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Executive Summary 

Countries around the world are trying to reduce their energy consumption, fossil fuel usage, and 

greenhouse gas (GHG) emissions. According to the International Energy Outlook 2011 released by the 

U.S. Energy Information Administration (EIA), world’s energy consumption is expected to increase by 

53% from 127 quadrillion kcal in 2008 to 194 quadrillion kcal in 2035. Use of alternative fuels and 

renewable energy sources can lower energy consumption and GHG emissions. Biogas, produced by 

anaerobic digestion of wastewater, organic waste, agricultural waste, industrial waste, and animal by-

products is a potential source of clean and renewable energy. Methane present in biogas can be used to 

generate combined heat, hydrogen and power (CHHP) using a fuel cell.  

 

The design report discusses the design of a CHHP system for the Missouri University of Science and 

Technology (Missouri S&T) campus using local resources. An energy flow and resource availability 

study was performed to identify the type and source of feedstock required to continuously run the fuel cell 

system at peak capacity. Following the resource assessment study, the team selected FuelCell Energy’s 

DFC1500 unit for its fuel cell. The CHHP system provides electricity to power the campus, thermal 

energy for heating the anaerobic digester, and hydrogen for transportation, back-up power and other 

needs. Safety analysis was performed to identify the most significant safety risks in the design and 

mitigate the risks. Energy savings and environmental analysis was also conducted to evaluate the effect of 

the CHHP system on energy consumption and the environment. The CHHP system will be able to provide 

approximately 22,000 kWh and 650 kg of hydrogen to the campus per day. The design will have an 

overall carbon dioxide savings of 88,426 tons/year if it is implemented. The capital cost of all the 

equipment is approximately $12 million and the cost of hydrogen was estimated to be $4.36 per kg. A 

return on investment for the design was performed based on a 2% discounted rate and was found to be 

19%. In conclusion, the CHHP system will reduce energy consumption, fossil fuel usage, and GHG 

emissions at the Missouri S&T campus. 
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1.0 Introduction  

Biogas, produced by anaerobic digestion of wastewater, organic waste, agricultural waste, industrial 

waste, and animal by-products is a potential source of clean and renewable energy. Treated/cleaned 

biogas can be used to generate combined heat, hydrogen and power (CHHP) using a fuel cell. For the 

Phase 1 deliverable, the Missouri University of Science and Technology (Missouri S&T) design team has 

identified different feedstocks that are available locally for biogas production using anaerobic digestion. 

An energy flow and resource availability study was also performed to identify the type and source of 

feedstock required to continuously run the CHHP system at maximum capacity. 

 

1.1 Background 

Missouri S&T campus is a relatively small campus with 284 acres and approximately 7,500 students
1
. 

Missouri S&T is located in the small rural city of Rolla with a population of 20,000
2
, midway between the 

larger cities of St. Louis and Springfield along I-44. The university is one of City of Rolla’s largest 

electric power consumer with a peak demand of 65 MWe and annual energy consumption of  

3.5 x 10
7
 kWh/yr. Currently, electrical power for the campus is purchased from Rolla Municipal Utilities 

(RMU) and distributed from the substation and switchgear located at the campus Power Plant. 

Approximately 10% of the electricity used on campus is generated in the Power Plant with a back 

pressure turbine. The Power Plant, built in 1945, is fueled by coal and wood chips and provides steam to 

the campus for space heating and absorption chillers for chilled water. 

2.0 Resource Assessment 

2.1 Feedstock Source Identification 

The Missouri S&T team defined a “locally available feedstock” as one which is within 20 km of Rolla, 

MO. Within this distance, the team identified different sources of locally available feedstocks. The largest 

source of locally available feedstock is Municipal Solid Waste (MSW) from Rolla averaging  

60 tons/day
3
. Of this, approximately 33% is organic waste including 17% food waste

4
. The team will 

partner with the City of Rolla and will start an ‘Organic Waste Collection Program’ to collect organic 

waste. Currently, the city offers residential curbside collection of recyclable materials at no extra cost. 

The second largest local resource is the rejects and waste resulting from change over at the Royal Canin 

dog and cat nutrition company. Their waste is currently disposed of at the landfill facility 40 km from the 

company.  

Potential feedstocks from the Missouri S&T campus include food waste and sanitary sewer. Food waste 

collected daily is dumped together with the trash and the sanitary sewer is connected to the city’s main 

sewer lines. Another potential feedstock source from the campus is unused woodchips that the campus 

will have available if the existing power plant is decommissioned as planned. Other feedstocks considered 

in the analysis include waste from the local winery and brewery, timber from Mark Twain National 

Forest, and wastewater from the City treatment plant. A Pugh chart was created to compare different 

feedstocks and is shown in Appendix A.  

Methods for feedstock collection, transportation, and storage were also identified and are tabulated in 

Table 2.1. Feedstocks, except waste water, will be stored on campus (Facility A) and will undergo 

anaerobic digestion at this location. Collection and anaerobic digestion of waste water will be at the off-

campus at the treatment plant (Facility B).  
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Table 2.1 Feedstock availability, collection, transportation, and storage 

Type of 

feedstock 
Source 

Collection 
Transportation Storage 

Frequency Collection point 

MSW 
Rolla municipal 

solid waste 
Weekdays 

Organic waste 

collection program 
Trash truck Facility A 

Dog and cat 

food waste 
Royal Canin Daily 

Company 

warehouse 
Semi-trailer Facility A 

Food waste 
University food 

courts 
Daily Food court Pickup truck Facility A 

Wood chips 
University 

power plant 
Daily Delivered at site Trailer truck Facility A 

Grape skin, 

rice hull 

St. James 

Winery 
Seasonal Winery Semi-trailer Facility A 

Vines 
St. James 

Winery 
Seasonal Vineyard Semi-trailer Facility A 

Brewery 

waste 

Public House 

Brewery 
Weekly Brewery Pickup truck Facility A 

Timber 
Mark Twain 

National Forest 
Seasonal 

Mark Twain 

National Forest 
Trailer truck Facility A 

Waste water 
SE Wastewater 

Treatment Plant 
Daily Delivered at site Used at facility Facility B 

 

2.2 Energy Conversions 

After identifying the amount of feedstocks that are available locally, the team estimated the amount of 

fuel that can be generated from it using anaerobic digestion. Figure 2.1 illustrates the production of 

methane from the feedstocks using an anaerobic digester. This process utilizes a new technology which 

combines the separation of acid gases into a single pressure swing adsorption (PSA) unit. By combing 

these steps, this technology reduces capital and operating costs.  

 

 

Figure 2.1 Process model developed in Aspen HYSYS 
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It is assumed that the biogas produced from the digester will contain a minimum of 60% methane and the 

combined PSA unit has a 90% methane recovery rate. The quantity of locally available feedstocks and the 

estimated fuel production at each facility is tabulated in Table 2.2.  

 

Table 2.2 Energy conversions at each potential facility  

Facility 
Type of 

feedstock 
Quantity 

Gas production / 

quantity 

Equivalent methane production  

(annual average) 

L/s m
3
/h scfm Ccf/yr 

A 

MSW 
17 tons/day (with 

85% collection rate)
3,4

 

0.22 m
3
/kg ODS – 

methane yield
5,6 43.3 155.9 91.7 482,081 

Dog food 

waste 
7 tons/day

7
 240 m

3
/t FM – 

biogas yield
8
 

19.4* 69.8 41.2* 216,550* 

Food waste 2 tons/day
9
 240 m

3
/t FM - 

biogas yield
8
 

5.6* 20.2 11.8* 61,871* 

Wood chips 5 tons/day
10

 0.13 m
3
/kg ODS – 

methane yield
5,6

 
7.5 27.0 15.9 83,784 

Grape skin, 

rice hull 

4.5 tons/day
11

 0.28 m
3
/kg ODS – 

methane yield
5,12

 
3.6 13.0 7.6 40,041 

(Aug-Oct) 

Vines 0.5 tons/day
11

 0.12 m
3
/kg ODS – 

methane yield
5,6

 
0.2 0.7 0.4 1,907 

(Dec-Feb) 

Brewery 

waste 
0.25 tons/week

13
 0.39 m

3
/kg ODS – 

methane yield
5,14

 
0.2 0.7 0.3 1,791 

Timber 5 tons/day
15

 0.13 m
3
/kg ODS – 

methane yield
5,6

 
7.5 27.0 15.9 83,784 

Sub total 87.3 314.3 184.8 971,809 

B Waste water 3,150,000 gal/day
16

 1 scfm biogas gas 

per 100 gal
17

 
5.7* 20.5* 12.0* 63,072* 

* Assuming biogas yield consist of 60% methane by volume and 90% methane recovery from the PSA unit 

   ODS - Organic dry solid  FM – Fresh matter 

 

The fuel requirement of the DFC1500 unit and the DFC300 unit are 307.4 m
3
/h and 66.2 m

3
/h  

(at 36,645 kcal/m
3
) respectively. The strategy of the team is to provide at least 80% renewable fuel to the 

CHHP plants.  

 

2.3 Remarks 

The equivalent methane production from feedstocks at Facility A is estimated to be 314.3 m
3
/h or  

184.8 scfm after biogas treatment. At this fuel production rate, the team has the capability to run one 

DFC1500 unit continuously. However, based on the Pugh chart findings (Appendix A) the team has 

decided not to use wood chips, vines, and timber as feedstocks. Hence, it is anticipated that Facility A will 

only have 259.6 m
3
/h of fuel production and the capability to provide fuel for one DFC1500 unit. Any 

daily unmet need will be supplied by natural gas purchased from the local utility company. Since the fuel 

production at Facility B is low, it is anticipated that no CHHP plant will be installed at this facility.    
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3.0 Combined Heat, Hydrogen, and Power Technical Design 

This section describes the site selection process, design of major components, and explains the various 

processes occurring during system operation. The design discussed in this report has three major systems: 

(i) anaerobic digester system, (ii) CHHP system consisting of a DFC1500 fuel cell unit, and (iii) hydrogen 

compression, storage, and dispensing system. The system was designed based on the results from the 

feedstock assessment and the expected biogas production from local resources. It was found that the 

anticipated methane production after biogas treatment is 259.6 m
3
/h with a heat content of 37,253 kcal/m

3
 

(150 scfm at 1,000 Btu/ft
3
). Consequently, the team selected a DFC1500 unit for the CHHP system for 

which local resources can provide 91% of the fuel requirements. The daily unmet fuel need will be 

supplied by natural gas purchased from the local utility company. 

 

3.1 Site Plan and Location 

The team selected the location that has been set aside for the existing ‘Alternative Fuels Station’ and 

future ‘Green Hotel and Convention Center’ in the Missouri S&T’s Campus Master Plan developed in 

2009 (Appendix B) to install the system. By doing so, the team ensured that the design is compliant with 

the University’s Master Plan and maximized the chances for implementation. Currently, Missouri S&T 

has a 350 bar hydrogen fueling station, an electric vehicle charging station, a hydrogen research and 

development garage, and a renewable energy transit depot in the alternative fuels station area. The 

proposed site location and the various components are shown in Figure 3.1. 

 

 

Figure 3.1 Site plan with anaerobic digester, CHHP system, and hydrogen fueling station
18
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Table 3.1 was created to easily identify the different systems that are included in the design and to 

facilitate understanding of the whole system operation. An additional facility (Central Control Station), 

consisting of a 12.2 m x 7.6 m (40 ft. x 25 ft.) building was also included in the design to control and 

monitor the operations of different systems. 

 

Table 3.1 Major systems and components  

System Component  Specification 

Anaerobic digester 

system 

Feedstock storage facility 30.48 m x 30.48 m 

Macerator 15 kWe 

Screw feeder (tonnage) 5 kWe 

Hygienisation unit (capacity)  27,215 kg/day 

Equalization tank  45.4 m
3
   

Anaerobic tank  10,660 m
3
 

Storage tank  10,660 m
3
 

Chopper pump  75 kWe 

PSA unit for biogas treatment (feed rate) 430 m
3
/h   

Buffer tank for storing methane 6 m
3
 

CHHP system DFC1500 fuel cell unit (in simple cycle) 1.4 MWe 

Water gas shift reactor (feed rate) 1175 m
3
/h   

PSA unit for H2 purification (feed rate) 1185 m
3
/h   

Heat exchanger (gas flow rate) 2,540 kg/h  

Hydrogen 

compression, storage, 

and dispensing system 

Buffer tank for storing hydrogen 6 m
3
 

High pressure compressor  7 Nm
3
/h @ 415 bar 

Low pressure compressor 300 Nm
3
/h @ 200 bar 

Hydrogen storage tanks 33 kg at 450 bar 

Hydrogen tube trailer 300 kg at 165 bar  

Hydrogen K-cylinder manifold 0.46 kg @ 160 bar each 

Hydrogen dispenser 350 bar 

 

The anaerobic digester system and the CHHP system were sized based on the amount of locally available 

feedstock and the amount of methane gas generated respectively. The hydrogen recovery, purification, 

compression, storage, and distribution system was designed based on the hydrogen demand on campus 

and the 65% fuel utilization rate required by the competition rules. The following section describes the 

major components of the system. 

 

3.2 Feedstock Delivery System and Storage  

Feedstock is collected and transported to the storage facility as described in the resource assessment 

section. The storage facility consists of a 30.48 m x 30.48 m (100 ft. x 100 ft.) steel building to protect the 

feedstock from the elements. It houses a macerator to chop feedstock larger than 0.05 m (2 inch) in 

diameter to aid in the methane production rate in the digester. Since the waste from the Royal Canin Dog 

and Cat food plant and the winery is relative small in size, only MSW and food waste from the university 

will be fed into the macerator. The design employs a 15 kWe Taskmaster
®
 1600 shedder from Franklin 

Miller Inc. to reduce the size of the feedstock. The processed feedstock together with the waste from the 

Dog and Cat food plant and winery will be stored in a cement storage bin in the storage facility. 
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3.3 Feedstock-to-Fuel Conversion System  

The entire process of feedstock-to-fuel conversion system is shown in Figure 3.2.  

 

Figure 3.2 Conversion of feedstock into biogas 

 

The feedstock from the cement storage bin is transported via a screw feeder to a hygienisation unit where 

it is heated to 70°C for one hour to remove all the pathogens. After heating, the feedstock is     transported 

to a 45.4 m
3
 (12,000 gallon) equalization tank where the biomass is mixed to form a homogenous mixture 

before being fed into the digester. The digester used in the design is a complete-mix anaerobic digester 

from Siemens and is a concrete tank with a diameter of 30.5 m (100 ft) and a tank side water depth of  

12.8 m (42 ft). The tank wall height below grade is 14.6 m (48 ft) and has a floor slope of 1 in 6. The 

outer wall is insulated and the inner wall of the tank is lined with stainless steel hot water pipes to 

maintain an optimum temperature of 40°C. The design uses a highly efficient JetMix™ Vortex Mixing 

System by Siemens to mix the biomass inside the digester. The system suspends organic and inorganic 

solids with intermittent mixing, making possible power savings of up to 50% or more. The system 

maintains efficiency regardless of tank level and minimizes dead spots due to its innovative mixing 

pattern and also has the capability to mix multiple tanks using one central pumping facility. This will 

eliminate the use of multiple pumps and will reduce the capital cost of the digester system. . The proposed 

anaerobic digester is sized such that it has a detention time of 20 days. Table 3.2 provides the 

specification and details of the digester.  

 

Table 3.2 Digester data
19

 

Tank side water depth 12.8 m (42 ft.) 

Tank wall height (below grade) 14.8 m (48 ft.) 

Tank diameter 30.5 m (100 ft.) 

Cone per tank 891.98 m
3
 (31,500 ft

3
) 

Tank wall thickness 0.30 m (1 ft.) 

Floor slope 1 in 6 

Quantity of solids to digester 27,215 kg/ day (60,000 lbs./day) 

Detention time 20 days 

Volatile solids concentration 80% 

Anticipated solids reduction 50% 

Anticipated gas yield 0.93 m
3
/kg (15 ft

3
/lbs.) V.S. destroyed 

Anticipated biogas production 425 m
3
/h (15,000 ft

3
/hr.)  

Anticipated natural gas equivalent 259.6 m
3
/h L/s (150 scfm)  

http://www.wateronline.com/downloads/detail.aspx?docid=1960c2e0-161c-4fcf-8937-1d35946725a4
http://www.wateronline.com/downloads/detail.aspx?docid=1960c2e0-161c-4fcf-8937-1d35946725a4
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Inside the anaerobic digester, microorganisms act on the organic feedstock to produce biogas, digestate, 

and water. The anticipated biogas production from the digester is 425 m
3
/h or 259.6 m

3
/h (150 scfm) of 

natural gas equivalent (assuming biogas concentration is 60% methane and 40% carbon dioxide). 

Characteristic of the digested sludge from the anaerobic digester is provided in Table 3.3. The values are 

based on no supernatant withdrawal from the digester.  

 

Table 3.3 Digested sludge data
19

 

Volume 5.25 L/s (120,000 gal/day) 

Solids destroyed 10,909 kg/day (24,000 lbs./day) 

Digested solids (dry) 16,364 kg/day (36,000 lbs./day) 

Total required tank capacity 9,078 m3 (320,600 ft
3
) 

Organic loading 0.0093 kg V.S./m3 (0.15 lbs. V.S./ ft
3
) 

 

The digestate from the anaerobic digester is pumped to the storage tank and is stored there until it is ready 

to be collected and transported of the facility. The storage tank is also an insulated concrete tank and can 

also be used to store biogas if the buffer tank holding the biogas is full.  

 

3.4 Gas Treatment System and Fuel Storage  

Biogas from the anaerobic digester is stored in a buffer tank which supplies it to the gas treatment system 

provided by Guild Associates Inc. It uses pressure swing adsorption (PSA) technology to separate 

methane present in the biogas. The design has a total of four adsorbers to ensure a continuous stream of 

high quality methane. While carbon dioxide (CO2), hydrogen sulfide (H2S) and other impurities in one set 

of tanks are desorbing, biogas will be fed to the second set of tanks for adsorbtion. The product from this 

gas treatment system is pipe line quality natural gas which is fed into the fuel cell. Even though the DFC 

fuel cell units can handle 60% methane and 40% carbon dioxide without affecting its efficiency, the 

design included the PSA unit for the following reasons:  

i. The DFC fuel cell units cannot accept H2S, water (H2O), and other impurities in its input fuel. 

Therefore, biogas treatment is necessary before feeding it into the fuel cell under all 

conditions.  

ii. Inlet fuel pressure to the fuel cell should be between 15 - 20 psig
20

. If the fuel contains 40% 

carbon dioxide, it will impact the sizing of the equipment downstream the fuel cell. In other 

words, the design will require a higher capacity heat exchanger, water gas shift reactor, and 

hydrogen purification or separation system. For example, DFC1500 requires 307.4 m
3
/h  

(181 scfm) of natural gas at 36,645 kcal/m
3
 (930 Btu/ft

3
)

21
. If the team decides to use biogas 

(60% methane and 40% carbon dioxide), then the fuel cell system will require 476.6 m
3
/h 

(280.55 scfm) of biogas as fuel to operate. This will increase the size of the equipment 

downstream the fuel cell by 55% and will increase its capital cost which is not desirable.  

iii. The biogas output from the digester can vary due to disruption in the feedstock availability or 

any other unforeseeable reasons. In this case, the system will have to use natural gas 

purchased from utility company to provide any unmet fuel demand by the fuel cell. It was 

estimated that the systems downstream the fuel cell will run at 78.5% of its normal capacity if 

the fuel quality changes from 100% biogas to 50% biogas and 50% natural gas.  

iv. The product gas from the PSA unit is expected to have an average heat content of  

37,253 kcal/m
3
 (1000 Btu/ft

3
) which is roughly equal to the average heat content of natural 

gas consumed in Missouri (37,625 kcal/m
3
) through 2007-2010

22
. Hence, the fuel cell unit 

will receive same quality fuel throughout its operation.   
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The process and flow during the biogas treatment is depicted in Figure 3.3. 

 

 

Figure 3.3 Biogas treatment process diagram
23

 

 

The characteristics of the input, product, and tail gas are summarized in Table 3.4 as shown below. The 

product methane gas is of pipeline natural gas quality with heat content of 37,253 kcal/m
3
 (1000 Btu/ft

3
), 

low water and carbon dioxide content. It is fed into the fuel cell and is supplemented by natural gas from 

the utility company based on the fuel cell requirement. The system is expected to provide 259.6 m
3
/h  

(150 scfm) of gas with a methane recovery rate of 90%.  

 

Table 3.4 Gas characteristics of the PSA system
23

 

 Feed Product Methane Tail Gas 

Flow 100 55 45 

Pressure (barg) 6.9 6.2 0.21 

Temperature (°C) 38 38 66 

Composition (Mol %)    

CH4 60.00 99.00 13.20 

CO2 39.60 1.00 85.92 

H2S 0.40 < 4 ppm 0.88 

Siloxanes ~ 10 ppm < 20 ppb By difference  

H2O Saturated 112 g/1,000 Nm
3
 Wet 

HHV(kcal/m
3
) 24,214  37,253 5,178 
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3.5 DFC1500 Fuel Cell Power Plant  

The anaerobic digester system will be able to supply 91% of fuel (259.6 m
3
/h methane) for the DFC1500 

unit from locally available feedstocks. The remaining 9% fuel required will be purchased from the utility 

company. In order to accommodate the fluctuations in gas quality, the natural gas used in the design is 

assumed to contain 98% methane and 2% carbon dioxide (with an average heating value of 37,253 

kcal/m
3
). Figure 3.4 shows the reactions taking place inside the fuel cell. 

 

 

Figure 3.4 Internal reforming DFC
®
 technology

24
 

 

3.5.1 Anode Outlet Gas (AOG) Calculations 

The anode outlet gas calculations were made based on the Anode Outlet Gas (AOG) composition 

calculation document
25

 provided to the teams. The competition rules specify that all methane entering the 

DFC unit is internally reformed and converted to hydrogen and that only 65% (the fuel utilization rate) of 

the H2 produced is reacted at the anode to produce electricity. It also specifies that 1/3 of the 35% 

hydrogen produced is back-shifted to produce H2O and CO. Based on these requirements and the 

processes taking place inside the fuel cell, the following equations (1-5) for every one mole of methane 

(CH4) entering the anode side are obtained.  

CH4 + 2H2O → 4H2 + CO2 (1) (internal reforming) 
25

 

Assuming one mole of CH4 is fed to the DFC system, four moles of hydrogen will be produced. But, only 

65% of the hydrogen (i.e. 2.6 moles) reacts at the anode and will result in the following equation.   

2.6H2+ 2.6CO3
- -

 → 2.6H2O + 2.6CO2 + 2e- (2) (corresponding reaction at anode)
 25

 

The remaining 35% of the H2 (1.4 moles) and the entire CO2 (1 mole) from equation (1) goes directly to 

the AOG. Combining the products from (2) and 1.4 moles of H2 and 1 mole of CO2 from (1) results in the 

following AOG composition.   

1.4H2 + 2.6H2O + 3.6CO2 (3)
 25
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But, in reality another internal reaction takes place in the DFC fuel cell. 1/3 of the H2 in equation (3) (i.e. 

0.47 moles) needs to back-shifted to H2O and CO resulting in equation (4).  

0.47H2 + 0.47CO2 → 0.47H2O + 0.47CO (4)
 25

 

Combining equations (3) and (4) yields the following products.  

0.93H2 + 3.07H20 +0.47CO + 3.13CO2 (5)
 25

 

Hence for every one mole of CH4 the following AOG composition is obtained as shown in Table 3.5.  

 

Table 3.5 Anode outlet gas composition
25

 

On a molar percentage basis – NG*  

H2O  40.40% 

CO2  41.20% 

CO  6.20% 

H2  12.20% 

*Assuming 100% CH4 

 

The inlet fuel requirement of the DFC1500 unit based on 37,253 kcal/m
3
 (1,000 Btu/ft

3
) input fuel was 

calculated and found to be 285.8 m
3
/h (168.33 scfm). Assuming that the input fuel consists of 98% CH4 

and 2% CO2, 285.8 m
3
/h of fuel consists of 198 moles of CH4 and 4 moles of CO2. The actual AOG 

flowrate corresponding to 198 moles of methane per minute was calculated using equation (5) and is 

tabulated in Table 3.6.  

 

Table 3.6 Anode outlet gas flowrate of the DFC1500 unit 

Gas moles/min molar 

mass 

g/min L/s scfm Nm
3
/h kg/day Density NTP 

(kg/m
3
)

26
 

H2 156.5 2.0 315.6 63.0 133.5 210.6 454.4 0.0899 

H2O 516.8 18.0 9,309.6 207.9 440.5 694.7 13,405.8 0.8040 

CO 79.1 28.0 2,216.0 34.1 72.4 114.1 3,191.1 1.1650 

CO2 526.9 44.0 23,187.1 226.0 478.8 755.3 33,389.5 1.8420 

 

3.5.2 Hydrogen Recovery and Cleaning System  

In order to achieve a CHHP system, hydrogen from the AOG must be recovered, cleaned and distributed 

from the DFC fuel cell system. This section explains the hydrogen recovery and water-gas shift reaction 

for additional hydrogen production, removal and recycling of water, purification of hydrogen gas, and 

CO2 transfer to the cathode side of the fuel cell. Figure 3.5 shows the details of the hydrogen recovery, 

and purification process.  
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Figure 3.5 Hydrogen recovery and purification
24

 

 

The rules specify AOG outlet pressure to be 1 psig and outlet temperature to be 600 °C. The AOG is first 

cooled and pressurized to undergo water-gas shift reaction.  

H2O + CO → H2 + CO2 (6) (water-gas shift reaction) 

The entire CO present in the AOG reacts with H2O to produce an additional 242 kg of H2 and of 4,090 kg 

of CO2 per day respectively. The water vapor is condensed and recycled to the anode side of the fuel cell 

for the internal reforming of methane. The amount of water produced during condensation is greater than 

the fuel cell requirement with the excess water is sent into the sewer. The CO2 and H2 coming out of the 

water-gas shift reactor is cooled and separated using a PSA unit. The hydrogen coming out of the PSA 

unit is compressed and used for different applications on campus discussed in the Energy End-Uses 

section. Outside air is preheated using the heat exchanger and is mixed with the CO2 coming out the PSA 

unit in Anode Gas Oxidizer (AGO). The mixture is then transferred to the cathode to complete the 

cathode reaction as shown in equation (7).  

CO2 + ½ O2 + 2e
-
  →  CO3

--
 (7) (reaction at cathode)

25
 

The flow rates of gases at different stages were estimated and tabulated in Table 3.7. Theses flow rates are 

necessary to calculate the amount of hydrogen generated, amount of outside air needed, and amount of 

exhaust gas. The following assumptions were made during the calculations. (i). H2 recovery rate from 

PSA unit is 90%. (ii). Air consist of 79% N2 and 21% O2. (iii). N2 is inert and does not take part in the 

cathode reactions. (iv). Amount of outside air was calculated based on the amount of CO2 present on the 

PSA tail gas. (v). Only 70% of CO2 undergoes reaction to maintain the CO3
- 
equilibrium inside the fuel 

cell.  
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Table 3.7. Flow of gases at different sections of the system 

Gas HEX W.G. 

Shift Inlet 

(moles/min) 

HEX W.G. 

Shift Outlet 

(moles/min) 

PSA Product 

Outlet 

(moles/min) 

PSA Tail 

Gas 

(moles/min) 

AGO Inlet 

(moles/min) 

Cathode 

Exhaust 

(moles/min) 

H2 156.5 235.6 212.0 23.6 23.6 23.6 

CO2 526.9 606.0 - 606.0 606.0 181.8 

H2O 516.8 437.7 - - - - 

CO 79.1 - - - - - 

O2 - - - - 303.0 90.90 

N2 - - - - 1,139.8 1,139.8 

 

Based on the hydrogen flow rate from the PSA product outlet, the amount of hydrogen generated per day 

is approximately 650 kg. 

3.5.3 Heat Recovery and Distribution System  

The heat energy available for recovery from the DFC1500 unit working in the CHHP mode is relatively 

lower than the DFC1500 unit working in the CHP mode. This is due to the losses associated with the 

hydrogen recovery. The end uses of the heat recovered from the DFC1500 unit is explained in detail in 

the Energy End-Uses section. Heat is recovered from the fuel cell exhaust gas using an air to water heat 

exchanger and will be transported to various locations as hot water.  

3.5.4 Power Distribution  

The power generated by the fuel cells will be the primarily power source for the future Green Hotel and 

will also be distributed to the campus.  

 

3.6 Hydrogen Compression, Storage, Dispensing / Distribution System  

The team will take advantage of the existing hydrogen infrastructure on campus. The existing hydrogen 

station was designed such that it could handle higher volume of hydrogen in the future. Currently, the 

hydrogen fueling station at the E
3
 Commons area has an electrolyzer capable of producing 4.2 kg of 

hydrogen per day, cascade storage tanks that can hold 33 kg of hydrogen at 450 bar (6,600 psi), a 

hydrogen compressor capable of compressing 15 kg of hydrogen per day to 415 bar (6,000 psi), and a  

350 bar (5000 psi) hydrogen dispenser.  

The product hydrogen from the PSA unit will be transferred into the buffer tank located in the adjacent 

hydrogen station via pipeline. The buffer tank feds two compressors; (i) the existing Hydro-Pac C06-10-

70/140LX compressor (415 bar) and (ii) the PDC machines (PDC-13-1000-3000) compressor (250 bar). 

The compressed hydrogen from the Hydro-Pac compressor will be stored in existing storage tanks. 

Hydrogen from the PDC machine compressor will be used to fill a hydrogen tube trailer and K-cylinder 

manifold. The end use of hydrogen is discussed in the next section. The entire process of hydrogen 

compression, storage, dispensing and distribution is shown in Figure 3.6 below.  
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Figure 3.6 Hydrogen compression, storage, and dispensing  

 

3.7 Safety Equipment 

Safety was the most important criterion during the design of the CHHP system and supporting 

infrastructure. Different safety equipment will be installed to prevent and/or mitigate possible dangerous 

events at the facility. These include hydrogen and flame detection systems, safety cameras, hydrogen 

storage isolation systems, pressure relief devices, etc. Safety barriers and fencing already exists at the 

hydrogen station protecting the dispenser and hydrogen equipment. Emergency shutdown switches has 

been located strategically at the fueling station and will terminate all operations at the station instantly. 

Other safety features like break away hoses, fire extinguishers, safety signs, etc. has also been installed at 

existing hydrogen station. Combustible gas leak detectors will also be installed at the biogas and methane 

storage areas to detect possible leakage. See Section 5.0 for additional information concerning safety.  
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4.0 Energy End-Uses on Campus from CHHP System  

The Missouri S&T team identified different uses for the electric, thermal, and hydrogen energy from the 

DFC1500 fuel cell. The team used 65% fuel utilization rate for electricity production and 35% for 

hydrogen production while making the calculations for electric, thermal, and hydrogen output from the 

CHHP system as specified in the rules
20

.  

 

4.1 Electricity Use  

The electric power output of the DFC1500 unit operating in the simple cycle CHP mode is 1.4 MWe
21

. 

This corresponds to the net power after providing the parasitic loads for its mechanical balance of the 

plant (MBOP) and energy loss in the electrical balance of the plant (E-BOP). However, there are 

additional components that require electric power for the DFC1500 unit operating in CHHP mode. These 

components, including the heat exchanger for anode outlet gas cooling, the water-gas shift reactor, and 

the PSA unit for hydrogen purification and operate collectively with the fuel cell unit to form the CHHP 

system. Based on the power requirements of these components, the net power output from the CHHP 

system was estimated to be 1.1 MWe. The total electric power requirement of different equipment used in 

the design was estimated to be approximately 280 kWe and is tabulated in Table 4.1.  

 

Table 4.1 Power demand and energy consumption 

Equipment Max. power 

rating (kWe) 

Daily operation 

time (hrs.) 

Daily energy 

consumption (kWh) 

Feedstock storage facility 5 12 60 

Macerator 15 4 60 

Screw feeder 5 4 20 

Pump  75 4 300 

Hygienization Unit 2 4 8 

Anaerobic digester  5 24 120 

Storage tank 5 24 120 

Biogas PSA unit 40 24 960 

Hydrogen compressor Comp1 7.5 24 180 

Hydrogen compressor Comp2 100 24 2,400 

Auxiliary loads 20 16 320 

Total 279.5 - 4,548 

 

Auxiliary loads include site lighting, safety devices, hydrogen dispenser, and electric loads at central 

control station. The total net energy production from the CHHP system is 26,400 kWh per day and the 

energy demand for on-site use is 4,548 kWh per day. Hence, the CHHP system will be able to provide 

21,852 kWh per day to the campus. 

 

4.2 Thermal Use  

The DFC1500 unit has 3,935,358 kJ/h at 49°C (3,730,000 Btu/h at 120°F) available for heat recovery 

while operating in CHP mode
21

. However, the recoverable heat from a DFC1500 unit operating in CHHP 

mode is considerably lower than compared to the operating in CHP mode. This is due to the cooling of 

anode outlet gas, removal of water vapor, and hydrogen recovery. The thermal energy available for heat 

recovery was calculated based on the cathode exhaust gas composition in Table 3.7 and equation (8) and 
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is shown in Table 4.2. The temperature difference of the input and output temperature of the heat 

recovery system is 322°C (371°C - 49°C). 

Q = m*CP* (ΔT) (8) 

Where:  

m  is the mass flow rate of the gas 

CP  is the specific heat of the gas 

ΔT  is the difference of input and output temperature of heat exchanger 

 

Table 4.2 Thermal energy available for heat recovery from the DFC1500 CHHP system  

Gas Cathode exhaust 

(moles/min) 

Mass flow rate 

(kg/h) 

Cp  

(kJ/kg K)
27

 

ΔT  

(°K) 

Q flow rate 

(kJ/h) 

H2 23.60 2.85 14.32 322      13,141.46  

CO2 181.80 196.50 0.84 322      53,402.41  

O2 90.90 152.79 0.92 322      45,213.31  

N2 1,139.80 2,188.28 1.04 322    732,811.21  

Total             2,540           844,568  

 

The low thermal energy from the DFC1500 unit can be attributed to the low flow rate of the exhaust gases 

when compared to the DFC1500 in CHP cycle. Two components in the system that require heat energy 

are (i) hygienization unit and (ii) anaerobic digester. Hygienization of feedstock prevents pathogens from 

entering the digester and maintaining optimum temperature inside the anaerobic digester ensures 

maximum biogas production. The mass of the feedstock and digester sludge that need to be heated are 

27,215 kg/day and 9,084,000 kg/day respectively. The heat loads for the two components were calculated 

and are tabulated in Table 4.3. The temperature of feedstock was assumed to be 20°C. The digester is 

heated to 40°C during its initial installation and is assumed to lose 1°C on average every hour due to 

environmental losses. Table 4.3 shows that the total load for these two systems is greater than the 

recoverable heat.  Therefore, additional thermal load requirement will be met using an external heater 

using natural gas. 

 

Table 4.3 Thermal load of the system  

Thermal Load Mass flow 

rate (kg/h) 

Cp  

(kJ/kg K) 

ΔT  

(°K) 

Q flow rate 

(kJ/h) 

Hygienization unit 1,125 2.30
28

 50      129,375 

Anaerobic digester 378,500 4.2
29

 1      1,589,700  

Total 1,719,075  

 

4.3 Hydrogen Use  

The team identified many end uses for hydrogen use on campus including personal transportation 

applications, backup power applications, portable power applications, and other mobility applications. 

The different applications, potential users, and total hydrogen usage per day are been presented tabulated 

in Table 4.4. 
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Table 4.4 Hydrogen applications and usage on campus 

Applications Potential User # of 

Units 

H2 usage 

(kg/day) Personal transportation 
Fuel cell scooter Faculty, students, staff 5 5 

Retrofitted Segway Police, faculty, students, staff 12 6 

Retrofitted electric bike Students 45 45 

Mobility applications 
Fuel cell forklifts Physical facilities 2 4.8 

Fuel cell utility vehicle Landscaping, physical facilities 2 4.8 

Fuel cell lawn mower Landscaping 1 2.4 

Fuel cell 3 wheeler University police, campus tours 6 4 

Backup power 
Fuel cell UPS IT department 3 25 

H2 blended diesel generator ME department 4 4 

Portable power 

Handheld fuel cell charger Faculty, students, staff 150 15 

Fuel cell portable power University police, physical facilities 10 2 

Other 

APU for A/c unit in electric bus University transit 2 4 

APU for unmanned aerial vehicle AAGE team 1 1 

 Total 123 

 

The major use of the hydrogen on campus is for fueling personal transporters. These include fuel cell 

scooters, Segways and electric bike retrofitted with fuel cells (Figure 4.1). The Missouri S&T team will 

utilize their expertise in hydrogen and fuel cells technologies to retrofit Segways and electric bikes in-

house at the hydrogen research and development garage. The retrofitted Segway and bikes will have fuel 

cells that act as range extenders for the on-board batteries and will recharge it when the state of charge 

falls below a certain set value.  

 

 

Figure 4.1 Personal transportation 
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Each building on campus will have designated parking spaces for the personal transporters. These 

transporters can be checked out by students, faculty, or staff by inserting their university identification 

(ID) card into the card reader located at the parking station. The card reader will identify the user and will 

automatically charge a fee to their university account based on the duration of use. The Segway will be 

also used by university police for patrolling the campus. The Segways retrofitted with fuel cell provides 

longer run time between recharging and can even operate without the need for electric recharging as long 

as hydrogen fuel is supplied to the fuel cell.  

The design also incorporates different hydrogen mobility applciations for the campus (Figure 4.2). The 

hydrogen powered people transporter is a zero emission vehicle will be used to transport campus tours 

and to raise awareness about Green initatives on the Missouri S&T campus. The fuel cell forklifts and 

fuel cell utility vehicle will be primaryly used by “physical facilites” which provides campus support by 

maintaining and operating campus buildings, sidewalks, parking lots, and other facilites around campus. 

The landscaping unit will use a fuel cell lawn mower to maintain the campus golf course and other green 

areas on campus.  

 

 

Figure 4.2 Hydrogen powered mobility applications 

 

Missouri S&T team realizes the importance of providing reliable and high quality power to the IT 

department and has included a fuel cell uninterruptable power supply (UPS) unit in the design 

(Figure4.3). It consist of three 8 kW PEM fuel cells and is designed specifically for larger 

communications backup power loads within the wireless and wireline telecommunications. These units 

are outdoor units and have a cabinet to accommodate the hydrogen storage cylinders. Another innovative 

idea use of hydrogen is the blending of hydrogen with diesel while running backup diesel generators. 

Blending small percentage of hydrogen with diesel fuel has shown to reduce the total fuel consumption of 

the generator and reduced emissions
30

.  

 

 

Figure 4.3 Backup power applications 
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Portable power and on-the-go recharging of personal electronic appliances such as cell phones, laptops, 

iPod’s, etc. is desirable in the current technological age. The team has included portable power units 

(Figure 4.4) understanding the demands of the customers on campus. The portable power modules and the 

handheld fuel cell charger will be available to the students, faculty, and staff for checkout from the 

Department of Student Life office as well the outdoor activities and rental (OAR) office. The fuel cell 

portable power packs will be able to reduce the great replacement for the battery operated equipment for 

camping and outdoor activities.  

 

 

Figure 4.4 Fuel cell portable power applications 

 

Missouri S&T will get two electric buses during summer 2012. These electric buses will be retrofitted to 

use a fuel cell to power the HVAC system on-board. The reduced power demand from the traction battery 

will increase the vehicle range.  The HVAC unit consists of a fuel cell powering a 2 kWe electric A/c unit 

and a Dynetek hydrogen storage tank. The team also plans to help the Advance Aero Vehicle Group 

(AAVG) by providing them with a portable fuel cell. This will enable the team’s aerial vehicle to stay up 

in the air for a longer period than the normal flight time. The team also considered many other 

applications but were not selected due to the following reasons as shown in Table 4.5. 

 

Table 4.5 Hydrogen applications considered but not used in the design 

Application  Type of Equipment Potential User Reason 

Transportation Fuel cell cars Chancellor & Vice 

provost 

Unavailable in Missouri / 

no programs 

Transportation Hydrogen ICE 

vehicles 
University police Not efficient as fuel cell 

vehicles/ high cost 

Cooking Catalytic burner University kitchen Not commercially 

available 

 

The excess hydrogen will be sold to a gas retailer. The retailer will collect the compressed hydrogen from 

the facility and will distribute it to its customers in the surrounding area. 
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5.0 Safety Analysis 

This section identifies the potential sources of safety hazards, and develops mitigation strategies. Since 

the project resembles a plant environment a holistic view is applied for this safety analysis. The section 

begins with a failure modes and effects analysis concentrated on each of the sections of the plant, and 

then provides mitigation policies for these identified failure modes. 

 

5.1 Failure Modes and Effects Analysis (FMEA) 

Since the design contains various systems and its sub-systems, FMEA has been applied to each system 

separately (Table 5.1), in addition to the whole plant. The approach starts with identifying the section of 

the plant, then determining potential failure modes, and possible sources/causes. A severity index and 

frequency index is assigned so as to quantify these failures. These indices have been assigned considering 

good engineering practices and the experience of the team. A failure that has the most damage potential is 

assigned the severity index of 10, while the failure that has least damage potential is assigned a value of 1.  

Similarly for failures that can occur frequently a frequency index of 10 is assigned, and 1 is assigned for 

failures that can be occasional. 

 

Table 5.1 Failure modes and effects analysis for potential failures 

Section Potential failures Sources/Causes 
Severity/ 

Frequency 

Mitigation 

Strategy 

Whole plant 

Physical damage Collision of vehicles, natural 

disasters like flooding and 

tornadoes, and intentional damage 

by operator or operator misuse 

10/10 (1,2,4,7) 

Piping and valve 

failures 

Leakage at the welds, gasket failure 
10/5 

(1,3,4,5,9 

10) 

Lighting failure Equipment failure 10/2 (4) 

Fire Leakage of hydrogen, natural gas. 10/10 (1,3,4,7) 

Anaerobic 

digester 

system 

Insufficient supply Bad road conditions, random 

variations 
10/3 (4) 

Storage tank 

equipment 

breakdown 

Technical failure like instrument 

failure, motor burnout, mechanical 

failures etc. 

10/1 (1,4,9) 

Mechanical failure 

of the equipment. 

Over pressurization, variations in 

jacketing temperatures 
10/5 (1,4,5,9) 

System failures Failure of internal components, 

instrument failures,  motor burnouts 

etc. 

10/5 (4,9) 

CHHP 

system 

Unexpected shut 

down 

Insufficient fuel, insufficient 

utilities, instrument failures, etc. 
10/5 (4,9) 

Mechanical failure Over pressurization of equipment  10/5 (1,4,5) 

Hydrogen 

compression, 

storage, and 

dispensing 

system 

Fire Hydrogen leakage 10/10 (1,3,4,6) 

Mechanical failure 

of equipment 

Over pressurization 
10/10 (1,4,5) 

Distribution 

system failure 

Technical failure 
10/5 (1, 4, 9) 
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5.2 Mitigation Policies 

The team has identified a list of items, which can also be considered as policies for overcoming any of the 

previously mentioned potential failures. The following list can be followed during the design and 

installation of all systems.  Application of specified policies is identified in Table 5.1. 

1. Design of all equipment according to industry standards. 

a. All unfired pressure vessels: ASME Section VIII Div. I (latest edition and all applicable 

addendums) 

b. Natural gas/biogas storage tanks: API 620 (latest edition) with floating roofs. 

c. Motors: Insulation and temperature rating as per area classification.  Motor design as per 

NEC or manufacturer standard. 

d. BNQ Hydrogen Installation Code 

e. Hydrogen distribution: SAE J2600 

f. NFPA 52, 55, 704 

g. Piping: ANSI 31.1 

h. OHSAS 18001 (latest edition) 

i. Hydrogen 1910.103 

2. Tall equipment should be designed for wind loads.  All the anchor bolts should be checked for 

wind loads. 

3. Classify the areas based on dust/gas concentrations, and flammability limits. 

4. Prepare maintenance schedule, and emergency shutdown procedures for different sections of the 

plant. 

5. Install pressure relief valves on every pressurized equipment, including piping. 

6. Install hydrogen leak detection systems. 

7. Provide training to the operators.  Install safety cameras to detect intentional damages, operator 

misuse. 

8. Locate critical equipment in safe locations, under shelters.  Install sufficient barriers to avoid 

physical damage. 

9. Each system should have its own PLC.  A direct control system (DCS) should take inputs from 

these PLC’s.  In case of any critical alarms, activate automatic shutdown procedures, for other 

situations corrective action should be taken by the operator. 

10. Critical valves should maintain their last known positions (AFL), apply redundancy for critical 

values. 
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6.0 Economic/Business Plan Analysis  

The team estimated the total capital costs, operating costs, and maintenance costs of the whole system. 

The amount of revenue generated from selling electric power and product hydrogen were also estimated. 

Additional revenue generation from the heat generated by the CHHP system is not possible since it is 

consumed by the anaerobic digester system.  

 

6.1 Capital Cost 

The capital cost of the system and hydrogen applications on campus were calculated and are tabulated in 

Table 6.1. The installation, commissioning, and training cost are expected to be 20% of the capital cost.  

 

Table 6.1 Capital cost of the system
31

 

System Component  Cost (USD) 

Anaerobic 

digester system 

Feedstock storage facility  $           75,000.00  

Macerator  $           35,000.00  

Screw feeder   $           45,000.00  

Hygienisation unit   $         210,000.00  

Equalization tank (with mixing and heating)  $           98,000.00  

Anaerobic tank (with mixing and heating)  $         445,000.00  

Storage tank (with mixing and heating)  $         510,000.00  

PSA unit for biogas treatment (feed rate)  $         830,000.00  

Buffer tank for storing methane  $           25,000.00  

Installation, commissioning, training, etc.  $         454,600.00  

CHHP system 

DFC1500 fuel cell unit (in simple cycle)  $       3,360,000.00  

Water gas shift reactor (feed rate)  $       1,200,000.00  

PSA unit for H2 purification (feed rate)  $         900,000.00  

Heat exchanger (gas flow rate)  $         100,000.00  

Installation, commissioning, training, etc.  $       1,112,000.00  

Hydrogen 

compression, 

storage, and 

dispensing 

system 

Buffer tank for storing hydrogen  $           25,000.00  

Low pressure compressor  $         250,000.00  

High pressure compressor                            -      

Hydrogen storage tanks                            -      

Hydrogen K-cylinder manifold                            -      

Hydrogen dispenser                            -      

Installation, commissioning, training, etc.  $           55,000.00  

Hydrogen 

applications 

Personal transportation  $       1,112,500.00  

Mobility applications  $         465,000.00  

Backup power  $         140,000.00  

Portable power  $         130,500.00  

Other  $           50,000.00  

Total    $  11,627,600.00  
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Missouri S&T hydrogen station already has a high pressure compressor, storage tanks, and hydrogen 

dispenser at the existing hydrogen station and is not included in the capital cost estimate. The hydrogen 

K-cylinder manifold is rented to avoid capital costs. The project is eligible not for any rebates or tax 

credit since it already has hydrogen station. 

   

6.2 Operating and Maintenance Costs 

The system has various operating costs including collection and transportation of feedstock, cost for water 

and natural gas, and labor cost associated with site operations (Table 6.2). Since the system is self-

sufficient in terms of electric power, the operating cost associated with electricity is not considered in the 

calculations. It was estimated that eight laborers are required per day for feedstock collection and the total 

feedstock collection route was estimated to 120 miles per day. Surcharges were included during the 

calculations of water and natural gas costs. RMU charges ‘service availability fee’ of $11 per month per 

meter and a ‘flat water fee’ per month per connection of $15
32

. AmerenUE Gas Company has a monthly 

customer and volumetric meter reading rate of $28 every month
32

.   

 

Table 6.2 Annual operating cost
32

 

Item Rate Units/day Cost/day Annual Cost 

Feedstock 

collection 
$96  8  $ 768  $276,480  

Transportation $0.6/mile 120  $ 72  $25,920  

Water $2.7/3.785 m
3
 545.1 m

3
  $ 13  $4,992  

Natural gas 
First 19,822 m

3 
- 30.89¢ 

2,358 m
3
  $ 239  $86,422  

Over 19,822 m
3
 - 20.23¢ 

Sewer $2.3/ 3.785 m
3
 2.62 m

3
 $1.6 $581 

Total   $ 1,094  $394,395  

 

The combined costs associated with operating the DFC1500 plant was taken as 3¢//kWh
20

. The annual 

maintenance cost of all other equipment was estimated to be 2% of its capital cost. The total maintenance 

cost of the whole system was calculated and is shown in Table 6.3.  

 

Table 6.3 Annual maintenance cost
32

 

System Rate Quantity Annual Cost 

DFC1500 3¢/kWh
20

 1400*24*365 kWh  $ 367,920 

Other equipment 2% $ 6,646,000 $ 132,920 

Total $ 500,840 

 

6.3 Hydrogen Cost Estimation 

The cost of hydrogen was estimated by taking the following items into account. 

a. Annual operating cost 

b. Annual maintenance cost 
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c. Cost associated with the electrical usage by the system 

d. Cost associated with the thermal energy lost due to hydrogen recovery (heat recovery that 

would have been available if the system was running in CHP mode) 

The total cost for hydrogen production is shown in Table 6.4.  

 

Table 6.4 Cost of hydrogen production
32

 

Product Rate Units/day Cost/day Annual Cost 

Electricity 
Energy charge - 6.7 ¢/kWh 4,548 kWh $304.71 $ 111,221 

Demand charge - $8.5/ kW 280 kW - $ 28,560 

Thermal energy First 19,822 m
3 
- 30.89¢ 

2,535 m
3
 $206 

  (natural gas equivalent)  Over 19,822 m
3
 - 20.23¢ 

Annual operating cost     $ 394,395 

Annual maintenance cost       $ 500,840 

Total $ 1,035,016 

 

The facility produces 237,250 kg of hydrogen per year. Therefore the cost of hydrogen is $4.36 per kg. 

The team will sell the remaining hydrogen after the end use of campus to a gas retailer at the rate of $8 

per kg. 

 

6.4 Revenue 

Hydrogen and power produced by the CHHP system will be sold to generate revenue. The university will 

be able to offset 7,975,890 kWh and sell 189,800 kg of hydrogen each year. The facility will sell 

electricity at the same rate the university buys electricity from RMU. Since heat produced by the CHHP 

system is used at the facility, it is not considered as a revenue stream. 

 

Table 6.5 Annual revenue from the system 

Product Rate Quantity Revenue 

Electricity 
Energy charge - 6.7 ¢/kWh 7,975,890 kWh

29
 $ 534,385 

Demand charge - $8.5/kW 820 kW
29

 $ 83,460 

Hydrogen  $8/kg 189,800 kg $ 1,518,400 

Total $ 2,136,245 

 

6.5 Return on Investment 

The team performed a return on investment (ROI) analysis on the system (Table 6.6). The yearly cost 

includes the annual maintenance and operating costs. A discounted rate of 2% was used in the calculation.  

Return on investment = (Discounted benefits - Discounted cost) / Discounted costs 

   = ($26,910,956 - $22,677,167) / $22,677,167 = 19% 
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Table 6.6 Return on investment calculations 

Years  Benefits   Cost   Cash Flow   NPV  

 Discounted 

Benefits  

 Discounted 

Costs  

0  $ -     $ 11,627,600   $ (11,627,600)  $ (11,399,608)  $ -     $ 11,399,608  

1  $ 2,136,245   $ 895,235   $ 1,241,010   $ 1,192,820   $ 2,053,292   $ 860,472  

2 $ 2,136,245   $ 895,235   $ 1,241,010   $ 1,169,431   $ 2,013,031   $ 843,600  

3 $ 2,136,245  $ 895,235   $ 1,241,010   $ 1,146,501   $ 1,973,560   $ 827,059  

4 $ 2,136,245  $ 895,235   $ 1,241,010   $ 1,124,021   $ 1,934,863   $ 810,842  

5 $ 2,136,245  $ 895,235   $ 1,241,010   $ 1,101,981   $ 1,896,924   $ 794,943  

6 $ 2,136,245  $ 895,235   $ 1,241,010   $ 1,080,374   $ 1,859,730   $ 779,356  

7 $ 2,136,245  $ 895,235   $ 1,241,010   $ 1,059,190   $ 1,823,265   $ 764,074  

8 $ 2,136,245  $ 895,235   $ 1,241,010   $ 1,038,422   $ 1,787,514   $ 749,093  

9 $ 2,136,245  $ 895,235   $ 1,241,010   $ 1,018,060   $ 1,752,465   $ 734,405  

10 $ 2,136,245  $ 895,235   $ 1,241,010   $ 998,098   $ 1,718,103   $ 720,004  

11 $ 2,136,245  $ 895,235   $ 1,241,010   $ 978,528   $ 1,684,415   $ 705,887  

12 $ 2,136,245  $ 895,235   $ 1,241,010   $ 959,341   $ 1,651,387   $ 692,046  

13 $ 2,136,245  $ 895,235   $ 1,241,010   $ 940,530   $ 1,619,007   $ 678,476  

14 $ 2,136,245  $ 895,235   $ 1,241,010   $ 922,089   $ 1,587,262   $ 665,173  

15 $ 2,136,245  $ 895,235   $ 1,241,010   $ 904,009   $ 1,556,139   $ 652,130  

 

       $ 4,233,789   $ 26,910,956   $ 22,677,167  

 

6.7 Business Plan 

Missouri S&T is committed to sustainable energy, alternative fuels, and use of hydrogen technologies. 

Missouri S&T campus has the first and only hydrogen station in Missouri. The basic principles and vision 

for Missouri S&T’s Campus Master Plan are as follows: the campus environment should be user-friendly, 

efficient, secure, compatible to human scale, and aesthetically pleasing and relating with surroundings 

structures, energy-friendly, and sustainable. In 2008, Missouri S&T former Chancellor Carney initiated 

the "E
3
=C" challenge, i.e. Energy, Environment and Education equals Civilization. He noted that 

Missouri S&T is well qualified to tackle the critical technological problems facing US and the World: 

Energy, Environment, and Education. By utilizing local feedstock to generate renewable energy and 

educating the campus and community about the benfits of hydrogen technologies, this design fits closely 

with the "E
3
=C" challenge.  

Other sustainable programs include a geothermal energy project which will replace a 65-year-old power 

plant at Missouri S&T campus and is expected to cut the campus's carbon dioxide emissions while 

reducing annual energy and operational costs by up to $2.8 million. For the project, the curators approved 

$32.4 million in revenue bond financing. The tem will use the commitment of the Missouri S&T campus 

towards alternative energy and sustainability to realize this design.   
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7.0 Energy Saving and Environmental Analysis 

This section provides the energy savings and environmental analysis for the system architecture.  The 

analysis highlights the energy savings following the use of local organic feedstock. The formulas used in 

this section are from the ‘Energy Savings and Environmental Analysis Guidelines’ provided to teams.  

 

7.1 Energy Savings Analysis 

The total energy savings can be estimated by the following equation 

                     

Where,                          represent total fuel savings, fuel use from avoided onsite thermal 

production, fuel use from avoided purchased grid electricity, fuel use from avoided energy services 

provided by hydrogen, fuel use by the CHHP system, and fuel use by the feed stock transportation 

systems. 

 

7.2 Fuel Consumption by CHHP system 

As mentioned in the technical design section, Missouri S&T has decided to use one DFC1500 unit, which 

requires 285.8 m
3
/h at 37,253 kcal/m

3
. Based on the energy calculations presented in the resource 

assessment section, the feedstock can supply a total of 259.6 m
3
/h scfm of methane at 37,253 kcal/m

3
 

(extracted from the biogas), 90.7% of the total demand of the system.  The remaining 9.3% will be 

supplied through natural gas from the local utility company, 26.6 m
3
/h at 37,253 kcal/m

3
. The input fuel 

energy content for this architecture can be calculated as,  

                   

                      = (2,114,673 kcal/h) 

Where, V, v, and E represent the volume fraction, total volume in scf/h, and the energy content in Btu/ft
3
 

respectively.  The subscripts B and N identify biogas and natural gas, respectively. As mentioned in the 

End Uses section, CHHP output will be used on campus.  Since the entire system output will be used by 

the university that has a minimum demand of 25 MW,  

                                    
                                       

                                   
              

 

Thus, the CHHP system fuel consumption can be estimated as, 

                      (
     

  
)                             (

  

  
)        

     

  
  

= 1.5*10
9
 kcal/yr 

 

7.3 Fuel Consumption in Transporting Feedstock 

As per resource assessment section a majority of the feedstock requires transport, and therefore will 

consume significant amount of conventional fuel. An investigation of this is presented in Table 7.1.  Since 

the food waste will not require any type of additional transport to the campus facility, it is not included in 

this table. The quantity of fuel requires is estimated upon the location of resource and the frequency of 

pick-ups. Therefore, considering an additional 10% for round-off errors, the fuel required for transporting 
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the feed stock can be estimated to 4500 gallons/yr of diesel and 9 gallons of gasoline. Considering the 

energy content of motor gasoline as 125 MMBtu/gallon and that of diesel as 141 MMBtu/gallon, the fuel 

used for transporting feed stock will be,                     = 160*10
9
 kcal/yr 

 

Table 7.1 Fuel used for transporting feedstock 

Feed Stock Frequency 

Transport 

Type 
Location from 

campus facility 

Miles per 

year
a
 

Motor 

Gasoline per 

year
b
 

MSW collection Daily Semi-Trailer 105 miles 38,325 3,832.5 gallons 

Dog and Cat Food 

Waste 
Daily Semi-Trailer 3 miles 2190 219 gallons 

Grape skin, rice hull Seasonal Semi-Trailer 
10 miles 500 50 gallons 

Vines Seasonal Semi-Trailer 

Brewery Waste Weekly Pick-up Truck 2 miles 208 8.32 gallons 

 

7.4 System Electricity Output and Avoided Central Station Fuel and Emissions 

As mentioned in the section 4.1, the DFC1500 generates 1.4 MWe.  As per Table 4.1, the total parasitic 

loads in the system are ~280 kW. Therefore, the net electrical output per year can be given as, 

                            

                              ∑                                     

The total demand of the university campus is 35 x 10
6
 kWh per year.  Hence the CHHP system will 

supply 35.04% of electrical consumption.  Therefore, there will be no export of the electric power.  

Considering the eastern grid transmission losses,  

 

                                          
                             

                 
              

Considering the SERC Midwest sub region, the fuel avoided due to the savings of central station 

electricity can be estimated as, 

 

                           (
     

  
)  

                                                                  (
   

   
)

                            

= 27.344*10
9
 kcal/yr 

 

                                                           
a
 This includes the to and fro journey of the vehicles. 

b
 Fuel Mileage: 10 miles/gallon for a semi-trailer on a flat road and 25 miles/gallon for a pick-up truck. 
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7.5 Avoided Thermal Fuel 

The thermal energy recovered from DFC1500 will be used within the facility itself as in section 4.2.   

Hence,  

                    (
     

  
)    7.012*10

6
 (

     

  
) = 1,767,067 kcal/yr 

 

7.6 CHHP Hydrogen Output and Avoided Fuel Emissions 

As mentioned in section 4.3.3, 123 kg of hydrogen will be used per day to displace the conventional fuel.  

Table 3.3 provides the details of this consumption. The fuel displaced by this hydrogen, the energy 

services provided by the hydrogen, and amount of fuel displaced is identified and tabulated in  

Appendix C. For the application that involves a savings in the electricity, the fuel avoided at the central 

station is estimated, for others, the conventional fuel avoided for each application, due to the hydrogen 

used, can be calculated by following equation: 

 

                    (
     

  
)  

                                                                                          

                                              
  

 

Therefore, avoided fuel due to hydrogen,                      (
     

  
)                     

= 410,602 kcal/yr 

 

The total energy savings will be,                                           

= 408,585 kcal/yr 

 

7.7 Environmental Analysis 

The environmental impact of the proposed design is investigated through the savings in the carbon di-

oxide emissions, which can be estimated by the following relationship: 

                             

∑  (                         
     

  
)   (                      

    

     
)  

Where, k = -1 for fuel consumed and 1 for fuel avoided, which includes the CHHP fuel consumption, fuel 

consumption for feed stock transport, avoided Central station fuel, avoided thermal fuel, and avoided fuel 

due to hydrogen. Thus, overall CO2 savings, be 88,426 tons/yr. 

In addition to the savings in the CO2 emissions, the land required to store the organic wastes if not used 

otherwise, will be an added advantage.  This can be estimated through the amount of solid waste digested. 

As mentioned in the technical design section, the digester will have a 50% solid reduction, saving  

5,475 tons/year of solid waste disposal.  
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8.0 Marketing and Educational Plan 

The maximum of use of hydrogen based applications can be derived through an appropriate marketing 

and educational plan. 

 

8.1 Marketing and Promotion Strategies 

The team will take advantage of the Missouri S&T’s commitment to green and sustainable energy to 

market the design. The project will be another opportunity of the campus to reduce its carbon footprint 

and move towards energy independence. The team will promote synergy between the CHHP project and 

other green and renewable energy projects on campus including geothermal project, wind turbine and 

solar energy projects with this design.  

The team will work closely with the "E
3
=C" challenge, i.e. Energy, Environment and Education equals 

Civilization challenge initiated by former Chancellor Carney. Missouri S&T is the first university in the 

United States to adopt ISO 14001 principles for its environmental management system. In 2008, Missouri 

S&T, along with the four-campus University of Missouri System, signed the American College and 

University Presidents Climate Commitment, a nationwide movement toward climate neutrality among 

myriad public and private institutions. Missouri S&T's green committee, made up of students, faculty and 

staff is outlining how the campus will reduce its carbon footprint and otherwise minimize its 

environmental impact. The team will work with Missouri S&T's green committee to market and promote 

the implementation of the design.  

A mutual benefit program will be created between the campus and feed stock suppliers.  The feed stock 

will be reimbursed with the hydrogen for their own usage. This will encourage more supply of feed stock 

and also will act as a catalyst in creating more hydrogen powered units. A promotion program will create 

advertisements for the general public and travelers. The goal will be to demonstrate the advantages of 

technologies where hydrogen fuel can help reduce greenhouse gases and diversify the world’s energy 

supply, and that hydrogen safety, like any fuel, requires proper handling and safe system designs for 

production, storage, and usage. Also, newsletters will be distributed to the entire community; the topics 

will include environmental benefits, information on the vehicles, and information on the facility itself. In 

addition to this, by emphasizing the economic and environmental advantages of employing hydrogen as 

an energy source and its applications, by circulating handouts at public spaces a much broader market can 

be attracted.  

 

8.2 Educational Plan 

The educational plan for the campus based CHHP system will be multi fold, focusing on students, facility 

staff, general public, and the community.  Considering these variations, different strategies will be 

employed.  The following sections introduce these strategies. 

 

8.3 Teaching Students and Learning from Students 

Missouri S&T is one of the few schools that offer a course on Applied Energy Conversion, focusing on 

Fuel Cells. The university understands the upcoming paradigm shift in the energy sector, and hence is 

already taking steps to create engineers that can handle alternative energy sources. This new CHHP 
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facility will provide the required incentive, demonstrating the practicality of such technologies.  

Undergraduate students will be not only benefited through the theoretical knowledge from the experts in 

Missouri S&T, but also will get the necessary hands-on experience. There are multiple benefits at the 

research front. An easy access to hydrogen will allow real life simulations and testing in multiple 

disciplines. Secondly, the newly acquired knowledge when integrated with the course will produce 

engineers with invaluable knowledge.  

 

8.4 Training the Facility Staff 

The hydrogen safety training and education are going to be based on the inputs from national 

professionals, academic faculty and staff (Missouri S&T), energy leaders, and safety training providers to 

build support for understanding of hydrogen technologies.  Time will be spent to explain all of the 

systems, mechanisms, controls, security, safety procedures, reporting of data, monitoring, and other 

additional tasks.  Interactive workshops using a combination of several techniques will provide an 

experience of learning more profound and pragmatic than lecturing alone would. These workshops will be 

based on the PPP procedure (Presentation, Practice, and Production).  

 

8.5 General Public/Travelers  

The principal objective of the general public education is to explain the practical nature of this CHHP 

facility.  The basics of hydrogen production, delivery, storage, and fuel cell technologies will also have to 

be explained.  Missouri S&T’s team will organize seminars aimed at educating the public.  The seminars 

will address safety and efficiency to allay public safety fears or reduce potential resistance.  Topics that 

can be included are, e.g. environmental benefits of hydrogen, future scarcity of oil, the inevitable 

necessity of alternative energy, with the demonstration of the wide availability and easy production of 

hydrogen fuel.  These topics will seek to educate the public as to the improvements hydrogen technology 

will bring.  The public will be made aware of energy savings per month, environmental benefits and the 

cost savings in utility bills possible with such hydrogen technologies.  

 

8.6 Community Awareness Programs 

Separation of the inorganic part is not only unglamorous, but also consumes resources, thus making it 

cost prohibitive.  Missouri S&T’ team will create a community awareness program focusing on the 

organized disposal of the wastes.  Such a program will not only benefit the CHHP feed stock supply, but 

will also decrease/eliminate the resources allocated on separation of the wastes.  This in turn will create a 

cleaner, greener, and self-sustainable community. 

An advertisement for the CHHP system follows.  
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Appendix A - Comparison of Feedstocks 

 

Key Criteria Weight MSW 
Dog food 

waste 

Food 

waste 

Wood 

chips 

Grape 

skin 
Vines 

Brewery 

waste 
Timber 

Waste 

water 

Availability 4 4 4 3 4 2 2 4 3 4 

Ease of collection 3 3 4 4 4 4 3 4 2 4 

Ease of digestion 4 3 4 4 1 4 2 4 1 3 

Energy value 3 3 4 4 2 4 2 4 2 2 

Total  46 56 52 38 48 31 56 28 46 
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Appendix B – Missouri S&T Master Plan  
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Appendix C – Avoided Conventional Fuel Details  

 

No. Application Fuel Displaced 

Energy services 

provided by 

utilizing hydrogen 

(per year) 

Amount of 

conventional fuel 

avoided 

(MMBtu/yr) 

1 Fuel cell forklifts Diesel 630,405 kWh 69,700.6 

2 Backup power UPS Diesel 210,240 kWh 557,327 

3 H2 blended diesel generator Diesel - 533,484 

4 Handheld fuel cell charger Central station electricity 
330,865.4 kWh 3,659.22 

5 Portable power Central Station Electricity 

6 APU for A/c unit in electric bus Diesel 547,500 kWh 89,172.2 

7 Fuel cell 3 wheeler Gasoline 4,562.5 miles 255,395 

8 Fuel cell scooter Gasoline 18,250 miles 81,038.8 

9 Retrofitted electric bike None 5,475,000 kWh 0 

10 Retrofitted Segway Central station electricity 407,778 kWh 4,509.84 

11 Fuel cell utility vehicle Diesel 840,960 kWh 23,736.2 

12 Fuel cell lawn mower Gasoline 382,500 kWh 11,415.2 

All the calculations take into consideration the estimated hours of operation of the equipment.  
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Appendix D – Additional Site Plan 
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