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Executive Summary 

 In this proposal, the team of University of California, Davis proposes a preliminary design for a 

Combined Hydrogen, Heat and Power System (CHHP). The purpose of the proposed system is to produce 

hydrogen and electricity while recovering exhaust heat. The fuel cell modulus is DFC300, a molten 

carbonate fuel cell manufactured by DirectFuel Cell Inc. The CHHP system will be located in Davis, CA, 

and it will integrate an existing on-site Anaerobic Phased Solid Digester (APS-Digester), from which the 

biogas fuel is obtained. The proposed CHHP system partially serves as a research facility since the APS-

digester is a pilot plant scale system. The addition of the CHHP system will test the feasibility of a CHHP 

system, and generate valuable data to investors who are interested in implementing CHHP technologies.  

 DFC300 consumes biogas that consists of 60% CH4, and 40% CO2, and produces hydrogen as a 

byproduct. During the hydrogen recovery process, the anode exhaust gas (37.1% H2O, 45.9% CO2, 5.7% 

CO, and 11.2% H2) is first sent through a water gas shift (WGS) reactor to increase the hydrogen and 

carbon dioxide composition, and then water is removed in a vapor-liquid separator. The remaining 

hydrogen and carbon dioxide mixture gas is separated using a 2-absorber pressure swing adsorption unit 

under 200psig. The 99.99% pure hydrogen is then stored in composite hydrogen storage tanks under 5000 

psig. Hydrogen is produced at a rate of 2.58kg/hr. The produced hydrogen will be filled to transportable 

hydrogen cylinders and trucked to a community housing 2.8 miles away from the CHHP site. The 

community housing is powered by fuel cells to supply electricity to approximately 51 apartments. 

A heat recovery unit to produce steam and hot water will recover hot air exhaust coming out from 

the DFC300. The steam is combined with the steam produced from the WGS reactor and will be used to 

heat a greenhouse. The greenhouse will employ a two-phase steam heating system, and it utilizes both the 

steam and the warm air. Hot water supply is mainly needed for the education center. We estimate that the 

produced steam will have the heating energy of 384000 Btu/hr. 

DFC300 produces electricity at a maximum capacity of 280kW. A substation about 400 ft
2
 is 

built to set up the interconnections. Major components of the substation include meters, transformers, 

control panels and breakers. Power poles and power lines will be built to distribute electricity to the 

CHHP system, the education center, and the greenhouse. The overall electricity consumption of our 

CHHP system is 85kW, and the greenhouse consumes 40kW. Therefore, an aggregate of 155kW of power 

will be used toward powering parts of the UC Davis campus. 

Our environmental analysis found that the system would have an annual fuel savings of 

5426437MMBtu, an annual carbon dioxide emissions savings of 1,347,234,309 tons, and avoid 7730 tons 

of organic wastes annually. 

The CHHP system was found to be economically viable based on estimations of capital, 

operational, and maintenance costs, which was determined to be $2,911,214.  After eleven years, the 

system has a positive Net Present Value.  After 25 years, we predict that the system will have a Net 

Present Value of over $3 million. 

All calculations and assumptions determined for this design report were based on engineering 

heuristics and correlation found on literature. This report only provides rough estimate of process 

parameters and a visual view of the proposed CHHP system.  Should the project be implemented, all 

calculations will be double checked and recalculated to high accuracy.   
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I. Resource Assessment 

 

To feasibly provide feedstock for the CHHP system, our team chose to utilize readily available 

organic wastes, manure, and bedding from the animal facilities on campus. These organic wastes are 

favorable candidates for feedstock because UC Davis has many large animal facilities, allowing for low 

transportation costs that are associated with the waste management. During winter, however, the beef 

cattle are moved to remote pastures in the foothills bordering the cities of Vacaville and Folsom in 

California. Since approximately half of the manure source comes from the beef cattle, the feedstock needs 

to be sourced elsewhere during the winter. Our team identified another abundant organic waste that is 

readily available near Davis: rice straw. California is the largest grain japonica rice producer, and 95 

percent of the rice is grown within 161 km of the State Capitol, Sacramento, which is just 39 km from our 

campus [1]. Every year, California grows 1.8 billion kg of rice and produces 1.3 billion kg of straw waste 

[1]. Rice is harvested in September when the large herd of cattle is relocated. As a result, the abundance 

of rice straw makes it a great feedstock alternative. The anaerobic phased solid digester (APS-Digester), 

developed by Dr. Ruihong Zhang in the Biological System Engineering department, is an existing facility 

built on campus that produces biogas from organic waste. Our team decided to integrate this facility into 

our design.  

Organic wastes serve as substrate to the bacteria in the anaerobic digester. Three primary 

considerations regarding feedstock supplies for biogas production are substrate composition, moisture 

content, and contamination. The bedding waste consists mostly of hay and straw, which are composed of 

lignocellulose.  Lignocellulose consists of cellulose, hemi-cellulose and lignin. Lignocellulose typically 

has a carbon-nitrogen (C/N) ratio of approximately 75. Studies have shown that the proper C/N ratio for 

anaerobic digestion is 25-35 [2].  However, manure has a high nitrogen content, which will compensate 

for the low nitrogen content of the bedding waste.  In general, higher moisture content is favorable for 

anaerobic digestion. The typical moisture content of manure and bedding waste is 80% and 20% [3], 

respectively. Although bedding waste has low moisture content, the unique design of the APS-Digester 

allows it to process many types of organic waste regardless of the moisture content and the physical 

characteristics [4]. Therefore, the moisture content and contamination of the organic waste are of minor 

concern. Table 1 summarizes the dry matter percentage in different types of manure, hay, and rice straw, 

and the respective biogas yield. 

 

 

 

 

 

 

 

Substrate Dry matter [%] 
Biogas yield 

 [m3/kg oTS*] 
Production advice 

cattle manure 25-30 0.6-0.8 harmless, no complexity 

sheep manure 18-25 0.3-0.4 harmless, no complexity 

horse manure 28 0.4-0.6 harmless, no complexity 

hay 86 0.5 
harmless, trash-containing, little 

complexity 

rice straw 25-50 0.55-0.62 harmless, little complexity 

*oTS means organic Total Solid of substrate    

Table 1. Maximum gas yields per kg dry matter of different substrates [6]. 
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1.1 Quantity Assessment 

To assess the amount of stall waste available, our team researched the large animal facilities that 

produce thousands of kilograms of stall wastes each day. Current APS-Digester production data suggests 

that every 4535 kg of organic waste can produce 583.14 m
3
/day of biogas consisting of 45-50% methane 

[3]. Since the amount of biogas production is not likely to support the larger DFC models, our team 

decided to choose the DFC 300 model. Additionally, we considered the heating value of biogas. Typical 

biogas of 65% methane has a heating value of approximately 22.38 MJ/m
3
, which is lower than the 

heating value of the natural gas (34.689 MJ/m
3
) that the DFC model requires [6]. This implies that the 

biogas supply should be 1.55 times more than the required natural gas feedstock.  The DFC300 model 

requires 1590.32 m
3
/day or 39 scfm of natural gas, which is equivalent to 2466.84 m

3
/day of 

biogas.  Based on these data, the minimum biomass requirement is 19213.28 kg/day (Refer to Appendix 

A for the detailed calculation). There are six animal facilities on campus, which house beef cattle, dairy 

cattle, goats, sheep, horses, and swine. The swine pan is cleaned with a flush system that clears waste 

directly into the sewer system, so swine manure is not a possible source of feedstock. Table 2 shows that 

the quantity of the manure and bedding waste that can be collected on campus each day is 27378 kg, 

which sufficiently supports the DFC 300 system. During winter, about half of the feedstock rely on rice 

straw. Assuming that rice straw is consumed for 3 months of the year, then about 1232415 kg of rice 

straw is needed in total.  Since 1.3 billion kg of rice straw waste is produced during the harvest season, 

only about 0.1% of the rice straw waste is needed, so the rice straw can be collected from the nearby 

cropland. 

    Amount of Bedding 

Animal Amount of Manure/Day (wheat straw)/day 

  (kg/day) (kg/day) 

Cattle 12698 2380.875 

Milking Cow 3628 680.25 

Replacement Heifer 2176.8 816.3 

Horse 948.2685 278.9025 

Sheep 362.8 0 

Lamb 181.4 0 

Goat 997.7 2237.706717 

Total (kg/day): 20992.9685 6394.034217 

Total Feedstock (kg/day): 27387.0027 

     

Table above shows the relative amounts of manure and bedding waste 

generated per day from the UC Davis Animal Facilities.   

Calculations found in the Appendix and resulting numbers tabulated above 

show that the total acquired feedstock will be sufficient to provide for the 

needs of the DFC300.     

Table 2. Quantification of Manure and Bedding Waste [7]. 
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1.2 Anaerobic Digestion 

Biogas is produced through anaerobic digestion, a four-phased process consisting of hydrolysis, 

acidogenesis, acetogenesis, and methanogenesis. The unique feature of APS-Digester is the two-stage 

design. The first and second phases as well as the third and fourth phases are closely linked to each other. 

The first stage of the APS-Digester consists of the hydrolysis and the acidogenic phase, with the 

hydrolysis phase being the rate-determining phase. The second stage consists of the acetogenic and 

methanogenic phase, with the acetogenic phase being the rate-determining phase [5]. Figure 1 

summarizes the anaerobic digestion phases and the input, intermediate, and output compounds. 

 

Figure 1. Anaerobic Digestion Process 

The first phase begins with the bacterial hydrolysis of the input materials, during which insoluble 

organic polymers such as carbohydrates and lignocellulose are broken down into soluble monomers. 

Different polymers hydrolyze at different rates. Carbohydrates usually take a few hours. Protein and lipids 

usually take a few days. Lignocellulose, however, degrades slowly and incompletely. The monomers 

formed during the hydrolysis phase are taken up by the acidogenic bacteria during the second stage. 

During acidogenesis, bacteria convert soluble monomers into carbon dioxide, hydrogen, and organic acids. 

The organic acids serve as substrates for the bacteria in the third phase, acetogenesis. During this stage, 

obligatory H2-producing acetogenic bacteria convert the organic acids into acetate or acetic acid by 

reducing exergonic H2 and CO2, depending on the type of the starting substrate. The general degradation 

reaction is: 

2 CO2 + 4 H2 → CH3COOH + 2H2O 

 

Acetogenic bacteria can only survive at very low H2 concentration or low hydrogen partial pressure 

environment. Methanogenic organisms, however, can survive with higher hydrogen partial pressure. 

Methanogeic organisms constantly remove the products produced by the acetogenic bacteria and keep the 

hydrogen partial pressure at a low level. For this reason, acetogenic and methanogenic bacteria must live 

in symbiosis. Finally, the methanogens in the methanogenesis, a strictly anaerobic phase, convert the 

mixture of carbon dioxide, hydrogen, and acetate into methane and carbon dioxide [5]. Any active 

hydrolytic or methane-producing mesophilic or thermophilic anaerobic digestion system can be utilized in 

the APS-Digester [8]. The technical details of the APS-Digester are explained in the technical section. 
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II. Technical Design 

2.1 Site Plan  

The proposed Combined Heat, Hydrogen, and Power (CHHP) system will be located at 980 Old 

Davis Rd Davis, CA95616 (38.523207,-121.754956). To reduce piping cost, the CHHP system is built 

right next to the APS-Digester, and it is about1 mile west of the main campus. Figure 2 shows the 

location of the proposed CHHP system (red box), which is right next to the existing APS-Digester (shown 

in blue box). 

 

Figure 2. CHHP system site plan 

2.2. Biogas Production 

2.2.1 APS-Digester Technology Overview  

 

The Anaerobic Phase Solids (APS) Digester system successfully provides a continuous output of 

biogas, making it useful for our CHHP system.  Most biowaste digesters run as a batch system and are not 

be reliable sources of energy to run the CHHP system. However, the APS Digester system is able to 

efficiently process a variety of organic solid and liquid wastes, which includes everything listed in the 

resource assessment section of the report.     

The APS digester at UC Davis consists of four hydrolysis reactor tanks.  The biowaste would be 

fed directly into these tanks.  The feedstock materials from the various locations will be collected in 

plastic bins of dimensions 48”x48”x28” with a snap on cover.  Once the material is delivered to the site, 

an enclosed drag chain conveyor or a Vaughan chopper pump system is used to load one of the four 

hydrolysis reactor tanks.  The multiple hydrolysis reactors allow for staggering of the loading of the tanks 

such that each tank will be at different stages of acidogenesis.  One tank will be loaded every one to three 

days, depending on the feedstock characteristics. Extra-cellular enzymes and acidogenic bacteria are then 

introduced into the tank.  After the tank is sealed, the material is saturated with preheated water to warm 

the tank to the operating temperature to begin the digestion process.  One of the reasons the APS Digester 

is able to efficiently process solid organic waste with little moisture content is due to this process of 

saturating the feedstock with heated water.  The enzymes convert the mixture into soluble organics and 

the bacteria convert it into simple volatile acids, alcohols, hydrogen gas and carbon dioxide [9].  The 

hydrogen gas provides the acidogenic bacteria an optimum low pH environment to maximize its 

productivity.  The liquid from the hydrolysis reactor tanks is then fed into a buffer tank where its pH is 
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altered to be in between 7-7.8 to provide the methanogenic bacteria an optimum environment to thrive [9].  

The pH altered acidic mixture is then fed into the anaerobic gasification reactor tank.   

In the gasification reactor tank, the methanogenic bacteria convert the volatile acids and alcohols 

into biogas that consists of methane, carbon dioxide and hydrogen sulfide.  The two-phase design of the 

digester provides both the acidogenic and methanogenic bacteria optimum conditions to maximize its 

productivity.  This allows for a more efficient process than a single phase digester while also producing 

higher methane yield.  The liquid from the gasification reactor tank is then recirculated into the hydrolysis 

reactor tank along with some of the methanogenic bacteria.  As a result, biogas also gets produced in the 

hydrolysis reactor tank in low concentration.  The gas from all the hydrolysis and the gasification tank is 

collected using a common gas manifold, which leads to the gas clean-up system.  Having a common gas 

manifold ensures that the biogas delivered is of consistent volume and quality.  

 

Figure 3. APS Digester Flow Diagram [4]. 

2.2.2 Biogas Treatment 

The biogas coming from the APS Digester may contain approximately 100 to 5,000 ppm 

hydrogen sulfide, and small amounts can lead to toxic sulfide emissions [10]. Once it reaches to the 

downstream process, hydrogen sulfide can lead to corrosion, acidification, and deposit formation in the 

equipment. Damages to these equipment can lead to high operating and maintenance costs, and product 

contamination. Biorem offers various kinds of commercial equipment for biogas sweetening. For the 

purpose of our design, we can use a biotrickling filter packed with media bed so that as much as 30,000 

ppm of H2S can be filtered out. Biorem’s SK450 holds 425 m
3
/h with an operating weight of 3107 kg [13]. 

Hydrogen sulfide can be removed with 99% efficiency [12]. Moisture also needs to be removed because it 

can corrode downstream equipment as well. We can use a coalescing filter from Air Drilling Precision 

Services Inc. to filter the moisture from compressed methane gas at 350 psi [11].  
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2.3. Hydrogen Recovery  
 

The biogas fuel consists of approximately 60% CH4 and 40% CO2. Assuming 100% of methane 

in the biogas feed is consumed by the anode reaction (since water is an excessive reagent) then anode 

exhaust comes out at 105scfm, 600°C and 1psig with the following composition: 

Species Molar percent, % 

H2O   37.1 

CO2 45.9 

CO 5.7 

H2   11.2 

Table 2. Anode Exhaust Gas Composition 

 

2.3.1 Water-Gas Shift (WGS) Reaction 

 Water-gas shift (WGS) reaction is commonly used to convert CO and H2O to H2 and CO2. Since 

the WGS reaction is slightly exothermic, constant cooling is required to maintain an adiabatic condition. 

To accomplish this, our team decided to design a fixed bed plug-flow reactor (PFR) with a tube and shell 

configuration. This structure resembles the shell and tube heat exchanger. Cooling is done by supplying a 

coolant stream (low temperature steam) through the shell side of the PFR to produce high temperature 

steam. Designing a WGS reactor requires knowledge of reaction kinetics and thermodynamics.  Since 

WGS reaction is exothermic, the forward reaction is favored at low temperatures. However, reaction 

kinetics favor high temperatures. The operating temperature of this reaction is therefore a crucial control 

variable as it can affect the size of the reactor significantly, and will propagate into the capital cost. This 

dilemma calls for an optimal point between the thermodynamics and the kinetics. Because gas 

composition can vary greatly from process to process, calculating the exact optimum temperature requires 

laboratory experimentation. Due to this restriction, our team decided to use literature data and 

approximate the values. Several literatures suggested an optimum operating temperature around 350 °C 

[14, 15, 17]. Since anode exhaust comes out of the anode at 600°C, it will first be cooled by a plate and 

fin heat exchanger to 350°C.  

To estimate the catalyst weight, we must first estimate total catalyst volume. WGS reactors have 

a gas hourly space velocity of about 4000 h
-1 

[16]. Since the inlet gas flow rate is 105scfm or 6300scfh, 

the total catalyst volume is 0.045 m
2 
(equation 2 in appendix A). 

 
A common industrial catalyst for WGS 

reaction is iron oxide containing 5-15% Cr2O3 (Fe-Cr).  Using a 93% Fe2O3 and 7% Cr2O3 catalyst with a 

specific surface area of 20m
2
/g, and a bed density of 1.37 g/cm

3
 gives a total catalyst weight of 61.65kg 

required for this reactor [15]. Catalyst pellets are packed in the tube side, where the reaction in anode 

exhaust takes place. 

Since CO and H2 composition are very low, optimal hydrogen production is achieved from the 

water gas shift reaction at 16.9% by molar volume. 90% conversion of CO is often a practical conversion 

for high temperature WGS reactions. Therefore, we can estimate the following shifted composition: 
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Species Molar percent, % 

H2O   31.97 

CO2 51.13 

CO 0.57 

H2   16.33 

Table 3. Shifted anode exhaust gas composition 

2.3.2 Vapor-Liquid Separator  

The next step is to remove water from the shifted gas. Vertical knock-out drums are commonly 

used for vapor-liquid separations [20]. Before sending the 350°C WGS reactor outlet into the separator, 

the gas mixture will be cooled to near water boiling temperature. Therefore, another plate and fin heat 

exchanger is used to cool 350°C to 100°C. Water is then condensed inside the separator while H2, CO2, 

and trace amount of CO leave the separator at near ambient temperature. Water will have a holdup time 

between 3 to 5 minutes [19]. Two key features of this separator design include a half open inlet and a de-

entrainment wire mesh pad. The wire mesh serves as a mist eliminator. Installing a wire mesh pad will not 

only reduce the size of the separator, but also speed up the separation. The wire mesh pad is about 0.1m 

thick [20]. Using equation 3 in appendix A, the diameter of the separator was determined to be 0.77m 

[19]. Once the diameter is determined, the height of the separator can be determined using correlations 

shown in Figure 4.   

 

Figure 4. Vapor-Liquid Separator sizing correlations [18]. 

All the condensed water is sent to the cooling pipeline. The remaining gas flows at 71 scfm with the 

following composition: 
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2.3.3. Pressure Swing Adsorption 

Upon entering the pressure swing adsorption unit (PSA), the dry shifted gas mixture must be 

compressed to the PSA operating pressure, which is usually 100-300 psig [23]. In our design, we assumed 

the operating pressure is 200 psig. PSA operates under a cycling schedule. Process gas (dry shifted gas) is 

first forced through a fixed catalytic bed. Common PSA catalyst is zeolite, activated carbon, and silica-gel. 

The next step is to regenerate adsorbents. This can be accomplished by sending a countercurrent gas using 

some of the previously generated product to depressurize the system. This process forces the adsorbed gas 

molecules out of the system. The final step involves re-pressurization the PSA to absorber pressure. This 

completes one cycle and the main process gas is ready to go through the absorber again [22]. For any PSA, 

a minimum number of 2 absorber is needed so one absorber can receive feed gas and make desired 

product, and the other accomplishes the subsequent steps including depressurization, purging and 

repressurization [22]. Our team decided that a simple 2-absorber PSA is sufficient to accomplish the 

separation task in CHHP. The PSA will operate at 10-min cycle. 300s on stream, 270 on purging and 30s 

on re-pressurization [23]. While many commercial PSA units are available on market, our team decided 

to customize the PSA unit. Air Liquide can design PSA units with operating pressures range between 72.5 

and 725.2 psi, and flow rate range from 85000 scfd to 85000000 scfd [24]. The H2 and CO2 stream flows 

at 71scfm or 102240 scfd, so Air Liquide will be able to provide a suitable scale for our system. PSA 

units typically recover hydrogen to 99.99% purity [24]. This implies that we can assume complete 

separation, which results in 2.58kg/hr or 61.92kg/day of hydrogen production. 

 

2.3.4. Compressor Design 

The CHHP system requires two compressors. One compressor compresses the dry shifted gas 

from 1psig to 200psig before the gas enters the PSA unit, and the other compressor compresses hydrogen 

product from 200psig to 5000psig for storage purpose. The choice of hydrogen compressor is many. To 

narrow the options down, stream flow rate and outlet temperature are two of the most important criteria. 

Compressor outlet temperatures should not exceed 200°C [20]. Using equation 4, the outlet temperature is 

360°C for the first compressor and 1285°C for the second compressor. Clearly, both compressors require 

inter-stage cooling. Compare to the three commonly used compressors in a fuel cell system: Roots 

compressor screw compressor, and axial flow compressor, centrifugal compressor was determined to be 

the most suitable type of compressor for this application due to its simplicity and low cost [31].To 

estimate the power consumption of the first compressor, estimation was made base on an oil free 

compressor manufactured by RIX 4VX. For a model that can bring atmosphere pressure to 500 psig, the 

power consumption is about 30 hp, or 22kW [32]. The power consumption of the second compressor is 

Species 
Molar 

percent, % 

CO2 75.2 

CO 0.08 

H2   24 

Table 4. Dry shifted gas composition 
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estimated base on the high-pressure hydrogen compressors manufactured by Hydro-Pac, Inc. For a model 

that allow 200 psig inlet, and discharge at a maximum pressure of 6000psi, the motor power range from 

30 to 40hp, or 22-29kW [33].  

 

2.3.5. Hydrogen Storage 

CHHP produces 62kg/day of hydrogen, flowing at a rate of 29scfm. Compressing the gas to 5000 

psig will require a storage tank capable of storing 2856 L (water volume) [25]. A promising storage tank 

is made out of composite material manufactured by Lincoln Composites. The advantage of using a 

composite material is the lightweight quality (lighter than stainless steel by 10 fold), which reduces both 

equipment and installation cost [27]. Composite material also avoids corrosion and hydrogen 

embrittlement unlike many of the metal alternatives.  The product line Tuffshell
R 

Fuel Storage Systems 

can make tanks up to 539 L (water volume), so 5.3 of these storage tanks will be used to store a full day’s 

production of hydrogen [26]. Our team decided to overdesign and purchase 6 storage tanks instead of 

increasing the storage pressure. This approach ensures a spare tank can be used should overfilling occur.  

 

2.3.6. Dispensing Hydrogen to Hydrogen Cylinders  

 Hydrogen will be dispensed to transportable hydrogen cylinders to fuel the PEM fuel cells at the 

community housing. The dispensers resemble industrial gas dispensers. Hydrogen in the storage tanks 

will be dispensed on a daily basis to a bundle of transportable hydrogen cylinders.  Suitable hydrogen 

cylinders will contain metal hydride and store hydrogen under ambient temperature and pressure. Metal 

hydrides form weak bonds with hydrogen, so the energy required to release stored hydrogen can be 

reduced [30]. CHHP will use hydrides that provide 

low reactivity and high storage density. The 

suitable options are lithium hydride, sodium 

borohydride, lithium aluminium hydride and 

ammonia borane. These hydrogen cylinders are 

then transported by trucks to the community 

housing on a weekly basis.  

Our team identified a promising dispensing 

algorithm developed by Cohen et al (US. 

Patent0079892). Cohen’s patented user-selectable 

hydrogen dispensing rate algorithm is used toward 

controlling delivering hydrogen to a receiving 

vessel [28]. As illustrated in Figure 5, the source 

compressed gas communicates with the plurality of 

transmission lines 16, 18, 20, 22, 24, through a 

receiving conduit 26. 16a, 18a, 20a, 22a, and 24a 

are solenoid valves, and 16b, 18b, 20b, 22b are 

orifice plates with different opening size. A 

pressure monitor, 30, monitors the pressure at 
Figure 5. User-selectable hydrogen dispensing rate 
algorithm [29]. 
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delivery conduit 28 at programmed time interval to ensure continuous feeds. When pressure fluctuation 

occurs, a signal is directed to the programmable logic controller 32, from which a signal is sent to the 

interface 34 to open one or more of the control valves to adjust the flow. This algorithm can also estimate 

the size of the receiving hydrogen cylinder. This is achieved by measuring the pressure increase over a 

preselected period of time while gas is delivered to the hydrogen cylinder. Cohen’s control scheme can 

also prevent rapid change in flow rate by sequencing the various solenoid valves, 16a through 24a, in a 

manner that minimizes the change in total orifice coefficient. The ease of adjustment of this control 

algorithm is advantageous to a research oriented CHHP system [29]. 

 

2.4 Heat Recovery  

DFC300 generates 1792 kg/h exhaust heat at 371°C. Setting the output heat to 121°C, the total 

heat available to recover is 506 MJ/h [34]. Our team has decided that installing a steam turbine system to 

recover the hot air is not suitable for a small-scale plant like our CHHP system. Steam turbine requires 

high-pressure steam, so a compressor will be required. Compressors and turbines are typically the most 

expensive and energy intensive equipment in manufacturing plants. As a result, we decided to keep it 

simple and employ a heat recovery unit to produce steam and hot water from the exhaust heat. The steam 

produced will be combined with the steam produced from the WGS reactor, thus reducing piping cost. 

The heat recovery unit chosen to accomplish this task is Energy Manager (EM) manufactured by Cain 

Industries. EM has a combustion capacity of 211-6752 MJ/hr, and the inlet gas can be 177-371°C [35]. 

Assuming 80% of heat is recovered, then the total heating value of the produced steam and hot water will 

have a total heating energy of 405 MJ/hr.  

 

2.5 Cooling water distribution 

Several places in the CHHP system require cooling (shown in blue lines in the P&ID, Appendix 

B). These components include the two compressors, and the process stream going into and coming out of 

the WGS reactor. Cooling the process stream from 600°C to 350°C before entering the WGS reactor 

requires approximately 1.8 kg/min of cooling water. Cooling the process stream from 350C to 100C 

before entering the separator requires approximately 2.21kg/min of water. The mass flow rate of water 

was calculated based on the assumption that all returning cooling water is slightly below 100°C to avoid 

phase change from occurring in the pipes. Both of these two cooling processes can be achieved by using 

plate- and-fin heat exchangers since the heat exchanger configuration is relatively simple (compared to a 

shell and tube heat exchanger), and the cost is low. Since both compressors require cooling, the cooling 

water supply will be sent to both compressors. To cool the first compressor from 360°C to 200°C, 1.35 

kg/min of water is required. To cool the second compressor, which only compresses pure hydrogen, the 

required water mass flow rate is 0.46kg/min. The overall municipal water consumption in this system is 

5.82kg/min.  

The water condensed out from the separator is sent to the cooling water streams. DFC300 water 

intake will come from the returning cooling water stream. According to the DFC300 simple cycle data, 

water that will be condensed out of the separator is 0.45gpm or 0.0017 m3/min. This is equivalent of 

1.7kg/min. Since the water consumption of DFC300 is about 0.9 gpm as specified on the specification 

sheet, 3.4kg/min of heated water will be sent to the inlet of DFC300. The rest of the heated water (2.42 
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kg/min) will be sent to the shell side of the WGS reactor at 100°C to produce steam. Simulations will be 

required to obtain the exact temperature of the steam. The produced steam is combined with the steam 

produced by heat recovery unit to supply heat to a greenhouse. The purpose of this water distributing 

system is to maximize the use of water. During peak times, a separate piping will supply excess of water 

to the DFC300, so the increase in water demand will not disturb the main cooling water systems.  

  

2.6 Power distribution 

On average, manufacturing facilities in United States consume 95.1kWh of electricity per square 

foot annually [36]. Our CHHP system and the education center together occupy approximately 8000 ft
2
. 

This suggests that the overall facility consumes about 86.85 kW per hour assuming all the equipment and 

utility run for 24 hours a day. The dashed lines in the CHHP P&ID (Appendix B) represent major 

electricity consumption endpoints in CHHP system. The majority of the electricity is used to power 

compressors (total 45kW), and the rest of the electricity consumptions are derived from overall electric 

system that supports the wiring, lighting, instrument and control wiring.  

 

2.7 Material Selections 

Our team ensures that all the materials for equipment that will be in contact with hydrogen are 

suitable for hydrogen processing. The major consideration for hydrogen and some other hydrogenated 

gasses is “hydrogen embrittlement cracking”. The presence of hydrogen in solid metal reduces the 

ductility of the material, which can lead to failures in catastrophic ways. Materials that are sensitive to 

hydrogen embrittlements are nickel, high nickel alloys, titanium and its alloys. Brass and most of copper 

alloys or aluminum alloys can be used without any precautions [37].  
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2.8. CHHP System Site Plans 
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Control Room 
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Education Center Hydrogen Cylinders 

Floor Plan 
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III. End Uses  

3.1.  Hydrogen Powered Residential Housing 

Our team decided to use the produced hydrogen to provide power for a residential area. UC Davis 

already has a bus system powered by compressed natural gas (CNG), so it is unnecessary to convert the 

fuel to hydrogen. Because our CHHP system is built on a research scale, the amount of hydrogen 

produced is not likely to support large scale fueling stations. For this reason, we decided to propose a 

hydrogen community powered entirely by fuel cells. 

Since the CHHP system is located about 1 mile away from the main campus, and about 2 miles 

away from the city residential areas. Constructing the apartment complex right next to the CHHP system 

will not attract residents. So instead, our team decided that the ideal location for the proposed hydrogen 

powered apartment complex is next to the new solar community, West Village. West Village is a well-

known residential housing area powered entirely by solar energy. The available bus routes in that area 

will also increase the visibility of our hydrogen community. Figure 6 shows the location of our hydrogen 

powered residential area. The distance between the hydrogen community and the CHHP system is about 

2.8 miles.  

 

Figure 6. Hydrogen residential housing location 

The residential housing will be powered by a PEM fuel cell manufactured by Altergy Freedom Energy 

(FPS). The company has a series of produce ranging from 5 kW to 30 kW that consume 60 slpm to 360 

slpm of hydrogen [39]. CHHP system is capable of producing 482 slpm. The average American 

household consumes 16.4 kWh per day [38]. Therefore, a 30kW model was chosen to serve as the 

hydrogen 
residential 

housing 

CHHP  
system 

APS 
digester 

University of 
California, Davis 

main campus 
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primary electricity generator, and a 5 kW model was chosen to serve as a backup power system. Together, 

the two fuel cells are capable of powering a maximum of 51 households, with each household containing 

about 3 persons. The FPS fuel cell will be located at the center of the residential housing area, and will be 

enclosed in a blast-proof room.  

 

3.2.  Steam and Warm Air Heated Greenhouse 

 

The exhaust heat from DFC300 will be recovered to produce steam and hot water. Steam 

produced from the exhaust heat is combined with the steam produced from the WGS reactor, and we will 

use the steam and the remaining warm air to heat a greenhouse built right next to the CHHP system. The 

hot water supply will be used for the education center. Any remaining steam and hot water supply can be 

sent to the APS-digester for heating the biomass.   

UC Davis has numerous greenhouses serving for education and commercial purposes. The CHHP 

system is located on the outskirts of Davis, so supplying heat to buildings in the city will require a huge 

amount of piping service. For this reason, our team decided that the greenhouse should be built right next 

to the CHHP system. Construction of a greenhouse is more advantageous than a housing area for a 

multiplicity of reasons . One of them being that the CHHP system is not located near the residential area, 

but closer to the farming areas. A greenhouse can serve many purposes as it can provide a place for 

research facilities or local organic vegetation.  

The proposed green house will be heated by steam.  This idea is similar to that of the geothermal 

greenhouse developed by the Geothermal Institute at the University of Auckland in New Zealand. Steam 

is supplied from a two phase line, one for steam and the other for condensed water. Steam supply is at 

270C at a pressure of 15 bar [40]. The other features of this greenhouse will be designed based on a 

present greenhouse on the UC Davis campus, Greenhouse 607 in Orchard Park. The facility has 

baseboard heating and ventilation fans for direct evaporative cooling. Greenhouse 607 was retrofitted 

with advanced digital controllers that can be programmed with adjustable temperature set points to 

simulate varying day and seasonal temperatures [41]. Our greenhouse will employ similar retrofitting and 

utilize the hot air supplied from the heat recovery through black steel pipes installed above the crops to 

provide heat to the air and radiant energy to the plants [40]. The greenhouse will also use thermal curtains 

to reduce heat loss during the winter and shading to prevent overheating during the spring and summer. 
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Figure 7. Greenhouse 607 in the Orchard Park greenhouse facility of UC Davis. 

 

According to data taken from late August to early December 2009, the remodeled Greenhouse 

607 required 3,347 kWh of electricity during that period(Cheng,2009). Noting that this period of data 

collection was primarily during the colder winter months, at least 40% of the electricity should have gone 

towards heating the greenhouse while the remaining was utilized for HID lights and ventilation. This 

approximation leads to an estimate of 2008 kWh used for non-heating purposes during that 4 month 

period of data collection.  Even in overestimating an aggregate of 4000 kWh required for heating in the 

summer from May to August when cooling and ventilation is more of a concern, the greenhouse would 

only require an average of less than 40 kW per day. It was estimated that this amount of electricity can 

support a greenhouse with an area of 10000 ft
2
 [40].  

 

3.3.  Electrical Substation 

 

As previously explained, the estimated overall onsite electricity consumption is about 126kW. 

Note that we purposely overestimated this number because we have assumed that DFC300 operates under 

maximum capacity (280kW) at all time. We will be connecting all the electricity back to the power grid 

by building a power substation near the CHHP system, and supply154kW of electricity to the campus. A 

net-metering system will be set up. This enables the main utility company (Pacific Gas & Electric) to 

charge an appropriate amount after taking the difference between the electricity consumed from the utility 

company and the alternative electricity we generate [43]. To set up the interconnections, we will install a 

power substation near the DFC. This allows for high voltage distribution to the power lines [44]. Since 

DFC300 already has its own DC to AC current converter, the substation will not perform this task. The 

substation will be connected to a nearby existing power line, and new power poles will be built to connect 

the lines to the greenhouses and the education center. The power lines and power poles will extend from 

the southeast of campus to the edge of campus. Because the central campus is too compacted with 

buildings and trees, the wiring from a power pole will be connected to a previously installed underground 

wiring. Some major components of the substation include meters, transformers, control panels, and 

breakers. Meters can measure how much electricity the CHHP outputs and how much electricity is 
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consumed between the CHHP and the utility company. If the buildings are currently using CHHP’s 

electricity, the meter will measure its use. If the amount is used up, then the electricity will be 

compensated from the utility source. This allows the CHHP electricity to be fed back into the power grid 

for use. Transformers allows the electricity to be change from one voltage rate to another, which easily 

distributes energy to proper voltage requires in certain computers, light bulbs, and buildings [45]. For 

instance, a light bulb for a greenhouse may require 600 Watts where as a light bulb for a building may 

require a 50 watts. In addition, the voltage is maintained as the electricity is distributed through the power 

lines. Breakers allow the user to cut current or flow to resolve electrical problems. This helps to reduce 

fire or electrical hazards. Lastly, the control panels contain the meters, control switches, and recorders, 

which all serve to control the equipment in the substation. The output voltage from this substation will be 

480 V. Since this is not a full-scale utility source, the power substation does not need to be large. We 

estimated that an area of approximately 400ft
2
 will sufficiently contain all the major components of a 

substation. 
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IV. Safety Analysis  

 

One of the primary objectives of this direct fuel cell system design is to mitigate hazards and to 

ensure the safety of the environment and those in it. There are several reasons for this goal. Without the 

ensured health of the people involved, the design would not be deemed a success. Furthermore, it is the 

responsibility of the designers to assure investors that they’ve made a good choice and to encourage 

future investments. To achieve this safety objective, a Failure Modes and Effects Analysis (FMEA) was 

conducted to determine potential failures and the preventative measures necessary. Conformance with the 

appropriate codes given in the table below will also allow safe use and maintenance of each component 

involved. The standards and codes used were created by National Fire Protection Association (NFPA) for 

the DFC, electrical substation, and hydrogen recovery components, International Organization for 

Standardization (ISO) for the reactors and tanks, and American Society of Mechanical Engineers (ASME) 

for the EM boiler and piping/valves[46,47,49]. 

                The entire direct fuel cell system was broken down into the subsections for electricity, hydrogen 

recovery, and heat recovery. Safety precautions are especially important when dealing with hydrogen due 

to its explosive nature. Potential failure effects were also found along with severity and frequency. Any 

failure modes, specifically those involving hydrogen, which could potentially lead to explosions, were 

found to be “serious/fatal.” The frequencies are based on the likelihood of the failure modes, but are 

dependent on the precautions. With proper maintenance, the hope is that these failure modes will never 

occur. We ensured that all the components are made of hydrogen tolerant materials or stainless steel so 

corrosion or immediate material deterioration should not be a concern. Furthermore, hydrogen sulfide is 

removed from the fuel before entering the DFC to prevent acid corrosion and toxic sulfide [48]. 

                Safety of the electrical substation also requires special precautions in order to avoid injuries and 

power outages. Firstly, the substation should be completely gated preventing unauthorized personnel from 

entering. All who enter should be properly trained in substation safety. This also prevents tampering and 

damage to the equipment. Secondly, in the case of a downed power line, the area should be evacuated 

immediately and those properly trained should assess the situation [50]. 

The complete failure mode analysis can be found in Appendix C.  
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V. Economic Analysis  

 

The economic analysis first details the capital, operational, and maintenance costs.  Next, the market 

value of the hydrogen and electricity produced is estimated.  Thirdly, the cost per kWh of electricity, BTU 

of heat, and kg of Hydrogen is estimated.  Lastly, a Return on Investment Analysis, which determined 

economic viability using Net Present Value, is detailed.   

5.1. Capital, Operational, and Maintenance Costs 
Capital cost was estimated base on cost correlations and literatures [21, 55]. It was determined 

that the direct fixed capital costs, which include the costs of all purchased equipment delivered, cost a 

total of $1,506,195. Equipment installation cost was estimated to be 9% of the direct fixed capital cost. 

Piping was estimated to be 20% of the direct fixed capital cost. Instrumentation and control was estimated 

to be 10% of the direct fixed capital cost. Legal expenses were estimated to be 1% of the direct fixed 

capital cost. Construction was estimated to be 8% of the direct fixed capital cost. Contractor’s fee was 

estimated to be 1.5% of the direct fixed capital cost. Finally, we determined that contingencies should be 

35% of the direct fixed capital cost to compensate for the rough preliminary cost estimates. The total 

fixed capital cost was estimated to be $2,778,930. Table 5 tabulates the total fixed capital cost for the first 

year. 

Capital Investment 

Equipment quantity total Cost, $ 

Biogas Treatment 

treatment unit 1 $1,000 

Fuel Cell  

DFC 300 1 $1,050,000 

Hydrogen Recovery 

Water Gas Shift Reactor 1 $15,000 

Vapor-liquid separator 1 $5,000 

compressor 1, stainless steel 1 $30,000 

PSA unit 1 $127,000 

compressor 2, stainless steel 1 $100,000 

hydrogen storage 2 $54,200 

hydrogen dispenser 3 $12,000 

air blower 1 $1,000 

Nitrogen tanks 3 $600 

plate-and-fin heat exchanger 1 $2,000 

Heat Recovery 

Boiler  1 $3,000 

Electricity 

Substation 1 $105,395 

  
 

  

Direct Fixed Capital 
 

$1,506,195 

equipment installation cost 
 

$135,558 
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piping 
 

$301,239 

instrumentation and control  
 

$150,620 

legal expenses 
 

$15,062 

Construction expenses 
 

$120,496 

Contractor's fee 
 

$22,593 

Contingencies 
 

$527,168 

Total fixed capital   $2,778,930 
Table 5. Fixed Capital Cost 

Operation cost was determined based on a couple assumptions. First, we assumed that 3 operators 

will be present at the plant at any given time, and each of them earns a wage of $17 per hour. Second, the 

cost of water was estimated base on the total amount of water consumed in a year as explained in the 

technical section. The unit price of water is less than a penny per gallon [55]. Lastly, it was estimated that 

two nitrogen tanks would be replaced every month. The maintenance cost was estimated to be 2% of the 

direct capital cost [21].  In all, the sum of operation and maintenance cost is $132,284 as shown in Table 

6. 

Operation and Maintenance Cost 

Water  
 

$640 

Wages 
 

$97,920 

Maintenance 
 

$30,124 

Ongoing Capital Costs 
 

  

Nitrogen Tanks 
 

$3,600 

Total Operating cost   $132,284 
Table 6. 

 

5.2. Market Value of Hydrogen and Electricity 
The average cost of commercial electricity from Pacific Gas and Electric is estimated at 

$0.15974/ kWh [54].  The market value of the electricity produced by the CHHP system annually is 

therefore estimated to be 280 kwh* 24 hours * 365 days * $0.15974 /kWh = $391810.272. 

The market value of the hydrogen was estimated to be 2.6 kg/h of Hydrogen * 24 h/day * 365 

days/y = 22776 kg Hydrogen/ year.  Based on a market price of $5/ kg (estimated using the cost of 

hydrogen at a California filling station), the annual value of hydrogen produced is $113,880 [53].  The 

proposed use of the hydrogen, however, is not to fuel vehicles but rather to be fed into another fuel cell, 

which will be used to help provide power for a residential community.  This fuel cell will produce 

306,600 kWh of electricity per year (35 kW * 24 h *365 days).  Using the average cost of residential 

electricity from PG&E ($0.18703/kWh), this electricity is valued at $57,343 [54]. 

5.3. Cost per kWh Electricity, BTU Heat, Kg of Hydrogen 
Annual operating costs for the CHHP system are $132,284. The CHHP system will produce 2,452,800 

kWh annually, at a cost of $0.0539/kWh.  The system will produce 22776 kg Hydrogen/yr.  Dividing 

$132,284by 22776 gives the estimate of $5.808 per kg hydrogen.  The system will produce 3,366.072 
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MMBtu/yr, which makes the cost $.0000393 per BTU.  It is important to note when interpreting these 

numbers, however, that electricity, hydrogen, and heat are being produced simultaneously for the 

operating costs of $132,284.   

5.4. Return on Investment Analysis 
The return on investment analysis was done using Net Present Value. The Net Present Value of 

the CHHP system, using a 2% discount rate, was calculated over time.  The Net Present Value of the 

CHHP system was calculated using the equation (6). The benefits were sum of the estimated market 

values of the electricity produced from the CHHP system and the electricity produced from the hydrogen 

(for the residential community).  By using these estimated market values (and thus costs for electricity 

without the CHHP system), we able to compare the CHHP system to the status quo.  Year 0 costs are the 

initial investment costs.  Costs for years 1-25 are the maintenance ad operating costs.  The individual Net 

Present Value gives a value for solely that year.  The cumulative Net Present Value shows the total NPV 

for up to that year.  The CHHP system will have a positive cumulative Net Present Value in Year 11.  By 

Year 25, the Net Present Value will be $3,310,399. 
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VI. Environmental Analysis 

 

The University of California, Davis is known for its high level of environmental awareness and 

commitment to sustainability. In 2011, Greenreportcard.org recognized it as an “overall college 

sustainability leader”1. The University is continually dedicated to achieving sustainability through 

innovative means. Since 2000, it has reduced greenhouse gas emissions by 3 percent, and has plans to 

reduce greenhouse gas emissions to 12 percent by 20142. In addition to reducing greenhouse gas 

emissions, all newly constructed buildings must be at least in compliant with LEED Silver standards2. 

Because Davis is continually invested in creating a sustainable, low greenhouse gas emission, low impact 

environment, a combined heat, hydrogen, and power system (CHHP) would help the university achieve 

its sustainability goals while still meeting its energy needs. UC Davis has pledged to have a zero-waste 

campus by 20202, and we believe that the implementation of a CHHP system is key to helping the 

University reach its sustainability goals.  

Our plan is to utilize an existing biogas facility to build a research-scale fuel cell plant to examine the 

technical and economic feasibility of a CHHP system. Research on this type of energy system on a 

research-scale has a multiplicity of practical applications. The results can provide necessary data for 

companies interested in utilizing hydrogen fuel cells as an alternative energy. Moreover, a research-scale 

model is more economically attractive alternative than a commercial-scale plant. There are many 

advantages in utilizing hydrogen fuel cell energy as opposed to purchased power from an electrical grid. 

In the implementation of a CHHP system, the energy of the system is maximized and the greenhouse gas 

emissions are significantly reduced.  

One prominent difference between the current electric grid powered system, and our proposed 

hydrogen fuel cell model  is the cleanliness of the source of energy. Whereas the current electric grid 

relies on fossil fuels and creates harmful byproducts, hydrogen powered fuel cells produce water as a 

byproduct. In our proposed plan, the DFC300 electrical power generation system will replace the current 

generator, and work in compliance with the existing Anaerobic Phased Solid (APS) Digester, turning 

biogas into useable electricity. First the APS Digester will turn the organic residue into hydrogen and 

methane, while the DFC300 fuel cell will internally reform the anaerobic digester gas into useable 

hydrogen gas that will power the fuel cell system. This process will relieve dependence on fossil fuels and 

in turn will reduce greenhouse gas emissions significantly3.  

An amalgamated system that utilizes both an APS Digester and a DFC300 fuel cell can achieve an 

efficiency level that exceeds that of a fossil fuel powered plant. A DFC electrical power system can reach 

up to 90 percent in a Combined Heat, Hydrogen and Power system.  

In addition to contributing to the efficacy of energy production at Davis, a CHHP system will also 

help reduce organic wastes such as manure and forage by turning it into useful energy. In a combined 

system, the microorganisms in the APS Digester will digest the solid organic wastes and produce 

hydrogen and methane as a byproduct. The DFC300 fuel cell can then turn these anaerobic gases into 

useful hydrogen gas that will power the fuel cell.  

[56,57,58] 
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Our CHHP system saves a significant amount of energy annually in comparison to the power system 

that we are replacing. The CHHP system also mitigates a notable amount of CO2 emissions, and reduces 

organic waste by converting it into useful energy. The calculations included in the quantitative 

environmental analysis provide an aggregate number for the amount of fuel saved, the pounds of CO2 

emissions avoided, and the organic waste matter mitigated in all aspects of the system.  

 

6.1. CHHP System Input Fuel  
The CHHP system will operate on a steady input of biogas. The amount required to operate the 

system is determined to be 2466.84 m
3
/day. Biogas has an energy producing capacity of 22.38 MJ/m

3 

with a CO2 emission rate of 114.8lb/MMBtu1. The required biogas constitutes 87,115.16 cf/day or 

2466.84 m
3
/day of biogas at 52.27 MMBtu/day, which emits 8,410.69lbCO2/day or 350.45lbCO2/hr. 

However biomass fuels such as rice straw and agricultural wastes are derived from organic matter and are 

considered subject to the natural carbon cycle and, therefore, do not add carbon to the atmosphere1. Thus, 

all biomass CO2 are assigned a net CO2 emissions value of zero because these organic materials would 

otherwise release CO2 (or other greenhouse gases) through decomposition [59].  

If the system will operate 95% of the time throughout the year then we can say that 24hrs * 

365days*.95= 8322 hours of operation at full capacity. By taking the amount of electricity produced each 

hour which was found to be 280 kW and multiplying that amount by the number of hours per year the 

system will operate which totaled: 2,496,600 kWh/yr and dividing that amount of electricity produced per 

year by maximum capacity which is given to be 280 kW1 we find that the CHHP system provides us 8322 

hrs of full load operation per year [60].  

6.2. Electricity Output and Avoided Central Station Fuel and Emissions  
Our CHHP system has a calculated net electrical output of 153.15 kWh/yr after considering parasitic load 

losses. Taking into account the transmission and distribution loss factor of 6.6 percent, which is specific 

to the U.S., the avoided Central Station Electricity is 160.939 kWh. According to the EPA’s 2010 

Emissions & Generation Resource Integrated Database (eGRID)1, UC Davis is located in the eGRID 

Subregion: CAMX – WECC California, where the average fossil heat rate is 8, 284 Btu/kWh, and the 

average fossil CO2 emission rate is 1076.4 lb/Mwh, and the annual CO2 emissions is 724.1200lb/MWh. 

The calculated avoided Fuel Central Station is 5,441,963.04 MMBtu/yr, and the avoided Central Station 

CO2 Emissions are 1,343,347,200 tons/yr []. 

 

6.3. Thermal Output(s) and Avoided Thermal Fuel and Emissions 
The thermal output of the CHHP system is .384000000 MMBtu/hr, which is 3366.072 MMBtu/yr. The 

DFC300 generates about 280 kW of electricity and 80% of the 480000 Btu/h is recovered to produce 

steam.The type of thermal application being displaced is a dual reverse osmosis pretreatment system that 

runs on natural gas. The displaced boiler is a 180(MMBtu/h) D-Type unit with a Coen QLN Ultra LoNox 

Burner. The efficiency of this type of boiler that utilizes natural gas is about 80 percent1. When utilizing 

the thermal output of  the CHHP system, the avoided fuel consumption is 42.0759 (MMBtu/yr). The 

calculated avoided CO2 emissions are 3887093.6 (tons/yr). 
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6.4. Hydrogen Output and Avoided Fuel and Emissions 
The amount of hydrogen produced by the CHHP system ranges from 3041.717 MMBtu/yr at its Higher 

Heating Value (HHV) to 2574.420 MMBtu/yr at its Lower Heating Value (LHV). The hydrogen will be 

used to: heat water for the campus education center, provide heat for both the greenhouse and the 

community housing located 2.8 miles away, as well as provide electricity for the campus. The hydrogen 

will be displacing the coal used to power the electric grid. All hydrogen produced by the CHHP system 

will be used to supply power to the energy services listed above. At its maximum heating value (HHV) 

the CHHP system will mitigate about 8374.85 MMBtu/yr of conventional fuel. The avoided CO2 

emissions associated with the conventional fuel (coal) are about 15.55 tons/yr. 

6.5. Total Fuel and Carbon Dioxide Savings 
The total fuel savings from the implementation of a CHHP system is 5426437.356 MMBtu/yr, and the 

aggregate CO2 savings equate to 1,347,234,309 tons/yr. 

6.6. Amount of Organic Waste Avoided 
Our system will use biogas produced from manure and bedding waste from animal facilities on campus 

and rice straw from rice production. The APS digester will utilize the organic waste at 19213.28 kg/day.  

This will equate to 7730.34 tons/yr. The fuel gas flow exiting the fuel processor is 2466.84m
3
/day of 

biogas, and equates to 900396.6 m
3
/yr. The existing APS digester facility will utilize the rest of the solid 

as fertilizer. The amount of avoided organic waste is 7730.34 tons/yr. 
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VII. Marketing and Education Plan 

 

One of our main marketing goals is to educate the public about why using Molten Carbonate Fuel Cells 

(MCFCs) is a benefit. The use of is the ideal type of fuel cell to use in our CHHP system because MCFCs 

readily consume renewable fuel sources, and produces both electricity and hydrogen. With efficient 

design, we can recover heat from the utilization of MCFCs. MCFCs produce the least Nox, SO2, and 

VOC emission-levels compared to other power systems as well. MCFC is considered a high-temperature 

fuel cell, and a share of the thermal energy created in the electrochemical processes is consumed at the 

location that it is discharged [63].  

In order to reach out to the Davis community, we plan to use flyers and newspaper ads.  We will also 

reach out to the UC Davis student community with flyers, newspaper ads, as well as with social media, 

such as Twitter and Facebook.  Posts and videos about hydrogen fuel cells and hydrogen-powered 

systems will serve to educate viewers about the technology we are using.  

UC Davis has a zero-net energy residential community, West Village, which has been very successful in 

marketing, as it offers quality housing that is also environmentally friendly. We will market our hydrogen 

community in the same manner and expect to receive the same enthusiastic response from Davis residents. 

We will create an attractive residential community to attract students, faculty, and community members.  

Davis community members and UC Davis students and faculty value the environment, so we will 

emphasize the lowered environmental impact of the hydrogen-powered residential area. We believe that 

because Americans largely support new energy and are concerned about the pollution of fossil fuel 

energies, hydrogen fuel cells may be the wave of the future in energy and worth investment.  

In order to show prospective investors about the benefits of hydrogen-powered systems, we plan on 

comparing the efficiencies of current fuel cell technologies with fossil fuel energies. In a Combined Heat, 

Hydrogen Power application the generation of electrical power can be up to 90 percent efficient, and 

byproduct heat can be recycled for useful purposes. In a CHHP system, energy is conserved and therefore 

less energy is needed. It is an economically attractive solution because its high efficiency means fewer 

resources are needed to meet energy needs. Additionally, many studies regarding public opinion toward 

renewable energies have shown that they are largely in favor of it. For example, in EcoAmerica’s “Trends 

in America’s Climate & Environmental Attitudes: 2011”[65], a poll on Americans’ environmental beliefs, 

concerns, and priorities, show that most Americans are supportive of renewable energy and also consider 

pollution as a serious issue. Investors can demonstrate to the public that they are pioneers in the 

development and advancement of renewable energy by investing in this research scale power system. In 

terms of marketing, a CHHP system sells itself; it greatly lowers greenhouse gas emissions and reduces 

organic wastes, all without sacrificing energy efficacy.  

We plan on allaying public qualms about hydrogen safety by adequately describing the CHHP system and 

safety plans in a town hall meeting. We will describe the preventative measures we plan on taking to 

avoid any possible explosions. We will also host a public meeting, allowing residents of the community 

to converse with the engineers behind the project in order to answer any questions may arise. Despite 

safety hazards associated with the implementation of a CHHP system, there are certain precautions that 

can be taken in order to mitigate these potential dangers. Though there is always a risk of explosion when 

utilizing gaseous energies, to ensure a safe environment, we will employ stringent measures for storage 

that take into account the unique properties of hydrogen gas. We will mitigate the risk of a deflagration by 
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employing proper ventilation to the system. Natural ventilation is an excellent way to alleviate the 

dangers of potentially explosive mixtures [64]. Simply by installing the hydrogen system in an outdoor 

area can decrease the likelihood of potentially dangerous amalgamations of hydrogen gas. By ensuring 

proper ventilation of our hydrogen-powered system we can notably lower to risk that any escaping gas 

does not accumulate to a level above the lower explosion limit, thereby reducing the possibility of volatile 

chemical reactions. Ventilation is an extremely viable preventative measure because the air circulation 

disperses the accumulation of inherently dangerous amalgamations [65]. 

We will emphasize that our residential area offers environmentally friendly living that does not require 

the sacrifice of opulent comfort, and that with advanced and efficient technology we can achieve both 

means. We will market the new hydrogen community as a deluxe residential area that is run completely 

on alternative energy, and emphasize that we are offering a new lifestyle that offers lavish and guilt-free 

comfort away from environmental degradation.  
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DID YOU KNOW DAVIS 

HAS A HYDROGEN 

POWERED COMMUNITY? 
 The Hydrogen Community is entirely powered by hydrogen produced by a 

combined heat, hydrogen, and power plant! 
 
Where can you find out about more information?  
Come to our education center at: 

980 Old Davis Rd Davis, CA95616 
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Appendix A: Equation 

 

Anode exhaust flow rate: 

     (  
                

               
           )                                                          (1) 

 

Gas Hourly Space Velocity: 

      
                                

               
                                              (2) 

V-L Separator Diameter: 

    

     
  

      

 
                                                                 (3) 

     is maximum flow rate 

   is vessel internal diameter 

Note: when a standard support ring for the demister mat is designed, then the width of the ring is 

considered to be negligible and Dv calculated from the above formula will be the vessel 

internal diameter [18]. 

 

Compressor Outlet Temperature: 

         
    

   
                                                          (4) 

 =1.4 for diatomic gas 

Cooling water flow rate: 

                                                                      (5) 

Net Present Value:  

 

                                                  (6) 

where t is the time, i is the discount rate, and Rt is the sum of benefits and costs for year t [51]
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Appendix B: CHHP Piping & Instrumental Diagram (P&ID) 
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Appendix C: Failure Modes Analysis 

Process and 
Equipment 

Potential Failure 
Mode 

Potential Causes of Failure 
Potential Failure 

Effects 
Frequency Severity Prevention Codes/Standards 

Electricity 
Production               

DFC 300 

Anode side 
blockage 

frequent starting and 
stopping; droplet in 

channel 

general failure of 
fuel cell 

rare 
moderate to 

serious 

reduce starting and 
stopping; parts 
maintenance 

NFPA 853, IEC TC 
105 

Low Fuel 
Stoichiometry 

Uncontrolled composition 
or purity of fuel 

overflow; fuel 
cell damage 

infrequent 
moderate to 

serious 
Routine checking of 
inflow composition 

NFPA 853, IEC TC 
105 

Electrical 
Substation 

Component 
Damage/Tampering 

Contact with untrained 
people or animals 

power outage; 
fire 

infrequent serious/fatal 
Gating and isolation to 

keep uninvited guests out 
NFPA 2 

Excessive Current 
Flow 

Component Damage 
power outage; 

fire 
infrequent serious/fatal 

Maintenance of 
components 

NFPA 2 

Hydrogen 
Recovery             

  

Water Gas 
Shift Reactor 

Overfill/ 
Accumulation 

Slow kinetics of reaction 
leads to accumulation 

leak; system 
damage 

infrequent serious/fatal Adjustable valve at inlet ISO 9001: 2000 

High Temperature 
Lack of coolant(exothermic 

reaction) 
Thermal stress; 
overpressure 

occasional serious/fatal 
Routine checking of 

coolant level 
ISO 9001: 2000 

Vapor-Liquid 
Separator 

Overfill/ 
Accumulation 

Inflow exceeds outflow  
leak; system 

damage 
occasional serious/fatal 

Adjustable valves at inlet 
and outlet 

ISO 9001: 2000 

Plate-and-Fin 
Heat 

Exchanger 

Tube failure Vibration of tubes; fatigue 

contamination; 
component 

damage; 
explosion 

rare serious/fatal 
routine checking of 
mechanical stress 

ISO 9001: 2000 

Pressure 
Swing 

Adsorption 
Unit 

Overfill/ 
Accumulation 

Relief valve fails to open 

component 
damage; 

overpressure; 
explosion 

infrequent serious/fatal 
routine checking of valve 

function 
ISO 9001: 2000 

Compressors 

Thermal stress 
High temperature 
difference 

component 
damage 

infrequent serious/fatal temperature sensors 
NFPA 55, ISO-TC 

58 

Overfill/ 
Accumulation 

Blocked outlet; 
uncontrolled inlet 

leak; explosion; 
fire 

rare serious/fatal 
routine checking of inflow 

and outflow 
NFPA 55, ISO-TC 

58 

Low Flow reduced flow leak; fire occasional serious/fatal routine checking of inflow NFPA 55, ISO-TC 
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58 

Reverse Flow 
high discharge side 

pressure leak; fire 
infrequent serious/fatal adjustable valve at outlet 

NFPA 55, ISO-TC 
58 

Overpressure 
failure of downstream 

valve; leakage on suction 
side 

explosion; leak; 
fire 

rare serious/fatal 
routine checking of 
mechanical stress 

NFPA 55, ISO-TC 
58 

Hydrogen 
Storage 

Loss of 
Containment 

leakage, damaged exterior 
and interior explosion; fire 

infrequent serious/fatal 
routine checking of 
mechanical stress 

NFPA 55, ISO-TC 
58 

High Temperature 
excessive external 
temperature; fire 

explosion; leak; 
fire 

rare serious/fatal 
maintain safe external 

conditions 
NFPA 55, ISO-TC 

58 

Underpressure 
high withdrawal rate; low 

temperature 
implosion; fire infrequent serious/fatal 

adjustable valve at outlet; 
temperature sensor 

NFPA 55, ISO-TC 
58 

Overpressure 
overfilling; blocked vent or 

valve 
leak; explosion; 

fire 
infrequent serious/fatal 

utilize tanks with high 
pressure capacities 

NFPA 55, ISO-TC 
58 

Compressed 
Gas Cylinders 

Overfill uncontrolled inflow 
leak; explosion; 

fire 
infrequent serious/fatal 

extra tank connected to 
others 

NFPA 55, ISO-TC 
58 

Accidental Oxygen 
Input 

leakage, damaged exterior 
and interior 

explosion; fire rare serious/fatal 
routine checking of 
mechanical stress 

NFPA 55, ISO-TC 
58 

Heat Recovery               

EM Boiler 

Overpressure 
excessive gas inflow; high 

temperature 
explosion; fire infrequent 

moderate to 
serious 

inflow and temperature 
sensors 

ASME Boiler and 
Vessel Code 

Overfill/ 
Accumulation 

flow control valve failure 
leak; component 

damage 
infrequent 

moderate to 
serious 

routine checking of valves 
ASME Boiler and 

Vessel Code 

Hot Water 
Storage 

Overpressure 
uncontrolled outflow; 

improper heating 
explosion; leak rare 

moderate to 
serious 

pressure guage on system ISO 9001: 2000 

High Temperature Uncontrolled liquid heating 

thermal stress 
and fatigue; 
mechanical 

failure 

rare 
moderate to 

serious 
temperature sensor for 

liquid inflow 
ISO 9001: 2000 

Piping/Valves 

High Flow 
upstream mechanical 

failure/fatigue 
rupture; leak; 

fire 
infrequent 

moderate to 
serious 

routine checking of 
mechanical stress 

ASME B31.1, 
B31.3, B31.9 

Loss of 
Containment 

overpressure; mechanical 
failure/fatigue 

rupture; leak; 
fire 

infrequent 
moderate to 

serious 
routine checking of 
mechanical stress 

ASME B31.1, 
B31.3, B31.9 

Water Hammer 
sudden shock or blockage 

of flow 
component 

damage; leak 
infrequent 

moderate to 
serious 

proper and gradual 
closing of valves 

ASME B31.1, 
B31.3, B31.9 

 


