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1. Executive Summary 

 
Presented with the challenge to design a combined heat, hydrogen, and power (CHHP) system at the 
University of Maryland (UMD), the CHHP team at UMD has developed a plan to construct a plant fed 
with fuels derived from a combination of local waste streams. The proposed plant will utilize both an 
anaerobic digestion and steam gasification system to produce fuel for a Fuel Cell Energy DFC-1500 
molten carbonate fuel cell system.   
 
The UMD designed system will provide a net electric output of 1.2 MW, which will be fed into the 
existing campus grid. Excess hydrogen from the fuel cell anode outlet will be purified to provide over 
1000 kg of hydrogen per day throughout the year. This hydrogen will be used in shuttle buses managed 
by UMD Department of Transportation Services. To improve the system efficiency, a Heat Recovery 
Steam Generator (HRSG) will use waste heat from the fuel cell exhaust to make over 1,380 metric tons 
of steam throughout the year. This steam will offset steam currently produced by two existing natural 
gas fueled boilers to provide heating and cooling in the district steam system on campus, thereby 
reducing the campus carbon footprint. The use of fuel cell power, the replacement of natural gas in the 
steam generation system, and the substitution of diesel fuel for hydrogen fuel in the shuttle buses will 
reduce carbon emissions by 6818 metric tons per year.  Considering the total energy value of the input 
fuel compared to the value of the consumed sources being offset, the avoided fuel efficiency of the 
plant comes to 98%.  
 
A Failure Mode Effect Analysis (FMEA) has also been conducted with a review of the UMD campus, 
state, and federal codes and standards required for a safe installation and implementation of the CHHP 
system on the UMD campus. An economic analysis was performed to estimate capital and operational 
costs for all equipment and services for the proposed CHHP system.  Estimates on both the energy and 
financial savings for the campus were evaluated as well as the potential for local market growth 
possibilities for the hydrogen fuel supply. An analysis of the CO2 emissions and estimates of fuel 
consumption were both considered in an environmental analysis. A marketing and education campaign 
was developed at UMD to reach out to the campus as well as local communities.  
 
It is in the UMD CHHP Team’s best interest to deliver an efficient, safe, and cost effective CHHP plant 
design. Ultimately, it is our hope that our sustainable design will lead to a successful implementation on 
the UMD campus. 
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Table 1: Percentages of recycled waste and MSW assumed for the data provided by UMD and College Park 
2
.  

Figure 1: Map of CHHP location on campus (orange) in close 

distance to the UMD Comcast Center (red)  

Comcast 
Center Here 

2. Location:  
 
Our team collaborated with UMD Facilities 
Management personnel to identify possible 
locations that were near existing water, electrical 
and steam line connections.  Due to the size of 
the system, the space needed be sufficiently 
large as well. The location of the system also 
needed to satisfy safety and nuisance 
requirements due to the complications arising 
from the storage of waste and hydrogen. The site 
also had to be built near a road large enough to 
allow for easy access by the campus’s shuttle 
system.  Ultimately a section of land in the north-
west corner of campus was chosen. Visibility of 
the CHHP plant near the UMD Comcast Center, 
the campus’s sporting arena, will encourage 
promotion of clean waste-to-energy, hydrogen, 
and sustainability concepts to students, staff, 

and the general public who park near the site for 
sporting events. Figure 1 at right shows the location 
of the CHHP plant in orange. 
 

 3. Resource Assessment:  An assessment of the potential sources of waste was performed based 

on the locally available waste streams on the University of Maryland campus and the surrounding City of 
College Park, MD with the intent to characterize the ‘Energy Potential’ of each stream. The Energy 
Potential represents the amount of chemical energy available in a given waste stream, assuming 
approximate waste-to-fuel conversions reported in established references.  Fuel-to-electric power 
conversion efficiencies are applied to provide a realistic assessment of the electrical power potential of 
the combined waste streams. 
Waste Stream Analysis: Data obtained from William Guididas, coordinator of University Recycling and 
Solid Waste Program in the University of Maryland Facilities Management Department and Stacey King 
Administrative Assistant/Recycling Coordinator for the City of College Park Department of Public Works, 
was used to calculate the total waste resources available for gasification and/or anaerobic digestion. In 
this study, municipal solid waste (MSW) and recycling waste streams which are already collected by 
truck for shipment to a materials recycling facility or landfill were considered. Furthermore, it was 
assumed that such streams can be readily diverted to the CHHP plant site on the UMD campus. The 
other available waste resource that would incur an additional cost would be to ship in manure from 
nearby farms. The cost will range depending on the distance and amount being shipped (  15 cents per 
mile per ton) 1. 
 
 

Material Wood Yard Waste Paper Rubber Plastics HDPE Food Compost 

Recycle - - 58% - 5% 6.9% - 

MSW 6.5% 13.7% 28.2% 8.3% 12.3% - 14.1% 
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Figure 2a: An accumulation of UMD campus MSW and 

recycled waste between 2004 and 2010 for specific 

types of materials. Organic materials include yard 

waste. 
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Figure 2b: Energy Potential each year of the available 

waste streams listed by type of waste material.  This 

shows that the majority of the energy will come from 

plastic and paper. 

0

1

2

3

4

5

6

2004 2005 2006 2007 2008 2009 2010

En
e

rg
y 

P
o

te
n

ti
al

 o
f 

W
as

te
 (

M
W

) 

Organic Plastic Paper Food Compost

Detailed data was provided for recycled materials on campus (weight of each type of material), although 
the Municipal Solid Waste (MSW) from campus and the City of College Park and the recycled waste from 
the City of College Park were only given in lumped masses. Table 1 shows the assumed breakdown of 
the percentage of mass that is organic material, plastic, paper, and food waste in the MSW and 
recycling. Figure 2a presents the mass of waste streams from UMD in tons/year for a seven-year period. 
Organic waste streams (farm animal waste, grass, leaves, and food compost) are to be converted to 
methane via anaerobic digestion, and paper, plastic, and wood are to be used in a gasifier.   Each waste 
stream mass flow from the UMD campus was converted to an equivalent power as shown in Figure 2b 
using conversion factors based on the waste-to-energy process steps to be used for each stream.  The 
‘Energy Potential’ values for organic material and food reflect the conversion processes to methane via 
anaerobic digestion. The values for plastic and paper materials come from a HHV (MJ/kg) of 17.8 for 
paper and 46.5 for plastic 3, and include a gasification efficiency of 80%.  Figure 3 shows the fluctuation 
in power that could have been produced each month from January to October in 2011 with UMD and 

Figure 3: Combined monthly power from waste streams collected from UMD campus and the City of College Park for 

ten months out of the year 2011. There are a few months delay on data to be collected for Nov and Dec. The power 

produced from organic and food compost materials are so small it would not show up on the graph. The Total Power 

is an accumulation of all the sources and After Efficiencies accounts for the fuel cell and BOP. 

Organic waste is a thin line on top 
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Figure 4:  CHHP system - Mass Flow Diagram. See larger view in Figure 3 of Appendix A. 

Diagram References 
LE= Liquid Effluent 
SE= Solid Effluent 
FE=Fuel Dispenser 
Comp = Compressor 
Exp = Expander 
PSA = Pressure Swing Adsorption  
HEX = Heat Exchanger 
WSG = Water Gas Shift 
HP = High Pressure Turbo Compressor 
LP = Low Pressure Turbo Compressor 

City of College Park waste streams combined. The ‘After Efficiencies’ in Figure 3, assumes approximate 
efficiencies according to the fuel cell and the balance of plant (BOP), 45 and 80% respectively. Further 
detailed calculations of the energy, composition, and mass flows for the individual components and the 
integrated system are shown in the following technical design sections. 
 

 4. Technical Design  

 

 

 

 

 

 

 

 

 

 
 
4.1 System Design Overview: A diagram of the site plan in Figure 1 of Appendix A shows the general 
placement and detailed views of the fuel cell flue schematic, waste storage, and process locations. A 
more detailed view of the equipment and system piping is shown in Figure 2 of Appendix A. Figure 4, 
below, details the proposed mass flow of the CHHP system to be installed.  Useable materials from the 
single stream recycling, municipal solid waste streams, and farms from both the University of Maryland 
and nearby City of College Park will be collected, transported to the CHHP facility, and sorted into the 
anaerobic digester or gasifier storage containers.  Conveyor belts will transport the waste to the 
respective fuel processing system, described in more detail below. The anaerobic digester will convert 
the organic waste into methane gas. For the gasification process, an oxygen generator will be used to 
supply oxygen to the gasifier to produce a mixture of useable gas products (syngas). This syngas must be 
cooled to condense the water before it is compressed and fed to a methanation reactor to increase the 
amount of methane in the flow.  
 
After the clean-up of the biogas and syngas streams, the fuels will be mixed with a percentage of natural 
gas and oxidized in the fuel cell anode flow path to produce electricity for use on the campus’ power 
grid.  The non-reacted gas stream leaving the fuel cell anode, including CO, CO2, H2O, and H2, will be sent 
to a water gas shift reactor (WGS) to increase the content of CO2 and, more importantly, H2. This stream 
will be passed through a pressure swing adsorption (PSA) unit to separate the H2 from the CO2. The 
hydrogen will then be compressed and stored in tanks for use at the H2 fueling stations. The remaining 
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Figure 5:  Feedstock breakdown for digester mass basis 

 

thermal potential in the fuel cell exhaust stream will be used in a heat recovery steam generator (HRSG) 
to generate steam for use in the university’s existing steam heating and steam-turbine driven cooling 
system 4. 
 
4.2 Anaerobic Digester System: 
Main local commodities used for 
the production of biogas in our 
digester system are stall waste 
from the local farm on campus and 
a farm in Clarksville, MD; food 
waste from campus and local 
grocery stores like Whole Foods; 
and compost and yard waste 
(containing grass, leaves, and 
brush) from campus and City of 
College Park.  
 
Compost was assumed to be 66.7% 
leaves, and 33.3% grass. This 
proportion of leaves to grass may 
be rather high, but this accounts 

for any extra cellulose contained in 
the compost. Yard waste was 
assumed to be 50% leaves, and 50% grass. For the months of November and December, the amount of 
yard waste increases dramatically. Thus, the months of January through October were averaged, and 
that value was used for the yard waste for November and December. Any extra mass was assumed to be 
leaves.  It was assumed that stall waste was 100% cow manure and would produce 27 m3 of biogas/ton 
of waste with a methane content of 58% 5. Food waste was adjusted to 70% moisture content, because 
the initial data specified food compost, which typically has a moisture content of 50% 6, 7. Food waste 
was assumed to be able to produce 265 m3/ton of biogas with a methane content of 54% 5. Leaves were 
assumed to produce 19m3/ton of biogas with a methane content of 58% 5. Finally, grass clippings were 
assumed to produce 103m3/ton of biogas with a methane content of 58% 5. Average monthly biogas 
production at 56% CH4 concentration is given in Table 2. 
 

Table 2: Average Biogas Production of Digester Feedstock with 56% CH4 Fraction in Biogas.  

Commodity 
Average Biogas Production 

(m3/month) 
Compost 2,971  
Yard waste 3,605  
Leaves 1,886  
Stall Waste 2,755 
Food Waste 12,299 
Total 23,571 
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Figure 6: Flow Diagram for Digester and Biogas Production 

As shown in Figure 6, waste is collected from campus facilities and local areas and separated. Metal 

scraps, recyclable and landfill waste are sold and then recycled or transported to landfill sites as 

necessary. Food and stall waste are treated with chemical additives to remove nutrients. An average 

amount of waste at 1,120 m3/month and water at 781 m3/month is fed into the digester to obtain 

about a 10% solids concentration 8. Since varied amounts of waste are dispensed throughout the year a 

1,520 m3 complete mix anaerobic digester from Advanced Green Energy Solutions LLC was chosen for 

this project 9. Cost estimate for this digester is about $1.1 - 1.8MM (Figure 7). A complete mix digester 

was selected because it has been found to be more efficient, with a more consistent flow rate, for mixed 

waste than the standard plug flow digester 10. Though this requires a constant energy input for the 

mixer, it ultimately makes the system easier to clean as it reduces the piling up of dirt and materials 

inside digester. The digester is operated mesophilic at 32-35oC and has an average retention time of 21 

days. A spiral-flow heat exchanger is used for temperature control. Energy from the CHHP is dispensed 

to keep the digester at constant temperature. Operation will be monitored with a supervisory control 

and data acquisition system. An average amount of 189 metric tons/month will be removed as a solid 

effluent. The average liquid effluent is 491 m3/month assuming 60% water recycling from liquid waste. 

This recycling will decrease the need for such a large amount of water at feed.   
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Figure 7: 304 Stainless Steel Complete Mix Digester Tank (Insulation = 8cm) converting mixed waste to biogas. 

The liquid waste from the digester is high in nutrients (such as ammonia, phosphorus and potassium) 
and can be shipped as fertilizer to farms which need soil enrichment in the surrounding area. In 
particular, when shipments of manure are received, the plan is to send back this liquid for use at the 
Clarksville farm. The solid waste from the digester will be stabilized via composting. This solid waste can 
then be used in place of peat moss, with the added benefit of having nutrient value. Since there are 
several nurseries in the College Park area, the solid waste will be sold at a price of $6 per cubic meter 11.  

4.2.1 Biogas Cleanup: Collected biogas will be saturated with water vapor, and contain 44% CO2, 56% 
CH4, and 0-2000ppm hydrogen sulfide (H2S). A biogas clean up unit GPU 50/100 from New Energy 
Solutions, Inc. will remove water and particulates and reduce H2S concentrations to 2-6 ppm 12. 

4.3 Gasification System: The gasification system consists of metal separator, waste shredder, oxygen 
generator, gasifier and syngas cleanup system. Details of main components are discussed below.  Figure 
8 and Table 3 show the mass energy flow per kg of waste and the composition at each step through the 
gasification system. 

4.3.1 Oxygen Generator: O2 will be used as the gasifying agent in order to achieve a gasification 
temperature of 900 oC, which will maintain high reaction rates and the avoid complications of ash 
melting and agglomeration. Utilization of pure oxygen instead of air eliminates nitrogen dilution of 
syngas; consequently, smaller sizes for for syngas cleanup and compression equipment can be used, 
reducing the overall energy consumption of the system. O2 generation will be achieved by utilizing 
pressure swing adsorption (PSA) technology. Although other membrane separation technologies exist, 
PSA systems are commercially available at the scales needed for this project. The PSA system will have 
two beds of molecular sieve adsorbers, comprised of zeolite which is an aluminosilicate mineral. Air will 
be supplied at high pressure, 480 to 620 kPa, from which nitrogen will be physically adsorbed. The 
chemical composition of the molecular sieve that is usually used for nitrogen adsorption is Na12 

[(AlO2)12((SiO2)12].27H2O 13.  Nitrogen gets adsorbed to the Na cation in the form of an induced dipole. N2 
is more polarizable than O2 which passes through the zeolite bed to a buffer tank. The first tank is used 
until saturation then air is directed towards the second tank. In the same time the first tank is vented to 
atmosphere allowing nitrogen to get desorbed from the sieve. To complete the regeneration of the first 
tank, a small amount of O2 is used to purge it. This way a continuous supply of adequately pure O2, 93 +-
3%, at 310 to 448 kPa is provided to the gasifier.     
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Figure 8: The mass and energy flow, per kg of waste, through the gasification system based on equilibrium be 

used in the system. 

The oxygen generation system typically consists of a compressor, particulate filter, refrigerated air dryer, 
coalescing filter, an air surge tank, oxygen separation system (PSA adsorption) and an oxygen 
surge/buffer tank. Based on thermodynamic equilibrium calculation, 0.434 kg of oxygen per kg of waste 
is needed in order to maintain an adiabatic reactor temperature of 900oC. This flow of oxygen translates 
to a maximum flow rate of approximately 254 m3/hr.  The O800 ECO X4v1 PSA manufactured by 
OXYMAT will provide a maximum oxygen flow rate of 237 to 272 m3/hr, depending on purity.  An air 
supply system (including compressor, dryer and filters) has been selected to meet the estimated need of 
O2 

14.   

4.3.2 Gasifier: The gasifier used in this design is the Gasification System Model 106 from Thermogenics 
15.  The system was designed to operate at atmospheric pressure with a reactor temperature of 900 oC. 
As mentioned previously, 900 oC is high enough to maintain a reasonable gasification rate and low 
enough to avoid agglomeration problems. Equilibrium calculations have been conducted in order to 
estimate the oxygen needs as well as syngas chemical composition and flow rate. At 900oC, major 
products from gasification at equilibrium are H2, CO, CO2, H2O and C(S). These products account for 
more than 99% of the species in mole fraction. As noted in the resource assessment, major components 
of waste available for gasification are paper and plastics. Consequently, the waste has been assumed to 
be consisting of cellulose (C6H10O5)n and polyethylene (C2H4)n. Equilibrium calculations have been 
conducted for a range of oxygen stoichiometric coefficients which resulted in a range of products mole 
fraction. 

X*cellulose (C6H10O5)n + Y*Polyethylene (C2H4)n + eO2 aCO + bH2 + fCO2 + gH2O + iC(S)   

The correct oxygen stoichiometric coefficient is the one equivalent to an adiabatic process (i.e. total 
enthalpy of reactants equal to total enthalpy of products).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 kg of waste (paper + plastic), 
ratio ~3:1,  

Energy content ~ 25 MJ/kgwaste 

Oxygen 

generator 
Gasifier 

Syngas 

Cleanup 

Methanation 
Rector  

T = 400oC,  
P = 1 atm 

C(S) and 

H2O 

removal 

DFC 

0.944 kgsteam/kgwaste 

1 4 3 2 5 
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Table 3: Flow rate and mole fraction of the composition at each state in the gasification system. 

 

 

State 
Flow rate 

(kg/kgwaste) 

Energy 
Content 

(MJ/kgwaste) 

Mole Fraction of Chemical Composition 

O2 H2 H2O  CO CO2 CH4 C(s) 

1 0.434 - 1.0 -  -  -  -  -   - 

2 1.434 19.42 - 0.4010 0.0725 0.3920 0.0561 - 0.0779 

3 1.240 -  - 0.4720  - 0.4620 0.6600  - -  

4 1.280 - - 0.0208 0.5700 <0.001 0.0219 0.1630 0.0261 

5 1.170 13  - 0.0516  - <0.002 0.5440 0.4030  - 

 

Calculations have been conducted for the two extreme months in term of waste flow rate; September 
(peak waste input) and January (minimum waste input). Percentage of standard deviation of carbon, 
hydrogen and oxygen content, in the waste, throughout the year was negligible; 0.1% for the carbon 
content, 0.25% for the hydrogen content and 1.1% for the oxygen content. Consequently, average 
oxygen needed per kg of waste has been used for subsequent mass balance and equipment selection.          

The gasifier is a moving bed lined with a refractory material, a mixture of alumina and zirconia refractory 
material. Waste will be preprocessed in a metal separator unit and a shredder. Moving bed gasifiers are 
easy to control and most suitable for waste gasification applications.  Additionally, the system includes a 
control system that has air, temperature, and flow rate controls for the individual components. After 
metal is separated from the waste, it will be sent to a metals recycling plant off campus. The ash that is 
left over after gasification will be used to replace Portland cement in concrete products or used to make 
bricks 16.  

4.3.3 Syngas Cleanup: The syngas clean up system will include fly ash filtering system, tar removal 
system and sour gas removal system. A cyclone separator will be used to remove coarse particles (i.e. 
those greater than about 10 microns in size).  An electrostatic precipitator will be used to remove fine 
particles (those in the order of 1 micron in size). The supplier of the gasification system included water 
cooling system and a chiller cooling system for tar removal. A 10 ppm tar level is reached after the 
electrostatic precipitator and undetectable limits of a guard filter is used.  

4.3.4 Acid Gases Removal: The concentrations of acid gases, H2S and HCl, in syngas can range from 0.05 
to 0.5% for HCl, and from 100 ppm to 1000 ppm for H2S, depending on the carbonaceous feedstock used 
in the gasification process 17.  HCl removal will be achieved by utilizing a semi dry scrubbing method; 
spray dryer absorbers. The syngas will be sprayed by atomized slurry of an alkaline sorbent such as 
sodium carbonate (Na2CO3). Sodium carbonate reacts with HCl to form NaCl (solid), CO2 and H2O 18.  

Along with HCl removal in the spray dryer absorber, the syngas is cooled below the 250 and 350oC range 
19, which are the temperatures at which dioxins [polychlorinated dibenzodioxins] and furans 
[polychlorinated dibenzofurans] are formed.  

H2S will be removed via chemical adsorption on ZnO surface which forms zinc sulfide. ZnO adsorption of 
H2S removes even trace quantities of sulfur from gas to a purity of less than 0.1 ppmv, which is suitable 
for the DFC specification. The ZnO bed has to be replaced when reaching saturation since in situ 
regeneration is not possible. Turnaround periods vary from 6 month to 2 years depending on the H2S 
concentration in the syngas 20.  An activated carbon filter will be used for removal of heavy metals such 
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Figure 9: Cryostar TC-120 turbo-compressor [36].  

as mercury, lead and cadmium. The filter will be packed with a pure, powdered, activated carbon with 
high surface are 850 m2/g. The activated carbon will be obtained from an activated carbon supplier 
(Filtracarb® FGT-P 20). The product is advertised as an excellent adsorber for furans and dioxins as well.  

4.4 Methanation Reactor: The syngas generated from the gasification process is high in CO and H2 
content while very low in CH4 content. A methanation step had to be included in the plant design in 
order to satisfy the fuel specifications for the selected DFC. Based on equilibrium calculations, the higher 
the reactor pressure is, the higher the methane mole fraction at equilibrium. However, close to reactor 
pressure of 3000 kPa, the methane mole fraction levels off and any further increase in pressure has no 
significant effect. This is also supported by experimental results from the literature 21. A reactor 
temperature of 400 oC has been chosen to achieve a reasonable reaction rate and high CH4 fractions. A 
reactor temperature range of 360 to 520oC has been reported 22.  At similar reaction conditions, a 
methane generation rate of 0.610 mol/hr*m3 has been estimated 23. Based on the reported reaction 
rate, the size of the methanation reactor should be around 8500 gallons or 32.1 m3. A 10,000 gallons 
reactor has been selected for our system 24. An alumina supported nickel catalyst will be used in the 
methanation process.  
 
4.5 Process Stream Compression Equipment: In 
addition to the H2 storage and O2 separation streams, 
the process stream in the CHHP plant requires 
significant compression and expansion at both the 
methanation reactor and the hydrogen pressure 
swing adsorber at the anode exhaust.  To avoid the 
parasitic power loads associated with compression, 
the system is installed with two compressor-loaded 
turbo-expanders.  Figure 9 is a model of the Cryostar 
TC-120 turbo-compressor used at the basis-of-design 
for this project 36, 37.  The first turbo-machine utilizes 
the expansion of the 3000 kPa high pressure syngas 
at the methanation reactor to pressurize the inlet 
syngas to 1500 kPa.  The remaining 1500 kPa needed 
for full pressurization is handled by the second turbo-

compressor coupled with the expansion of the 
pressure swing adsorption outlet stream.  Though the 
cost of these turbo-machines is more than a comparable electrically driven compressor, the overall 
energy savings from utilizing the available mechanical work outweigh the increased cost.  The remaining 
compression at the water-gas shift reactor outlet in the system is handled with a standard electrically 
driven ACS Vector-6200 compressor.  This yields an overall parasitic load of 100 kW for the process 
stream compression processes, a much more efficient option over an entirely electrically compressed 
system. 
 
4.6 Heat Recovery Systems: One of the benefits of the MCFC is the high outlet temperature of the 
exhaust stream.  Compared to a simple cycle prime mover, this thermal energy can be recovered and 
utilized on campus for appreciable energy savings and increased system efficiency.  In addition to this, 
the high operating temperature of the gasifier provides further opportunities for heat recovery.  Three 
thermal loads are handled by heat recovery in the CHHP system, each with a different loop.  Figure 10 
details a schematic of this system.  The system was modeled in Engineering Equation Solver (EES) and 
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Figure 10: CHHP Heat Recovery Systems Schematic 

designed based on equipment from Clayton Industries 35, a manufacturer of steam generation 
equipment. 
4.6.1 Methanation Reactor Steam Loop: Due to the high proportion of low heating value materials in 
the gasifier’s inlet waste stream, steam must be added to the methanation reactor to increase the 
amount of hydrogen converted to methane in the reactor.  The reactor requires an average 0.151 kg/s 
of steam throughout the year for efficient, cost effective methanation.  To handle this load, a HRSG is 
installed in two sections, the economizer and evaporator, to capture heat first from the methanation 
reactor outlet and then from the high temperature gasifier outlet.  The economizer at the methanation 
reactor takes in feed-water from the system’s central feed-water treatment plant and heats it to the 
saturated liquid point at 3000 kPa using the 400oC methanation reactor outlet temperature.  The 
evaporator installed at the gasifier outlet then boils the steam to a saturated vapor state using the 900 
oC gasifier outlet stream.  This steam is then use in the methanation reactor for conversion of H2 to CH4. 

4.6.1 Campus Steam Loop: Due to the University of Maryland’s commitment to sustainability, the 
campus at UMD has an extensive, pre-existing steam system fed with steam produced at 900 kPa and 
187°C at a nearby co-generation plant owned by the university.  The steam is used throughout the year 
for heating during the winter as well as for steam activated cooling during the summer.  To fill an 
existing demand for steam due to a recent campus capacity expansion at Oakland Hall, a HRSG is 
included at the CHHP system’s fuel cell exhaust to recover energy from the 371oC flue gas and produce, 
on average, 0.04 kg/s of steam to help alleviate the existing deficiency on campus.  This high efficiency, 
environmentally friendly steam, throughout the year, will displace 1,380 metric tons of steam produced 
in the campus’s natural gas fired boilers. 
 
4.6.2 Hot Water Thermal Management Loop: A third, hot water loop is installed after the HRSG in the 
fuel exhaust to further capture heat from the flue stream for use in process heating applications, 
yielding a final flue gas outlet temperature of 150°C.  This hot water is used to maintain the required 
37°C temperature in the digester as well as to heat the low temperature syngas stream at the turbo-
expander outlet, which results from the near isentropic expansion of the syngas, to the required inlet 
temperature of the fuel cell gas stream. 
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Table 5: Shows the monthly composition of the anode exhaust gas. 

Table 4: Parasitic loads of CHHP system. 

4.7 Electrical Equipment: The DFC-1500 produces 1.4 MW of energy at 480 Volts, 3 Phase.  However, a 
proportion of this generated power must be utilized onsite for process power.  This power is fed from 
the DFC-1500 at 480 V to a series of subpanels installed in the plant’s mechanical building.  From there, 
the power is transformed and distributed to the various process loads at the plant.  An inventory of 
parasitic loads is attached in Table 4.  In total, the system has a parasitic loss of approximately 200 kW, 
for a net output of 1.2 MW.  Though the University of Maryland operates on a 13.8 kV distribution 
system, initially it was planned to utilize the power at a low voltage directly to the buildings nearest the 
proposed plant site.  This would avoid the losses typically associated with voltage transformation.  
However, an assessment of the campus power profile revealed that the demand in these nearby 
buildings was insufficient to consume the generated capacity of the plant year round.  So, the power is 
transformed to 13.8 kV at the plant with a TEMCo distribution transformer 38 to match the campus’s 
distribution voltage.  The lines are connected to the existing system at the nearby campus maintenance 
facility.  This allows for greater versatility in power utilization on campus without the losses associate 
with high amperage distribution. 

 
Process Load 

Compression 100 kW 

Gasification & Methanation 45 kW 

Miscellaneous Control & Lighting 25 kW 

Pumping 15 kW 

Waste Conveyance 10 kW 

Digestion 5 kW 

Total 200kW 

 
4.8 Hydrogen Recovery, Cleaning, Compression, and Storage System: A material balance was done to 
determine the monthly anode exhaust composition. The methane going into the fuel cell was assumed 
to react completely so its presence at the anode exhaust is negligible. Table 5 below summarizes the 
results:  
 

 Month H2 CO2 CO H2O  
Total 

(mol/s) 

January 5.1 18.2 2.5 20.0 45.8 

February 6.4 22.8 3.1 25.1 57.4 

March 6.8 24.2 3.3 26.6 60.9 

April 6.7 23.7 3.2 26.0 59.7 

May 7.5 26.8 3.7 29.5 67.5 

June 6.1 21.6 3.0 23.7 54.4 

July 5.3 19.0 2.6 20.8 47.8 

August 6.7 24.1 3.3 26.4 60.5 

September 8.0 28.4 3.9 31.2 71.5 

October 8.1 28.5 3.9 30.7 71.2 

November 6.1 21.7 3.0 23.7 54.4 

December 5.3 19.2 2.6 21.0 48.1 
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Figure 11: The monthly rate of production of H2 and CO2 based on the amount 
of waste going into the fuel cell 

 

 4.8.1 Water Gas Shift Reactor (WGS): The reactions taking place inside the anode were taken into 
account to accurately calculate the amount of hydrogen produced every month. The first step to recover 
this product will be to pass this stream through a water-gas-shift/heat-exchanger (WGS/HEX) reactor to 
react the water and carbon monoxide producing more hydrogen. The unreacted water will be recovered 
to use it as part of our energy integration system (reducing the cost of our utilities). The reaction taking 
place inside this reactor is exothermic; the heat exchanger around the WGS reactor will counteract and 
reduce the corresponding increase in temperature.  This heat will be used to preheat the air prior to 
oxidation at the cathode inlet. During maintenance and shutdown, the WGS reactor will be cleansed 
with a stream of purge gas to prevent deactivation of the catalyst due to condensing steam and 
unwanted redox reactions. The catalyst inside the reactor has been chosen to be alumina supported Pt 
for its greater catalytic activity compared to silica supported metals 25.  The WGS/HEX reactor operates 
at an efficiency of 80%. 
 
4.8.2 Pressure Swing Adsorption (PSA) Hydrogen Separation: The hydrogen will be recovered from the 
anode exhaust stream will a second PSA unit. The two packed bed molecular sieve vessels of this unit 
operate in parallel, alternating between adsorption and regeneration modes in opposite cycles to allow 
continuous production of fuel-grade H2. Each operating mode is 20 minutes long, and cycle concludes 
with a 5-minute countercurrent flow of purge gas to facilitate the next adsorption cycle. Once the 
system is running at steady state, this unit operates at a temperature of 180oC.  The selected material 
for the packed beds is type 3A zeolite with a 12-ring window, and an effective channel diameter – the 
biding site for adsorbate, CO2 for our system - of 0.84nm. The following formula represents a typical unit 
cell of this material: Na86 [(A102)86(SiO2)106], which is best suited for H2 purification 26.  The PSA unit 
operates at an efficiency of 85%. Figure 11 shows the monthly rate of production of H2-fuel and CO2 
byproduct based on the amount (and origin) of feed fed to the fuel cell. 
 

 

 
4.8.3 Hydrogen Storage 
Once purified, the hydrogen will be compressed and stored in two above-ground-1500Kg-H2 cylindrical 
storage tanks. The pressure inside each tank will be 34500 kPa to allow for proper delivery of H2 fuel to 
the future, hydrogen fueled campus buses.  For safety, each tank will be equipped with embedded 
hydrogen, temperature, and stress and strain sensors 27.  
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Figure 12: Campus steam demand throughout the year 

5.0 End Uses 
 
5.1 Steam Production and Consumption: The designed CHHP system produces an average of 0.04 kg/s 
of steam for use.  This translates to an average of 121 tons produced per month.   Initially, two options 
were considered for utilization of this steam.  The first simply utilizes the steam in the existing campus 
steam system to offset steam generated by the campus cogeneration power plant.  The second option 
requires the installation of a steam turbine at the CHHP plant to serve as a bottoming cycle and 
supplement the electricity already produced by the turbine.  Ultimately, the analysis demonstrated that 
utilization of the steam on campus would be the most efficient option, due to the capital intensive 
investment and costly maintenance of a steam turbine coupled with the relatively small amount of 
power such a turbine would produce. 
 

 
 

As mentioned previously, the University of Maryland has an existing 900 kPa steam system used for 
heating in the winter and steam activated cooling in the summer months.  The current system was 
constructed in 2003 to meet the steam demand on campus during the summer.  Figure 12 illustrates the 
yearly campus steam.  Due to recent campus expansions, the current system is slightly undersized to 
meet the existing campus demand year-round.  The remaining required capacity is currently made up 
with two gas-fired boilers in the campus power-plant.  These boilers have a combined maximum 
capacity of 10.07 kg/s with an efficiency of approximately 80%.  Utilized on campus, the proposed CHHP 
system will offset 1380 metric tons of steam per year generated by the campus’s gas-fired steam boilers.  
Considering an energy density in the campus steam of around 1.2 MJ/kg, this translates to nearly 2080 
MJ of natural gas energy offset per year. During the winter the CHHP steam will help supplement the 
steam produced by the two boilers for heating.  During the summer, the CHHP steam will be used to 
meet a new 800 ton steam cooling demand installed during a recent renovation of Oakland Hall, a 
residence hall on the University campus. 
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Figure 13: Electricity consumption on the UMD campus with the CHHP system 

5.2 Electrical Power: The DFC-1500 produces a nominal electric capacity of 1.4 MW.  Accounting for the 
200 kW parasitic load of the system from equipment requirements and transformer losses, there are an 
available 1.2 MW of power available for use on campus.  Compared to the primarily fossil fed generation 
of the local grid, the power produced by the CHHP system is generated largely with renewable sources 
and with a prime mover much more efficient than the typical gas or coal generator.  Because the 
electricity demand on campus is never fully satisfied without supplementing from the grid, this power 
can readily be utilized on campus. On average, 50% of the power is generated on campus, while the 
remainder is purchased from a local generation and distribution company.  Figure 13 illustrates the 
electricity consumption with the CHHP system.  The system will be able to supply approximately 4% of 
the campus’ yearly electric demand, offsetting a significant amount of inefficient, decentralized power 
generation with clean, efficient electricity produced largely with waste products thus also eliminating 
some of the need for waste disposal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
5.3 Hydrogen Dispensing/Distribution System: The production rate of the CHHP system averages 1338 
Kg-H2/day, which allows for fueling of 20 40-people buses per day (55Kg H2 per bus; 1100Kg-H2 in total), 
with rest stored for use in smaller 28. The distribution of H2-fuel will be through fuel pumps, similar to 
those used to fuel cars with gas, from Kraus Global. Three dispensers will be put in place near the H2 
storage tanks to service university buses. The number of dispensers was chosen following a model 
reported on an NREL study. 29 The model chosen is capable of delivering the H2 at 35000 kPa and from 
8.45 kg H2/min to 12.07 kg-H2/min (3500 SCFM to 5000 SCFM, respectively), which results in a refueling 
time of 4.55 min per bus in the best case scenario, or 6.51 min per bus at the dispensers’ lowest 
performance. 30 Based on our CHHP system production costs, and the trends reported by the US DOE 
annual reports and technical validation publications on the Fuel Cell and Hydrogen programs, the price 
per gasoline-gallon-equivalent (gge) of our H2-fuel was estimated to be $4.50/Kg-H2-eq (untaxed) 31.  
Hydrogen fueling station specifications are shown in Figure 4 of Appendix A. 
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FMEA Scale 

High Med Low 

   
 

FM = Failure Magnitude 

F = Frequency 

MI = Maintenance and 

Inspection 

Figure 14: FMEA scale and 
acronyms for terms used in 
Table 6.  

6.0 Safety Analysis 
The FMEA and the Codes and Standards associated with a CHHP fuel cell power plant are briefly 
reviewed to give an overview of the safety needed for this system. 

 
6.1 The Failure Mode and Effect Analysis (FMEA):  The California 
Energy Commission Consultant report on FMEA for Hydrogen Fueling 
Options 44 was used as a reference for our safety analysis design. Figure 
14 shows the scale of both the Failure Magnitude (FM) and Frequency 
(F) of each failure mode/safety concern.  When the FM and F are 
combined, the level of risk associated with each failure mode can be 
determined.  Table 6 shows a list of the FMEA and the steps needed to 
mitigate the effects of the situation. It should be noted that there are 
many failure modes associated with each component, although for the 
conciseness of this paper we are only mentioning the higher risk modes. 

The safety equipment will include H2, CO, and H2S gas sensors, flame 
detectors, and visible caution signs 45, 46 that will be installed around the 
applicable equipment: gasifier, anaerobic digester, methanation reactor, 
hydrogen separation lines, hydrogen tank, and fueling station. A list of other gases associated with the 
gasifier that are important to note include CO2, O2, N2, CH4, C2H4, C2H2, H2S, SO2, NO, NO2, HCN, and HCl. 
A control plan will be developed for chemicals and toxic solids (heavy metals: mercury, cadmium, lead, 
volatile organic compounds: benzene, toluene, furans, dioxins, and carbon) 47 from the gasifier to 
prevent contamination of water runoff.  
 
Failure of the gasifier due to high moisture or ash content will lower production of syngas.  Installation 
of a weather cover for waste storage containers can lower moisture content and a routine cleaning of 
the gasifier should resolve carbon build up. The anaerobic digester has the potential to release the 
following gases that could cause injury or death: H2S, CO2, NH4, and CH4.  Signs will be posted around the 
anaerobic digester 48 as well as gas sensors mentioned above.  In an effort to fully reduce the hazards 
around the CHHP plant, it is recommended to evaluate case studies from similar types of power plants. 
Case studies of H2 safety used in this analysis were from an incident H2 reporting website. 49   
 
6.2 Codes and Standards:  The dominant resource for applicable standards were taken from the UMD 
2012 Design Criteria/Facility Standards Manual 50 which includes NFPA, OSHA, COMAR (Code of 
Maryland Regulation), and EPA standards. These can be seen in the Table 1 of Appendix B. Department 
of Environmental Safety and Building Security Systems office at UMD will provide guidance for 
implementation of a few of the these policies. The H2 fueling station will meet NFPAA 55, 52, 853, SAE 
J2600, SAE TIR J2601, and International Codes Council standards 51. The fuel cell system standards 52 are 
also included in Table 1 of Appendix B. Fire hydrants will be logically placed around the facility to ensure 
accessibility to fire fighters. Roads surrounding the facility will be wide enough for fire trucks and any 
needed activity in the case of an emergency. 
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Table 6: Failure Mode and Effect Analysis of UMD CHHP System. 

  

System 
Component 

Failure Mode       Causes Effects 
Mitigation of 

Failure/Concern              

F
M 

F 

Gasifier and 
Syngas Cleanup 

Gas leakage Mechanical Failure Cause injury or death Gas detectors, infrared 
sensors 

    

Toxic Chemical 
and Solids 

Mechanical Failure Cause poisoning, illness 
injury, or death 

Toxic chemicals/ solids 
signs, control plan of 
contaminated  

    

Anaerobic 
Digester 

Gas leakage  Mechanical Failure Cause injury or death Gas detectors , infrared 
sensors 

    

DFC 1500 
Unit Failure Lack of fuel to 

anode feed 
Loss in end use 
production 

Back up natural gas 
content increased 

    

WGS Reactor 
Leak in WGS gas 
line 

Mechanical Failure Potential toxic exposure 
to CO,  fire or explosion  

CO sensor and MI of 
valves/seals     

Natural Gas 
Line 

Natural gas feed 
valve leaks 

Mechanical Failure Potential explosion in 
reformer of DFC 

Mandatory purge of NG, 
MI of valve  

    

H2 Compressor  

Unit Failure Reduction in 
amount of 
hydrogen supply 
from PSA 
H2separator

 

Vacuum large enough to 
break seals and let in air, 
potential fire or 
explosion 

When low amounts or no 
waste or fuel production, 
protocol of shut down 
sequence 

    

H2 Storage 

Storage Tank 
Failure 

Mechanical Failure, 
corrosion, H2 
embrittlement 

Release of H2 to atm, 
potential fire or 
explosion 

System contains 
redundant relief devices, 
H2 sensor 

    

Storage Tank 
Overfill Instrument Failure 

Release of hydrogen to 
atm, potential fire or 
explosion 

Extra storage tank on 
standby for overflow, H2 
sensor 

    

Storage Tank 
Failure 

Vehicle impact to 
H2 tank 

Potential fire or 
explosion 

Bollards around H2 tanks 
    

H2 Fueling 
Station 

Leak in 
Connection 

O-ring damaged or 
nozzle damaged 

Potential fire or 
explosion 

Dispenser conducts leak 
check prior to each fill 

     

Drive away 
while connected 
to dispenser 

Human error rupture hose and 
potential fire or 
explosion 

Break away connection 
with poppet isolation 
valves 

    

Piping Failure Vehicle impact to 
H2 fueling station 

Potential fire or 
explosion 

Bollards around fueling 
station  

    

Piping  

High pressure 
H2 supply line 
failure  

Mechanical Failure Release of hydrogen and 
potential fire 

H2 sensor, area electrical 
classification     

Piping Leak  Mechanical Failure Release of harmful gases 
to atm 

Depending on type of gas: 
sensor, MI of piping  

    

Valves/Seals 
Unit Failure Mechanical Failure Potential fire or 

explosion 
MI of  valves and seals 

    

 

7.0 Economic/Business Plan Analysis 

The following economic analysis summarizes a comprehensive study of the economic impact of 
implementing a CHHP system at the University of Maryland, College Park campus. The following tables 
include the capital, operating, and maintenance costs for all the major components of the system. 
Particular attention was put into the successful use of the processes products and the savings they 
provide to the campus.  
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Table 7: Shows Capital Cost Summary. 

 

 
7.1 Initial Investment: Table 7 below summarizes the cost of major pieces of equipment needed to run 
the CHHP system, including the equipment needed to produce the biofuel stream fed to the DFC 1500 
and to purify the hydrogen product of the fuel cell.  Prices were estimated from industry averages when 
exact prices were unavailable. In such cases, the prices were taken as averages of the last 5 years from 
the Chemical Engineering Plant Cost Index (CEPCI) from 2007 (525.4) and January 2011 (564.8) to 
account for inflation changes 57. All amounts are in USD and account for installation costs.  
 
 
 

Item  Capital Cost ($) Operating Cost ($/year) 
Gasifier System 2,300,000 115,000 
Digester 2,000,000 100,000 
Methanation Reactor 250,000 12,500 
Biogas Cleanup 300,000 15,000 
Oxygen Separator 250,000 12,500 
HRSG (campus) 25,000 1,250 
HRSG (methanation reaction) 175,000 8,750 
Low Pressure Turbo Compressor 150,000 7,500 
High Pressure Turbo Compressor 400,000 20,000 
Anode Exhaust Compressor 275,000 13,750 
Hot Water Loop Heat Exchangers 25,000 1,250 
Feedwater Treatment and Storage 25,000 1,250 
Voltage Transformer 40,000 2,000 
Water Gas Shift Reactor 250,000 12,500 
H2 PSA Unit (clean-up) 50,000 2,500 
Hydrogen Compressor 300,000 15,000 
Hydrogen Storage 250,000 12,500 
Safety Equipment (overall) 250,000 12,500 
DFC 1500 3,360,000 400,000 

 
7.2 Tax credits: According to the specifications of the system, the university would be able to apply for 
several tax credits. For example, the Clean Energy Incentive Tax Credit, which gives 0.85 cents per 
generated KWh 53.  Considering the production rate of our system, this credit represents $208,600 on a 
yearly basis.  The CHHP system is also eligible for the Production Tax Credit (PTC).  This credit awards 1.1 
cents/KWh, representing a credit of $269,955 per year 55. Finally, the system also qualifies for the 
Emergency Economic Stabilization Act of 2008, under which an investment tax credit of 30% for 
qualified fuel cell property is given, or $3,000/KW of the expected system output – whichever value is 
less. This last credit applies only once and it is valid as long as the system is installed by December 31, 
2016 54.  Additionally, the potential for State and Federal grants related to both biofuel and hydrogen 
fuel cell technologies will be pursued to the fullest extent possible in order to mitigate the high capital 
cost of the system and to reduce the overall debt burden for the project. 
 
7.3 Annual Expenses: The annual budget of our system includes a contingency plan (25% of the 
operating costs), which would be used in the case of emergency shutdown, or any other unexpected 
event, such as failure of a major component.  For unknown maintenance, administration, and 
miscellaneous expenses, the model created by Anderson was used 56.  The annual operating expenses of 
the CHHP system amount to the values reported in Table 8. 
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Table 9: Estimated revenue from DFC product streams. 

 

Table 8: Summary of CHHP System Annual Costs includes amount of steam, hot water, and cooling 

water needed to run the CHHP system after the energy integration calculations. 

 

 
 

CHHP System Cost ($)/year 

Operating 798,552.7 

Maintenance 679,863.3 

Utilities* 226,621.1 

Operating Labor (15 people @ $50K/e) 750,000.0 

Non-operating Labor 450,000.0 

Supplies 225,000.0 

Administration/Overhead 675,000.0 

Miscellaneous (taxes, insurance) 226,621.1 

Contingency 199,638.2 

Total Annual Costs 4,231,296.3 

 
7.4 Financial Impact to UMD Campus (Revenue and Expenses): The initial construction and 
development of the plant will be costly as the technology for hydrogen-fuel production, storage, and 
implementation is still very expensive.  Additionally, maintaining licensing for adherence to safety codes 
and other regulations will also cut into the first few years of revenue.  As with all new technology, 
maintenance and component costs are expected to gradually decrease.  Modifications will be kept to a 
minimal, with upgrades only to the most critical systems. Repairs will also be made to ensure proper 
safety and to maintain plant efficiency during the plant’s operation.   
 
Taking into account the initial investment, the annual operating costs, and the annual revenue as 
summarized in Table 9, the system will hit the breakeven point within 42 years. A 0.12 interest rate, 0.05 
constant depreciation rate, and 0.02 growth rate for the overall plant have been chosen. The average 
depreciation rate for the plant was calculated from the depreciation rate of each product, its production 
rate, and the 20 year life time of the system. The selling prices reported in Table 9 result in an average 
profit of 25% of the production cost per product type. 
 

 

Product Rate of production Cost of production  Selling Price* Revenue ($/year) 

Heat 22.16 MJ/day $ 0.00178/MJ $ 0.00237/MJ $4.79 

Electricity 27,328.78 KWh/day $ 0.08/KWh $ 0.10/KWh $249,375.12 

H2 Fuel 1338.36 Kg/day (avg.) $3.70/Kg  $ 4.93/Kg (taxed)** $602,077.98 

   Total revenue/year $851,457.89 
*Accounts for O&M and labor costs.  
**The taxed price was calculated from the average of gasoline and diesel tax in the state of MD ($0.453) as 
reported by the American Petroleum Institute, and taking the energy equivalency of 1 Kg of H2-fuel equal to 
that of 1 gasoline gallons and 0.882 diesel gallons. 

 
Additionally, when the plant is initially commissioned, to ensure the safety of those working and persons 
in the vicinity, the plant may be run at less than 100% to verify all systems are fully functional.  However, 
beginning in the second year and all years forthcoming, it is expected that the system will run at 
maximum capacity.  This will increase the production of power to the maximum of 1.2 MW, which will in 



 

University of Maryland CHHP System Design 

University of Maryland | CHHP 2012                     22 

 

Figure 15: Graph showing the financial progress of the loan used for start-up costs (included in the 

expenses values) and the breakeven point (when the expenses and the revenue curves intersect). 

 

Table 10: UMD annual savings after CHHP system is implemented 

 

turn increase the revenue that can be generated. Figure 15 illustrates the financial progress of the 
system by year; the breakeven point was determined as the year in which revenue offsets the operating 
costs and the capital cost loan payments. 
 

 
 

 
 
 
7.5 Savings/Comparison Before-After CHHP system implementation: The annual cost savings for the 
campus were calculated by comparing current costs of electricity and natural gas in the state of 
Maryland against the amount of energy that the CHHP system generates, the net profit of H2-fuel was 
also included (i.e. the fuel savings from 20 buses running on gasoline minus the selling price of sold H2-
fuel). Table 10 summarizes these values, which were considered when determining the breakeven point. 
 

CHHP product $ Savings /Day $ Savings / Year 

Heat $1,738.46 $634,537.3 

Electricity $2,381.8 $869,342.4 

H2 fuel $3,927.0 $831,277.0 

 Total savings /year $2,335,156.7 

 
 
7.6 Growth Possibilities: The growth potential of a CHHP system at the University of Maryland is 
promising, as there are several viable options through which the CHHP system could be implemented.  
During this time, several methods and means can be devised to decrease the initial costs.  Through 
promotion, public education, and demand, the supply for hydrogen fuel will increase, which would in 
turn ultimately decrease the price of the equipment needed to produce it. 
 
Through the promotion of the benefits and improved safety of H2-fuel, larger power plants could be 
implemented on college campuses nationwide. In time, this service could be extended to power 
communities, such as residential neighborhoods and apartment buildings. Additionally, by serving as a 
primary and backup power generator, a CHHP system could serve as a power source for mission-critical 
facilities, such as hospitals, government buildings, as well as server rooms in the vicinity of the 
universities’ campus. It is our hope that this system would eventually impact the major, city-wide public 
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transit system.  Most metropolitan areas, nearby Washington D.C. included, have very active subway 
and metro-train systems which could potentially run on the electricity derived from biomass and 
hydrogen fuel.   
 
7.7 Market Price: The market value of our CHHP system was determined to be $42,690,169.32 after the 
above economic analysis was performed. This price was calculated based on the half-life of the system, 
10 years. The market value calculations account for the cumulative capital investment loan payments, 
depreciation effects, campus savings, and revenue up to the 10th year. The O&M costs were also 
included, but only for the 10th year. 
 

8.0 Environmental Analysis 

 

The University of Maryland is committed to sustainable practices and carbon reduction.  In 2008 the 
university became a charter signatory to the American College and University President’s Climate 
Challenge.  This ultimate goal of this group is to eliminate net greenhouse gas emissions on U.S. 
campuses 41. With this goal in mind, the CHHP system was designed to maximize both the production of 
clean energy as well as to utilize 
this energy to most effectively 
reduce GHG emissions on 
campus.  Figure 16 illustrates 
the greenhouse gas emissions 
on campus by activity during 
2009.  In the initial system 
assessment, various outputs 
were evaluated by considering 
the fuel source they are 
offsetting relative to the current 
GHG emissions on campus.  
Ultimately, considering both the 
economic and environmental 
impacts, it was decided that the 
electricity, hydrogen, and 
thermal energy produced by the 
CHHP system would most 
effectively be used to offset 
purchased electricity, diesel fuel in the campus’s Shuttle-UM system, and steam produced in the 
campus’s natural gas fired boilers, respectively.  To obtain final estimates of the energy and carbon 
reduction by the system, an analysis was preformed which accounted for the energy and sustainability 
of the fuel source, as well as the energy ultimately displaced by the system’s more environmentally 
friendly energy generation. 
 
8.1 CHHP System Inputs: To begin, the energy consumption and gas emissions of the system itself were 
calculated.  The CHHP system was designed to use three input fuels: natural gas from the municipal 
system, biogas derived from organic waste in an anaerobic digester, and syngas created from MSW in a 
gasifier.  Figure 17 illustrates the percentage makeup of each fuel source on a monthly basis.   
 
 

Figure 16: Pie chart showing the greenhouse gas emissions on campus 

during 2009 [41]. 
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The total corresponding energy content and CO2 emission rates for the fuels were determined 35.  
Because the renewable biogas and syngas utilized in the system are considered to be part of the natural 
carbon cycle, only the emissions from the natural gas were considered in the analysis.  Using the 
assumption that the system will be running 95% of the year, along with the energy content and CO2 
emission rates of each fuel, the following annual total fuel consumption and CO2 emissions were 
calculated for the system: 
 

CHHP Fuel Consumption: 52,983,266 kW-hr/yr. 

CHHP CO2 Emissions: 6,110,700 kg/yr. 

 
8.2 CHHP System Electrical Output: The CHHP system’s generated electricity will be offsetting electricity 
generated by the local, largely fossil fed grid.  The system itself produces 1.4 MW of electricity with 
approximately 200 kW of parasitic loads at the plant.  To determine the value of the CHHP system’s 
produced electricity the avoided central station electricity, fuel and CO2 emissions were calculated.  The 
calculations were made under the assumption that the system will be running 95% of the year and that 
the CHHP system will not be exporting any of the produced electricity out of the campus.  Using the grid 
characteristics in 42, the equivalent heat rate and carbon emissions offset by the CHHP system were 
calculated: 
 

Net Electrical Output: 9,986,400 kW-hr/yr. 

Avoided Central Station Electricity: 10,677,220 kW-hr/yr. 

Avoided Central Station Fuel: 30,323,930 kW-hr/yr. 
Avoided Central Station CO2 Emissions: 7,719,627 kg/yr 

 
8.3 CHHP System Thermal Output: The CHHP system’s produced steam will be used to offset steam 
produced in the current university boilers year round.  This efficiently produced steam will provide both 
heating and cooling energy and assist in filling a capacity deficiency which the campus’s existing co-
generation system is not suitably sized to meet. To determine the value of the CHHP system’s thermal 
output, a boiler with an efficiency of 80% was considered.  The current steam system on campus 

Figure 17: Shows the percentage and type of fuel source used by the CHHP 

system on a monthly basis.  
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operates at 900 kPa and 187°C.  This translates to a steam energy density of 1.2 MJ/kg. The avoided 
boiler fuel and CO2 emissions were calculated to be: 
 

Thermal Output: 462,834.62 kW-hr/yr. 

Avoided Boiler Fuel: 578,543.27 kW-hr/yr. 
Avoided Boiler CO2 Emissions: 105,183 kg/yr 

 
 8.4 CHHP System Hydrogen Output: The CHHP system’s produced hydrogen will be used to fuel 
hydrogen powered shuttle buses, which would serve campus and nearby communities, therefore 
replacing a larger percentage of the campus’s existing stock of diesel-fuelled shuttles.  In the initial 
investigation, the amount of hydrogen produced was approximately 500 kg/day.  However, an 
investigation by the team revealed that by feeding excess fuel to the fuel cell, more hydrogen would be 
produced in the exhaust, thus increasing the amount of diesel fuel offset by the system, and yielding an 
overall more positive environmental impact.  To determine the value of the CHHP system’s hydrogen 
production an investigation of the literature found the approximate fuel economy of a hydrogen and 
diesel power shuttle of the sized use on campus to be 12.5 km/kg of H2 and 3.42 km/kg of diesel, 
respectively 40. Using a CO2 emission rate of 2.7 kg/liter of diesel, the avoided fuel and CO2 emissions 
from utilizing clean, renewable hydrogen were calculated: 
 

Hydrogen Output: 15,594,829 kW-hr/yr. 

Avoided Diesel Fuel: 21,386,268 kW-hr/yr. 
Avoided Diesel CO2 Emissions: 5,104,441 kg/yr 

 
8.5 Total CHHP System Energy and Carbon Savings: To evaluate the total impact of operating the CHHP 
system, both fuel and CO2 savings were totaled from the electricity, thermal and hydrogen system 
outputs calculated above and compared to the energy consumed by the system.  The final calculated 
values for the system operation were found to be: 
 

Total Energy Consumption: 52,983,266 kW-hr/yr. 

Total Energy Produced: 26,044,064 kW-hr/yr. 
Total Energy Avoided: 52,288,105 kW-hr/yr. 

 
So, the cycle efficiency of the system is only 49.16%, largely due to the increased fuel input to the fuel 
cell to allow for increased hydrogen production.  However, the avoided fuel efficiency is 98.69%, due in 
part to the benefits of replacing the existing diesel buses with more efficient and sustainable hydrogen 
buses.  However, the primary benefit of this system is in the carbon reduction: 
 

Total Carbon Emitted: 6,110,700 kg/yr. 

Total Carbon Avoided: 12,929,251 kg/yr. 
 
For every 1 kilogram of carbon the system emits, 2.1 kg of carbon is avoided in the campus’s existing 
infrastructure.  This in total amounts to 6818.6 tons of avoided carbon a year, the equivalent of 
removing 1337 cars from the road 42.  This yields a much greener, more sustainable campus and goes a 
long way to achieving our campus’s goal of net carbon neutrality. 
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Figure 18 is a Sankey diagram of the 
energy flow in the system, including the 
gasifier fuel conversion. 
 
8.6 Organic Waste Avoid: The clean 
energy produced by the CHHP system is 
not the only benefit.  By utilizing 
organic and municipal solid waste to 
generate a significant portion of our 
fuel stream, a significant amount of 
waste which would otherwise be 
landfilled is removed.  Of the total 
amount of waste input to the system, a 
significant amount is converted to fuel.  
The remainder can be broken down into 
three byproducts, all of which have an 
environmental value:  a solid and liquid 
effluent resulting from the bio-digestion 
process, and ash resulting from the gasification system.   Figure 19 illustrates percentage of the total 
waste input into the system to which each end-product is converted.  Both the solid and liquid effluent 
have value as a fertilizer and mulching agent, which can be used both for landscaping on campus and in 
the nearby agricultural areas.  The ash has value as a component of concrete, and can be used to 
displace materials which otherwise would come from environmentally damaging quarrying activities.  In 
total, 13957 metrics tons of waste are avoided each year with the utilization of the CHHP system.  Nearly 
40% of the incoming waste is utilized directly for fuel with the remainder being used for environmentally 
friendly purposes. 
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products (effluent and ash).  

Figure 18: Energy Flow Sankey diagram 
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9.0 Marketing and Education  

 
9.1 University of Maryland Student Contest and Marketing Plan: To market and educate the student 
population at the University it has been decided to implement an End Use Alternative Contest.  Multi-
disciplined teams of four from the university’s Gemstone and Honors Programs, as well as students from 
the engineering and business schools, will be recruited from the following classes:  GEMS100 Freshman 
Honors Colloquium: Introduction to Gemstone HONR100 Honors Colloquium, ENES100 Introduction to 
Engineering Design, BMGT110 Introduction to the Business Value Chain, and all other freshmen level 
introductory classes.  The students in these classes will have the option of completing a group project 
for course credit in their respective classes.  There are a thousand students in these classes in the fall 
and we expect 50% participation, or 125 teams. 
 
The teams will be charged with coming up with a different end use plan for the hydrogen, the power, or 
the heat coming out of the plant.  The teams will determine sizing, cost, business and marketing plans 
for their different end uses. 
 
The professors of their classes will evaluate the initial designs and select the best to move on to the next 
round.  These will be posted on the University’s website and voted on by the student body as part of the 
student government elections the following spring to select the top three.  This will expose the entire 
student body of forty thousand to the CHHP concept and its potential uses in the community.    The top 
three entries will be further considered and presented at Maryland Day. 
 
To prevent repetition of the contest, leading to loss of interest, the topic will be changed annually.       
The university will include the CHHP plant on the tours it hosts weekly for prospective students. 
The CHHP plant will also become part of the University’s Maryland Day exposition held every year in the 
spring 58.  The annual event sees 100,000 guests that will have the opportunity to learn about Hydrogen 
production and use at the CHHP plant.  
 
9.2. Hydrogen Education: As a way to educate the local community, there are multiple ways to reach 
out and inform the public of the benefits of the CHHP system at UMD as well the utility of hydrogen 
technology. There are numerous resources for education in hydrogen safety, although there are benefits 
to having a short program to learn about the Fuel of the Future.  In this program, there will be 
demonstrations and opportunities to practice 
using a hydrogen refueling station.  Safety 
discussions and activities will teach the 
participants about the many job opportunities 
available in the hydrogen economy through 
internships also how to educate others on the 
benefits of hydrogen as a fuel source. 
 
Other local programs can be used to form a 
hydrogen program network, such as  the Virginia 
and Washington DC regions of Clean Cities 
Coalition, both of which have experience in 
educating a wide range of audiences (K-12, 
undergraduate, graduate level students) in 
hydrogen technology. Every year there is a  Figure 20: Bus advertisement 
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Maryland Clean Energy Summit in Baltimore by the Maryland Clean Energy Center. Here, Maryland 
residents are able to learn more about how they can reduce their energy costs while making a positive 
impact on the environment.   
 
9.3 Advertisement: The end use of hydrogen for the project is focused on the UMD Department of 

Transportation Services shuttle buses. This department is actively interested in shifting one of the 

largest University shuttle fleets in to fuel cell powered buses. In addition to the advertisement shown on 

the following page, posters will line the inside of buses (as shown in Figure 20) to provide knowledge of 

how the bus runs on hydrogen and ways students can get involved in learning more about hydrogen 

through the competition and through the hydrogen education programs provided on campus and the 

City of College Park.   
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Appendix A, Figure 1 
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Appendix A, Figure 2 
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Appendix A, Figure 4 
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Appendix B, Table 1 

Codes and Standards  

UMD 2012 Design Criteria/Facility Standards Manual (FSM) 

FSM Division 10.03 Fire Apparatus Accessibility includes NFPA1 Fire Prevention Code, NFPA241, 

FSM Division 2.13 Site standards: C Bollards non-removable. Dumpster pad design. 

FSM Division 2.16 Storm water management by Maryland Storm water management.  

FSM Division 2.18 Trash Dumpster and Compactor Pads: includes placement to reduce aromatic nuisances 

FSM Division 13.01 Fire Alarm Systems 

FSM Division 13.02 Fire-suppression and protection system 

FSM Division 13.03 Fuel Storage Tanks 

FSM Division 13.04 Wet Chemical Fire Extinguishing Systems 

FSM Division 15.06 Plumbing – Gas Lines and Piping 

FSM Division 15.09 Scub Concept 

FSM Division 16.03 Outdoor Power Transmission and Distribution 

FSM Division 16.04 Basic Electrical Materials and Methods 

FSM Division 16.05 Emergency Power 

FSM Division 16.06 Fire Protection System 

FSM Division 16.10 Security Guidelines – Office of Public Safety, Building Security Systems 

FSM Division 16.12 Uninterruptible Power System 

FSM Division 17.01 Central Control and Monitoring System CCMS 

Maryland Department of the Environment COMAR (Code of Maryland Regulations ) Title 26 

MOSH (Maryland Occupational  Safety and Health 

EPA Title 40 CFR parts 260-268 includes hazardous waste management systems. 

National Fire Protection Association Codes 
NFPA 101 Life Safety Code 

NFPA 70 National Electric Code, Article 692 Fuel Cell Systems 

NFPA 72 National Fire Alarm Code 

NFPA 110 Standard for Standby Power Systems 

NFPA 170 Fire Safety Symbols 

Fuel Cell Safety Standards  
IEC 62282-3-100 – Stationary Fuel Cells - Safety  

SAE J 2600 Compressed Hydrogen Vehicle Fueling Connection Devices 

ANSI/CSA America FC1-2400 Fuel Cell Power Systems (not exceeding an output voltage of 600VAC) 

IEC (International Electro-technical Commission) 62282-3-1 (2007-04)   

IEC 62282-2-200 (2011-10) Test Method for the Performance of Stationary Fuel Cell Power Plants 

ANSI/INFPA 853 Installation of Stationary Fuel Cell Power Plant 

Hydrogen Safety Standards 
OSHA 1910.103 Subpart H Hazardous Materials  

AMSE Boiler and Pressure Vessel Code, Section VIII - Unfired Pressure Vessels 

Electrical Standards 
ANSI/IEEE 1547-2003 Standard for Interconnecting Distributed Resources with Electric Power Systems 

IEC/PAS 63547  

IEEE 1547.1-3 Standard for Conformance Test Procedures for Equipment 
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Resource Assessment References 

1 Manure Transport Project by Norman Astle from the Maryland Department of Agriculture is a power 
point presentation showing the cost of transporting manure in Maryland (2008). 
(http://www.efc.umd.edu/pdf/NormanAstle.pdf). 

2 Municipal Solid Waste Factsheet is a document made by the Center for Sustainable Systems at the 
University of Michigan that provides information on the composition of municipal solid waste and 
recycling. (http://css.snre.umich.edu/css_doc/CSS04-15.pdf). 

3 Sørum, L., Grønli, M. G., Hustad, J. E. (2001). Pyrolysis Characteristics and Kinetics of Municipal Solid 
Wastes. Fuel, 80(9), 1217-1227. 10.1016/S0016-2361(00)00218-0. 

Technical References  

4 UMD Energy Overview is a Power Point document by Joan Kowal, the Energy Manager for the 

University of Maryland Facilities Management Department, describing the CHP power plant on 

campus (2009).  

Anaerobic Digester References 

5 Advanced Green Energy Biogas Production of Different Substrates Spreadsheet. Viewed March 2012.  
 
6 Feasibility of Generation Green Power through Anaerobic Digestion of Garden Refuse from Sacramento 

Area is a Final Report to Sacramento Municipal Utility District Advanced Renewable and Distributed 
Generation Program, Prepared by RIS International Ltd. in association with MacViro (2005). 
(http://www.nerc.org/documents/sacramento_feasibility_study.pdf). 

 
7 Monitoring Compost Moisture is a site that gives a range of moisture content to assume for 

composting, provided by the University of Cornell Waste Management Institute (1996). 

(http://compost.css.cornell.edu/monitor/monitormoisture.html). 

8 GTI Technology Investigation, Assessment, and Analysis (PROJECT NUMBER 20614) Updated September 

30, 2009. 

(http://media.godashboard.com/gti/Pipeline_Quality_Biomethane_FINAL_TASK_1_REPORT2.pdf). 

9 Advanced Green Energy Complete Mix Organic Waste Digester. Viewed March 2012 
(http://www.agrenergyllc.com/products/completemix.pdf). 

 

10 Digester Comparison Study Technical, Economic, and Environmental Performance of IEUA RP-5 
Digester and Other Dairy Waste Digesters Updated: May 2003. 
(http://www.pierminigrid.org/FinalDeliverables/Project31/Task3.1.6/3.1.6.8_FinalReportApp_A-
D.pdf). 
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11 Key Elements of Biogas Energy Anaerobic Digesters is a document from Biogas Energy Inc., an 
anaerobic digestion construction company that describes system-wide operational efficiencies for 
anaerobic digesters. (http://www.biogas-energy.com/site/BiogasEnergy.pdf). 

 
12 New Energy Solutions Inc. Biogas Clean Up Unit. Viewed March 2012. 

(http://www.biyogazder.org/makale/BioGasUnit_flyer.pdf). 
 

Gasifier References 
13 The New Zealand Institute of Chemistry (NZIC); Production of Chemicals; Oxygen - Pressure Swing 

Adsorption. Viewed March 2012. (http://nzic.org.nz/ChemProcesses/production/1D.pdf).  

14 Oxygen and Nitrogen Generator Systems website of Standard OXYMAT Units. Viewed March 2012. 
(http://www.oxymat.sk/en/products/s308/standard-models.html). 

15 Thermogenics, Inc.  Waste-to-Energy Systems, Albuquerque, New Mexico. Viewed March 2012. 
(http://www.thermogenics.com/feed_stocks.html). 

16
 Coal Combustion Products: Benefitial Use, simply recycling by another name, by American Coal Ash 

Association Educational Foundation. Viewed March 2012.  
(http://www.coalashfacts.org/CCP%20Fact%20Sheet%206%20-
%20Recycling%20by%20another%20name.pdf) 

17 Andreas Tsangaris, Margaret Swain, Gas Conditioning System, Canada patent application number: 
20080210089, Ottawa, CA. 

18 Gopala N. Krishnan, Bernard J. Wood, and Gilbert T. Tong, REMOVAL OF HYDROGEN CHLORIDE FROM 
HIGH TEMPERATURE COAL GASES, ACS Fuels, preprint archives, Spring 1988 (TORONTO) 33(1). 

19 Higman C, Van der Burgt M. Gasification. Elsevier Science; 2003, ISBN 0750677074. 

20 Carbon Link Ltd trading as CPL Carbon Link, Sterling House, 2 Park Street, Wigan, Lancashire, WN3 
5HE; http://www.activated-carbon.com/product/filtracarb-fgt-p  

Methanation Reactor References 

21 Zhihong Liu, Bozhao Chu, Xuli Zhai, Yong Jin, Yi Cheng.Total methanation of syngas to synthetic natural 

gas over Ni catalyst in a micro-channel reactor. Fuel, Volume 95, May 2012, Pages 599–605 

22 Yingli Wang, Jiao Liu, Qiang Li, Jian Yu, Fabing Su, Guangwen Xu. Performance Comparison of Syngas 

Methanation on Fluidized and Fixed Bed Reactors. The 13th International Conference on Fluidization 

- New Paradigm in Fluidization Engineering, Vol. RP6, Article 102. Gyeong-ju, Korea. May 2010 

23 Khorsand, K., Marvast, M. A., Pooladian, N., Kakavand, M. Modeling and Simulation of Methanation 

(Catalytic Reactor in Ammonia Unit. Petrolium and Coal, (2007) ISSN 1337-7027. 

http://www.vurup.sk/sites/vurup.sk/archivedsite/www.vurup.sk/pc/vol49_2007/issue1/pdf/PC_1_2

007_Khorsand.pdf). 

24 Description and Data Sheet of RS120 Reactor, viewed March 2012. 

(http://www.pfaudler.com/images/docs/sb81_500.pdf), 

(http://www.pfaudler.com/images/docs/rs_series.pdf). 
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Hydrogen Fueling Station References 

25 Ladebeck, J.R.; Wagner, J.P.(2003) Catalyst development for water-gas shift. Sud-Chemie Inc., 
Louisville, KY, USA. Vol 3 (II) 190-201 

26 Thomas W. J., Crittenden B. (1998) Adsorption Technology & Design. Elsevier Science & Technology 
Books. 23-26, 193-196. 

27 Feng, Z.; Wang, J.; Zhang, W. (2011) Vessel Design and Fabrication Technology for Stationary High-
Pressure Hydrogen Storage. DOE Hydrogen and Fuel Cells Program Review. 
(http://www.hydrogen.energy.gov/pdfs/review11/pd088_zhang_2011_o.pdf) . 

28  Eudy, L. (2006) Technology Validation: Fuel Cell Bus Evaluations. National Renewable Energy 
Laboratory. (http://www.hydrogen.energy.gov/pdfs/review06/tvp_7_eudy.pdf). 

29  Ruth, M.; Laffen, M.; Timbario, T.A. (2009) Hydrogen pathways: Cost, Well-to-Wheels Energy Use, and 
Emissions for the Current Technology Status of Seven Hydrogen Production, Delivery, and 
Distribution Scenarios. National Renewable Energy Laboratory. 61-64. 

(http://www.hydrogen.energy.gov/pdfs/46612.pdf). 

30 Air Dispersion Modeling Conversions and Formulas. (http://www.air-
dispersion.com/formulas.html#standard). 

31 Hydrogen & Our Energy Future. US. Department of Energy, Hydrogen Program. 
(http://www1.eere.energy.gov//hydrogenandfuelcells/pdfs/hydrogenenergyfuture_web.pdf). 

32 R.Zaetta, B. Madden. Hydrogen Fuel Cell Bus Technology State of the Art Review. February, 2011  

33 Kraus Global Inc. Hydrogen Dispensers, transportation refueling systems. 

34 Hydrogen Dispenser Products by Kraus Global, website shows hydrogen dispenser specifications, site 
visited March, 2012. (http://www.krausglobal.com/hydrogen-dispenser.php) 

Heating, Electrical, Compression Component References 

35 Clayton Industries. Heat Recovery Steam Generators. http://www.claytonindustries.com/Media/Docu 
ments/HeadingItems/92E95616E6D0B202562BF2664BFF6BCF.pdf 

36 Cryostar. Turbo-expander with Compressor Brake TC. http://www.cryostar.com/pdf/data-
sheet/en/tc.pdf 
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