Mass Enthalpy Btu/lb -1593.4 -1721.0 -1596.7 -1728.3 292.4 

Enthalpy Flow Btu/hr 

-
17424305.

3 

-
18818974.

1 

-
17460098.

8 

-
18899278.

3 
1797887.

0 

Molar Entropy 
Btu/lbmol-
R 19.6 15.2 16.2 11.5 8.9 

Mass Entropy Btu/lb-R 0.7 0.5 0.6 0.4 0.3 

Molar Density lbmol/cuft 0.0 0.1 0.2 0.3 0.0 

Mass Density lb/cuft 0.9 1.7 4.6 8.6 0.0 
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  Units S-216 S-217 S-218 S-219 S-220 

From   BL-203 HX-202 IC-201 CM-204 IC-205 

To   HX-202 IC-201 CM-204 IC-205 CM-205 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole Flow             

Carbon Dioxide lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Carbon Monoxide lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lbmol/hr 192.1 192.1 192.1 192.1 192.1 

Water lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Component Mass Flow             

Carbon Dioxide lb/hr 0.0 0.0 0.0 0.0 0.0 

Carbon Monoxide lb/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lb/hr 6148.5 6148.5 6148.5 6148.5 6148.5 

Water lb/hr 0.0 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 192.1 192.1 192.1 192.1 192.1 

Mass Flows lb/hr 6148.5 6148.5 6148.5 6148.5 6148.5 

Volume Flow cuft/hr 172888.5 159516.1 81588.3 28318.1 16961.6 

Temperature F 1610.1 1063.4 122.0 577.7 122.4 

Pressure psia 24.7 19.7 14.7 75.7 70.7 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol 12026.9 7478.7 313.1 3644.2 304.6 

Mass Enthalpy Btu/lb 375.9 233.7 9.8 113.9 9.5 

Enthalpy Flow Btu/hr 2310954.8 1437030.3 60159.4 700232.8 58536.7 

Molar Entropy Btu/lbmol-R 9.3 7.2 0.6 1.5 -2.6 

Mass Entropy Btu/lb-R 0.3 0.2 0.0 0.0 -0.1 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.0 0.0 0.1 0.2 0.4 
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  Units S-221 S-222 S-223 S-224 

From   CM-205 IC-206 CM-206 IC-207 

To   IC-206 CM-206 IC-207   

MIXED Substream           

Phase   Vapor Vapor Vapor Vapor 

Component Mole Flow           

Carbon Dioxide lbmol/hr 0.0 0.0 0.0 0.0 

Carbon Monoxide lbmol/hr 0.0 0.0 0.0 0.0 

Oxygen lbmol/hr 192.1 192.1 192.1 192.1 

Water lbmol/hr 0.0 0.0 0.0 0.0 

Component Mass Flow           

Carbon Dioxide lb/hr 0.0 0.0 0.0 0.0 

Carbon Monoxide lb/hr 0.0 0.0 0.0 0.0 

Oxygen lb/hr 6148.5 6148.5 6148.5 6148.5 

Water lb/hr 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 192.1 192.1 192.1 192.1 

Mass Flows lb/hr 6148.5 6148.5 6148.5 6148.5 

Volume Flow cuft/hr 5664.5 3095.3 1120.0 590.0 

Temperature F 601.6 121.9 583.5 121.5 

Pressure psia 389.5 384.5 2005.0 2000.0 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol 3820.7 237.9 3655.4 -50.9 

Mass Enthalpy Btu/lb 119.4 7.4 114.2 -1.6 

Enthalpy Flow Btu/hr 734145.9 45713.6 702388.2 -9783.1 

Molar Entropy 
Btu/lbmol-
R -1.6 -6.0 -5.1 -9.8 

Mass Entropy Btu/lb-R 0.0 -0.2 -0.2 -0.3 

Molar Density lbmol/cuft 0.0 0.1 0.2 0.3 

Mass Density lb/cuft 1.1 2.0 5.5 10.4 
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  Units S-225 S-226 S-227 S-228 S-229 

From     BL-204 HX-203   HX-204 

To   BL-204 HX-203 FC-202 HX-204 TU-201 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole 
Flow             

Carbon Monoxide lbmol/hr 0.0 0.0 0.0 384.3 384.3 

Carbon Dioxide lbmol/hr 0.0 0.0 0.0 3.9 3.9 

Oxygen lbmol/hr 192.9 192.9 192.9 0.0 0.0 

Nitrogen lbmol/hr 725.7 725.7 725.7 0.0 0.0 

Component Mass 
Flow             

Carbon Monoxide lb/hr 0.0 0.0 0.0 10764.3 10764.3 

Carbon Dioxide lb/hr 0.0 0.0 0.0 170.8 170.8 

Oxygen lb/hr 6172.7 6172.7 6172.7 0.0 0.0 

Nitrogen lb/hr 20329.1 20329.1 20329.1 0.0 0.0 

Mole Flows lbmol/hr 918.6 918.6 918.6 388.2 388.2 

Mass Flows lb/hr 26501.8 26501.8 26501.8 10935.2 10935.2 

Volume Flow cuft/hr 
359937.

7 
301085.

2 
1175368.

5 1273.2 4205.5 

Temperature F 77.0 141.8 1292.0 122.0 1473.8 

Pressure psia 14.7 19.7 14.7 2000.0 1995.0 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -2.9 449.2 8957.6 -48680.4 -38107.1 

Mass Enthalpy Btu/lb -0.1 15.6 310.5 -1728.1 -1352.7 

Enthalpy Flow Btu/hr -2647.7 
412604.

5 
8228393.

9 
-

18896688.5 
-

14792371.2 

Molar Entropy 
Btu/lbmol-
R 1.0 1.2 9.6 11.5 20.9 

Mass Entropy Btu/lb-R 0.0 0.0 0.3 0.4 0.7 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.3 0.1 

Mass Density lb/cuft 0.1 0.1 0.0 8.6 2.6 
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  Units S-230 S-231 S-232 S-233 S-234 

From   TU-201 HX-205 FH-202 FC-202 BL-205 

To   HX-205 FH-202 FC-202 BL-205 HX-204 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole 
Flow             

Carbon Monoxide lbmol/hr 384.3 384.3 384.3 3.8 3.8 

Carbon Dioxide lbmol/hr 3.9 3.9 3.9 384.3 384.3 

Oxygen lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Nitrogen lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Component Mass 
Flow             

Carbon Monoxide lb/hr 10764.3 10764.3 10764.3 107.6 107.6 

Carbon Dioxide lb/hr 170.8 170.8 170.8 16914.5 16914.5 

Oxygen lb/hr 0.0 0.0 0.0 0.0 0.0 

Nitrogen lb/hr 0.0 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 388.2 388.2 388.2 388.2 388.2 

Mass Flows lb/hr 10935.2 10935.2 10935.2 17022.2 17022.2 

Volume Flow cuft/hr 150122.7 227442.0 496697.3 496679.6 329580.2 

Temperature F 429.7 615.2 1292.0 1292.0 1493.2 

Pressure psia 24.7 19.7 14.7 14.7 24.7 

Molar Vapor 
Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid 
Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -46252.4 -44911.8 -39744.5 -154305.4 -151693.5 

Mass Enthalpy Btu/lb -1641.9 -1594.3 -1410.9 -3518.8 -3459.3 

Enthalpy Flow Btu/hr 

-
17954203.

3 

-
17433827.

5 

-
15427985.

8 

-
59898098.

1 

-
58884239.

4 

Molar Entropy 
Btu/lbmol-
R 23.8 25.6 29.9 13.9 14.2 

Mass Entropy Btu/lb-R 0.8 0.9 1.1 0.3 0.3 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.1 0.0 0.0 0.0 0.1 
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  Units S-235 S-236 S-237 S-238 S-239 

From   HX-204 HX-205 FC-202 BL-206 HX-203 

To   HX-205   BL-206 HX-203   

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole 
Flow             

Carbon Monoxide lbmol/hr 3.8 3.8 0.0 0.0 0.0 

Carbon Dioxide lbmol/hr 384.3 384.3 0.0 0.0 0.0 

Oxygen lbmol/hr 0.0 0.0 2.7 2.7 2.7 

Nitrogen lbmol/hr 0.0 0.0 725.7 725.7 725.7 

Component Mass 
Flow             

Carbon Monoxide lb/hr 107.6 107.6 0.0 0.0 0.0 

Carbon Dioxide lb/hr 16914.5 16914.5 0.0 0.0 0.0 

Oxygen lb/hr 0.0 0.0 85.7 85.7 85.7 

Nitrogen lb/hr 0.0 0.0 20329.1 20329.1 20329.1 

Mole Flows lbmol/hr 388.2 388.2 728.4 728.4 728.4 

Mass Flows lb/hr 17022.2 17022.2 20414.7 20414.7 20414.7 

Volume Flow cuft/hr 231431.9 275821.3 931979.2 680716.0 
259273.

7 

Temperature F 634.6 513.7 1292.0 1603.0 160.3 

Pressure psia 19.7 14.7 14.7 23.7 18.7 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -162266.8 -163607.4 8853.4 11308.1 577.5 

Mass Enthalpy Btu/lb -3700.4 -3730.9 315.9 403.5 20.6 

Enthalpy Flow Btu/hr 
-

62988556.7 
-

63508932.4 
6448482.

0 
8236398.

4 
420609.

0 

Molar Entropy 
Btu/lbmol-
R 7.6 6.9 8.6 8.9 0.6 

Mass Entropy Btu/lb-R 0.2 0.2 0.3 0.3 0.0 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.1 0.1 0.0 0.0 0.1 
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4.2 Energy Balance and Utilities 
 

Table 4.2.1: Utilities Summary for High Pressure Storage Mode 

 

Equipment Unit No. 

Power 

(kW) 

Annual Consumption 

(kWh) 

Price 

($/kWh) 

Annual Cost 

($) 

Blower 1 BL-201  159.04   630,000   $0.03   $17,700  

Blower 2 BL-202  208.79   827,000  $0.03   $23,300  

Blower 3 BL-203  187.96   744,000  $0.03   $20,900 

Compressor 1 CM-201  551.83   2,190,000  $0.03   $61,500 

Compressor 2 CM-202  503.88   1,990,000  $0.03   $56,100 

Compressor 3 CM-203  497.81   1,970,000  $0.03   $55,800 

Compressor 4 CM-204  234.48   929,000  $0.03   $26,100 

Compressor 5 CM-205  247.50   980,000  $0.03   $27,600 

Compressor 6 CM-206  240.57   953,000  $0.03   $26,800 

Pump 1 PU-201  0.84   3,300  $0.03   $100 

Electrolytic 

Cell 1 FC-201 

 

32,010.33   127,000,000  $0.03  

 

$3,580,000.00  

Total 

Electricity    138,000,000   

 

$3,880,000.00  

 

Equipment 

Unit 

No. 

Heat Duty 

(Btu/hr) 

Annual 

Consumption (lb) 

Price 

($/lb) 

Annual 

Cost 

Fired Heater 1 FH-201  340,621.29   182,000.00   $0.09   $16,400  

 

The bulk of the electricity consumed in the storage process (and the system overall) is related to 

the electrolytic cell, requiring 32,000 kW of power in order to operate. Pressure changers for the 

gas streams constitute almost the entirety of the rest of the demand, with the water pump 

Equipment 

Unit 

No. 

Flow Rate 

(lb/hr) Annual Flowrate (lb) 

Price 

($/lb) 

Annual Cost 

($) 

Intercooler 1 IC-201  26,308.47   104,000,000 1.20E-05  $1,300 

Intercooler 2 IC-202  34,029.43   134,000,000 1.20E-05  $1,600 

Intercooler 3 IC-203  26,880.39   106,000,000 1.20E-05  $1,300 

Intercooler 4 IC-204  27,738.28   110,000,000 1.20E-05  $1,300 

Intercooler 5 IC-205  12,367.84   48,900,000 1.20E-05  $590 

Intercooler 6 IC-206  13,268.62   52,500,000 1.20E-05  $630 

Intercooler 7 IC-207  13,726.16   54,400,000 1.20E-05  $650 

Total Cooling 

Water    611,000,000   $7,400  
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requiring a negligible amount of power. The electricity is supplied at $0.028/kWh; for more 

details about the price determination, please refer to the Economic Analysis in section 6. The 

cooling water needed for the process is used for the intercoolers in the multistage compressors. 

The water enters at 80 F and is returned at 125 F. The price for the cooling water is $0.10 per 

thousand gallons, as defined in Product and Process Design Principles. The fired heater uses 

wood pellets as fuel, at a price of $180/ton and a heating value of 7429 Btu/hr. The total annual 

electricity cost is $3,880,000, the total annual cooling water cost is $7,400 and the total annual 

fired heating cost is $16,400. 

Table 4.2.2: Utilities Summary for High Pressure Production Mode 

 

Equipment 

Unit 

No. 

Heat Duty 

(Btu/hr) 

Annual 

Consumption (lb) 

Price 

($/lb) 

Annual 

Cost 

Fired Heater 2 FH-202  2,005,841.74   1,070,000   $0.09   $96,300  

 

The utilities needed for the production mode are electricity to power the air movers and fuel for 

the fired heater. The electricity demand is heavily offset by the power recovery in the multistage 

turbine, greatly reducing the net energy requirement for the process and improving the overall 

efficiency. Relatively, the price of heating is very high. This is due to the need for substantial 

reheating of the carbon monoxide stream after exiting the multistage turbine before it can be 

used in the fuel cell. The total annual electricity cost is $48,800 and the total annual fired heating 

cost is $96,300. 

Equipment Unit No. 

Power 

(kW) 

Annual Consumption 

(kWh) 

Price 

($/kWh) 

Annual Cost 

($) 

Blower 4 BL-204  152.12   602,000   $0.03   $17,000  

Blower 5 BL-205  371.42   1,470,000  $0.03   $41,400 

Blower 6 BL-206  654.98   2,590,000  $0.03   $73,000 

M-Stage 

Turbine 1 

MTU-

201  (741.31)  (2,940,000)  $0.03   $(82,600) 

Total 

Electricity    1,730,000   $48,800  
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4.3 Process Description 
 

High Pressure Storage 

This section discusses the energy storage mode of the high-pressure carbon monoxide storage 

case, which operates for 12 hours a day during off-peak hours. 17083.7 lb/hr of pure carbon 

dioxide (S-201) is passed through a blower (BL-201) to increase its pressure from 14.7 psia to 

29.7 psia. This is done in order to counteract the pressure drops (estimated to be 5 psi per unit) 

across the process units that follow. The pressurized carbon dioxide (S-202) enters a heat 

exchanger (HX-201) where it is heated from 198 F to 1044 F, and then into a second heat 

exchanger (HX-202) where it is heated to 1223 F, losing 10 psi across the two units. From there, 

it is passed through a fired heater (FH-201) in order to reach the final temperature of 1292 F. The 

final stream (S-205) enters the solid oxide electrolytic cell (FC-201) at 1292 F and 14.7 psia. 

The fuel cell converts the carbon dioxide into a nearly pure carbon monoxide stream and an 

oxygen stream. They are physically separated by the cell’s configuration so there is no need for 

additional separation units or processes. The two streams are recycled for use in heating the 

carbon dioxide stream in HX-101 and HX-102, respectively. 

 

The carbon monoxide stream (S-206) flows at 10935.2 lb/hr, containing 99% carbon monoxide 

and 1% carbon dioxide. It is flowed through a blower (BL-202) to counteract the pressure losses 

across the following equipment. With the pressure increased to 19.7 psia and a temperature of 

1475 F (S-207), the stream enters HX-201 and is cooled by the countercurrent carbon dioxide 

stream, exiting the heat exchanger at 216 F (S-208). That stream is then sent to the multistage 

compressor system. 
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A multistage compressor system is incorporated to bring the carbon monoxide to 2000 psia for 

storage. It features three compressors (CM-201, CM-202 and CM-203) and three intercoolers 

(IC-202, IC-203 and IC-204). This was implemented in order to maximize the efficiency of the 

compression, as well as to keep the stream temperature within operable bounds. The compressors 

have approximately equal compression ratios. Each intercooler returns the carbon monoxide 

stream to 122 F. The final product carbon monoxide stream (S-214) is at 122 F and 2000 psia, 

the conditions needed for the storage tank (ST-201). 

 

Running in parallel, 6148.5 lb/hr of pure oxygen (S-215) is flowed through a blower (BL-203) to 

counteract the pressure losses across the following equipment. With the pressure increased to 

24.7 psia and a temperature of 1610 F (S-216), the stream enters HX-202 and is cooled by the 

countercurrent carbon dioxide stream, exiting the heat exchanger at 1063 F (S-217). The oxygen 

is further cooled by an intercooler (IC-201) to reach a temperature of 122 F (S-218) before being 

sent to the multistage compressor system.  

 

A multistage compressor system is incorporated to bring the carbon monoxide to 2000 psia for 

storage. It features three compressors (CM-204, CM-205 and CM-206) and three intercoolers 

(IC-205, IC-206 and IC-207). This was implemented in order to maximize the efficiency of the 

compression, as well as to keep the stream temperature within operable bounds. The compressors 

have approximately equal compression ratios. Each intercooler returns the carbon monoxide 

stream to 122 F. The final product oxygen stream (S-224) is at 122 F and 2000 psia, the 

conditions needed in order to sell the oxygen commercially. 
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Finally, a stream of cooling water at 154,319.2 lb/hr, 80 F and 14.7 psia is used for the 

intercoolers. It is passed through a pump (PU-201), bringing it to 19.7 psia for use in the 

following processes. The master stream is then passed through a splitter which provides the 

required amounts of cooling water to each other unit processes. The intercooler streams are 

unnamed and unacknowledged in the process flow diagram and stream reports for the sake of 

simplicity and ease of following, but flowrates can be found in the Energy Balance and Utilities 

section. 

 

 

High Pressure Production 

This section discusses the energy production mode of the high-pressure carbon monoxide storage 

case, which operates for 12 hours a day during on-peak hours. 10935.2 lb/hr of 99% carbon 

monoxide and 1% carbon dioxide at 2000 psia and 122 F (S-228) from the storage tank is flowed 

through a heat exchanger (HX-104) to be preheated for the multistage turbine (MTU-201), where 

energy is recovered from gas expansion. The preheated stream enters the multistage turbine at 

1473.8 F (S-229). The multistage turbine consists of three separate turbines. This was necessary 

because a single stage expansion with this pressure difference would result in liquid effluent in 

the turbine. Additionally, this increases the efficiency of the energy recovery. The preheating 

ensures that the stream does not fall outside of the range of operable temperatures over the 

course of the expansion. For details about the individual turbines, please refer to the specification 

sheet. Leaving the multistage turbine system, the carbon monoxide stream is at 429.7 F and 24.7 

psia (S-230) and needs to be reheated before entering the fuel cell. It is flowed through a heat 
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exchanger (HX-205), reaching 615.2 F, then sent to a fired heater (FH-202) to reach the fuel cell 

operating conditions of 1292 F and 14.7 psia (S-232). 

 

Running in parallel, a stream of air pulled from the atmosphere flows at 26501.8 lb/hr, at 

atmospheric conditions of 77 F and 14.7 psia (S-128). It is flowed through a blower (BL-204) to 

increase the pressure in order to counteract the pressure drops across the following process units. 

BL-204 increases the stream pressure to 19.7 psia; the air stream then passes through a heat 

exchanger (HX-203) to complete its heating. The stream, at operating conditions of 1292 F and 

14.7 psia (S-227) then enters the fuel cell. 

 

The fuel cell converts the carbon monoxide and the oxygen from the air stream into carbon 

dioxide, releasing energy in the process. The nitrogen in the air is an inert and does not react. It 

produces two streams: one that is predominantly carbon dioxide with a small percentage of 

unreacted carbon monoxide flowing at 17022.2 lb/hr (S-233), and another that is predominantly 

nitrogen with a small percentage of unreacted oxygen flowing at 26501.8 lb/hr (S-237), both at 

1292 F and 14.7 psia. 

The nitrogen recycle stream is passed through a blower (BL-206) to reach a pressure of 23.7 psia 

and a temperature of 1603 F (S-234), then used in HX-203 to heat the air stream before being 

expelled to the atmosphere. 

 

The carbon dioxide recycle stream is passed through a blower (BL-205) to reach a pressure of 

24.7 psia and a temperature of 1493 F (S-133), then used in HX-204 to preheat the carbon 

monoxide stream before it enters the multistage turbine. Exiting HX-204, the carbon dioxide 
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recycle stream is lowered to 634.6 F (S-235). It is used again to reheat the carbon monoxide 

stream in HX-205, before being expelled to the atmosphere. 
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4.4 Unit Descriptions 
 

Table 4.4.1: High Pressure Storage Mode Equipment List 

Unit 

No. 

Unit 

Type 
Function Size Material 

Oper. 

T (F) 

Oper. 

P 

(psia) 

BL-201 Blower 
Increase pressure of inlet 

carbon dioxide stream 
Pc = 213.27 HP Cast Iron 198.3 29.7 

BL-202 Blower 
Increase pressure of carbon 

monoxide stream 
Pc = 279.994 HP Cast Iron 

1475.

3 
19.7 

BL-203 Blower 
Increase pressure of oxygen 

stream 
Pc = 201.643 HP Cast Iron 

1610.

1 
24.7 

CM-201 
Compres

sor 

Increase pressure of carbon 

monoxide stream 
Pc = 740.017 HP Carbon Steel 

1610.

1 
24.7 

CM-202 
Compres

sor 

Increase pressure of carbon 

monoxide stream 
Pc = 675.719 HP Carbon Steel 617.0 388.8 

CM-203 
Compres

sor 

Bring carbon monoxide 

stream to storage condition 

pressure 

Pc = 667.573 HP Carbon Steel 597.3 2000.0 

CM-204 
Compres

sor 

Increase pressure of oxygen 

stream 
Pc = 314.448 HP Carbon Steel 577.7 75.7 

CM-205 
Compres

sor 

Increase pressure of oxygen 

stream 
Pc = 331.906 HP Carbon Steel 601.6 389.5 

CM-206 
Compres

sor 

Bring oxygen stream to 

storage condition pressure 
Pc = 322.604 HP Carbon Steel 583.5 2005.0 

FC-201 Fuel Cell 

Convert carbon dioxide into 

carbon monoxide and 

oxygen 

 
LSM-

YSZ∣YSZ∣Ni

-YSZ 

1292.

0 
14.7 

FH-201 
Fired 

Heater 

Heat carbon dioxide stream 

to fuel cell operating temp. 
Q = 340621 Btu/hr 

Stainless 

Steel 

1292.

0 
14.7 

HX-201 

Heat 

Exchang

er 

Heat carbon dioxide stream 

while cooling carbon 

monoxide stream 

A = 188.9991 sqft, Q 

= 873924 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

1044.

2 
24.7 

HX-202 

Heat 

Exchang

er 

Heat carbon dioxide stream 

while cooling oxygen stream 

A = 47.6987 sqft, Q = 

1376870 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

1223.

4 
19.7 

IC-201 
Intercool

er 

Cool oxygen stream before 

compression 

A = 31.886 sqft, Q = 

1765591 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

122.0 14.7 

IC-202 
Intercool

er 

Cool carbon monoxide 

stream between compression 

stages 

A = 54.20 sqft, Q = 

1394668 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

122.4 70.6 

IC-203 
Intercool

er 

Cool carbon monoxide 

stream between compression 

stages 

A = 50.7837 sqft, Q = 

1439179 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

122.4 383.8 

IC-204 
Intercool

er 

Cool carbon monoxide 

stream to storage temp. 

conditions 

A = 54.393 sqft, Q = 

641696 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

121.2 2000.0 

IC-205 
Intercool

er 

Cool oxygen stream between 

compression stages 

A = 24.736 sqft, Q = 

688432 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

122.4 70.7 

IC-206 
Intercool

er 

Cool oxygen stream between 

compression stages 

A = 25.716 sqft, Q = 

712171 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

121.9 384.5 
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IC-207 
Intercool

er 

Cool oxygen stream to 

storage temp. conditions 

A = 27.4149 sqft, Q = 

Btu/hr 

Carbon 

Steel/Carbon 

Steel 

121.5 2000.0 

PU-201 Pump 
Increase pressure of water 

for intercoolers 
Pc = 0.90582 HP 

Stainless 

Steel 
80.0 19.7 

ST-201 
Storage 

Tank 

Store carbon monoxide 

product stream 
  121.2 2000.0 
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Table 4.4.2: High Pressure Production Mode Equipment List 

Unit 

No. 

Unit 

Type 
Function Size Material 

Oper

. T 

(F) 

Oper. 

P 

(psia) 

BL-

204 
Blower Increase pressure of inlet air stream Pc = 204 HP Cast Iron 141.8 19.7 

BL-

205 
Blower 

Increase pressure of carbon monoxide 

waste stream 
Pc = 498.07 HP Cast Iron 

1493.

2 
24.7 

BL-

206 
Blower 

Increase pressure of nitrogen waste 

stream 
Pc = 878.34 HP Cast Iron 

1603.

0 
23.7 

HX-

203 

Heat 

Exchan

ger 

Heat inlet air stream to fuel cell 

operating conditions 

A = 503.89 sqft, 

Q = 7815789 

Btu/hr 

Carbon 

Steel/Carbo

n Steel 

1292.

0 
14.7 

HX-

204 

Heat 

Exchan

ger 

Preheat carbon monoxide stream for 

turbine decompression 

A = 181.98 sqft, 

Q = 4104317 

Btu/hr 

Carbon 

Steel/Carbo

n Steel 

1473.

8 
1995.0 

HX-

205 

Heat 

Exchan

ger 

Reheat carbon monoxide stream after 

decompression 

A = 78.87 sqft, Q 

= 520375 Btu/hr 

Carbon 

Steel/Carbo

n Steel 

615.2 19.7 

FC-

202 

Fuel 

Cell 

Produce energy from converting carbon 

monoxide and oxygen into carbon 

dioxide 

 
LSM-

YSZ∣YSZ∣N
i-YSZ 

1292.

0 
14.7 

FH-

202 

Fired 

Heater 

Heat carbon monoxide stream to fuel 

cell operating conditions 

Q = 2005841 

Btu/hr 

Stainless 

Steel 

1292.

0 
14.7 

MT

U-

201 

M-

Stage 

Turbine 

Recover energy from compressed car 

bon monoxide stream 
Pc = -994.1 HP Carbon Steel 429.7 24.7 

 

High Pressure Storage 

Blower 1 (BL-201) 

Blower 1 is a centrifugal blower constructed with cast iron. It increases the pressure of the inlet 

carbon dioxide stream in order to offset pressure losses across the process units. The outlet 

stream leaves at 29.7 psia and 198.3 F. The net work of the compressor is 213.3 HP, with a bare 

module cost of $262,488. Please refer to section 4.5 for the specification sheet. 

Blower 2 (BL-202) 

Blower 2 is a centrifugal blower constructed with cast iron. It increases the pressure of the 

carbon dioxide stream in order to offset pressure losses across the process units. The outlet 

stream leaves at 19.7 psia and 1475.3 F. The net work of the compressor is 280.0 HP, with a bare 

module cost of $325,464. Please refer to section 4.5 for the specification sheet. 
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Blower 3 (BL-203) 

Blower 3 is a centrifugal blower constructed with cast iron. It increases the pressure of the 

oxygen stream in order to offset pressure losses across the process units. The outlet stream leaves 

at 24.7 psia and 1610.1 F. The net work of the compressor is 201.6 HP, with a bare module cost 

of $251,117. Please refer to section 4.5 for the specification sheet. 

Compressor 1 (CM-201) 

Compressor 1 is a screw compressor constructed with carbon steel. It is the first of three units in 

a multi-stage compressor to bring the carbon dioxide stream to storage pressure conditions, 

designed to reduce losses from compression and maintain operable temperature conditions. The 

outlet stream leaves at 75.6 psia and 754.4 F. The net work of the compressor is 740.0 HP, with a 

bare module cost of $1,556,039. Please refer to section 4.5 for the specification sheet. 

Compressor 2 (CM-202) 

Compressor 2 is a reciprocating compressor constructed with carbon steel. It is the second of 

three units in a multi-stage compressor to bring the carbon dioxide stream to storage pressure 

conditions, designed to reduce losses from compression and maintain operable temperature 

conditions. The outlet stream leaves at 388.8 psia and 617.0 F. The net work of the compressor is 

675.7.0 HP, with a bare module cost of $1,102,893. Please refer to section 4.5 for the 

specification sheet. 

Compressor 3 (CM-203) 

Compressor 3 is a reciprocating compressor constructed with carbon steel. It is the third of three 

units in a multi-stage compressor to bring the carbon dioxide stream to storage pressure 

conditions, designed to reduce losses from compression and maintain operable temperature 

conditions. The outlet stream leaves at 2000.0 psia and 597.3 F. The net work of the compressor 
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is 667.6 HP, with a bare module cost of $1,086,562. Please refer to section 4.5 for the 

specification sheet. 

Compressor 4 (CM-204) 

Compressor 4 is a screw compressor constructed with carbon steel. It is the first of three units in 

a multi-stage compressor to bring the oxygen stream to storage pressure conditions, designed to 

reduce losses from compression and maintain operable temperature conditions. The outlet stream 

leaves at 75.7 psia and 577.7 F. The net work of the compressor is 314.4 HP, with a bare module 

cost of $837,150. Please refer to section 4.5 for the specification sheet. 

Compressor 5 (CM-205) 

Compressor 5 is a reciprocating compressor constructed with carbon steel. It is the second of 

three units in a multi-stage compressor to bring the oxygen stream to storage pressure conditions, 

designed to reduce losses from compression and maintain operable temperature conditions. The 

outlet stream leaves at 389.5 psia and 601.6 F. The net work of the compressor is 331.9 HP, with 

a bare module cost of $444,206. Please refer to section 4.5 for the specification sheet. 

Compressor 6 (CM-206) 

Compressor 6 is a reciprocating compressor constructed with carbon steel. It is the third of three 

units in a multi-stage compressor to bring the oxygen stream to storage pressure conditions, 

designed to reduce losses from compression and maintain operable temperature conditions. The 

outlet stream leaves at 2005.0 psia and 583.5 F. The net work of the compressor is 322.6 HP, 

with a bare module cost of $444,206. Please refer to section 4.5 for the specification sheet. 

Fuel Cell (FC-201) 

Fuel Cell 1 is the solid oxide electrolytic cell (SOEC) which reduces carbon dioxide to carbon 

monoxide and oxygen by using external electric supply. On the cathode side, carbon dioxide is 
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being reduced to carbon monoxide and on the anode side, 99.9% pure molecular oxygen is being 

produced. The cell has a strontium-doped lanthanum manganite (LSM) composite 

anode, nickel and yttria-stabilized zirconia composite cathode and a yttria-stabilized 

zirconia electrolyte. The power consumption for this unit is 384.1 MWh. The SOEC is operated 

at 600℃ and 1 atm. The bare module cost of the unit is $6,207,642. Please refer to section 4.5 

for the specification sheet.  

Fired Heater (FH-201) 

The fired heater uses wood pellets as fuel. Its purpose is to raise the temperature of the carbon 

dioxide stream to the operating conditions of the fuel cell, at a pressure of 14.7 psi and a 

temperature of 1292 F. It is based on a stainless steel constructed, shop fabricated unit with a 

heat duty of 340,621.3 Btu/hr. The bare module cost of the unit is $109,185. Please refer to 

section 4.5 for the specification sheet. 

Heat Exchanger 1 (HX-201) 

This heat exchanger uses the excess heat of the carbon monoxide stream in order to raise the 

temperature of the carbon dioxide stream bound for the fuel cell. This is an example of efficient 

heat integration, as the carbon monoxide stream must be cooled on its way to the multistage 

compressor as well. The carbon dioxide stream exits the heat exchanger at 1044.2 F; the carbon 

monoxide stream exits the heat exchanger at 216.3 F. The heat transfer surface area and heat 

transfer coefficient were calculated by ASPEN. The heat exchanger is modeled as a carbon steel 

shell and tube heat exchanger, with a bare module cost of $36,356. Please refer to section 4.5 for 

the specification sheet. 

Heat Exchanger 2 (HX-202) 
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This heat exchanger uses the excess heat of the oxygen stream in order to raise the temperature 

of the carbon dioxide stream bound for the fuel cell. This is an example of efficient heat 

integration, as the oxygen stream must be cooled on its way to the multistage compressor as well. 

The oxygen stream exits the heat exchanger at 1063.4 F; the carbon monoxide stream exits the 

heat exchanger at 1223.4 F. The heat transfer surface area and heat transfer coefficient were 

calculated by ASPEN. The heat exchanger is modeled as a carbon steel shell and tube heat 

exchanger, with a bare module cost of $17,912. Please refer to section 4.5 for the specification 

sheet. 

Intercooler 1 (IC-201) 

Intercooler 1 cools the carbon monoxide stream to storage temperature conditions before 

entering the multistage compressor, in order to minimize the work required in the process and 

keep the stream from heating in inoperable temperatures. The stream is cooled from 1063.4 F to 

122.0 F. For details on cooling water flowrates, please refer to the Energy Balance and Utilities 

section. The heat transfer surface area and heat transfer coefficient were calculated by ASPEN. 

The intercooler is modeled as a carbon steel shell and tube heat exchanger, with a bare module 

cost of $14,067. Please refer to section 4.5 for the specification sheet. 

Intercooler 2 (IC-202) 

Intercooler 2 cools the carbon monoxide stream in the multistage compressor, between CM-201 

and CM-202, in order to minimize the work required in the process and keep the stream from 

heating in inoperable temperatures. The stream is cooled from 754.4 F to 122.0 F. For details on 

cooling water flowrates, please refer to the Energy Balance and Utilities section. The heat 

transfer surface area and heat transfer coefficient were calculated by ASPEN. The intercooler is 
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modeled as a carbon steel shell and tube heat exchanger, with a bare module cost of $19,341. 

Please refer to section 4.5 for the specification sheet. 

Intercooler 3 (IC-203) 

Intercooler 3 cools the carbon monoxide stream in the multistage compressor, between CM-202 

and CM-203, in order to minimize the work required in the process and keep the stream from 

heating in inoperable temperatures. The stream is cooled from 617.0 F to 122.0 F. For details on 

cooling water flowrates the Energy Balance and Utilities section. The heat transfer surface area 

and heat transfer coefficient were calculated by ASPEN. The intercooler is modeled as a carbon 

steel shell and tube heat exchanger, with a bare module cost of $18,599. Please refer to section 

4.5 for the specification sheet. 

Intercooler 4 (IC-204) 

Intercooler 4 cools the carbon monoxide stream after its final compression stage in the multistage 

compressor, bringing it to storage temperature conditions. The stream is cooled from 583.5 F to 

122.0 F. For details on cooling water flowrates the Energy Balance and Utilities section. The 

heat transfer surface area and heat transfer coefficient were calculated by ASPEN. The 

intercooler is modeled as a carbon steel shell and tube heat exchanger, with a bare module cost of 

$19,381. Please refer to section 4.5 for the specification sheet. 

Intercooler 5 (IC-205) 

Intercooler 5 cools the oxygen stream in the multistage compressor, between CM-204 and CM-

205, in order to minimize the work required in the process and keep the stream from heating in 

inoperable temperatures. The stream is cooled from 577.7 F to 122.0 F. For details on cooling 

water flowrates the Energy Balance and Utilities section. The heat transfer surface area and heat 

transfer coefficient were calculated by ASPEN. The intercooler is modeled as a carbon steel shell 



 

57 

 

and tube heat exchanger, with a bare module cost of $12,079. Please refer to section 4.5 for the 

specification sheet. 

Intercooler 6 (IC-206) 

Intercooler 6 cools the oxygen stream in the multistage compressor, between CM-205 and CM-

206, in order to minimize the work required in the process and keep the stream from heating in 

inoperable temperatures. The stream is cooled from 601.6 F to 122.0 F. For details on cooling 

water flowrates the Energy Balance and Utilities section. The heat transfer surface area and heat 

transfer coefficient were calculated by ASPEN. The intercooler is modeled as a carbon steel shell 

and tube heat exchanger, with a bare module cost of $12,364. Please refer to section 4.5 for the 

specification sheet. 

Intercooler 7 (IC-207) 

Intercooler 7 cools the oxygen stream after its final compression stage in the multistage 

compressor, bringing it to storage temperature conditions. The stream is cooled from 583.5 F to 

122.0 F. For details on cooling water flowrates the Energy Balance and Utilities section. The 

heat transfer surface area and heat transfer coefficient were calculated by ASPEN. The 

intercooler is modeled as a carbon steel shell and tube heat exchanger, with a bare module cost of 

$12,848. Please refer to section 4.5 for the specification sheet. 

Pump 1 (PU-201) 

Pump 1 is centrifugal water pump that pressurizes the cooling water used to regulate temperature 

throughout the process in the intercoolers. It brings the pressure from 14.7 psia to 19.7 psia in 

order to offset the pressure losses across the intercoolers. The size and specifications of the unit 

do not correspond to the correlations in Product and Process Design Principles, so a pricing 

approximation was used by comparing Pump 1 to a pump found online that can facilitate the 
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required flowrate and operating pressure. Based on the cost of the AMT-4251-98 Centrifugal 

Pump, the bare module cost was calculated to be $8,015. Please refer to section 4.5 for the 

specification sheet. 

Storage Tank 1 (ST-201) 

The storage tank for the high-pressure process is designed to hold the carbon monoxide produced 

in the storage mode of the process at 2000 psig.  The total volume of the container is 1200 m3 or 

317,000 gal.  The tank is made of carbon steel and has a minimum thickness prescribed by the 

operating pressure.  The weight is 3.6 million pounds, and the maximum pressure rating is 2200 

psig.   
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High Pressure Production 

Blower 4 (BL-204) 

Blower 4 is a centrifugal blower constructed with cast iron. It increases the pressure of the inlet 

air stream in order to offset pressure losses across the process units. The outlet stream leaves at 

19.7 psia and 141.8 F. The net work of the compressor is 204.0 HP, with a bare module cost of 

$169,745. Please refer to section 4.5 for the specification sheet. 

Blower 5 (BL-205) 

Blower 5 is a centrifugal blower constructed with cast iron. It increases the pressure of the waste 

carbon dioxide stream in order to offset pressure losses across the process units so that its excess 

heat can be used in a recycle loop before discarding. The outlet stream leaves at 24.7 psia and 

1493.2 F. The net work of the compressor is 498.1 HP, with a bare module cost of $343,600. 

Please refer to section 4.5 for the specification sheet. 

Blower 6 (BL-206) 

Blower 5 is a centrifugal blower constructed with cast iron. It increases the pressure of the waste 

nitrogen stream in order to offset pressure losses across the process units so that its excess heat 

can be used in a recycle loop before discarding. The outlet stream leaves at 23.7 psia and 1603.0 

F. The net work of the compressor is 498.1 HP, with a bare module cost of $537,880. Please 

refer to section 4.5 for the specification sheet. 

Heat Exchanger 3 (HX-203) 

This heat exchanger uses the excess heat of the nitrogen stream in order to raise the temperature 

of the air stream bound for the fuel cell. This is an example of efficient heat integration, as the 

nitrogen stream was to be discarded from the process otherwise. The air stream exits the heat 

exchanger at 1292 F; the carbon monoxide stream exits the heat exchanger at 160.3 F. The heat 
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transfer surface area and heat transfer coefficient were calculated by ASPEN. The heat 

exchanger is modeled as a carbon steel shell and tube heat exchanger, with a bare module cost of 

$44,567. Please refer to section 4.5 for the specification sheet. 

Heat Exchanger 4 (HX-204) 

This heat exchanger uses the excess heat of the carbon dioxide stream in order to raise the 

temperature of the carbon monoxide stream before it is expanded in the multistage turbine. By 

doing this, the need for reheaters between stages is eliminated, as the stream never falls below an 

operable temperature range. This is an example of efficient heat integration, as the carbon 

dioxide stream was to be discarded from the process otherwise. The carbon monoxide stream 

exits the heat exchanger at 1473.8 F; the carbon dioxide stream exits the heat exchanger at 634.6 

F. The heat transfer surface area and heat transfer coefficient were calculated by ASPEN. The 

heat exchanger is modeled as a carbon steel shell and tube heat exchanger, with a bare module 

cost of $36,420. Please refer to section 4.5 for the specification sheet.  

Heat Exchanger 5 (HX-205) 

This heat exchanger uses the excess heat of the carbon dioxide stream in order to raise the 

temperature of the expanded carbon monoxide stream bound for the fuel cell. This is an example 

of efficient heat integration, as the carbon dioxide stream was to be discarded from the process 

otherwise. The carbon monoxide stream exits the heat exchanger at 615.2 F; the carbon dioxide 

stream exits the heat exchanger at 513.7 F. The heat transfer surface area and heat transfer 

coefficient were calculated by ASPEN. The heat exchanger is modeled as a carbon steel shell 

and tube heat exchanger, with a bare module cost of $24,223. Please refer to section 4.5 for the 

specification sheet.  

Fuel Cell 2 (FC-202) 
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Fuel Cell 2 is the solid oxide fuel cell (SOFC) which generates electricity by converting carbon 

monoxide to carbon dioxide. On the cathode side, molecular oxygen from air is reduced to oxide 

ions and  on the anode side, carbon monoxide is oxidized to carbon dioxide. The cell has 

a strontium-doped lanthanum manganite (LSM) composite anode, nickel and yttria-stabilized 

zirconia composite cathode and a yttria-stabilized zirconia electrolyte. The power production for 

this unit is 226.6 MWh. The SOFC is operated at 600℃ and 1 atm. The bare module cost of the 

unit is $6,207,642. Please refer to section 4.5 for the specification sheet.  

Fired Heater 2 (FH-202) 

The fired heater uses wood pellets as fuel. Its purpose is to raise the temperature of the carbon 

monoxide stream to the operating conditions of the fuel cell, at a pressure of 14.7 psi and a 

temperature of 1292 F. It is based on a stainless steel constructed, shop fabricated unit with a 

heat duty of 2,005,841.75 Btu/hr. The bare module cost of the unit is $136,813. Please refer to 

section 4.5 for the specification sheet. 

Multistage Turbine 1 (MTU-201) 

The multistage turbine is implemented in order to recover energy from the highly pressurized 

carbon monoxide between storage in the tank and conversion in the fuel cell. Three stages had to 

be used because the temperature decrease across a single stage for this pressure difference was 

too large and would have resulted in liquid effluent. Additionally, expansion over multiple stages 

allows for greater recovery of energy, making the overall process more efficient as a result. The 

outlet stream exits at 429.7 F and 24.7 psia. The total work recovered by this unit is 994.1 HP. 

Each turbine is constructed with carbon steel; please refer to the specification sheet for details 

about the individual turbines 
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4.5 Specification Sheets 
 

Specification sheets for the equipment listed in the process design are reported in this section. 
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Blower 1 
 

Identification             
 

  Item   Blower 1 Date 4/12/20   
 

  Item No. BL-101 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of inlet carbon dioxide 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-101 S-102     
 

  Quantity (lb/hr)        17,083.7      17,083.7      
 

  Composition           
 

    Carbon Dioxide      17,083.7      17,083.7      
 

    

Carbon 

Monoxide                 -                   -        
 

    Oxygen                   -                   -        
 

    Water                   -                   -        
 

                
 

  Temperature (F)               77.0           165.8      
 

  Pressure (psi)               14.7             24.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Carbon Steel 
 

  Net Work (HP) 154.471     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                     

63,378.21        
 

  CBM $ 

                   

203,444.05        
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Blower 2 
 

Identification             
 

  Item   Blower 2 Date 4/12/20   
 

  Item No. BL-202 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of carbon monoxide stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-206 S-207     
 

  Quantity (lb/hr)        10,935.2      10,935.2      
 

  Composition           
 

    Carbon Dioxide           170.8           170.8      
 

    

Carbon 

Monoxide      10,764.3    10,764.32      
 

    Oxygen                   -                   -        
 

    Water                   -                   -        
 

                
 

  Temperature (F)          1,292.0        1,475.3      
 

  Pressure (psi)               14.7             19.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Cast Iron 
 

  Net Work (HP) 279.994     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

101,390.76        
 

  CBM $ 

                   

325,464.33        
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Blower 3 
 

Identification             
 

  Item   Blower 3 Date 4/12/20   
 

  Item No. BL-203 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of oxygen stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-215 S-216     
 

  Quantity (lb/hr)          6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide                 -               -        
 

    

Carbon 

Monoxide                 -               -        
 

    Oxygen          6,148.5     6,148.5      
 

    Water                   -               -        
 

                
 

  Temperature (F)          1,292.0     1,610.1      
 

  Pressure (psi)               14.7          24.7      
 

  Vapor Fraction                 1.0            1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Cast Iron 
 

  Net Work (HP) 201.643     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                     

78,229.68        
 

  CBM $ 

                   

251,117.28        
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Compressor 1 
 

Identification             
 

  Item   Compressor 1 Date 4/12/20   
 

  Item No. CM-101 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of carbon monoxide stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-208B S-209     
 

  Quantity (lb/hr)           10,935.1    10,935.15      
 

  Composition           
 

    Carbon Dioxide              170.8         170.84      
 

    

Carbon 

Monoxide         10,764.3    10,764.31      
 

    Oxygen                      -                   -        
 

    Water                      -                   -        
 

                
 

  Temperature (F)                216.3           754.4      
 

  Pressure (psi)                  14.7             75.6      
 

  Vapor Fraction                    1.0               1.0      
 

Design Data             
 

  Type Screw Compressor 
 

  Material Carbon Steel 
 

  Net Work (HP) 740.017     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                      

484,747.65        
 

  CBM $ 

                   

1,556,039.95        
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Compressor 2 
 

Identification             
 

  Item   Compressor 2 Date 4/12/20   
 

  Item No. CM-102 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of carbon monoxide stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-210 S-211     
 

  Quantity (lb/hr)           10,935.1    10,935.15      
 

  Composition           
 

    Carbon Dioxide              170.8         170.84      
 

    

Carbon 

Monoxide         10,764.3    10,764.31      
 

    Oxygen                      -                   -        
 

    Water                      -                   -        
 

                
 

  Temperature (F)                122.4           617.0      
 

  Pressure (psi)                  70.6           388.8      
 

  Vapor Fraction                    1.0               1.0      
 

Design Data             
 

  Type Reciprocating Compressor 
 

  Material Carbon Steel 
 

  Net Work (HP) 675.719     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                      

343,580.41        
 

  CBM $ 

                   

1,102,893.10        
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Compressor 3 
 

Identification             
 

  Item   Compressor 3 Date 4/12/20   
 

  Item No. CM-103 By JD/MUC/VB 
 

  No. Required 1         
 

Function Bring carbon monoxide stream to storage condition pressure 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-212 S-213     
 

  Quantity (lb/hr)           10,935.1    10,935.15      
 

  Composition           
 

    Carbon Dioxide              170.8         170.84      
 

    

Carbon 

Monoxide         10,764.3    10,764.31      
 

    Oxygen                      -                   -        
 

    Water                      -                   -        
 

                
 

  Temperature (F)                122.4           597.3      
 

  Pressure (psi)                383.8        2,000.0      
 

  Vapor Fraction                    1.0               1.0      
 

Design Data             
 

  Type Reciprocating Compressor 
 

  Material Carbon Steel 
 

  Net Work (HP) 667.573     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                      

338,492.87        
 

  CBM $ 

                   

1,086,562.12        
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Compressor 4 
 

Identification             
 

  Item   Compressor 4 Date 4/12/20   
 

  Item No. CM-104 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of oxygen stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-218B S-219     
 

  Quantity (lb/hr)          6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide                 -               -        
 

    

Carbon 

Monoxide                 -               -        
 

    Oxygen          6,148.5     6,148.5      
 

    Water                   -               -        
 

                
 

  Temperature (F)             122.0        577.7      
 

  Pressure (psi)               14.7          75.7      
 

  Vapor Fraction                 1.0            1.0      
 

Design Data             
 

  Type Screw Compressor 
 

  Material Carbon Steel 
 

  Net Work (HP) 314.448     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

260,794.59        
 

  CBM $ 

                   

837,150.62        
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Compressor 5 
 

Identification             
 

  Item   Compressor 5 Date 4/12/20   
 

  Item No. CM-105 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of oxygen stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-220 S-221     
 

  Quantity (lb/hr)          6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide                 -               -        
 

    

Carbon 

Monoxide                 -               -        
 

    Oxygen          6,148.5     6,148.5      
 

    Water                   -               -        
 

                
 

  Temperature (F)             122.4        601.6      
 

  Pressure (psi)               70.7        389.5      
 

  Vapor Fraction                 1.0            1.0      
 

Design Data             
 

  Type Reciprocating Compressor 
 

  Material Carbon Steel 
 

  Net Work (HP) 331.906     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

143,306.08        
 

  CBM $ 

                   

460,012.53        
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Compressor 6 
 

Identification             
 

  Item   Compressor 6 Date 4/12/20   
 

  Item No. CM-106 By JD/MUC/VB 
 

  No. Required 1         
 

Function Bring oxygen stream to storage condition pressure 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-222 S-223     
 

  Quantity (lb/hr)          6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide                 -               -        
 

    

Carbon 

Monoxide                 -               -        
 

    Oxygen          6,148.5     6,148.5      
 

    Water                   -               -        
 

                
 

  Temperature (F)             121.9        583.5      
 

  Pressure (psi)             384.5     2,005.0      
 

  Vapor Fraction                 1.0            1.0      
 

Design Data             
 

  Type Reciprocating Compressor 
 

  Material Carbon Steel 
 

  Net Work (HP) 322.604     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

138,382.07        
 

  CBM $ 

                   

444,206.46        
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Fuel Cell 1 
 

Identification             
 

  Item   Fuel Cell 1 Date 4/12/20   
 

  Item No. FC-101 By JD/MUC/VB   
 

  No. Required 1         
 

Function Convert carbon dioxide into carbon monoxide and oxygen 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet   Outlet 1 Outlet 2 
 

Stream ID      S-104     S-105   S-115  
 

  Quantity (lb/hr)              17,083.7          6,148.5        10,935.2  
 

  Composition           
 

    Carbon Dioxide            17,083.7                   -               170.8  
 

    

Carbon 

Monoxide                       -                     -          10,764.3  
 

    Oxygen                         -            6,148.5                   -    
 

    Water                         -                     -                     -    
 

                
 

  Temperature (F)                1,292.0          1,292.0          1,292.0  
 

  Pressure (psi)                     14.7               14.7               14.7  
 

  Vapor Fraction                       1.0                 1.0                 1.0  
 

Design Data             
 

  Material LSM-YSZ∣YSZ∣Ni-YSZ 
 

  

Electricity Consumed 

(kW) 32010.33 
 

  Operating T (F) 1292.0 
 

  Operating P (psia) 14.7 
 

  CP $ 

                      

3,103,821.00        
 

  CBM $ 

                      

6,207,642.00        
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Fired Heater 1 
 

Identification             
 

  Item   Fired Heater 1 Date 4/12/20   
 

  Item No. FH-201 By JD/MUC/VB 
 

  No. Required 1         
 

Function Heat carbon dioxide stream to fuel cell operating temp. 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-204 S-205     
 

  Quantity (lb/hr)        17,083.7      17,083.7      
 

  Composition           
 

    Carbon Dioxide      17,083.7      17,083.7      
 

    

Carbon 

Monoxide                 -                   -        
 

    Oxygen                   -                   -        
 

    Water                   -                   -        
 

                
 

  Temperature (F)          1,223.4        1,292.0      
 

  Pressure (psi)               19.7             14.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Fired Heater 
 

  Material Stainless Steel 
 

  Bare Module Type Shop Fabricated     
 

  Heat Transfer (Btu/hr) 340621.3     
 

          
 

  CP $ 

                     

34,014.15        
 

  CBM $ 

                   

109,185.43        
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Heat Exchanger 1 
 

Identification             
 

  Item   Heat Exchanger 1 Date 4/12/20   
 

  Item No. HX-201 By JD/MUC/VB   
 

  No. Required 1         
 

Function Heat carbon dioxide stream while cooling carbon monoxide stream 
 

Operation 12 hours, daily 
 

Materials 

Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-207   S-208A   S-202   S-203  
 

  Quantity (lb/hr)       10,935.2      10,935.2      17,083.7      17,083.7  
 

  Composition                      -                   -    
 

    

Carbon 

Dioxide          170.8           170.8      17,083.7      17,083.7  
 

    

Carbon 

Monoxide     10,764.3      10,764.3                 -                   -    
 

    Oxygen                  -                   -                   -                   -    
 

    Water                  -                   -                   -                   -    
 

                
 

  Temperature (F)         1,475.3           216.3           198.3        1,044.2  
 

  Pressure (psi)              19.7             14.7             29.7             24.7  
 

  Vapor Fraction                1.0               1.0               1.0               1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   3682474.8 
 

  

Heat Transfer Coefficient (Btu/hr-sqft-

F) 149.7 
 

  

Heat Transfer Area 

(sqft)   189.0 
 

  CP $ 

                    

11,468.80        
 

  

CB

M $ 

                    

36,356.09        
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Heat Exchanger 2 
 

Identification             
 

  Item   Heat Exchanger 2 Date 4/12/20   
 

  Item No. HX-202 By JD/MUC/VB   
 

  No. Required 1         
 

Function Heat carbon dioxide stream while cooling oxygen stream 
 

Operation 12 hours, daily 
 

Materials Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-216   S-217   S-203   S-204  
 

  Quantity (lb/hr)        6,148.5     6,148.5      17,083.7      17,083.7  
 

  Composition                      -                   -    
 

    

Carbon 

Dioxide               -               -        17,083.7      17,083.7  
 

    

Carbon 

Monoxide               -               -                   -                   -    
 

    Oxygen        6,148.5     6,148.5                 -                   -    
 

    Water                 -               -                   -                   -    
 

                
 

  Temperature (F)        1,610.1     1,063.4        1,044.2        1,223.4  
 

  Pressure (psi)             24.7          19.7             24.7             19.7  
 

  Vapor Fraction               1.0            1.0               1.0               1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   873924.5 
 

  

Heat Transfer Coefficient (Btu/hr-sqft-

F) 149.7 
 

  

Heat Transfer Area 

(sqft)   47.7 
 

  CP $ 

                     

5,650.66        
 

  

CB

M $ 

                   

17,912.61        
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Intercooler 1 
 

Identification             
 

  Item   Intercooler 1 Date 4/12/20   
 

  Item No. IC-201 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool oxygen stream before compression 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-217 S-218A     
 

  Quantity (lb/hr)        6,148.5      6,148.5      
 

  Composition           
 

    Carbon Dioxide               -                 -        
 

    

Carbon 

Monoxide               -                 -        
 

    Oxygen        6,148.5      6,148.5      
 

    Water                 -                 -        
 

                
 

  Temperature (F)        1,063.4         122.0      
 

  Pressure (psi)             19.7           14.7      
 

  Vapor Fraction               1.0             1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   1376870.9 
 

  Heat Transfer Coefficient (Btu/hr-sqft-F) 149.7 
 

  Heat Transfer Area (sqft)   31.9 
 

  Cold Utility   Cooling Water        

  CP $                      4,437.68         

  CBM $                    14,067.43         
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Intercooler 2 
 

Identification             
 

  Item   Intercooler 2 Date 4/12/20   
 

  Item No. IC-202 By 

JD/MUC/V

B 
 

  No. Required 1         
 

Function Cool carbon monoxide stream between compression stages 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-209 S-210     
 

  Quantity (lb/hr)      10,935.1        10,935.1      
 

  Composition           
 

    Carbon Dioxide         170.8             170.8      
 

    

Carbon 

Monoxide    10,764.3        10,764.3      
 

    Oxygen                 -                     -        
 

    Water                 -                     -        
 

                
 

  Temperature (F)           754.4             122.4      
 

  Pressure (psi)             75.6               70.6      
 

  Vapor Fraction               1.0                 1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   1765591.4 
 

  Heat Transfer Coefficient (Btu/hr-sqft-F) 149.7 
 

  Heat Transfer Area (sqft)   54.2 
 

  Cold Utility   Cooling Water        

  CP $                      6,101.49         

  CBM $                    19,341.73         
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Intercooler 3 
 

Identification             
 

  Item   Intercooler 3 Date 4/12/20   
 

  Item No. IC-203 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool carbon monoxide stream between compression stages 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-211 S-212     
 

  Quantity (lb/hr)      10,935.1   10,935.1      
 

  Composition           
 

    Carbon Dioxide         170.8        170.8      
 

    

Carbon 

Monoxide    10,764.3   10,764.3      
 

    Oxygen                 -               -        
 

    Water                 -               -        
 

                
 

  Temperature (F)           617.0        122.4      
 

  Pressure (psi)           388.8        383.8      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   1394668.8 
 

  Heat Transfer Coefficient (Btu/hr-sqft-F) 149.7 
 

  Heat Transfer Area (sqft)   50.8 
 

  Cold Utility   Cooling Water        

  CP $                      5,867.19         

  CBM $                    18,599.00         
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Intercooler 4 
 

Identification             
 

  Item   Intercooler 4 Date 4/12/20   
 

  Item No. IC-204 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool carbon monoxide stream to storage temp. conditions 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-213 S-214     
 

  Quantity (lb/hr)      10,935.1   10,935.1      
 

  Composition           
 

    Carbon Dioxide         170.8        170.8      
 

    

Carbon 

Monoxide    10,764.3   10,764.3      
 

    Oxygen                 -               -        
 

    Water                 -               -        
 

                
 

  Temperature (F)           597.3        121.2      
 

  Pressure (psi)        2,000.0     2,000.0      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   1439179.5 
 

  Heat Transfer Coefficient (Btu/hr-sqft-F) 149.7 
 

  Heat Transfer Area (sqft)   54.4 
 

  Cold Utility   Cooling Water        

  CP $                      6,113.94         

  CBM $                    19,381.20         
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Intercooler 5 
 

Identification             
 

  Item   Intercooler 5 Date 4/12/20   
 

  Item No. IC-205 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool oxygen stream between compression stages 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-219 S-220     
 

  Quantity (lb/hr)        6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide               -               -        
 

    

Carbon 

Monoxide               -               -        
 

    Oxygen        6,148.5     6,148.5      
 

    Water                 -               -        
 

                
 

  Temperature (F)           577.7        122.4      
 

  Pressure (psi)             75.7          70.7      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   641696.0 
 

  Heat Transfer Coefficient (Btu/hr-sqft-F) 149.7 
 

  Heat Transfer Area (sqft)   24.7 
 

  Cold Utility   Cooling Water        

  CP $                      3,810.60         

  CBM $                    12,079.60         
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Intercooler 6 
 

Identification             
 

  Item   Intercooler 6 Date 4/12/20   
 

  Item No. IC-206 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool oxygen stream between compression stages 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-221 S-222     
 

  Quantity (lb/hr)        6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide               -               -        
 

    

Carbon 

Monoxide               -               -        
 

    Oxygen        6,148.5     6,148.5      
 

    Water                 -               -        
 

                
 

  Temperature (F)           601.6        121.9      
 

  Pressure (psi)           389.5        384.5      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   688432.3 
 

  Heat Transfer Coefficient (Btu/hr-sqft-F) 149.7 
 

  Heat Transfer Area (sqft)   25.7 
 

  Cold Utility   Cooling Water        

  CP $                      3,900.48         

  CBM $                    12,364.51         
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Intercooler 7 
 

Identification             
 

  Item   Intercooler 7 Date 4/12/20   
 

  Item No. IC-207 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool oxygen stream to storage temp. conditions 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-223 S-224     
 

  Quantity (lb/hr)        6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide               -               -        
 

    

Carbon 

Monoxide               -               -        
 

    Oxygen        6,148.5     6,148.5      
 

    Water                 -               -        
 

                
 

  Temperature (F)           583.5        121.5      
 

  Pressure (psi)        2,005.0     2,000.0      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   712171.3 
 

  Heat Transfer Coefficient (Btu/hr-sqft-F) 149.7 
 

  Heat Transfer Area (sqft)   27.4 
 

  Cold Utility   Cooling Water        

  CP $                      4,053.10         

  CBM $                    12,848.34         
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Pump 1 
 

Identification             
 

  Item   Pump 1 Date 4/12/20   
 

  Item No. PU-201 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of water for intercoolers 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID             
 

  Quantity (lb/hr)       154,319.2      154,319.2      
 

  Composition           
 

    Carbon Dioxide                  -                     -        
 

    

Carbon 

Monoxide                  -                     -        
 

    Oxygen                    -                     -        
 

    Water       154,319.2      154,319.2      
 

                
 

  Temperature (F)                80.0               80.0      
 

  Pressure (psi)                14.7               19.7      
 

  Vapor Fraction                    -                     -        
 

Design Data             
 

  Type AMT 4251-98 Heavy Duty Straight Centrifugal Pump 
 

  Material Stainless Steel 
 

  Net Work (HP) 0.90582     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                        

2,497.00        
 

  CBM $ 

                        

8,015.37        
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Storage Tank 1 
 

Identification             
 

  Item   Storage Tank 1 Date 4/12/20   
 

  Item No. ST-101 By JD/MUC/VB 
 

  No. Required 1         
 

Function Store carbon monoxide product stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-214 S-202     
 

  Quantity (lb/hr)           10,935.1    17,083.68      
 

  Composition           
 

    Carbon Dioxide              170.8    17,083.68      
 

    

Carbon 

Monoxide         10,764.3                 -        
 

    Oxygen                      -                   -        
 

    Water                      -                   -        
 

                
 

  Temperature (F)                121.2           198.3      
 

  Pressure (psi)             2,000.0             29.7      
 

  Vapor Fraction                    1.0               1.0      
 

Design Data             
 

  Type Pressure Vessel 
 

  Material Carbon Steel 
 

  Gas Volume (cuft) 5300     
 

          
 

          
 

  CP $ 

                   

3,788,872.00        
 

  CBM $ 

                   

9,472,180.00        
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Blower 4 
 

Identification             
 

  Item   Blower 4 Date 4/12/20   
 

  Item No. BL-204 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of inlet air stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-225 S-226     
 

  Quantity (lb/hr)        26,501.8      26,501.8      
 

  Composition           
 

    

Carbon 

Monoxide                 -                   -        
 

    Carbon Dioxide                 -                   -        
 

    Oxygen          6,172.7        6,172.7      
 

    Nitrogen        20,329.1      20,329.1      
 

                
 

  Temperature (F)               77.0           141.8      
 

  Pressure (psi)               14.7             19.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Cast Iron 
 

  Net Work (HP) 204     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                     

78,951.19        
 

  CBM $ 

                   

253,433.33        
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Blower 5 
 

Identification             
 

  Item   Blower 5 Date 4/12/20   
 

  Item No. BL-205 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of carbon monoxide waste stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-233 S-234     
 

  Quantity (lb/hr)        17,022.2      17,022.2      
 

  Composition           
 

    

Carbon 

Monoxide           107.6           107.6      
 

    Carbon Dioxide      16,914.5      16,914.5      
 

    Oxygen                   -                   -        
 

    Nitrogen                   -                   -        
 

                
 

  Temperature (F)          1,292.0        1,493.2      
 

  Pressure (psi)               14.7             24.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Cast Iron 
 

  Net Work (HP) 498.077     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

159,814.10        
 

  CBM $ 

                   

513,003.26        
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Blower 6 
 

Identification             
 

  Item   Blower 6 Date 4/12/20   
 

  Item No. BL-206 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of nitrogen waste stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-237 S-238     
 

  Quantity (lb/hr)        20,414.7      20,414.7      
 

  Composition           
 

    

Carbon 

Monoxide                 -                   -        
 

    Carbon Dioxide                 -                   -        
 

    Oxygen               85.7             85.7      
 

    Nitrogen        20,329.1      20,329.1      
 

                
 

  Temperature (F)          1,292.0        1,603.0      
 

  Pressure (psi)               14.7             23.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Cast Iron 
 

  Net Work (HP) 878.347     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

250,176.84        
 

  CBM $ 

                   

803,067.67        
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Heat Exchanger 3 
 

Identification             
 

  Item   Heat Exchanger 3 Date 4/12/20   
 

  Item No. HX-203 By JD/MUC/VB   
 

  No. Required 1         
 

Function Heat inlet air stream to fuel cell operating conditions 
 

Operation 12 hours, daily 
 

Materials 

Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-238   S-239   S-226   S-227  
 

  Quantity (lb/hr)      20,414.7      20,414.7      26,501.8      26,501.8  
 

  Composition                      -                   -    
 

    

Carbon 

Monoxide               -                   -                   -                   -    
 

    

Carbon 

Dioxide               -                   -                   -                   -    
 

    Oxygen             85.7             85.7        6,172.7        6,172.7  
 

    Nitrogen      20,329.1      20,329.1      20,329.1      20,329.1  
 

                
 

  Temperature (F)        1,603.0           160.3           141.8        1,292.0  
 

  Pressure (psi)             23.7             18.7             19.7             14.7  
 

  Vapor Fraction               1.0               1.0               1.0               1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   7815789.4 
 

  Heat Transfer Coefficient (Btu/hr-ft2-F) 149.7 
 

  

Heat Transfer Area 

(ft2)   503.9 
 

  CP $ 

                   

14,059.26        
 

  

CB

M $ 

                   

44,567.85        
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Heat Exchanger 4 
 

Identification             
 

  Item   Heat Exchanger 4 Date 4/12/20   
 

  Item No. HX-204 By JD/MUC/VB   
 

  No. Required 1         
 

Function Preheat carbon monoxide stream for turbine decompression 
 

Operation 12 hours, daily 
 

Materials 

Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-234   S-235   S-228   S-229  
 

  Quantity (lb/hr)      17,022.2      17,022.2      10,935.2      10,935.2  
 

  Composition                      -                   -    
 

    

Carbon 

Monoxide         107.6           107.6      10,764.3      10,764.3  
 

    

Carbon 

Dioxide    16,914.5      16,914.5           170.8           170.8  
 

    Oxygen                 -                   -                   -                   -    
 

    Nitrogen                 -                   -                   -                   -    
 

                
 

  Temperature (F)        1,493.2           634.6           122.0        1,473.8  
 

  Pressure (psi)             24.7             19.7        2,000.0        1,995.0  
 

  Vapor Fraction               1.0               1.0               1.0               1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   4104317.3 
 

  Heat Transfer Coefficient (Btu/hr-ft2-F) 149.7 
 

  

Heat Transfer Area 

(ft2)   182.0 
 

  CP $ 

                   

11,489.03        
 

  

CB

M $ 

                   

36,420.22        
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Heat Exchanger 5 
 

Identification             
 

  Item   Heat Exchanger 5 Date 4/12/20   
 

  Item No. HX-205 By JD/MUC/VB   
 

  No. Required 1         
 

Function Reheat carbon monoxide stream after decompression 
 

Operation 12 hours, daily 
 

Materials 

Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-235   S-236   S-230   S-231  
 

  Quantity (lb/hr)      17,022.2      17,022.2      10,935.2      10,935.2  
 

  Composition                      -                   -    
 

    

Carbon 

Monoxide         107.6           107.6      10,764.3      10,764.3  
 

    

Carbon 

Dioxide    16,914.5      16,914.5           170.8           170.8  
 

    Oxygen                 -                   -                   -                   -    
 

    Nitrogen                 -                   -                   -                   -    
 

                
 

  Temperature (F)           634.6           513.7           429.7           615.2  
 

  Pressure (psi)             19.7             14.7             24.7             19.7  
 

  Vapor Fraction               1.0               1.0               1.0               1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   520375.8 
 

  Heat Transfer Coefficient (Btu/hr-ft2-F) 149.7 
 

  

Heat Transfer Area 

(ft2)   78.9 
 

  CP $ 

                     

7,641.35        
 

  

CB

M $ 

                   

24,223.08        
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Fired Heater 2 
 

Identification             
 

  Item   Fired Heater 2 Date 4/12/20   
 

  Item No. FH-202 By JD/MUC/VB 
 

  No. Required 1         
 

Function Heat carbon monoxide stream to fuel cell operating conditions 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-231 S-232     
 

  Quantity (lb/hr)        10,935.2      10,935.2      
 

  Composition           
 

    

Carbon 

Monoxide      10,764.3      10,764.3      
 

    Carbon Dioxide           170.8           170.8      
 

    Oxygen                   -                   -        
 

    Nitrogen                   -                   -        
 

                
 

  Temperature (F)             615.2        1,292.0      
 

  Pressure (psi)               19.7             14.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Fired Heater 
 

  Material Stainless Steel 
 

  Bare Module Type Shop Fabricated     
 

  Heat Transfer (Btu/hr) 2005841.8     
 

          
 

  CP $ 

                   

136,813.57        
 

  CBM $ 

                   

439,171.56        
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Multistage Turbine 1 
 

Identification             
 

  Item   Multistage Turbine 1 Date 4/12/20   
 

  Item No. MTU-201 By JD/MUC/VB   
 

  No. Required 1         
 

Function Recover energy from compressed car bon monoxide stream 
 

Operatio

n 12 hours, daily 
 

Materials 

Handled      Inlet   Outlet      
 

Stream ID      S-229   S-230      
 

  Quantity (lb/hr)         10,935.2        10,935.2      
 

  Composition           
 

    

Carbon 

Monoxide       10,764.3        10,764.3      
 

    

Carbon 

Dioxide            170.8             170.8      
 

    Oxygen                    -                     -        
 

    Nitrogen                    -                     -        
 

                
 

  Temperature (F)           1,473.8             429.7      
 

  Pressure (psi)           1,995.0               24.7      
 

  Vapor Fraction                  1.0                 1.0      
 

Design Data             
 

  Type 

Gas Expansion 

Turbine 

Gas Expansion 
Turbine 

Gas Expansion 

Turbine 
 

  Material Carbon Steel Carbon Steel Carbon Steel   
 

  Net Work (HP) -424.8 -323.3 -246.0   
 

  

Isentropic 

Efficiency   0.7 0.72 0.7   
 

  Mechanical Efficiency 0.8 0.8 0.8   
 

  CP $       80,719.92      64,704.11      51,857.16    
 

  

CB

M $     201,799.79    161,760.28    129,642.89    
 

 



 

93 

 

 

Fuel Cell 2 
 

Identification             
 

  Item   Fuel Cell 2 Date 4/12/20   
 

  Item No. FC-202 By 

JD/MUC/V

B   
 

  No. Required 1         
 

Function Convert carbon dioxide into carbon monoxide and oxygen 
 

Operation 12 hours, daily 
 

Materials 

Handled     Inlet 1 Inlet 2 Outlet 1 Outlet 2 
 

Stream ID      S-227   S-232   S-233   S-237  
 

  Quantity (lb/hr)            26,501.8  

    

10,935.2      17,022.2  

    

20,414.7  
 

  Composition           
 

    Carbon Dioxide                    -    

    

10,764.3           107.6                 -    
 

    Carbon Monoxide                    -    

         

170.8      16,914.5                 -    
 

    Oxygen              6,172.7                 -                   -    

           

85.7  
 

    Water            20,329.1                 -                   -    

    

20,329.1  
 

                
 

  Temperature (F)              1,292.0  

      

1,292.0        1,292.0  

      

1,292.0  
 

  Pressure (psi)                   14.7  

           

14.7             14.7  

           

14.7  
 

  Vapor Fraction                     1.0  

             

1.0               1.0  

             

1.0  
 

Design Data             
 

  Material LSM-YSZ∣YSZ∣Ni-YSZ 
 

  Electricity Supplied (kW) 18882.3 
 

  Operating T (F) 1292.0 
 

  Operating P (psi) 14.7 
 

  CP $ 

                   

3,103,821.00        
 

  CBM $ 

                   

6,207,642.00        
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4.6 Equipment Cost Summary 
Equipment 

Description 

Type Purchase 

Cost 

Bare Module 

Factor 

Bare Module 

Cost 

Name 
  

(default 3.21 if 

blank) 

 

BL-201 Process 

Machinery 

$81,800 
 

$262,500 

BL-202 Process 

Machinery 

$101,400 
 

$325,500 

BL-203 Process 

Machinery 

$78,200 
 

$251,100 

CM-201 Process 

Machinery 

$484,700 
 

$1,556,000 

CM-202 Process 

Machinery 

$343,600 
 

$1,102,900 

CM-203 Process 

Machinery 

$338,500 
 

$1,086,600 

CM-204 Process 

Machinery 

$260,800 
 

$837,200 

CM-205 Process 

Machinery 

$143,300 
 

$460,000 

CM-206 Process 

Machinery 

$138,400 
 

$444,200 

FC-201 Process 

Machinery 

$3,103,800 2.00 $6,207,600 

FH-201 Process 

Machinery 

$34,000 
 

$109,200 

HX-201 Process 

Machinery 

$11,500 3.17 $36,400 

HX-202 Process 

Machinery 

$5,700 3.17 $17,900 

IC-201 Process 

Machinery 

$4,400 3.17 $14,100 

IC-202 Process 

Machinery 

$6,100 3.17 $19,300 

IC-203 Process 

Machinery 

$5,900 3.17 $18,600 

IC-204 Process 

Machinery 

$6,100 3.17 $19,400 

IC-205 Process 

Machinery 

$3,800 3.17 $12,100 

IC-206 Process 

Machinery 

$3,900 3.17 $12,400 

IC-207 Process 

Machinery 

$4,100 3.17 $12,800 
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PU-201 Process 

Machinery 

$2,500 
 

$8,000 

ST-201 Storage $3,788,900 2.50 $9,472,200 

BL-204 Process 

Machinery 

$79,000 
 

$253,400 

BL-205 Process 

Machinery 

$159,800 
 

$513,000 

BL-206 Process 

Machinery 

$250,200 
 

$803,100 

HX-203 Process 

Machinery 

$14,100 3.17 $44,600 

HX-204 Process 

Machinery 

$11,500 3.17 $36,400 

HX-205 Process 

Machinery 

$7,600 3.17 $24,200 

FC-202 Process 

Machinery 

$3,103,800 2.00 $6,207,600 

FH-202 Process 

Machinery 

$79,000 
 

$253,400 

MTU-201 Process 

Machinery 

$169,700 2.50 $424,400 

FS-201 Other 

Equipment 

$17,000 1.92 $32,600 

Total 
   

30,878,664 
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5.  Case 2: Low-Pressure Storage Process 

Design 
 

5.1 Process Flow Diagrams 
 

Process flow diagrams are shown in this section, along with ASPEN stream reports with relevant 

thermodynamic data.   

Much of the equipment and process design remains the same from the high-pressure case 

presented in section 4.  This process, however, is simplified and requires fewer pieces of 

equipment, notably fewer compressors and turbines due to the low storage pressure.   
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  Units S-101 S-102 S-103 S-104 S-105 

From     BL-101 HX-101 HX-102 FC-101 

To   BL-101 HX-101 HX-102 FC-101 BL-103 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole 
Flows             

Carbon Dioxide lbmol/hr 388.2 388.2 388.2 388.2 0.0 

Carbon Monoxide lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lbmol/hr 0.0 0.0 0.0 0.0 192.1 

Water lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Component Mass 
Flows             

Carbon Dioxide lb/hr 17083.7 17083.7 17083.7 17083.7 0.0 

Carbon Monoxide lb/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lb/hr 0.0 0.0 0.0 0.0 6148.5 

Water lb/hr 0.0 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 388.2 388.2 388.2 388.2 192.1 

Mass Flows lb/hr 17083.7 17083.7 17083.7 17083.7 6148.5 

Volume Flow cuft/hr 151361.3 104953.9 354510.8 496679.0 245846.0 

Temperature F 77.0 165.8 1216.2 1292.0 1292.0 

Pressure psia 14.7 24.7 19.7 14.7 14.7 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -169196.3 -168386.3 -156432.7 -155462.6 9356.8 

Mass Enthalpy Btu/lb -3844.5 -3826.1 -3554.5 -3532.5 292.4 

Enthalpy Flow Btu/hr 

-
65678436.

9 

-
65364003.

8 

-
60723883.

6 

-
60347294.

6 
1797887.

0 

Molar Entropy 
Btu/lbmol-
R 0.7 1.0 12.4 13.6 8.9 

Mass Entropy Btu/lb-R 0.0 0.0 0.3 0.3 0.3 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.1 0.2 0.0 0.0 0.0 
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  Units S-106 S-107 S-108 S-109 S-110 

From   BL-103 HX-102 HX-103 CM-101 IC-101 

To   HX-102 HX-103 CM-101 IC-101 CM-102 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole Flows             

Carbon Dioxide lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Carbon Monoxide lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lbmol/hr 192.1 192.1 192.1 192.1 192.1 

Water lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Component Mass Flows             

Carbon Dioxide lb/hr 0.0 0.0 0.0 0.0 0.0 

Carbon Monoxide lb/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lb/hr 6148.5 6148.5 6148.5 6148.5 6148.5 

Water lb/hr 0.0 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 192.1 192.1 192.1 192.1 192.1 

Mass Flows lb/hr 6148.5 6148.5 6148.5 6148.5 6148.5 

Volume Flow cuft/hr 152196.6 163674.4 60862.6 22582.7 13745.9 

Temperature F 1731.2 1500.1 122.1 545.8 121.3 

Pressure psia 29.7 24.7 19.7 92.0 87.0 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol 13057.1 11097.2 312.4 3401.1 293.1 

Mass Enthalpy Btu/lb 408.0 346.8 9.8 106.3 9.2 

Enthalpy Flow Btu/hr 2508900.8 2132311.8 60035.0 653507.8 56322.5 

Molar Entropy Btu/lbmol-R 9.4 8.9 0.0 0.9 -3.0 

Mass Entropy Btu/lb-R 0.3 0.3 0.0 0.0 -0.1 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.0 0.0 0.1 0.3 0.4 
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  Units S-111 S-112 S-113 S-114 S-115 

From   CM-102 IC-102 CM-103 IC-103 FC-101 

To   IC-102 CM-103 IC-103 B7 BL-102 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole Flows             

Carbon Dioxide lbmol/hr 0.0 0.0 0.0 0.0 3.9 

Carbon Monoxide lbmol/hr 0.0 0.0 0.0 0.0 384.3 

Oxygen lbmol/hr 192.1 192.1 192.1 192.1 0.0 

Water lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Component Mass Flows             

Carbon Dioxide lb/hr 0.0 0.0 0.0 0.0 170.8 

Carbon Monoxide lb/hr 0.0 0.0 0.0 0.0 10764.3 

Oxygen lb/hr 6148.5 6148.5 6148.5 6148.5 0.0 

Water lb/hr 0.0 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 192.1 192.1 192.1 192.1 388.2 

Mass Flows lb/hr 6148.5 6148.5 6148.5 6148.5 10935.2 

Volume Flow cuft/hr 4954.4 2802.2 1084.5 591.6 496697.3 

Temperature F 563.2 122.0 550.8 122.7 1292.0 

Pressure psia 429.4 424.4 2005.0 2000.0 14.7 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol 3523.8 230.5 3395.9 -40.2 -39744.5 

Mass Enthalpy Btu/lb 110.1 7.2 106.1 -1.3 -1410.9 

Enthalpy Flow Btu/hr 677084.6 44290.7 652514.0 -7728.2 -15427985.8 

Molar Entropy Btu/lbmol-R -2.1 -6.2 -5.3 -9.7 29.9 

Mass Entropy Btu/lb-R -0.1 -0.2 -0.2 -0.3 1.1 

Molar Density lbmol/cuft 0.0 0.1 0.2 0.3 0.0 

Mass Density lb/cuft 1.2 2.2 5.7 10.4 0.0 
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  Units S-116 S-117 S-118 S-119 S-120 

From   BL-102 HX-101 IC-104   PU-101 

To   HX-101 IC-104   PU-101 SP-101 

MIXED Substream             

Phase   Vapor Vapor Vapor Liquid Liquid 

Component Mole 
Flows             

Carbon Dioxide lbmol/hr 3.9 3.9 3.9 0.0 0.0 

Carbon Monoxide lbmol/hr 384.3 384.3 384.3 0.0 0.0 

Oxygen lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Water lbmol/hr 0.0 0.0 0.0 2269.1 2269.1 

Component Mass 
Flows             

Carbon Dioxide lb/hr 170.8 170.8 170.8 0.0 0.0 

Carbon Monoxide lb/hr 10764.3 10764.3 10764.3 0.0 0.0 

Oxygen lb/hr 0.0 0.0 0.0 0.0 0.0 

Water lb/hr 0.0 0.0 0.0 40878.2 40878.2 

Mole Flows lbmol/hr 388.2 388.2 388.2 2269.1 2269.1 

Mass Flows lb/hr 10935.2 10935.2 10935.2 40878.2 40878.2 

Volume Flow cuft/hr 310184.9 108781.2 123004.5 659.9 659.9 

Temperature F 1750.4 185.0 121.9 80.0 80.0 

Pressure psia 29.7 24.7 19.7 14.7 19.7 

Molar Vapor 
Fraction   1.0 1.0 1.0 0.0 0.0 

Molar Liquid 
Fraction   0.0 0.0 0.0 1.0 1.0 

Molar Enthalpy Btu/lbmol -36030.3 -47983.9 -48425.5 -124205.2 -124204.9 

Mass Enthalpy Btu/lb -1279.0 -1703.3 -1719.0 -6894.4 -6894.4 

Enthalpy Flow Btu/hr 

-
13986220.

3 

-
18626340.

5 

-
18797756.

0 

-
281832274.

1 

-
281831510.

9 

Molar Entropy 
Btu/lbmol
-R 30.4 21.5 21.2 -40.8 -40.8 

Mass Entropy Btu/lb-R 1.1 0.8 0.8 -2.3 -2.3 

Molar Density 
lbmol/cuf
t 0.0 0.0 0.0 3.4 3.4 

Mass Density lb/cuft 0.0 0.1 0.1 62.0 62.0 
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  Units S-121 S-122 S-123 S-124 

From   SP-101 PU-102 HX-103 TU-101 

To   PU-102 HX-103 TU-101   

MIXED Substream           

Phase   Liquid Liquid Liquid Liquid 

Component Mole 
Flows           

Carbon Dioxide lbmol/hr 0.0 0.0 0.0 0.0 

Carbon Monoxide lbmol/hr 0.0 0.0 0.0 0.0 

Oxygen lbmol/hr 0.0 0.0 0.0 0.0 

Water lbmol/hr 63.5 63.5 63.5 63.5 

Component Mass 
Flows           

Carbon Dioxide lb/hr 0.0 0.0 0.0 0.0 

Carbon Monoxide lb/hr 0.0 0.0 0.0 0.0 

Oxygen lb/hr 0.0 0.0 0.0 0.0 

Water lb/hr 1143.8 1143.8 1143.8 1143.8 

Mole Flows lbmol/hr 63.5 63.5 63.5 63.5 

Mass Flows lb/hr 1143.8 1143.8 1143.8 1143.8 

Volume Flow cuft/hr 18.5 18.5 2407.0 55081.6 

Temperature F 80.0 80.3 1482.1 730.1 

Pressure psia 19.7 547.4 547.4 14.7 

Molar Vapor Fraction   0.0 0.0 1.0 1.0 

Molar Liquid Fraction   1.0 1.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -124204.9 -124169.4 -91531.6 -98499.6 

Mass Enthalpy Btu/lb -6894.4 -6892.4 -5080.8 -5467.6 

Enthalpy Flow Btu/hr -7886156.3 -7883902.4 -5811625.6 -6254048.6 

Molar Entropy 
Btu/lbmol
-R -40.8 -40.8 -6.6 -4.0 

Mass Entropy Btu/lb-R -2.3 -2.3 -0.4 -0.2 

Molar Density lbmol/cuft 3.4 3.4 0.0 0.0 

Mass Density lb/cuft 62.0 61.9 0.5 0.0 
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  Units S-125 S-126 S-127 S-128 S-129 

From     BL-104 HX-105   BL-105 

To   BL-104 HX-105 FC-102 BL-105 HX-104 

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole 
Flows             

Carbon Monoxide lbmol/hr 384.3 384.3 384.3 0.0 0.0 

Carbon Dioxide lbmol/hr 3.9 3.9 3.9 0.0 0.0 

Oxygen lbmol/hr 0.0 0.0 0.0 192.9 192.9 

Nitrogen lbmol/hr 0.0 0.0 0.0 725.7 725.7 

Component Mass 
Flows             

Carbon Monoxide lb/hr 10764.3 10764.3 10764.3 0.0 0.0 

Carbon Dioxide lb/hr 170.8 170.8 170.8 0.0 0.0 

Oxygen lb/hr 0.0 0.0 0.0 6172.7 6172.7 

Nitrogen lb/hr 0.0 0.0 0.0 20329.1 20329.1 

Mole Flows lbmol/hr 388.2 388.2 388.2 918.6 918.6 

Mass Flows lb/hr 10935.2 10935.2 10935.2 26501.8 26501.8 

Volume Flow cuft/hr 164901.1 137889.2 496697.3 
359937.

7 
261662.

8 

Temperature F 122.0 192.0 1292.0 77.0 195.6 

Pressure psia 14.7 19.7 14.7 14.7 24.7 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -48424.2 -47934.1 -39744.5 -2.9 825.2 

Mass Enthalpy Btu/lb -1719.0 -1701.6 -1410.9 -0.1 28.6 

Enthalpy Flow Btu/hr 
-

18797238.5 
-

18607019.1 
-

15427985.8 -2647.7 
758040.

0 

Molar Entropy 
Btu/lbmol-
R 21.8 22.0 29.9 1.0 1.4 

Mass Entropy Btu/lb-R 0.8 0.8 1.1 0.0 0.0 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.1 0.1 0.0 0.1 0.1 
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  Units S-130 S-131 S-132 S-133 S-134 

From   HX-104 HX-106 FC-102 BL-106 HX-106 

To   HX-106 FC-102 BL-106 HX-106   

MIXED Substream             

Phase   Vapor Vapor Vapor Vapor Vapor 

Component Mole 
Flows             

Carbon Monoxide lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Carbon Dioxide lbmol/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lbmol/hr 192.9 192.9 2.7 2.7 2.7 

Nitrogen lbmol/hr 725.7 725.7 725.7 725.7 725.7 

Component Mass 
Flows             

Carbon Monoxide lb/hr 0.0 0.0 0.0 0.0 0.0 

Carbon Dioxide lb/hr 0.0 0.0 0.0 0.0 0.0 

Oxygen lb/hr 6172.7 6172.7 85.7 85.7 85.7 

Nitrogen lb/hr 20329.1 20329.1 20329.1 20329.1 20329.1 

Mole Flows lbmol/hr 918.6 918.6 728.4 728.4 728.4 

Mass Flows lb/hr 26501.8 26501.8 20414.7 20414.7 20414.7 

Volume Flow cuft/hr 530977.2 
1175207.

3 931979.2 759606.3 573883.0 

Temperature F 600.6 1291.8 1292.0 1492.5 618.8 

Pressure psia 19.7 14.7 14.7 20.1 14.7 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol 3711.5 8955.7 8853.4 10427.7 3813.8 

Mass Enthalpy Btu/lb 128.6 310.4 315.9 372.0 136.1 

Enthalpy Flow Btu/hr 
3409377.

0 
8226653.

4 
6448482.

0 
7595152.

9 
2777876.

5 

Molar Entropy 
Btu/lbmol-
R 5.3 9.6 8.6 8.8 5.0 

Mass Entropy Btu/lb-R 0.2 0.3 0.3 0.3 0.2 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.0 0.0 0.0 0.0 0.0 

 



 

107 

 

 
  Units S-135 S-136 S-137 S-138 

From   FC-102 BL-107 HX-105 HX-104 

To   BL-107 HX-105 HX-104   

MIXED Substream           

Phase   Vapor Vapor Vapor Vapor 

Component Mole Flows           

Carbon Monoxide lbmol/hr 3.8 3.8 3.8 3.8 

Carbon Dioxide lbmol/hr 384.3 384.3 384.3 384.3 

Oxygen lbmol/hr 0.0 0.0 0.0 0.0 

Nitrogen lbmol/hr 0.0 0.0 0.0 0.0 

Component Mass Flows           

Carbon Monoxide lb/hr 107.6 107.6 107.6 107.6 

Carbon Dioxide lb/hr 16914.5 16914.5 16914.5 16914.5 

Oxygen lb/hr 0.0 0.0 0.0 0.0 

Nitrogen lb/hr 0.0 0.0 0.0 0.0 

Mole Flows lbmol/hr 388.2 388.2 388.2 388.2 

Mass Flows lb/hr 17022.2 17022.2 17022.2 17022.2 

Volume Flow cuft/hr 496679.6 329580.2 275085.2 190481.1 

Temperature F 1292.0 1493.2 840.6 213.8 

Pressure psia 14.7 24.7 19.7 14.7 

Molar Vapor Fraction   1.0 1.0 1.0 1.0 

Molar Liquid Fraction   0.0 0.0 0.0 0.0 

Molar Enthalpy Btu/lbmol -154305.4 -151693.5 -159883.2 -166713.4 

Mass Enthalpy Btu/lb -3518.8 -3459.3 -3646.0 -3801.8 

Enthalpy Flow Btu/hr -59898098.1 -58884239.4 -62063272.7 -64714609.6 

Molar Entropy Btu/lbmol-R 13.9 14.2 9.6 3.1 

Mass Entropy Btu/lb-R 0.3 0.3 0.2 0.1 

Molar Density lbmol/cuft 0.0 0.0 0.0 0.0 

Mass Density lb/cuft 0.0 0.1 0.1 0.1 
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5.2 Energy Balances and Utilities 
Table 5.2.1: Utilities Summary for Low Pressure Storage Mode 

 

Equipment 

Unit 

No. 

Power 

(kW) 

Annual Consumption 

(kWh) 

Price 

($/kWh) 

Annual Cost 

($) 

Blower 1 BL-101  115.19   456,000  $0.03   $12,800  

Blower 2 BL-102  528.18   2,090,000   $0.03   $58,900  

Blower 3 BL-103  260.47   1,030,000  $0.03   $29,000 

Compressor 1 CM-101  217.41   861,000  $0.03   $24,200 

Compressor 2 CM-102  227.41   900,000   $0.03   $25,300 

Compressor 3 CM-103  222.82   882,000   $0.03   $24,800 

Pump 1 PU-101  0.22   890   $0.03   $25 

Pump 2 PU-102  0.66   2,600   $0.03   $80  

Turbine 1 TU-101  (103.73)  (411,000)  $0.03   $(11,600) 

Electrolytic Cell FC-101  32,010.33   127,000,000   $0.03   $3,570,000  

Total Electricity    133,000,000    $3,730,000  

 

As with the high-pressure case, the main consumer of power in the low-pressure case is the 

electrolytic cell, with its power demand being two orders of magnitude more than any of the 

other units. Outside of that, air movers and compressors constitute the bulk of the demand once 

again. The turbine implemented in the cogeneration unit recovers a portion of the energy spent 

heating the process streams. The cooling water provided to the process is used for the 

intercoolers in the multistage compressor systems and as the working fluid in the cogeneration 

unit. The total annual electricity cost is $3,730,000  and the total annual cooling water cost is 

$1,950 

Equipment Unit No. 

Flow Rate 

(lb/hr) 

Annual Flowrate 

(lb) 

Price 

($/lb) 

Annual Cost 

($) 

Intercooler 1 IC-101  11,509.96   45,600,000  1.20E-05  $550  

Intercooler 2 IC-102  12,196.26   48,300,000  1.20E-05  $580  

Intercooler 3 IC-103  12,725.29   50,400,000  1.20E-05  $600  

Intercooler 4 IC-104  3,302.86   13,100,000  1.20E-05  $160  

Heat Exchanger 3 HX-103  1,143.85   4,530,000  1.20E-05  $60  

Total Cooling 

Water    161,000,000    $1,950  
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Table 5.2.2: Utilities Summary for Low Pressure Production Mode 

Equipment Unit No. Power (kW) 

Annual Consumption 

(kWh) 

Price 

($/kWh) 

Annual Cost 

($) 

Blower 4 BL-104  69.68   275,000   $0.03   $7,700  

Blower 5 BL-105  278.67   1,103,000  $0.03   $31,000  

Blower 6 BL-106  420.07   1,660,000   $0.03   $46,800  

Blower 7 BL-107  371.42   1,470,000   $0.03   $41,400  

Total 

Electricity    4,510,000    $127,000 

 

The only utility needed for the low-pressure production mode is electricity to power the air 

movers. The total annual electricity cost is $127,000. 
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5.3 Process Description 
 

Low Pressure Storage   

This section discusses the energy storage mode of the low-pressure carbon monoxide storage 

case, which operates for 12 hours a day during off-peak hours. 17083.7 lb/hr of pure carbon 

dioxide (S-101) is passed through a blower (BL-101) to increase its pressure from 14.7 psia to 

24.7 psia. This is done in order to counteract the pressure drops (estimated to be 5 psi per unit) 

across the process units that follow. The pressurized carbon dioxide (S-102) enters a heat 

exchanger (HX-101) where it is heated from 166 F to 1216 F, and then into a second heat 

exchanger (HX-102) where it is brought to the final electrolytic cell operating temperature of 

1292 F, losing 10 psi across the two units. The final stream (S-104) enters the solid oxide 

electrolytic cell (FC-101) at 1292 F and 14.7 psia.   

 

The fuel cell converts the carbon dioxide into a nearly pure carbon monoxide stream and an 

oxygen stream. They are physically separated by the cell’s configuration so there is no need for 

additional separation units or processes. The two streams are recycled for use in heating the 

carbon dioxide stream in HX-101 and HX-102, respectively.   

 

The carbon monoxide stream (S-115) flows at 10935.2 lb/hr, containing 99% carbon monoxide 

and 1% carbon dioxide. It is flowed through a blower (BL-102) to counteract the pressure losses 

across the following equipment. With the pressure increased to 29.7 psia and a temperature of 

1750 F (S-116), the stream enters HX-101 and is cooled by the countercurrent carbon dioxide 

stream, exiting the heat exchanger at 185 F (S-117). The carbon monoxide stream is further 

cooled with Intercooler 4 (IC-104) to a final temperature of 122 F and a pressure of 19.7 psia (S-

118) for storage in the floating head tank (ST-101).   
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Running in parallel, 6148.5 lb/hr of pure oxygen (S-105) is flowed through a blower (BL-103) to 

counteract the pressure losses across the following equipment. With the pressure increased to 

29.7 psia and a temperature of 1731 F (S-106), the stream enters HX-102 and is cooled by the 

countercurrent carbon dioxide stream, exiting the heat exchanger at 1500 F (S-107).   

 

The oxygen stream is then used as part of a cogeneration process. The hot oxygen stream flowed 

through a heat exchanger (HX-103) with pressurized water as the countercurrent stream. Leaving 

the cogeneration heat exchanger, the stream reaches 122 F (S-108). From there, the oxygen must 

be compressed to 2000 psia in order to be sold. A multistage compressor system is incorporated 

to facilitate this process, with three compressors (CM-101, CM-102 and CM-103) and three 

intercoolers (IC-101, IC-102, and IC-103). This was implemented in order to maximize the 

efficiency of the compression, as well as to keep the stream temperature within operable bounds. 

Each intercooler returns the oxygen stream to 122 F. The final product oxygen stream (S-114) is 

at 122 F and 2000 psia, the standard conditions needed to sell the product.   

 

Finally, a stream of cooling water (S-119) at 40878.2 lb/hr, 80 F and 14.7 psia is used for the 

intercoolers and the cogeneration process. It is passed through a pump (PU-101), bringing it to 

19.7 psia for use in the following processes. The master stream is then passed through a splitter 

which provides the required amounts of cooling water to each other unit processes. The 

intercooler streams are unnamed and unacknowledged in the process flow diagram and stream 

reports for the sake of simplicity and ease of following, but flowrates can be found in the 

Energy Balance and Utilities section. The stream going to the cogeneration process (S-121) 

flows at 1143.8 lb/hr and enters an additional pump (PU-102) that increases the pressure to 547.4 
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psia. The stream then enters HX-103 and is heated by the oxygen stream. The water stream is 

evaporated into steam, exiting the heat exchanger with a vapor fraction of 1 and a temperature of 

1482 F (S-123). Finally, the vapor stream is flowed through a turbine (TU-101) and expanded in 

order to recover the energy put into the process.     

 

Low Pressure Production   

This section discusses the energy production mode of the low-pressure carbon monoxide storage 

case, which operates for 12 hours a day during on-peak hours. 10935.2 lb/hr of 99% carbon 

monoxide and 1% carbon dioxide (S-125) from the storage tank is passed through a blower (BL-

104) to increase its pressure to 19.7 psia. This is done in order to counteract the pressure drops 

(estimated to be 5 psi per unit) across the process units that follow. The pressurized 

carbon monoxide (S-122) enters a heat exchanger (HX-105) where it is heated from 192 F to 

1292 F (S-127) and then enters the fuel cell.   

 

Running in parallel, a stream of air pulled from the atmosphere flows at 26501.8 lb/hr, at 

atmospheric conditions of 77 F and 14.7 psia (S-128). It is flowed through a blower (BL-105) to 

increase the pressure in order to counteract the pressure drops across the following process units. 

BL-105 increases the stream pressure to 24.7 psia; the air stream then passes through two heat 

exchangers in series (HX-104 and HX-106), bringing the temperature to 601 F and 1292 F, 

respectively. The stream, at operating conditions of 1292 F and 14.7 psia (S-131) then enters the 

fuel cell.   

The fuel cell converts the carbon monoxide and the oxygen from the air stream into carbon 

dioxide, releasing energy in the process. The nitrogen in the air is an inert and does not react. It 

produces two streams: one that is predominantly carbon dioxide with a small percentage of 
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unreacted carbon monoxide flowing at 17022.2 lb/hr (S-135), and another that is predominantly 

nitrogen with a small percentage of unreacted oxygen flowing at 26501.8 lb/hr (S-132), both at 

1292 F and 14.7 psia.   

 

The nitrogen recycle stream is passed through a blower (BL-106) to reach a pressure of 19.7 psia 

and a temperature of 1492 F (S-133), then used in HX-106 to heat the air stream before being 

expelled to the atmosphere.   

 

The carbon recycle dioxide stream is passed through a blower (BL-107) to reach a pressure 

of 24.7 psia and a temperature of 1493 F (S-133), then used in HX-105 and HX-104 to heat the 

carbon monoxide and air streams before being expelled to the atmosphere.   
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5.4 Unit Descriptions 
 

Table 5.4.1: Low Pressure Storage Mode Equipment List 
Unit 

No. 
Unit Type Function Size Material 

Oper. 

T (F) 

Oper. P 

(psia) 

BL-

101 
Blower 

Increase 

pressure of 

inlet carbon 

dioxide 

Pc = 154.471 HP Cast Iron 165.8 24.7 

BL-

102 
Blower 

Increase 

pressure of 

carbon 

monoxide 

stream 

Pc = 708.294 HP Cast Iron 1750.4 29.7 

BL-

103 
Blower 

Increase 

pressure of 

oxygen stream 

Pc = 349.299 HP Cast Iron 1731.2 29.7 

CM-

101 
Compressor 

Increase 

pressure of 

oxygen stream 

Pc = 291.555 HP Carbon Steel 1750.4 29.7 

CM-

102 
Compressor 

Increase 

pressure of 

oxygen stream 

Pc = 304.961 HP Carbon Steel 563.2 429.4 

CM-

103 
Compressor 

Bring oxygen 

stream to 

storage pres. 

conditions 

Pc = 298.801 HP Carbon Steel 550.8 2005.0 

FC-

101 
Fuel Cell 

Convert carbon 

dioxide into 

carbon 

monoxide and 

oxygen 

 
LSM-

YSZ∣YSZ∣Ni-

YSZ 

1292.0 14.7 

HX-

101 

Heat 

Exchanger 

Heat carbon 

monoxide 

stream while 

cooling carbon 

dioxide stream 

A = 200.05 sqft, Q = 

4640120 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

1216.2 19.7 

HX-

102 

Heat 

Exchanger 

Heat carbon 

dioxide stream 

while cooling 

oxygen stream 

A = 7.0677 sqft, Q = 

376588 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

1292.0 14.7 

HX-

103 

Heat 

Exchanger 

Cool oxygen 

stream while 

producing 

steam for 

cogeneration 

A = 141.323 sqft, Q = 

2072276 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

1482.1 547.4 

IC-

101 
Intercooler 

Cool oxygen 

stream between 

compression 

stages 

A = 24.407 sqft, Q = 

597185. Btu/hr 

Carbon 

Steel/Carbon 

Steel 

121.3 87.0 

IC-

102 
Intercooler 

Cool oxygen 

stream between 

compression 

stages 

A = 25.022 sqft, Q = 

632793 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

122.0 424.4 
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IC-

103 
Intercooler 

Cool oxygen 

stream to 

storage temp. 

conditions 

A = 26.4719 sqft, Q = 

660242 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

122.7 2000.0 

IC-

104 
Intercooler 

Cool carbon 

monoxide 

stream to 

storage temp. 

conditions 

A = 22.7094 sqft, Q = 

171415Btu/hr 

Carbon 

Steel/Carbon 

Steel 

121.9 19.7 

PU-

101 
Pump 

Increase 

pressure of 

water for 

intercoolers 

and 

cogeneration 

Pc = 0.29 HP Cast Iron 80.0 19.7 

PU-

102 
Pump 

Increase 

pressure of 

water stream 

for 

cogeneration 

Pc = 0.885 HP Cast Iron 80.3 547.4 

TU-

101 
Turbine 

Recover energy 

from 

cogeneration 

process 

Pc = -139.1 HP Carbon Steel 730.1 14.7 

ST-

101 

Storage 

Tank 

Store carbon 

monoxide 

product stream 

  121.9 19.7 
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Table 5.4.2: Low Pressure Production Mode Equipment List 

Unit 

No. 

Unit 

Type 
Function Size Material 

Oper. 

T (F) 

Oper. P 

(psia) 

BL-

104 
Blower 

Increase pressure of inlet carbon 

monoxide stream 
Pc = 74.7 HP Cast Iron 192.0 19.7 

BL-

105 
Blower 

Increase pressure of inlet air 

stream 
Pc = 373 HP Cast Iron 195.6 24.7 

BL-

106 
Blower 

Increase pressure of nitrogen 

waste stream 
Pc = 563 HP Cast Iron 1492.5 20.1 

BL-

107 
Blower 

Increase pressure of waste 

carbon dioxide stream 
Pc = 498 HP Cast Iron 1493.2 24.7 

HX-

104 

Heat 

Exchang

er 

Heat carbon monoxide stream 
A = 205.89 sqft, Q = 

2651336 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

600.6 19.7 

HX-

105 

Heat 

Exchang

er 

Heat inlet air stream to fuel cell 

operating temp. 

A = 55.55 sqft, Q = 

3179033 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

1292.0 14.7 

HX-

106 

Heat 

Exchang

er 

Heat air stream to fuel cell 

operating temp. 

A = 423.2 sqft, Q = 

4817276 Btu/hr 

Carbon 

Steel/Carbon 

Steel 

1291.8 14.7 

FC-

102 

Fuel 

Cell 

Convert carbon monoxide and 

oxygen into carbon dioxide  

LSM-

YSZ∣YSZ∣Ni-

YSZ 1292.0 14.7 

 

Low Pressure Storage  

Blower 1 (BL-101)  

Blower 1 is a centrifugal blower constructed with cast iron. It increases the pressure of the inlet 

carbon dioxide stream in order to offset pressure losses across the process units. The outlet 

stream leaves at 24.7 psia and 165.8 F. The net work of the compressor is 154.5 HP, with a bare 

module cost of $203,444. Please refer to section 5.5 for the specification sheet.   

Blower 2 (BL-102)  

Blower 2 is a centrifugal blower constructed with cast iron. It increases the pressure of the 

carbon monoxide stream in order to offset pressure losses across the process units. The outlet 

stream leaves at 29.7 psia and 1750.4 F. The net work of the compressor is 708.3 HP, with a bare 

module cost of $677,523. Please refer to section 5.5 for the specification sheet.   

Blower 3 (BL-103)  



 

117 

 

Blower 2 is a centrifugal blower constructed with cast iron. It increases the pressure of the 

oxygen stream in order to offset pressure losses across the process units. The outlet stream leaves 

at 29.7 psia and 1731.2 F. The net work of the compressor is 708.3 HP, with a bare module cost 

of $387,598. Please refer to section 5.5 for the specification sheet.   

Compressor 1 (CM-101)  

Compressor 1 is a screw compressor constructed with carbon steel. It is the first of three units in 

a multi-stage compressor to bring the oxygen stream to storage pressure conditions, designed to 

reduce losses from compression and maintain operable temperature conditions. The outlet stream 

leaves at 92.0 psia and 545.8 F. The net work of the compressor is 291.6 HP, with a bare module 

cost of $674,226. Please refer to section 5.5 for the specification sheet.   

Compressor 2 (CM-102)  

Compressor 2 is a reciprocating compressor constructed with carbon steel. It is the second of 

three units in a multi-stage compressor to bring the oxygen stream to storage pressure conditions, 

designed to reduce losses from compression and maintain operable temperature conditions. The 

outlet stream leaves at 2005.0 psia and 550.8 F. The net work of the compressor is 305.0 HP, 

with a bare module cost of $414,516. Please refer to section 5.5 for the specification sheet.   

Compressor 3 (CM-103)  

Compressor 3 is a reciprocating compressor constructed with carbon steel. It is the third of three 

units in a multi-stage compressor to bring the carbon dioxide stream to storage pressure 

conditions, designed to reduce losses from compression and maintain operable temperature 

conditions. The outlet stream leaves at 2000.0 psia and 597.3 F. The net work of the compressor 

is 298.8 HP, with a bare module cost of $404,241. Please refer to section 5.5 for the specification 

sheet.   
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Fuel Cell 1 (FC-101)  

Fuel Cell 1 is the solid oxide electrolytic cell (SOEC) which reduces carbon dioxide to carbon 

monoxide and oxygen by using external electric supply. On the cathode side, carbon dioxide is 

being reduced to carbon monoxide and on the anode side, 99.9% pure molecular oxygen is being 

produced. The cell has a strontium-doped lanthanum manganite (LSM) composite 

anode, nickel and yttria-stabilized zirconia composite cathode and a yttria-stabilized 

zirconia electrolyte. The power consumption for this unit is 384.1 MWh. The SOEC is operated 

at 600℃ and 1 atm. The bare module cost of the unit is $6,207,642. Please refer to section 4.5 

for the specification sheet.  

Heat Exchanger 1 (HX-101)  

This heat exchanger uses the excess heat of the carbon monoxide stream in order to raise the 

temperature of the carbon dioxide stream bound for the fuel cell. This is an example of 

efficient heat integration, as the carbon monoxide stream must be cooled on its way to the 

multistage compressor as well. The carbon dioxide stream exits the heat exchanger at 1216.2 F; 

the carbon monoxide stream exits the heat exchanger at 185.0 F. The heat transfer surface area 

and heat transfer coefficient were calculated by ASPEN. The heat exchanger is modeled as a 

carbon steel shell and tube heat exchanger, with a bare module cost of $36,356. Please refer to 

the specification sheet in section 5.5.   

Heat Exchanger 2 (HX-102)  

This heat exchanger uses the excess heat of the oxygen stream in order to raise the temperature 

of the carbon dioxide stream bound for the fuel cell. This is an example of efficient heat 

integration, as the oxygen stream must be cooled on its way to the multistage compressor as well. 

The carbon dioxide stream exits the heat exchanger at 1292 F; the oxygen stream exits the heat 
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exchanger at 1500.1 F. The heat transfer surface area and heat transfer coefficient were 

calculated by ASPEN. The heat exchanger is modeled as a carbon steel shell and tube heat 

exchanger, with a bare module cost of $5,696. Please refer to section 5.5 for the specification 

sheet.   

Heat Exchanger 3 (HX-103)  

This heat exchanger uses the excess heat of the oxygen stream in order to produce high-pressure 

steam from cooling water in a process called cogeneration. The steam’s energy can be recovered 

with a turbine, increasing the overall efficiency of the process. In the process, the oxygen is 

decreased in temperature to storage temperature conditions. The inlet water stream is fully 

converted to steam, and exits the heat exchanger at 1482.1 F; the carbon monoxide stream exits 

the heat exchanger at 122.1 F. The heat transfer surface area and heat transfer coefficient were 

calculated by ASPEN. The heat exchanger is modeled as a carbon steel shell and tube heat 

exchanger, with a bare module cost of $34,370. Please refer to section 5.5 for the specification 

sheet.   

Intercooler 1 (IC-101)  

Intercooler 5 cools the oxygen stream in the multistage compressor, between CM-101 and CM-

102, in order to minimize the work required in the process and keep the stream from heating in 

inoperable temperatures. The stream is cooled from 545.8 F to 121.3.0 F. For details on cooling 

water flowrates, please refer to the Energy Balance and Utilities section. The heat transfer 

surface area and heat transfer coefficient were calculated by ASPEN. The intercooler is modeled 

as a carbon steel shell and tube heat exchanger, with a bare module cost of $11,982. Please refer 

to section 5.5 for the specification sheet.   

Intercooler 2 (IC-102)  
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Intercooler 2 cools the oxygen stream in the multistage compressor, between CM-102 and CM-

103, in order to minimize the work required in the process and keep the stream from heating in 

inoperable temperatures. The stream is cooled from 563.2 F to 122.0 F. For details on cooling 

water flowrates, please refer to the Energy Balance and Utilities section. The heat transfer 

surface area and heat transfer coefficient were calculated by ASPEN. The intercooler is modeled 

as a carbon steel shell and tube heat exchanger, with a bare module cost of $12,163. Please refer 

to section 5.5 for the specification sheet.   

Intercooler 3 (IC-103)  

Intercooler 3 cools the oxygen stream after its final compression stage in the multistage 

compressor, bringing it to storage temperature conditions. The stream is cooled from 550.8 F to 

122.7 F. For details on cooling water flowrates, please refer to the Energy Balance and Utilities 

section. The heat transfer surface area and heat transfer coefficient were calculated by ASPEN. 

The intercooler is modeled as a carbon steel shell and tube heat exchanger, with a bare module 

cost of $12,581. Please refer to section 5.5 for the specification sheet.   

Intercooler 4 (IC-104)  

Intercooler 4 cools the carbon monoxide stream to storage temperature conditions. The stream is 

cooled from 185.0 F to 121.9 F. For details on cooling water flowrates, please refer to the Energy 

Balance and Utilities section. The heat transfer surface area and heat transfer coefficient were 

calculated by ASPEN. The intercooler is modeled as a carbon steel shell and tube heat 

exchanger, with a bare module cost of $11,475. Please refer to section 5.5 for the specification 

sheet.   

Pump 1 (PU-101)  
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Pump 1 is centrifugal water pump that pressurizes the cooling water used to regulate temperature 

throughout the process in the intercoolers and the water used in the cogeneration process. The 

stream is then flowed through a splitter to provide the required amounts of water to each 

component. The pump brings the stream pressure from 14.7 psia to 19.7 psia in order to offset 

the pressure losses across the intercoolers. The size and specifications of the unit as determined 

by ASPEN do not correspond to the correlations in Product and Process Design Principles, so a 

pricing approximation was used by comparing Pump 1 to a pump found online that can facilitate 

the required flowrate and operating pressure. Based on the cost of the Barmessa End-

Suction Centrifugal Pump, the bare module cost was calculated to be $2,927. Please refer to 

section 5.5 for the specification sheet.   

Pump 2 (PU-102)  

Pump 2 is a water pump that pressurizes the cooling water used in the cogeneration process. The 

pump brings the stream pressure from 14.7 psia to 547.4 psia. This was determined to be the 

optimal pressure for maximum energy output in the turbine without having the stream produce 

liquid effluent after expansion. The size and specifications of the unit as determined by ASPEN 

do not correspond to the correlations in Product and Process Design Principles, so a pricing 

approximation was used by comparing Pump 2 to a pump found online that can facilitate the 

required flowrate and operating pressure. Based on the cost of the Aeromist Direct Drive Misting 

Pump, the bare module cost was calculated to be $5,261. Please refer to section 5.5 for the 

specification sheet.    

Turbine 1 (TU-101)  

The turbine is implemented as part of the cogeneration process; at this step, the pressurized and 

heated steam is expanded in order to recovery its energy. Because of the relatively small flowrate 
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and energy to be recovered, only a single stage is needed for this process. The outlet stream exits 

at 429.7 F and 24.7 psia. The total work recovered by this unit is 994.1 HP. Each turbine 

is constructed with carbon steel; please refer to the specification sheet for details about the 

individual turbines.  

Storage Tank 1 (ST-101) 

The storage tank in the low-pressure process is designed to hold the carbon monoxide produced 

in the storage mode at slightly above 1 atmosphere pressure (5 psig).  The total volume of the 

storage tank is 1.6E+5 m3 or 42 M gal.  The storage tank is a floating head tank designed to 

maintain pressure with a moveable roof.   
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Low Pressure Production  

Blower 4 (BL-104)   

Blower 4 is a centrifugal blower constructed with cast iron. It increases the pressure of carbon 

monoxide stream leaving the storage tank in order to offset pressure losses across the process 

units. The outlet stream leaves at 19.7 psia and 192.0 F. The net work of the compressor 

is 74.6 HP, with a bare module cost of $114,670. Please refer to section 5.5 for the specification 

sheet.   

Blower 5 (BL-105)   

Blower 5 is a centrifugal blower constructed with cast iron. It increases the pressure of the inlet 

air stream in order to offset pressure losses across the process units. The outlet stream leaves at 

24.7 psia and 195.6 F. The net work of the compressor is 373.7 HP, with a bare module cost of 

$408,837. Please refer to section 5.5 for the specification sheet.   

Blower 6 (BL-106)   

Blower 6 is a centrifugal blower constructed with cast iron. It increases the pressure of the waste 

nitrogen stream in order to offset pressure losses across the process units so that its excess heat 

can be used in a recycle loop before discarding. The outlet stream leaves at 20.1 psia and 1492.5 

F. The net work of the compressor is 563.3 HP, with a bare module cost of $565,398. Please 

refer to section 5.5 for the specification sheet.   

Blower 7 (BL-107)   

Blower 7 is a centrifugal blower constructed with cast iron. It increases the pressure of the waste 

carbon dioxide stream in order to offset pressure losses across the process units so that its excess 

heat can be used in a recycle loop before discarding. The outlet stream leaves at 24.7 psia and 
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1493.2 F. The net work of the compressor is 498.1 HP, with a bare module cost of $513,003. 

Please refer to section 5.5 for the specification sheet.   

Heat Exchanger 4 (HX-104)   

This heat exchanger uses the excess heat of the carbon dioxide stream in order to raise the 

temperature of the air stream bound for the fuel cell. This is an example of efficient heat 

integration, as the carbon dioxide stream was to be discarded from the process otherwise. The air 

stream exits the heat exchanger at 600.6 F; the carbon monoxide stream exits the heat exchanger 

at 213.8 F. The heat transfer surface area and heat transfer coefficient were calculated by 

ASPEN. The heat exchanger is modeled as a carbon steel shell and tube heat exchanger, with a 

bare module cost of $36,729. Please refer to section 5.5 for the specification sheet.   

Heat Exchanger 5 (HX-105)   

This heat exchanger uses the excess heat of the carbon dioxide stream in order to raise the 

temperature of the carbon monoxide stream bound for the fuel cell. This is an example 

of efficient heat integration, as the carbon dioxide stream was to be discarded from the process 

otherwise. The carbon monoxide stream exits the heat exchanger at 1292 F; the carbon dioxide 

stream exits the heat exchanger at 840.6 F. The heat transfer surface area and heat transfer 

coefficient were calculated by ASPEN. The heat exchanger is modeled as a carbon steel shell 

and tube heat exchanger, with a bare module cost of $19,629. Please refer to section 5.5 for the 

specification sheet.   

Heat Exchanger 6 (HX-106)   

This heat exchanger uses the excess heat of the waste nitrogen stream in order to raise the 

temperature of the air stream bound for the fuel cell. This is an example of efficient heat 

integration, as the nitrogen stream was to be discarded from the process otherwise. The air 
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stream exits the heat exchanger at 1291.8 F; the carbon dioxide stream exits the heat exchanger 

at 618.8 F. The heat transfer surface area and heat transfer coefficient were calculated by 

ASPEN. The heat exchanger is modeled as a carbon steel shell and tube heat exchanger, with a 

bare module cost of $42,389. Please refer to section 5.5 for the specification sheet.  

Fuel Cell 2 (FC-102) 

Fuel Cell 2 is the solid oxide fuel cell (SOFC) which generates electricity by converting carbon 

monoxide to carbon dioxide. On the cathode side, molecular oxygen from air is reduced to oxide 

ions and on the anode side, carbon monoxide is oxidized to carbon dioxide. The cell has 

a strontium-doped lanthanum manganite (LSM) composite anode, nickel and yttria-stabilized 

zirconia composite cathode and a yttria-stabilized zirconia electrolyte. The power production for 

this unit is 226.6 MWh. The SOFC is operated at 600℃ and 1 atm. The bare module cost of the 

unit is $6,207,642. Please refer to section 4.5 for the specification sheet.  
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5.5 Specification Sheets 
 

Specification sheets for equipment listed in this process design are reported in this section. 
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Blower 1 
 

Identification             
 

  Item   Blower 1 Date 4/12/20   
 

  Item No. BL-101 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of inlet carbon dioxide 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-101 S-102     
 

  Quantity (lb/hr)        17,083.7      17,083.7      
 

  Composition           
 

    Carbon Dioxide      17,083.7      17,083.7      
 

    

Carbon 

Monoxide                 -                   -        
 

    Oxygen                   -                   -        
 

    Water                   -                   -        
 

                
 

  Temperature (F)               77.0           165.8      
 

  Pressure (psi)               14.7             24.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Carbon Steel 
 

  Net Work (HP) 154.471     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                     

63,378.21        
 

  CBM $ 

                   

203,444.05        
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Blower 2 
 

Identification             
 

  Item   Blower 2 Date 4/12/20   
 

  Item No. BL-102 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of carbon monoxide stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-115 S-116     
 

  Quantity (lb/hr)        10,935.2      10,935.2      
 

  Composition           
 

    Carbon Dioxide           170.8           170.8      
 

    

Carbon 

Monoxide      10,764.3      10,764.3      
 

    Oxygen                   -                   -        
 

    Water                   -                   -        
 

                
 

  Temperature (F)          1,292.0        1,750.4      
 

  Pressure (psi)               14.7             29.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Carbon Steel 
 

  Net Work (HP) 708.294     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

211,066.63        
 

  CBM $ 

                   

677,523.90        
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Blower 3 
 

Identification             
 

  Item   Blower 3 Date 4/12/20   
 

  Item No. BL-103 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of oxygen stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-105 S-106     
 

  Quantity (lb/hr)          6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide                 -               -        
 

    

Carbon 

Monoxide                 -               -        
 

    Oxygen          6,148.5     6,148.5      
 

    Water                   -               -        
 

                
 

  Temperature (F)          1,292.0     1,731.2      
 

  Pressure (psi)               14.7          29.7      
 

  Vapor Fraction                 1.0            1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Carbon Steel 
 

  Net Work (HP) 349.299     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

120,747.12        
 

  CBM $ 

                   

387,598.25        
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Compressor 1 
 

Identification             
 

  Item   Compressor 1 Date 4/12/20   
 

  Item No. CM-101 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of oxygen stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-108 S-109     
 

  Quantity (lb/hr)          6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide                 -               -        
 

    

Carbon 

Monoxide                 -               -        
 

    Oxygen          6,148.5     6,148.5      
 

    Water                   -               -        
 

                
 

  Temperature (F)             122.1        545.8      
 

  Pressure (psi)               19.7          92.0      
 

  Vapor Fraction                 1.0            1.0      
 

Design Data             
 

  Type Screw Compressor 
 

  Material Carbon Steel 
 

  Net Work (HP) 291.555     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

210,039.39        
 

  CBM $ 

                   

674,226.46        
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Compressor 2 
 

Identification             
 

  Item   Compressor 2 Date 4/12/20   
 

  Item No. CM-102 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of oxygen stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-110 S-111     
 

  Quantity (lb/hr)          6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide                 -               -        
 

    

Carbon 

Monoxide                 -               -        
 

    Oxygen          6,148.5     6,148.5      
 

    Water                   -               -        
 

                
 

  Temperature (F)             121.3        563.2      
 

  Pressure (psi)               87.0        429.4      
 

  Vapor Fraction                 1.0            1.0      
 

Design Data             
 

  Type Reciprocating Compressor 
 

  Material Carbon Steel 
 

  Net Work (HP) 304.961     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

129,132.79        
 

  CBM $ 

                   

414,516.26        
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Compressor 3 
 

Identification             
 

  Item   Compressor 3 Date 4/12/20   
 

  Item No. CM-103 By JD/MUC/VB 
 

  No. Required 1         
 

Function Bring oxygen stream to storage pres. conditions 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-112 S-113     
 

  Quantity (lb/hr)          6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide                 -               -        
 

    

Carbon 

Monoxide                 -               -        
 

    Oxygen          6,148.5     6,148.5      
 

    Water                   -               -        
 

                
 

  Temperature (F)             122.0        550.8      
 

  Pressure (psi)             424.4     2,005.0      
 

  Vapor Fraction                 1.0            1.0      
 

Design Data             
 

  Type Reciprocating Compressor 
 

  Material Carbon Steel 
 

  Net Work (HP) 298.801     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

125,931.96        
 

  CBM $ 

                   

404,241.59        
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Fuel Cell 1 
 

Identification             
 

  Item   Fuel Cell 1 Date 4/12/20   
 

  Item No. FC-101 By JD/MUC/VB 
 

  No. Required 1         
 

Function Convert carbon dioxide into carbon monoxide and oxygen 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet   Outlet 1 Outlet 2 
 

Stream ID      S-104     S-105   S-115  
 

  Quantity (lb/hr)           17,083.7       6,148.5      10,935.2  
 

  Composition           
 

    Carbon Dioxide         17,083.7               -             170.8  
 

    

Carbon 

Monoxide                    -                 -        10,764.3  
 

    Oxygen                      -         6,148.5                 -    
 

    Water                      -                 -                   -    
 

                
 

  Temperature (F)             1,292.0       1,292.0        1,292.0  
 

  Pressure (psi)                  14.7            14.7             14.7  
 

  Vapor Fraction                    1.0              1.0               1.0  
 

Design Data             
 

  Material LSM-YSZ∣YSZ∣Ni-YSZ 
 

  

Electricity Consumed 

(kW) 32010.33 
 

  Operating T (F) 1292.0 
 

  Operating P (psi) 14.7 
 

  CP $ 

                   

3,103,821.00        
 

  CBM $ 

                   

6,207,642.00        
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Heat Exchanger 1 
 

Identification             
 

  Item   Heat Exchanger 1 Date 4/12/20   
 

  Item No. HX-101 By JD/MUC/VB   
 

  No. Required 1         
 

Function Heat carbon monoxide stream while cooling carbon dioxide stream 
 

Operation 12 hours, daily 
 

Materials 

Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-116   S-117   S-102   S-103  
 

  Quantity (lb/hr)      10,935.2      10,935.2      17,083.7      17,083.7  
 

  Composition                      -                   -    
 

    

Carbon 

Dioxide         170.8           170.8      17,083.7      17,083.7  
 

    

Carbon 

Monoxide    10,764.3      10,764.3                 -                   -    
 

    Oxygen                 -                   -                   -                   -    
 

    Water                 -                   -                   -                   -    
 

                
 

  Temperature (F)        1,750.4           185.0           165.8        1,216.2  
 

  Pressure (psi)             29.7             24.7             24.7             19.7  
 

  Vapor Fraction               1.0               1.0               1.0               1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   4640120.2 
 

  

Heat Transfer Coefficient (Btu/hr-ft2-

F) 149.7 
 

  

Heat Transfer Area 

(ft2)   200.1 
 

  CP $ 

                   

11,545.02        
 

  

CB

M $ 

                   

36,597.71        
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Heat Exchanger 2 
 

Identification             
 

  Item   

Heat Exchanger 

2 Date 4/12/20   
 

  Item No. HX-102 By JD/MUC/VB   
 

  No. Required 1         
 

Function Heat carbon dioxide stream while cooling oxygen stream 
 

Operation 12 hours, daily 
 

Materials Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-106   S-107   S-103   S-104  
 

  Quantity (lb/hr)      6,148.5     6,148.5      17,083.7      17,083.7  
 

  Composition                      -                   -    
 

    

Carbon 

Dioxide             -               -        17,083.7      17,083.7  
 

    

Carbon 

Monoxide             -               -                   -                   -    
 

    Oxygen      6,148.5     6,148.5                 -                   -    
 

    Water               -               -                   -                   -    
 

                
 

  Temperature (F)      1,731.2     1,500.1        1,216.2        1,292.0  
 

  Pressure (psi)           29.7          24.7             19.7             14.7  
 

  Vapor Fraction             1.0            1.0               1.0               1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   376589.0 
 

  

Heat Transfer Coefficient (Btu/hr-ft2-

F) 149.7 
 

  

Heat Transfer Area 

(ft2)   7.1 
 

  CP $ 

                   

1,797.06        
 

  

CB

M $ 

                   

5,696.68        
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Heat Exchanger 3 
 

Identification             
 

  Item   Heat Exchanger 3 Date 4/12/20   
 

  Item No. HX-103 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool oxygen stream while producing steam for cogeneration 
 

Operation 12 hours, daily 
 

Materials Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-107   S-108A   S-122   S-123  
 

  Quantity (lb/hr)          6,148.5     6,148.5     1,143.8     1,143.8  
 

  Composition                  -               -    
 

    Carbon Dioxide                 -               -               -               -    
 

    

Carbon 

Monoxide                 -               -               -               -    
 

    Oxygen          6,148.5     6,148.5             -               -    
 

    Water                   -               -       1,143.8     1,143.8  
 

                
 

  Temperature (F)          1,500.1        122.1          80.3     1,482.1  
 

  Pressure (psi)               24.7          19.7        547.4        547.4  
 

  Vapor Fraction                 1.0            1.0             -              1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   2072276.8 
 

  Heat Transfer Coefficient (Btu/hr-ft2-F) 149.7 
 

  Heat Transfer Area (ft2)   141.3 
 

  CP $ 

                     

34,371.89        
 

  CBM $ 

                   

108,958.90        
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Intercooler 1 
 

Identification             
 

  Item   Intercooler 1 Date 4/12/20   
 

  Item No. IC-101 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool oxygen stream between compression stages 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-109 S-110     
 

  Quantity (lb/hr)        6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide               -               -        
 

    

Carbon 

Monoxide               -               -        
 

    Oxygen        6,148.5     6,148.5      
 

    Water                 -               -        
 

                
 

  Temperature (F)           545.8        121.3      
 

  Pressure (psi)             92.0          87.0      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   597185.3 
 

  Heat Transfer Coefficient (Btu/hr-ft2-F) 149.7 
 

  Heat Transfer Area (ft2)   24.4 
 

  Cold Utility   Cooling Water        

  CP $                      3,780.11         

  CBM $                    11,982.94         
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Intercooler 2 
 

Identification             
 

  Item   Intercooler 2 Date 4/12/20   
 

  Item No. IC-102 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool oxygen stream between compression stages 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-111 S-112     
 

  Quantity (lb/hr)        6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide               -               -        
 

    

Carbon 

Monoxide               -               -        
 

    Oxygen        6,148.5     6,148.5      
 

    Water                 -               -        
 

                
 

  Temperature (F)           563.2        122.0      
 

  Pressure (psi)           429.4        424.4      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   632793.9 
 

  Heat Transfer Coefficient (Btu/hr-ft2-F) 149.7 
 

  Heat Transfer Area (ft2)   25.0 
 

  Cold Utility   Cooling Water        

  CP $                      3,837.04         

  CBM $                    12,163.41         
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Intercooler 3 
 

Identification             
 

  Item   Intercooler 3 Date 4/12/20   
 

  Item No. IC-103 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool oxygen stream to storage temp. conditions 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-113 S-114     
 

  Quantity (lb/hr)        6,148.5     6,148.5      
 

  Composition           
 

    Carbon Dioxide               -               -        
 

    

Carbon 

Monoxide               -               -        
 

    Oxygen        6,148.5     6,148.5      
 

    Water                 -               -        
 

                
 

  Temperature (F)           550.8        122.7      
 

  Pressure (psi)        2,005.0     2,000.0      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   660242.2 
 

  Heat Transfer Coefficient (Btu/hr-ft2-F) 149.7 
 

  Heat Transfer Area (ft2)   26.5 
 

  Cold Utility   Cooling Water        

  CP $                      3,968.87         

  CBM $                    12,581.31         
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Intercooler 4 
 

Identification             
 

  Item   Intercooler 4 Date 4/12/20   
 

  Item No. IC-104 By JD/MUC/VB 
 

  No. Required 1         
 

Function Cool carbon monoxide stream to storage temp. conditions 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-117 S-118     
 

  Quantity (lb/hr)      10,935.2   10,935.2      
 

  Composition           
 

    Carbon Dioxide         170.8      170.84      
 

    

Carbon 

Monoxide    10,764.3  ########     
 

    Oxygen                 -               -        
 

    Water                 -               -        
 

                
 

  Temperature (F)           185.0        121.9      
 

  Pressure (psi)             24.7          19.7      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type  Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   171415.4 
 

  Heat Transfer Coefficient (Btu/hr-ft2-F) 149.7 
 

  Heat Transfer Area (ft2)   22.7 
 

  Cold Utility   Cooling Water        

  CP $                      3,620.09         

  CBM $                    11,475.68         
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Pump 1 
 

Identification             
 

  Item   Pump 1 Date 4/12/20   
 

  Item No. PU-101 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of water for intercoolers and cogeneration 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-119 S-120     
 

  Quantity (lb/hr)    40,878.2      40,878.2      
 

  Composition           
 

    Carbon Dioxide             -                   -        
 

    

Carbon 

Monoxide             -                   -        
 

    Oxygen               -                   -        
 

    Water    40,878.2      40,878.2      
 

                
 

  Temperature (F)           80.0             80.0      
 

  Pressure (psi)           14.7             19.7      
 

  Vapor Fraction               -                   -        
 

Design Data             
 

  Type Barmessa End-Suction Centrifugal Pump 
 

  Material Cast Iron 
 

  Net Work (HP) 0.29993     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                      

912.00        
 

  CBM $ 

                   

2,927.52        
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Pump 2 
 

Identification             
 

  Item   Pump 2 Date 4/12/20   
 

  Item No. PU-102 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of water stream for cogeneration 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-121 S-122     
 

  Quantity (lb/hr)      1,143.8     1,143.8      
 

  Composition           
 

    Carbon Dioxide             -               -        
 

    

Carbon 

Monoxide             -               -        
 

    Oxygen               -               -        
 

    Water      1,143.8     1,143.8      
 

                
 

  Temperature (F)           80.0          80.3      
 

  Pressure (psi)           19.7        547.4      
 

  Vapor Fraction               -               -        
 

Design Data             
 

  Type Aeromist Direct Drive Misting Pump 
 

  Material Cast Iron 
 

  Net Work (HP) 0.88581     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

1,639.02        
 

  CBM $ 

                   

5,261.25        
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Turbine 1 
 

Identification             
 

  Item   Turbine 1 Date 4/12/20   
 

  Item No. TU-101 By JD/MUC/VB 
 

  No. Required 1         
 

Function Recover energy from cogeneration process 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-123 S-124     
 

  Quantity (lb/hr)        1,143.8     1,143.8      
 

  Composition           
 

    Carbon Dioxide               -               -        
 

    

Carbon 

Monoxide               -               -        
 

    Oxygen                 -               -        
 

    Water        1,143.8     1,143.8      
 

                
 

  Temperature (F)        1,482.1        730.1      
 

  Pressure (psi)           547.4          14.7      
 

  Vapor Fraction               1.0            1.0      
 

Design Data             
 

  Type Gas Expansion Turbine 
 

  Material Carbon Steel 
 

  Net Work (HP) -139.103     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

32,677.88        
 

  CBM $ 

                   

81,694.69        
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Storage Tank 1 
 

Identification             
 

  Item   Storage Tank 1 Date 4/12/20   
 

  Item No. ST-101 By 

JD/MUC/V

B 
 

  No. Required 1         
 

Function Store carbon monoxide product stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-118 S-125     
 

  Quantity (lb/hr)             10,935.2      10,935.2      
 

  Composition           
 

    

Carbon 

Dioxide                170.8      10,764.3      
 

    

Carbon 

Monoxide           10,764.3           170.8      
 

    Oxygen                        -                   -        
 

    Water                        -                   -        
 

                
 

  Temperature (F)                  121.9           122.0      
 

  Pressure (psi)                    19.7             14.7      
 

  Vapor Fraction                      1.0               1.0      
 

Design Data             
 

  Type Floating Head 
 

  Material Carbon Steel 
 

  Gas Volume (gal) 42000000.0     
 

          
 

          
 

  CP $ 

                   

14,700,000.00        
 

  CBM $ 

                   

36,750,000.00        
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Blower 4 
 

Identification             
 

  Item   Blower 4 Date 4/12/20   
 

  Item No. BL-104 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of inlet carbon monoxide stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-125 S-126     
 

  Quantity (lb/hr)        10,935.2      10,935.2      
 

  Composition           
 

    

Carbon 

Monoxide      10,764.3      10,764.3      
 

    Carbon Dioxide           170.8           170.8      
 

    Oxygen                   -                   -        
 

    Nitrogen                   -                   -        
 

                
 

  Temperature (F)             122.0           192.0      
 

  Pressure (psi)               14.7             19.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Cast Iron 
 

  Net Work (HP) 74.759     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                     

35,722.76        
 

  CBM $ 

                   

114,670.06        
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Blower 5 
 

Identification             
 

  Item   Blower 5 Date 4/12/20   
 

  Item No. BL-105 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of inlet air stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-128 S-129     
 

  Quantity (lb/hr)        26,501.8      26,501.8      
 

  Composition           
 

    

Carbon 

Monoxide                 -                   -        
 

    Carbon Dioxide                 -                   -        
 

    Oxygen          6,172.7        6,172.7      
 

    Nitrogen        20,329.1      20,329.1      
 

                
 

  Temperature (F)               77.0           195.6      
 

  Pressure (psi)               14.7             24.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Cast Iron 
 

  Net Work (HP) 373.702     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

127,363.78        
 

  CBM $ 

                   

408,837.75        
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Blower 6 
 

Identification             
 

  Item   Blower 6 Date 4/12/20   
 

  Item No. BL-106 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of nitrogen waste stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-132 S-133     
 

  Quantity (lb/hr)        20,414.7      20,414.7      
 

  Composition           
 

    

Carbon 

Monoxide                 -                   -        
 

    Carbon Dioxide                 -                   -        
 

    Oxygen               85.7             85.7      
 

    Nitrogen        20,329.1      20,329.1      
 

                
 

  Temperature (F)          1,292.0        1,492.5      
 

  Pressure (psi)               14.7             20.1      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Cast Iron 
 

  Net Work (HP) 563.323     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

176,136.47        
 

  CBM $ 

                   

565,398.06        
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Blower 7 
 

Identification             
 

  Item   Blower 7 Date 4/12/20   
 

  Item No. BL-107 By JD/MUC/VB 
 

  No. Required 1         
 

Function Increase pressure of waste carbon dioxide stream 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet Outlet     
 

Stream ID     S-135 S-136     
 

  Quantity (lb/hr)        17,022.2      17,022.2      
 

  Composition           
 

    

Carbon 

Monoxide           107.6           107.6      
 

    Carbon Dioxide      16,914.5      16,914.5      
 

    Oxygen                   -                   -        
 

    Nitrogen                   -                   -        
 

                
 

  Temperature (F)          1,292.0        1,493.2      
 

  Pressure (psi)               14.7             24.7      
 

  Vapor Fraction                 1.0               1.0      
 

Design Data             
 

  Type Centrifugal Blower 
 

  Material Cast Iron 
 

  Net Work (HP) 498.077     
 

  Isentropic Efficiency 0.72     
 

  Mechanical Efficiency 0.8     
 

  CP $ 

                   

159,814.10        
 

  CBM $ 

                   

513,003.26        
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Heat Exchanger 4 
 

Identification             
 

  Item   Heat Exchanger 4 Date 4/12/20   
 

  Item No. HX-104 By JD/MUC/VB   
 

  No. Required 1         
 

Function Heat carbon monoxide stream 
 

Operation 12 hours, daily 
 

Materials 

Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-137   S-138   S-129   S-130  
 

  Quantity (lb/hr)      17,022.2      17,022.2      26,501.8      26,501.8  
 

  Composition                      -                   -    
 

    

Carbon 

Monoxide         107.6           107.6                 -                   -    
 

    

Carbon 

Dioxide    16,914.5      16,914.5                 -                   -    
 

    Oxygen                 -                   -          6,172.7        6,172.7  
 

    Nitrogen                 -                   -        20,329.1      20,329.1  
 

                
 

  Temperature (F)           840.6           213.8           195.6           600.6  
 

  Pressure (psi)             19.7             14.7             24.7             19.7  
 

  Vapor Fraction               1.0               1.0               1.0               1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   2651337.0 
 

  

Heat Transfer Coefficient (Btu/hr-sqft-

F) 149.7 
 

  

Heat Transfer Area 

(sqft)   205.9 
 

  CP $ 

                   

11,586.70        
 

  

CB

M $ 

                   

36,729.83        
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Heat Exchanger 5 
 

Identification             
 

  Item   Heat Exchanger 5 Date 4/12/20   
 

  Item No. HX-105 By JD/MUC/VB   
 

  No. Required 1         
 

Function Heat inlet air stream to fuel cell operating temp. 
 

Operation 12 hours, daily 
 

Materials 

Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-136   S-137   S-126   S-127  
 

  Quantity (lb/hr)      17,022.2      17,022.2      10,935.2      10,935.2  
 

  Composition                      -                   -    
 

    

Carbon 

Monoxide         107.6           107.6      10,764.3      10,764.3  
 

    

Carbon 

Dioxide    16,914.5      16,914.5           170.8           170.8  
 

    Nitrogen                 -                   -                   -                   -    
 

    Nitrogen                 -                   -                   -                   -    
 

                
 

  Temperature (F)        1,493.2           840.6           192.0        1,292.0  
 

  Pressure (psi)             24.7             19.7             19.7             14.7  
 

  Vapor Fraction               1.0               1.0               1.0               1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   3179033.3 
 

  

Heat Transfer Coefficient (Btu/hr-sqft-

F) 149.7 
 

  

Heat Transfer Area 

(sqft)   55.6 
 

  CP $ 

                     

6,192.22        
 

  

CB

M $ 

                   

19,629.34        
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Heat Exchanger 6 
 

Identification             
 

  Item   Heat Exchanger 6 Date 4/12/20   
 

  Item No. HX-106 By JD/MUC/VB 
 

  No. Required 1         
 

Function Heat air stream to fuel cell operating temp. 
 

Operation 12 hours, daily 
 

Materials Handled      Inlet   Outlet   Inlet   Outlet  
 

Stream ID      S-133   S-134   S-130   S-131  
 

  Quantity (lb/hr)      20,414.7   20,414.7   26,501.8   26,501.8  
 

  Composition                  -               -    
 

    

Carbon 

Monoxide               -               -               -               -    
 

    Carbon Dioxide               -               -               -               -    
 

    Oxygen             85.7          85.7     6,172.7     6,172.7  
 

    Nitrogen      20,329.1   20,329.1   20,329.1   20,329.1  
 

                
 

  Temperature (F)        1,492.5        618.8        600.6     1,291.8  
 

  Pressure (psi)             20.1          14.7          19.7          14.7  
 

  Vapor Fraction               1.0            1.0            1.0            1.0  
 

Design Data             
 

  Type   Shell and Tube 
 

  Material   Carbon Steel/Carbon Steel 
 

  Heat Transfer (Btu/lb)   4817276.4 
 

  Heat Transfer Coefficient (Btu/hr-sqft-F) 149.7 
 

  

Heat Transfer Area 

(sqft)   423.2 
 

  CP $ 

                   

13,372.10        
 

  CBM $ 

                   

42,389.56        
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Fuel Cell 2 
 

Identification             
 

  Item   Fuel Cell 2 Date 4/12/20   
 

  Item No. FC-102 By JD/MUC/VB   
 

  No. Required 1         
 

Function Convert carbon dioxide into carbon monoxide and oxygen 
 

Operation 12 hours, daily 
 

Materials Handled     Inlet 1 Inlet 2 Outlet 1 Outlet 2 
 

Stream ID      S-127   S-131   S-132   S-135  
 

  Quantity (lb/hr)            10,935.2      26,501.8      20,414.7      17,022.2  
 

  Composition           
 

    Carbon Dioxide          10,764.3                 -                   -             107.6  
 

    

Carbon 

Monoxide               170.8                 -                   -        16,914.5  
 

    Oxygen                      -          6,172.7             85.7                 -    
 

    Water                      -        20,329.1      20,329.1                 -    
 

                
 

  Temperature (F)              1,292.0        1,291.8        1,292.0        1,292.0  
 

  Pressure (psi)                   14.7             14.7             14.7             14.7  
 

  Vapor Fraction                     1.0               1.0               1.0               1.0  
 

Design Data             
 

  Material LSM-YSZ∣YSZ∣Ni-YSZ 
 

  

Electricity Supplied 

(kW) 18,882.30 
 

  Operating T (F) 1292.0 
 

  Operating P (psi) 14.7 
 

  CP $ 

                   

3,103,821.00        
 

  CBM $ 

                   

6,207,642.00        
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5.6 Equipment Cost Summary 
Equipment Costs 

    

Equipment 

Description 

Type Purchase 

Cost 

Bare Module 

Factor 

Bare Module 

Cost 

Name (must be filled-

in!) 

 
(default 3.21 if 

blank) 

 

BL-101 Process 

Machinery 

$63,300 
 

$203,400 

BL-102 Process 

Machinery 

$211,000 
 

$677,500 

BL-103 Process 

Machinery 

$120,700 
 

$387,600 

CM-101 Process 

Machinery 

$210,000 
 

$674,200 

CM-102 Process 

Machinery 

$129,100 
 

$414,500 

CM-103 Process 

Machinery 

$125,900 
 

$404,200 

FC-101 Process 

Machinery 

$3,103,800 2.00 $6,207,600 

HX-101 Process 

Machinery 

$11,600 3.17 $36,600 

HX-102 Process 

Machinery 

$1,800 3.17 $5,700 

HX-103 Process 

Machinery 

$10,800 3.17 $34,400 

IC-101 Process 

Machinery 

$3,800 3.17 $12,00 

IC-102 Process 

Machinery 

$3,800 3.17 $12,200 

IC-103 Process 

Machinery 

$3,900 3.17 $12,600 

IC-104 Process 

Machinery 

$3,600 3.17 $11,500 

PU-101 Process 

Machinery 

$900 
 

$2,900 

PU-102 Process 

Machinery 

$1,600 
 

$5,300 

TU-101 Process 

Machinery 

$32,700 2.50 $81,700 

ST-101 Storage $14,700,000 2.50 $36,750,000 

BL-104 Process 

Machinery 

$35,700 
 

$114,600 

BL-105 Process 

Machinery 

$127,400 
 

$408,800 
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BL-106 Process 

Machinery 

$176,100 
 

$565,400 

BL-107 Process 

Machinery 

$159,800 
 

$513,000 

FC-202 Process 

Machinery 

$3,103,800 2.00 $6,207,600 

HX-104 Process 

Machinery 

$11,600 3.17 $36,700 

HX-105 Process 

Machinery 

$6,100 3.17 $19,600 

HX-106 Process 

Machinery 

$13,400 3.17 $42,400 

FS-101 Other 

Equipment 

$17,00 1.92 $32,600 

Total 
   

53,874,800 
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6.  Economic Analyses 
 

6.1 Profitability Analyses for On-Peak / Off-Peak 

Pricing Scenario  
 

The economic model of this project centers around the idea of load shifting, a simple 

arbitrage practice in which storage systems intake electricity during low demand periods when 

power is inexpensive, and supply power back to the grid when demand is higher and a better 

price and can be obtained in the market. Although spot market energy prices change in real time 

in actuality, this project simplifies real-world conditions into two pricing periods: on-peak and 

off-peak, both taking equal parts of the day. Prices for each period were determined by analyzing 

real time energy pricing information for the year of 2019, provided by MISO, the independent 

system operator for the region where this project would be constructed (see Appendix D for a 

sample report). On-peak and off-peak prices were calculated by aggregating and averaging the 

prices from periods typically considered to fall in those categories: noon to 2pm for off-peak and 

6pm to 8pm for on-peak. The prices were determined to be $37.03/MWh for on-peak energy and 

$28.14/MWh for off-peak energy, or $0.037/kWh on-peak and $0.028 for off-peak.  

 

The profitability of the energy storage plant using off-peak pricing for charging and process 

electricity was evaluated using the Profitability Analysis Spreadsheet (see Appendix). Due in 

large part to the marginal difference in energy prices between the two periods, the project does 

not forecast profitability for either the high pressure or low-pressure cases. At the selling price of 

$37.03/MWh of energy produced, the high-pressure case’s NPV is -$8,758,200, with a third year 

of production ROI of -32.47%. The low-pressure case’s NPV is -$8,186,300, with a third year of 
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production ROI of -29.43%. More information on the ROI summaries for the high-pressure and 

low-pressure cases are given in Table 6.1.1 and Table 6.1.2, respectively.  

In order to achieve a breakeven ROI of 0.00% for the high-pressure case, the selling price for on-

peak power would have to reach $67.96/MWh, which is 83.5% higher than the current calculated 

price. In order to achieve a breakeven ROI of 0.00% for the low-pressure case, the selling price 

for on-peak power would have to reach $65.06/MWh, which is 75.7% higher than the current 

calculated price.   

 

The low-pressure case is marginally more profitable than the high-pressure case; this is due to 

the differences in equipment and utilities requirements between the two scenarios. Neither 

provides a positive return on investment, with drastically higher on-peak prices needed in order 

to achieve a breakeven point.   
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Table 6.1.1: On-Peak/Off-Peak Pricing Profitability Summary for High Pressure Case 

ROI Analysis (Third Production Year)  

Annual Sales   $     2,492,000  

Annual Costs   $  (4,030,000)  

Depreciation   $     (302,000)  

Income Tax   $  497,069,000 

Net Earnings   $  (1,344,000)  

Total Capital Investment   $     4,139,000  

ROI  -32.47%  

Internal Rate of Return (IRR)    

Net Present Value (NPV)  $  (8,758,200)  

Table 6.1.2: On-Peak/Off-Peak Pricing Profitability Summary for Low Pressure Case 

ROI Analysis (Third Production Year)  

Annual Sales    $    2,492,000   

Annual Costs    $  (3,858,000)  

Depreciation    $     (302,000)  

Income Tax    $       450,000   

Net Earnings    $  (1,218,000)  

Total Capital Investment    $     4,139,000  

Return on Investment (ROI)   -29.43%  

Internal Rate of Return (IRR)     

Net Present Value (NPV)   $    8,186,000  
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6.2 Profitability Analyses for Curtailment Pricing 

Scenario  
 

As more renewables are added onto the grid, there is an increasing amount of oversupply due to 

the variability of wind and solar energy. During the brightest hours of the day, solar energy tends 

to oversupply for the required power input from the grid. Curtailment is a method to manage the 

oversupply; it is a means to reduce the output of a renewable source below what it could have 

otherwise produced. Curtailment has been on the rise in several part of the world. In 2019, 

California alone, wind and solar curtailment was approximately 1 million MWh of power that 

could have be produced compared to only 187000 MWh curtailed in 2015 [17]. Curtailment 

itself is counterintuitive solution to over generation, since it doesn’t meet economic goals, when 

investments does not lead to maximum renewable power production. The main ways of 

curtailment are self-scheduled cuts, economic curtailment or ISO dispatch. Economic curtailment 

is the target for our design; this is when the market finds a place for low-priced or even negative-

priced energy. In the on-peak/off-peak case, low-priced energy was used. In this case, negative-

priced energy is used.  

 

This section presents the profitability analyses of curtailment on our design. The main parameter 

that is changed is the buying price of electricity. Here, the electricity price would be $0/kwh 

from solar and wind power plants.  The overall profitability of the high pressure and low-

pressure case for curtailment are evaluated using the Profitability Analysis Spreadsheet (see 

Appendix B for full summary). A summary of the results is shown in Table 6.2.1 and Table 6.2.2 

below. 
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From Table 6.2.1 and Table 6.2.2, the return of investment (ROI) is 29.9% in the high-pressure 

case for curtailment and 31.8% in the low-pressure case for curtailment. The low-pressure case 

has a slightly higher ROI, due to the cheaper annual cost, mostly the variability in equipment 

costing from two cases. From the profitability measures and efficiency calculations in previous 

sections, the low-pressure storage case has better performance than the high-pressure storage 

case, but not by a drastic measure.  

 

Unlike the on peak/off peak design, curtailment allows a profitable design shown in the positive 

return in investment, regardless of CO storage pressure. However, this scenario of buying 

electricity at $0 due to curtailments is not feasible in our current energy and economic 

environment. In the future, where renewables dominate the energy production industry, there 

may be a higher chance of adopting the curtailment design. This would be a turning point for our 

design since it would yield profitable measures and possibly be implemented over conventional 

energy storage methods.  
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Table 6.2.1: Curtailment Profitability Summary for High Pressure Storage 

 

ROI Analysis (Third Production Year) 

Annual Sales   $ 2,492,000  

Annual Costs  $ (492,000) 

Depreciation  $ (302,000) 

Income Tax $ (458,000) 

Net Earnings $ 1,239,000  

Total Capital Investment $ 4,139,000  

ROI 29.93% 

Internal Rate of Return (IRR) 28.18% 

Net Present Value (NPV) $ 2,973,000 

 

Table 6.2.2: Curtailment Profitability Summary for Low Pressure Storage 

ROI Analysis (Third Production Year) 

Annual Sales $ 2,492,000 

Annual Costs  $ (386,000) 

Depreciation $ (302,000) 

Income Tax $ (487,000) 

Net Earnings $ 1,316,000  

Total Capital Investment $ 4,139,000  

ROI 31.80% 

Internal Rate of Return (IRR) 29.59% 

Net Present Value (NPV) $ 3,325,000 

  



 

161 

 

7.  Additional Considerations 
 

7.1 Environmental Considerations 
 

This process seeks to improve the feasibility of a majority renewable electricity production supply.  

A benefit of this goal is the reduction of carbon output by traditional electricity producing plants, 

such as coal power plants.  By sourcing the input CO2 from fermentation, the process is net carbon 

neutral, since the original source of carbon dioxide was supplied by an input feedstock to the 

fermentation process and not fossil fuels.  Additionally, by reducing the reliance of the grid on 

coal and other fossil fuel power plants, their contribution to other pollutants, such as sulfurous and 

nitrous oxides, would be mitigated.   

 

7.2 Safety Considerations 
 

Many of the chemical species used in the process are non-toxic and non-hazardous.  Some, 

however, require special safety considerations 

 

High-purity oxygen gas is produced in the energy-storing mode of the process.  This gas is 

flammable, causing or potentially intensifying fires. 

 

Carbon monoxide gas is produced and stored in the energy-storing mode of the process and used 

as an input in the energy-producing mode of the process.  This species is flammable and acutely 

toxic.  Indoors, it has a maximum safe limit of 50 ppm.  A large amount of CO is stored on-site, 

though in both the high- and low-pressure cases it is stored in an outdoor erected structure.   
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Emergency venting equipment is fitted to the process to deal with possible leaks.  The cost of this 

equipment is accounted for in this analysis.   

 

Some of the equipment, notably the fuel cells and electrolyzer cells, operate at very high 

temperatures (up to 700 Celsius).  In the event of a burst pipe or malfunction of operating 

equipment, injury may occur.  Safe handling practices must be put into place for operating 

engineers.  Care must be taken during operation of the plant to ensure that the SOFC and SOEC, 

as well as other operating equipment, stay below critical temperatures.   

Safety information of all chemical species used in the process are included in this report.   

 

7.3 Location Considerations 
 

An advantage of this technology and process is its geographic invariance.  That is, this process 

could feasibly be fit to any location near a source of CO2 and with access to the grid.   

Due to the operating conditions of the plant, it is best to have it away from residential areas or 

important wildlife habitats.  In the event of catastrophic failure of the storage tanks, it was 

calculated that a minimum distance of 2 kilometers was sufficient to ensure the safety of the 

surrounding areas.   
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8.  Conclusions 
 

8.1 Summary of Cases 
 

Table 8.1.1 shows the efficiencies and capacities of the two designed energy storage processes. 

Process Design Storage Capacity 

(MWhr) 

Efficiency 

High-Pressure Storage Design 226.5 53.5% 

Low-Pressure Storage Design 226.5 54.6% 

 

Table 8.1.2 shows the expected ROIs of each process design for on-peak/off-peak pricing and 

curtailment pricing of input electricity for storage.   

Process Design ROI for On-Peak/Off-

Peak Pricing 

ROI for Curtailment 

Pricing 

High Pressure Storage Design -32.5% 29.93% 

Low-Pressure Storage Design -29.4% 31.80% 
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8.2 Recommendations 
 

After a study of the potential energy-storage processes made possible by fuel cell and electrolytic 

cell technologies.  By utilizing waste CO2 from fermentation plants, a simplified process was 

able to be developed for a net-carbon-neutral storage solution.  Using average waste CO2 

numbers from typical ethanol production plants, it was shown that an energy storage facility 

could be developed with a high capacity in excess of 250 MWhr per cycle.   

 

The optimal strategy for storage of the chemical fuel, CO gas, was around 1 atmosphere storage 

using floating-head tanks.  While compressed storage reduced the cost of storage, the recovery of 

energy from the compression created a more costly inefficiency and added more process 

equipment, leading to a lower profitability of the plant.   

 

This high-capacity chemical fuel storage solution is not likely to be profitable in the current 

economic landscape.  The price differential between on-peak and off-peak electricity is not high 

enough to justify the cost of the plant and process.  However, if renewable power plants become 

more prevalent, overgeneration will likely become a larger economic factor, and the availability 

of zero-opportunity cost or negative-opportunity cost energy at off-peak hours would likely 

become a reality.  In this case, the process described in this report would likely be profitable and 

a viable solution to this problem.  In the eventuality that fossil fuel energy production is phased 

out, this energy storage solution should be revisited to provide a net-carbon-neutral, viable 

storage process.   
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Appendix A 
Current Commercial Fuel Cell Technology 
Bloom Energy – Energy ServerTM 5 
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Halder Topsoe -- eCOsTM 
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Appendix B 
Profitability Spreadsheet Analyses 
On peak/Off-peak (High Pressure Storage) 
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On peak/Off-peak (Low Pressure Storage) 
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Curtailment (High Pressure Storage) 
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Curtailment (Low Pressure Storage) 
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Appendix C 
Safety Data 
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Appendix D 
Sample Electricity Pricing Data 
The table reproduced below is a set of sample data from the real-time pricing of the Midwest 

electrical grid.  Average on-peak and off-peak electricity prices were determined by averaging 

data from several representative months with the available data.   
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