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EXECUTIVE SUMMARY 

 

In designing a CHHP (Combined Heat, Hydrogen and Power) system, a DFC 300
®
 model is used. 

It is operated by biogas (fuel) produced from thermophilic anaerobic digestion of food waste. In 

our design, Municipal Solid Waste (MSW) from Kajang Town which produces 235-329 tons of 

food wastes daily will be used as raw material for our anaerobic digestion process. A natural gas 

supply backup is designed in case of insufficient biogas production. The fuel cell power plant 

will be located inside our campus UKM which is 22.7km away from Recycle Energy Sdn. Bhd., 

RESB (feedstock supplied company). 

 

The electricity generated (215kW net output) will be channeled to power our campus library, 

PTSL. The heat produced, 808,000 Btu/hr from DFC
®
300 is used to drive the thermal absorption 

chiller in the District Cooling System (DCS) inside our campus. The absorption chiller is used to 

produce chilled water for cooling purposes. Cooling system is more essential than heating system 

in our campus as Malaysia is a tropical country with an average temperature of 30°C. The 

hydrogen produced in DFC
®
300 will act as hydrogen fuel for the university buses. To implement 

this system, all the in-campus bus will be modified to hydrogen fuel cell bus and a hydrogen 

refueling station is built.  

 

Failure mode effect analysis (FMEA) is carried out to analyze the risk of the plant. The 

construction of the plant and refueling station must comply with British Standard and Eurocodes. 

Pressure vessel and equipment in the plant is built according to ASME codes. To reduce the 

potential of fire accident, NFPA 70 and NFPA 50A standard should be complied as well. 

Malaysia Occupational Safety and Health Act should be followed to ensure the safety and 

welfare of worker and public. 

 

Electricity produced is sold at 0.09 USD/kWh whereas heat and hydrogen will be sold at 14.72 

USD/MMBtu and 2 USD/kg respectively. Return on investment (ROI) is calculated to be at 25% 

with a payback period (PBP) of 2.64 years. By using the DFC300
®
 system, the total fuel savings 

are 18,576.23 MMBtu/year while the total carbon dioxide savings are 2,127.5 million tons per year. 

On top of that, the total organic wastes avoided are 4084.80 tons/year.  

 

To promote the CHHP system, a few marketing plans are included which are advertising in 

newspaper, advertising in bus, developing a website, opening a Facebook page, distributing 

brochures, and also sending trained personnel to potential customer‟s site. General workshop is 

carried out in public hall to educate the public. A more friendly approach – „Green Power 

Superhero‟ is used to educate primary school students. An online video showing the operation of 

the plant is posted in Internet to allay public fears. 
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1.0 RESOURCE ASSESSMENT 

 

In designing a CHHP (Combined Heat, Hydrogen and Power) system, we will be using a DFC300
®
 model 

where the fuel for the system is biogas produced from anaerobic digestion of food wastes. The fuel cell 

power plant will be located inside our campus, UKM. The detailed location will be specified in section 

2.1.  

 

1.1 AVAILABILITY OF FEEDSTOCK  

 

The feedstock (food wastes) used can be acquired from Recycle Energy Sdn. Bhd., RESB. It is situated in 

Semenyih with a distance of 22.7 km from UKM. This plant has a design capacity to process 700 metric 

tons of Municipal Solid Wastes, MSW per day (Recycle Energy Sdn. Bhd. 2012). Currently, RESB is 

receiving 500 – 700 tons of MSW per day from Municipal Council of Kajang, MPKj (Recycle Energy 

Sdn. Bhd. 2012).  Core Competencies Sdn. Bhd. (2008) mentioned that MSW in Kajang town consists 

about 47% of organic food wastes which means there are about 235 – 329 tons of food wastes available 

per day. We only require a maximum of 190 tons of food wastes (Appendix B) in every 11 days (10 days 

of residence time for anaerobic digestion process and an extra one day for shut down of anaerobic 

digester (for cleaning and refilling)), hence there is more than enough of feedstock available.  

 

1.2 COLLECTION AND TRANSPORTATION OF FOOD WASTE  

 

The RESB Company will collect the MSW from around Kajang town and these wastes will be sorted out 

to obtain the food wastes. These food wastes will then be transported by land using garbage trucks to 

UKM since the company is just located 22.7 km away from our campus. A deal has been made with the 

company where each delivery of food wastes totaling up to 190 tons will be charged at USD 13 (RM 40) 

per ton of food waste. Figure 1.1 shows the graphical representation of the sourcing of the feedstock. 

 

 
 

Figure 1.1  Graphical representation of the sourcing for the feedstock 
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1.3 PRETREATMENT OF RAW MATERIAL 
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Figure 1.2  Flow diagram for pretreatment of food waste  

 

First of all, food wastes are collected in a feedstock collecting bin for temporary storage of feedstock. The 

food waste is gradually conveyed to the slurry tank by a screw conveyer. Food waste will be diluted with 

water to make it pumpable. The diluted food waste will be grinded into smaller size and heavy debris will 

be filtered out by rock trap. Heavy debris is collected in a mobile garbage bin. Tiny particles are pumped 

into anaerobic digestion tank for methane production. Lastly, the fermented food waste will be filtered. 

The solid and liquid waste can be used as biofertiliser but with the liquid having a lower value and quality. 

 

1.4 CONVERSION OF PROCESS 

 

The digester in our plant will operate at thermophilic temperature (of about 50°C) since thermophilic 

anaerobic digestion provides a higher methane content in digester gas and requires a shorter mean cell 

residence time compared to mesophilic anaerobic digestion which operates at 35°C (East Bay Municipal 

Utility District 2008).   

 

According to East Bay Municipal Utility District (2008), amount of methane produced from 10 days 

digestion process is 75 m
3
 per wet metric ton of food wastes delivered. Methane composition in biogas is 

60% (East Bay Municipal Utility District 2008) for a 10 days thermophilic anaerobic digestion process 

which is shown in Table 1.1 below. This means 125 m
3
 biogas will be produced per wet metric ton of 

food waste delivered.  

 

Table 1.1  Biogas composition produced from food wastes 

 

Biogas composition Percentage (%) 

Methane 60 

Carbon dioxide 40 

 

Source: East Bay Municipal Utility District, 2008 
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The biogas produced will be stored in a storage tank before being used in the DFC300
®
 system. Two 

storage tanks will be required since the anaerobic digestion process is a batch process. Figure 1.3 shows 

the simple block diagram of the feedstock process while Table 1.2 shows the feedstock cycle. The cycle is 

repetitive. 

 

 
Figure 1.3  Simple block diagram of feedstock process 

 

Table 1.2  Feedstock cycle 

 

Days Description 

1 - 10 Start of anaerobic digestion. Biogas produced is stored in storage tank 1. No operation 

of DFC300
®
 system. 

11 Anaerobic digestion stops. Biogas in storage tank 1 starts to supply to DFC300
®
 

system from day 11 to day 21. Cleaning process is carried out in digester for next food 

wastes refilling. 

12 - 21 Start of anaerobic digestion. Biogas produced is stored in storage tank 2.  

22 Anaerobic digestion stops. Biogas in storage tank 1 is used up. Biogas in storage tank 2 

starts to supply to DF300
®
 system from day 22 to day 32. Cleaning process is carried 

out in digester for next food wastes refilling. 

23 - 32 Start of anaerobic digestion. Biogas produced is stored in storage tank 1. 

33 Anaerobic digestion stops. Biogas in storage tank 2 is used up. Biogas in storage tank 1 

starts to supply to DFC300
®
 system from day 33 to day 43. Cleaning process is carried 

out in digester for next food wastes refilling. 

 

As can be seen from the description above, we need 10 days of residence time for thermophilic anaerobic 

digestion process and an another extra day for shutting down of anaerobic digester (cleaning and refilling 

purposes) which sums up to 11 days for a batch of anaerobic digestion process. 

 

1.5 SUPPLEMENTARY FUEL FOR DFC300
® 

SYSTEM 

 

The amount of biogas produced depends on several factors such as temperature, pH, alkalinity, hydraulic 

and organic loading rate, toxic compound, types of substrate and total solid content (Khanal, S.K. 2008). 

Since the production rate of biogas is inconsistent, natural gas will be used as supplementary fuel for the 

DFC300
®
 system in the event of contingence such as insufficient biogas production or plant downtime. 

The natural gas used in our plant is Liquefied Natural Gas (LNG) and will be stored in a cryogenic tank at 

1atm (approximately 1 bar) beside the DFC300
®
 fuel cell. A compressor is installed after the storage tank 

to increase the pressure in order to meet the requirements of fuel feed to the DFC300
®
 which is at 2 bars. 
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2.0 CHHP SYSTEM TECHNICAL DESIGNS  

 

In this technical design section, we will describe the plant location, detailed plant layout and also the 

description of all the major system components. 

 

2.1 PLANT LOCATION  

 

The DFC300
®
 fuel cell power plant will be located inside our campus, UKM. Our plant area is estimated 

to be about 6500 m
2
 with a dimension of 100m × 65m. As shown in the figure below, the plant (red color 

zone) will be located near to the district cooling system (DCS) of UKM and UKM library, PTSL. 

 

 
 

Figure 2.1  Plant location inside UKM campus 

(Source: Google map 2012) 

 

2.2 PLANT LAYOUT  

 

Figure 2.2 shows the plant layout of the fuel cell power plant. The plant generally consists of the 

feedstock storage system, feedstock pretreatment system, feedstock-to-fuel conversion system, DFC300
®
 

system, power distribution, heat recovery and distribution system, hydrogen recovery and cleaning system, 

hydrogen compression, hydrogen storage, hydrogen dispensing/distribution system (refueling station). 

DCS UKM 

UKM Library 

(PTSL) 

Proposed Fuel 

cell power plant 

location 

Proposed new 

road 
Centre for Graduate 

Management 
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Figure 2.2  Plant layout of DFC 300
®
 fuel cell power plant in UKM campus 
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2.3 DESCRIPTION OF MAJOR SYSTEM COMPONENTS  

 

Generally, our combined heat, hydrogen and power (CHHP) system consists of a few major components, 

which are feedstock delivery system and storage, feedstock-to-fuel conversion system, gas treatment 

system and fuel storage, DFC 300
®
 fuel cell power plant, power distribution, heat recovery and 

distribution system, hydrogen recovery and cleaning system, hydrogen compression, hydrogen storage, 

hydrogen dispensing/distribution system, mechanical supply systems, electrical supply systems and also 

safety equipment. All these major components will be described in detail in the following sections. 

 

2.3.1 Feedstock Delivery System, Storage and Pre-treatment  

 

As stated earlier in section 1.1 and 1.2, solid organic food waste is collected from Recycle Energy Pte. 

Ltd. which is located 22.7 km away from National University of Malaysia, UKM. Garbage trucks are 

used for the delivery of the solid food wastes. Solid food wastes are first delivered to a temporary 

feedstock storage tank. When the feedstock is required for pretreatment, food wastes from the temporary 

feedstock collecting bin will be conveyed to slurry tank gradually. The feedstock pretreatment method has 

been described in section 1.3. 

 

2.3.2 Feedstock-to-Fuel Conversion System 

 

The feedstock (food waste) is converted to fuel inside the anaerobic digester. As mentioned in section 1.4, 

the digestion process is thermophilic, where the temperature of the process should be maintained about 

50°C (East Bay Municipal Utility District, 2008). Pretreated food wastes are digested in anaerobic 

condition at a temperature of about 50˚C for 10 days. Solar hot water system provides hot water for 

maintaining the temperature in the biogas digester. Solar hot water system is chosen because Malaysia is 

located at the equator and is able to receive a relatively greater insolation throughout the year. The 

average insolation details for 22 years in UKM campus, Bangi, Malaysia are given in Table 2.1 below. 

  
Figure 2.3  Solar hot water system 

(Source: Jiangsu Micoe Solar Energy Co., Ltd. 2012) 

 

Table 2.1  22-years monthly average insolation 

 

Country City 
Average Insolation (kW/h/m

2
) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Malaysia Bangi 4.98 5.55 5.70 5.48 5.07 4.98 4.99 4.97 5.04 4.92 4.49 4.28 

 

(Source: NASA 2012) 

Generated hot water 

Distributed hot water 

Solar panel 

Cold water from 

water tank Recycled cold water 

Water tank 
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From Section 1.4, one metric ton of food waste delivered will produce 125 m
3 

of biogas for 10 days of 

thermophilic anaerobic digestion process (East Bay Municipal Utility District 2008). The amount of 

biogas consumption required by the DFC 300
®
 system is 48 scfm (1.359m

3
/min) (Section 6.1). Thus, 190 

tons of food wastes are required for each batch of anaerobic digestion process after considering 10% of 

the delivered food waste as total solids mass and is discharged into rejected stream (Appendix B). 

 

2.3.3 Biogas Treatment System And Fuel Storage  

 

Biogas produced from anaerobic digester needs to undergo a pretreatment system through Quadrogen
®
 

Integrated Biogas Clean-up System (IBCS300). Quadrogen
®
 utilizes the concept of C

3
P where 

contaminants in the biogas produced will first be condensed by using sub zero cooling. The known 

species of contaminants will be further purified by physical adsorption in a temperature swing adsorption 

(TSA) unit. Then, the biogas will undergo a chemisorptions process to polish biogas to trace level (less 

than 30 ppbv) that is required by the DFC300 (Quadrogen
®
 2011). The advantages of this system are they 

are fuel-flexible, capable of removing entrained oxygen and scalable for flow rates from 100 scfm to 1500 

scfm. Produced cleaned biogas will be compressed to 5 bars (73psia) and stored in two different storage 

tanks. This storage pressure will ensure sufficient inlet fuel pressure in the DFC fuel cell. When biogas is 

compressed to storage tank 1, biogas from storage tank 2 will be fed to the DFC 300
®
 for operation and 

vice versa. This can ensure the DFC has sufficient input fuel anytime.  

 

2.3.4 DFC 300
®
 Fuel Cell Power Plant  

 

E-101

C

A

DFC 300® fuel cell
M-101

Water

P-106

Waste HeatBiogas from 

storage tank

(60CH4, 40%CO2)

CH4, CO2, H2O
H2, CO, CO2, H2O

 CO2, O2

 
 

Figure 2.4  DFC 300
®
 fuel cell simple cycle system 

 

Biogas produced from thermophilic anaerobic digestion process will mix with water and be heated in a 

humidifier E-101 (heat recovery unit) to form hot fuel gases using heat recycled from the fuel cell cathode. 

High temperatures and steam converts each gas to hydrogen before it is fed to the anode. Electrochemical 

conversions take place in the molten carbonate fuel cell. Carbonate salts serve as electrolyte in the fuel 

cell. Operating at a temperature of 600°C, the salts melt and conduct carbonate ions from cathode to 

anode. At the anode, hydrogen reacts with the ions to produce water, carbon dioxide and electrons. 

Electrons travel through an external circuit and return to the cathode. At the cathode, oxygen and carbon 

dioxide recycled from the anode reacts with electrons to form carbonate ions that replenish the electrolyte 

and transfer current through the fuel cell (King County 2009). The simple cycle efficiency of DFC 300
®
 is 

45% and its fuel utilization rate is 65%. Appendix C shows that the anode exhaust gas consists of H2 

(11.29%), CO2 (45.97%), CO (5.64%), H2O (37.10%) at a pressure of 1atm and temperature of 600°C. 
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2.3.5 Power Distribution  
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Figure 2.5  Power distribution system 

 

Figure above shows the distribution of power generated by DFC300
®
 system. DC Power generated by the 

DFC300
® 

system will be transmitted by three phase transmission line to an Electrical Balance of Plant 

(EBOP).  EBOP acts as an outdoor non-walk-in enclosure containing the power conditioning system 

(PCS), DC power fuses, DC grounding unit, DC isolation diodes, AC utility interconnection circuit 

breaker and protective relaying, distributed control system (DCS), uninterruptable power supply (UPS) 

and low-voltage distribution equipment (King County 2009). The PCS will convert the DC power to AC 

power for export and to meet the plant‟s auxiliary loads. The PCS inverters employs pulse width 

modulation of the power semiconductors to provide AC electrical power at 480V / 3-phase / 50Hz that 

meets the IEEE Malaysia requirements.  

 

The electric power coming out from EBOP will then go through a step down transformer to reduce the 

voltage from 480V to 240V resulting in an electrical power at 240V / 3-phase / 50Hz that transmits to the 

paralleling switchgear. At the paralleling switchgear, there is another utility source connected to it that is 

supplied by Tenaga Nasional Berhad (TNB), an electrical power supply company in Malaysia. Paralleling 

switchgear is to ensure that there is an alternative between the electric power produced by DFC 300
®
 

system and TNB. If the electricity produced by DFC300
®
 system is not enough to supply to the 

designated loads, the utility source from TNB will supply the power to cover it. Besides that, it is 

important to have the alternative source to ensure that there is electric power supply to the loads when 

DFC 300
®
 system is under maintenance.  The paralleling switchgear will then connect to the fuse box 

inside the building where electricity is supplied to the loads inside the building. The neutral line shown in 

the figure above is the return line of the AC power distribution system, which is needed to complete the 

circuit of electric current. 

 

2.3.6 Heat Recovery And Distribution System 

 

Figure 2.6 shows the heat recovery and distribution system. Heat coming out from fuel cell cathode at 

600°C will be sent to a heat recovery unit, E-101 where the heat is used to heat up the biogas and water. 

This yields a humid biogas fuel which will enter to the DFC300
®
. The waste heat (370°C or 700°F) at 

808000 Btu/hr that comes out from the heat recovery unit will be displaced for cooling purpose by 

thermally driven absorption chillers that exist in our campus. Heat cannot be directly used to drive the 
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thermal chiller. The waste heat will enter a shell and tube heat exchanger E-106 to heat up the recycled 

water from thermal chiller in the heat exchanger.  Heated water will then vaporize to form steam where it 

will be supplied to thermal chillers as a heating source. The waste heat used will discharge from the heat 

exchanger E-106 as flue gas at temperature 48.8°C (120°F). 

 

E-101 C

A

Recycled water 

from thermal chiller

Steam to 

Thermal chiller

E-106

E-107Methane

Flue gas

Biogas 

and water

Biogas 

and steam

D-101

Waste heat

 
 

Figure 2.6  Heat recovery and distribution system 

 

The type of thermal chiller is an indirect-fired chiller since steam is produced externally by the hot gas 

from DFC provided by a system of piping and heat exchanger that transfers the heat to the chiller. This 

system is a single-effect absorption chiller where thermal energy is used to drive a single refrigeration 

cycle (MGE 2006).  The heat source is required by thermal absorption chiller to generate subfreezing 

coolant that will be used to produce chilled water for district cooling purposes. 

 

2.3.7 Hydrogen Recovery And Cleaning System  
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Figure 2.7  Hydrogen recovery and cleaning system 

 

The figure above shows the hydrogen recovery and cleaning system. DFC300
®
 system in our campus uses 

biogas as fuel. The methane content of biogas is different compared to natural gas. This affects the anode 

exhaust gases coming out from the fuel cell giving different composition of hydrogen gas compared to 

natural gas. As shown in Appendix C, the anode exhaust gas consists of H2 (11.29%), CO2 (45.97%), CO 
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(5.64%), H2O (37.10%). These gases (1atm, 600°C) will be cooled down to 480°C after passing through 

an air-cooler E-102. The cooled down gases will be blown into cooler E-103 by blower B-101. Cooling 

water (25°C) is used to cool down the gases from 480°C to 400°C at cooler E-103 before entering a single 

stage heat exchange water gas shift reactor.  

 

In the single stage heat exchange water gas shift (WGS) reactor, CO gas will further react with steam to 

form more H2 and CO2 gases. Since the reaction is slightly exothermic, thus lower temperature will favor 

the reaction. The gases will enter the tube side of the reactor at 400°C. Air will be blown into the shell 

side of the reactor to reduce the temperature in order to achieve higher conversion. The catalyst used in 

water gas shift reactor is SiO2- promoted Ni catalyst, which is an alternative to traditional water gas shift 

catalyst. SiO2 supplied a hydroxyl group (–OH) to the Ni catalyst resulting in greater selectivity (almost 

100%) toward the WGS reaction than to methanation (Kim, S.H. et al. 2010).  Kim, S.H.et al. (2010) 

proved that single stage water gas shift (WGS) reaction using SiO2-Ni catalyst will have CO conversion 

about 45%. Hence, the composition of the gases at the outlet of WGS reactor is H2 (13.83%), CO2 

(48.51%), CO (3.10%), H2O (34.56%) as shown in Appendix D. 

 

These gases at about 250°C and will then flow into cooler E-104 and cooler E-105 to  be cool down to 

50°C. At 50°C, the steam will condense to water. Thus, a two phase separator X-101 is needed to separate 

the gases from the condensed water. The gases from the upper stream of phase separator will enter the 

knock-out drum K-101. The function of the knock-out drum is to remove any water droplet of the gases 

before they enter the compressor to avoid damage to the pneumatic device of compressor and rusting the 

compressor piping. Next, the gases will be compressed in compressor C-101 to 25 bars before being sent 

to a pressure swing adsorption unit (PSA) S-101. This is because high pressure is required by PSA to 

have a perfect purification of hydrogen gas from other gases. The sorbent used in the PSA is Sn-activated 

carbon (Iyuke, S.E. et al. 2000) to adsorbs CO2 and CO. The hydrogen gas that is separated out from the 

top of PSA with purity 99.99% will then be sent to a hydrogen compression and storage section which 

will be explained further in next section. CO2 and CO gases that come out from the bottom of PSA will be 

recycled back and mixed with preheated air (air that has been used to reduce the water gas shift reactor 

temperature). The gases will enter the anode gas oxidizer (AGO) where the remaining fuel components in 

the low-BTU anode gas are catalytically oxidized with air to generate carbon dioxide, water vapor, and 

heat (King County 2009). The oxidizer consists of a natural gas burner and fuel piping train, a thermal 

reactor and a catalytic reactor. The burner uses desulfurized natural gas to provide supplemental heating 

source of compressed air/anode exhaust gas stream (King County 2009). 

 

2.3.8 Hydrogen Compression, Storage and Dispensing/Distribution System  

 

As shown in the figure below, a cascading storage system has been chosen for the proposed storage 

system, comprising a series of three storage tanks, which are high, medium and low pressure storage 

tanks represented by (a), (b), and (c) respectively. In this storage system, storage tanks are put into an 

order of ascending pressure.  During filling, the hydrogen on-board cylinder is first connected to the low-

pressure storage tank. As the flow rate reaches a pre-set level the system is first switched to the medium-

pressure storage tank, and then to the high-pressure reservoir to complete the filling. However, in refilling 

the station storage tank, the compressor is automatically switched on to fill the high-pressure reservoir 

first, and then switches to the medium and the low-pressure reservoirs. This ensures that the high-pressure 
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reservoir is maintained at maximum pressure at all times, which in turn guarantees the vehicles are always 

supplied with the maximum amount of gas available. Correct specification of the compressor capacity and 

the volume of cascade storage is necessary to ensure that the hydrogen station can deal with the type 

(buses or trucks) and frequency (peak periods) of vehicles using the facility (Mahmood, F. et al. 2011). 
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Figure 2.8  Hydrogen compression, storage and dispensing/distribution system 

 

The operating pressure of hydrogen fuel cell bus is 350 bars (5000psia) (The Linde Group, 2011). When 

high pressure hydrogen is passed into fuel cell vehicle onboard tanks, the gas and the tank will be heated 

up. After the filling operation is completed, the tanks will cool and the pressure will fall lower than the 

filled pressure (Thomas, C.E. et al. 2001). To achieve a final pressure of 350 bars in the tank, the filling 

pressure must be higher than 350 bars. The fuelling station is designed to compress hydrogen from a 

suction pressure of 25 bars to 438 bars (1.25 time the service pressure) (Wong, J. 2005) and stored in the 

high pressure storage tank (a), whereas the medium pressure storage tank (b) will store hydrogen at 300 

bars. The low pressure storage tank (c), will store hydrogen at 135 bars (Matthew, H. 2007). The 

compression process will be carried out in 3-stages compressor (C-103, C-104, and C-105). There is a 

knock-out drum (K-102) before the compressors where the drum is used to remove any water droplet of 

the gases before the gases enter to compressor as mentioned in section 2.3.7.  The hydrogen storage unit 

consists of aluminium lined carbon fiber wrapped cylinders (Type 3) supplied by Dynetek (Wong, J. 

2005). More hydrogen will be stored in the low pressure storage tank followed by medium pressure and 

high pressure storage tank resulting in a bigger volume of low pressure storage tank compared to others. 

 

There are two hydrogen dispensers at the refueling station; each of the dispensers (with one filling nozzle) 

will have their own hydrogen cascade storage tanks. Each hydrogen cascade storage tank will store 70-75 

kg of hydrogen which is sufficient to supply two fuel cell buses with a 30 kg of on-board hydrogen 

storage. The refueling time experienced by fuel cell bus operators ranges between 7 to 10 minutes per bus, 

assuming 30 kg of on-board hydrogen storage at 350 bars (Zaetta, R. & Madden, B. 2011).  

 

The filling model is based on a scenario of 2 buses dispensing consecutively, considering no cascade 

recharge in between or during these fill times. Maximum pressure in the tanks (438 bars) is enough to 

complete the fill of each vehicle without needing extra compression. The following figures show the 

pressure in each tank during fuelling period of the 2 buses and the corresponding mass of hydrogen 

delivered to each bus. 
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Figure 2.9  Cascade tank pressure during 2 buses 

refueling period 

 
 

Figure 2.10  Tank mass and dependence on 

cascade tanks during 2 buses refueling period 
 

The hydrogen refueling station must be complied with SAE J2600-2002 that applied to devices which 

have working pressure 35MPa which is suitable for our refueling system and prevent vehicle to be fuelled 

with unsuitable pressure (Society of Automotive Engineers 2012). 

 

2.3.9 Mechanical Supply System  

 

Pump is the second most common equipment used in a plant. In DFC300
®
 fuel cell power plant, pump is 

required to pump slurry or water. Pump used in the plant is centrifugal pump, which is a rotodynamic 

pump that uses a rotating impeller to create flow by the addition of energy to a fluid. The fluid enters the 

pump impeller along or near to the rotating axis and is accelerated by the impeller, flowing radially 

outward into a diffuser or volute chamber (casing), from where it exits into the downstream piping. Pump 

is required because friction is generated when fluid is transported along the pipeline. Sizing of a pump is 

an important criterion to ensure the pump can supply enough power and is not overdesigned. For vapor 

stream, blower is required to transfer the fluid from one end to the other to overcome the pressure loss.  

Compressor is used to increase the pressure of vapor flow. Generally, compressors in our plant are used to 

increase the vapor product pressure stored in storage tank. Single stage compressor is used to compress 

biogas for storage purpose and compress hydrogen into PSA because the pressure increased is not much. 

For storage of hydrogen, 3-stages compressor is required to increase the pressure from 25 bars to 438 bars.  

 

A few types of valve are used in this fuel cell plant. Control valve will regulate the flow of fluid inside the 

pipeline to ensure the fluid flow is always in optimum condition. Check valve, and non-return valve are 

used to allow the fluid flows in one direction to avoid any backflow. All the piping used in this plant is 

constructed by carbon steel SA 516 grade 70 complying with ASME B31.  

 

2.3.10 Electrical Supply System  

 

A 240-V/ 3-phase/ 50Hz AC power supply from an electrical power supply company in Malaysia, TNB 

supplies power to power plant equipments during periods when the fuel cell power plant is not generating 

power (startup, shutdown, and standby). 

 

http://en.wikipedia.org/wiki/Rotodynamic_pump
http://en.wikipedia.org/wiki/Rotodynamic_pump
http://en.wikipedia.org/wiki/Impeller
http://en.wikipedia.org/wiki/Volute_%28pump%29
http://en.wikipedia.org/wiki/Casing
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2.3.11 Nitrogen Gas Supply System  

 

The nitrogen gas supply system provides low-pressure nitrogen gas for purging operations and for 

protecting the fuel cell module during plant shutdowns. The nitrogen is provided in six-packs of high 

pressure gas bottles and distributed by pressure reducing regulators and automated valving. Nitrogen gas 

is used to purge the following equipment: 

 The fuel gas piping and fuel cell anodes prior to the startup. 

 The fuel gas piping prior to and following maintenance activities. 

 The cold gas desulfurizers and digester gas treatment vessels prior to media change-out. 

During power plant shutdowns, the nitrogen gas provides an inert gas curtain in the fuel cell cathode exit 

piping to avoid a vacuum condition in the stack as the module cooled and a constant purge of the fuel gas 

piping and fuel cell anodes to avoid nickel carbonyl formation (in the preconverter and the fuel cell 

reforming units) and condensation. A liquid nitrogen system with vaporizer is used for purging the fuel 

cell stack module during long-term shutdown of the power plant (King County 2009). 

 

2.3.12 Safety Equipment  

 

A plant should operate in safe condition and safety equipments play an important role in this situation. 

The most general safety equipment used is pressure relief valve. The selection of pressure relief device 

depends mostly on the nature of the material relieved and the relief characteristics required. Generally, 

there are two categories of relief devices, which are spring-operated valve and rupture discs. Spring-

operated valve can be divided into conventional type and balance-bellows. In this fuel cell plant, 

conventional spring-operated relief valve is chosen. For a conventional spring-operated relief, the valve 

opening is based on the pressure drop across the valve. Therefore, if the backpressure at downstream of 

the valve increases, the set pressure will increase and the valve may not open at the right pressure. On the 

other hand, the flow through the conventional spring-operated relief valve will be reduced as the 

backpressure increases. The table below shows the location, type, and application for the relief valve in 

the plant. Besides that, alarms will be installed on equipments to indicate the deviation of the process 

compared to the set point. Fire extinguisher will be located at every potential hazard area. For pipelines, a 

monitoring system is required where flow meters and pressure sensors are used to monitor the condition 

of pipelines.  

 

Table 2.2  Location, type, and application of relief valve 

 

Location Type Phase Application Destination 

Biogas storage tank Spring relief valve Vapor To avoid the damage of storage tank 

due to overpressure 

To flare 

2-phase separator Spring relief valve Vapor To avoid the damage of phase 

separator due to overpressure 
To flare 

Knock out drum Spring relief valve Vapor To avoid the damage of vessel due to 

overpressure 
To flare 

PSA         Spring relief valve Vapor To avoid the damage of PSA due to 

overpressure 
To flare 

Hydrogen storage 

tank 

Spring relief valve Vapor To avoid the damage of storage tank 

due to overpressure 
To flare 
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3.0 ENERGY END-USES ON CAMPUS FROM CHHP SYSTEM   

 

As mentioned earlier, three types of energy will be produced in a Combined Heat, Hydrogen and Power 

(CHHP) system which are electric power, thermal energy and hydrogen. All these energies will be widely 

used in our campus as described below. 

 

3.1 ELECTRICITY USE  

 

 
 

Figure 3.1  Electricity used in library UKM, PTSL 

 

The building that we chose to supply our power to is the university library, PTSL which is shown in 

Figure 3.1 above.  The electric power distributed is at 240 V / 3-phase / 50 Hz. The final power rating that 

will be distributed from the DFC 300
®
 system will be 215 kW. The reason the value differs from the 

power rating of the DFC 300
®
 system which is 300 kW is because parasitic losses and onsite usage by the 

DFC 300
®
 system are taken into consideration (Total parasitic loads for the system is 85 kW (King 

County 2007)). According to PTSL (2012), the average monthly electricity consumption in PTSL is 

178475.78 kWh. The power consumption for PTSL in a day is 247.88 kW [178475.78kWh / (24hours×30 

days)].  

 

The power consumption of PTSL exceeds the final power rating generated from the fuel cell that is to be 

distributed to the building. The remaining power consumed or those exceeding the final power rating 

distributed by the fuel cell will be supplied by the utility source from TNB. This can be done by using 

paralleling switchgear as mentioned in Section 2.3.5. Paralleling switchgear is to ensure that there is an 

alternative choice between the electric power produced by DFC 300
®
 system and TNB to ensure the 

power supply to PTSL is always sufficient. 
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3.2 THERMAL USE  

 

There are four single effect thermal absorption chillers in our campus with two thermal chillers 

having capacities of 350 RT and the other two thermal chillers with capacities of 700 RT. All 

these chillers originally get their heat source (steam) from an auxiliary boiler that burns methane 

as fuel. Heat is required for thermal absorption chiller to produce subfreezing coolant. During the 

night at 10 pm, two thermal absorption chillers (one at capacity 700RT and the other at 350RT) will start 

running in order to charge two thermal storage tanks. The charging process will take 10 hours i.e until 7 

am the next day. The type of cool storage system that is being applied in our campus is an encapsulated 

ice system, which consists of water contained in plastic containers surrounded by coolant (lithium 

bromide), all contained within a tank. During the charging cycle, subfreezing coolant from chiller is 

circulated through the storage tank and past the plastic containers and thus freezing the ice. Discharge is 

accomplished by circulating warm coolant through the tank and past the containers and thus melting the 

ice. The coolant is isolated from the load via a heat exchanger. The plastic container used is a dimpled 

ball about 4 inches in diameter. The spherical shape creates a relatively high heat transfer area per unit of 

water being frozen while the dimples allow for expansion and contraction while cycling between liquid 

and solid states. A screen must be used near the top of the tank to keep the balls below the coolant level 

(Takasago Thermal Eng. Co., Ltd 2010). Thermal storage system will distribute the chilled water to 

multiple buildings in our campus for air conditioning purpose. The primary objective in developing cool 

storage is to reduce on-peak electric demand. The other two thermal chillers will be operated in daytime 

in order to meet the daily cooling capacity.       

 

The regenerated chilled water will be continuously supplied through a network of distribution pipes to the 

targeted building which are various faculties in our university. The primary chilled water from chiller will 

go through heat exchangers and the secondary chilled water will be pumped to every building. The 

buildings involved include Tun Abdul Razak Chancellor Hall, administrative building, Faculty of Social 

Science and Humanity, Faculty of Geology and Mathematic, Faculty of Science and Technology, Faculty 

of Business and Economics, theater and library. Inside each building, there is another heat exchanger and 

the tertiary chilled water will circulate the whole building and provide cool air through air handling unit 

(AHU). In order to maintain stable chilled water supply to all buildings, when the demand loads exceed 

the preset limit, chilled water flow will be restricted by operating a control valve. This is to minimize 

over-usage of chilled water load beyond the declared load. The returning chilled water will be regulated 

by operating valve and measured at the sensing point on the return side of the measuring unit so that the 

temperature of the water can be maintained at 12.8 °C. In order to prevent in rush of chilled water from 

the heat exchangers when all AHU are turn on simultaneously, it is necessary to implement daily timed 

sequential start-up operation strategy for all AHU. 

 

Steam requirement for single effect thermal absorption chiller is 18lbs/h/RT (Midwest CHP 

Application Center 2002). For 350RT thermal absorption chiller, total required steam flow rate is 

6300 lbs (2857.63 kg/hr). As described in Section 2.3.6, gaseous waste heat from heat recovery 

unit (370°C or 700°F) at 808000 Btu/hr (852485 kJ/hr) will pass through a shell and tube heat 

exchanger (E-106) in order to heat up recycled water from the thermal chiller (40°C) to produce 

steam (110°C).  By taking the heat capacity of recycled water as 4.18 kJ/kg.K, steam produced 
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from heat exchanger E-106 will flow at approximately 2913.50 kg/hr which is enough to supply 

for the 350RT thermal chillers. Since the two 350RT thermal absorption chiller will operate 

alternatively, hence the steam produced from heat exchanger E-106 will supply to one of the 

350RT thermal absorption chiller at morning (7am till 10pm) while supply steam to the other 

350RT thermal absorption chiller that operate at night from 10pm till 7am. Diagram below 

shows the example district cooling system (DCS). 

 

 
 

Figure 3.2 UKM district cooling system (DCS) 

 

3.3 HYDROGEN USE 

 

As mentioned in section 2.3.8, the operating pressure of hydrogen fuel cell bus is 350 bars (The Linde 

Group, 2011). Hydrogen is stored in cascading storage tank at maximum 438 bars (1.25 time the service 

pressure) using 3-stages compressor. The hydrogen storage unit consists of aluminum lined carbon fiber 

wrapped cylinders (Type 3) supplied by Dynetek (Wong, J. 2005). The refueling time experienced by fuel 

cell bus operators ranges between 7 and 10 minutes per bus, assuming 30 kg of on-board hydrogen 

storage at 350 bars (Zaetta, R. & Madden, B. 2011). The refueling station is located beside the fuel cell 

power plant. At the refueling station, there are two hydrogen dispensers. Each of the dispensers with one 

filling nozzle will receive fuel from their own cascading storage tank.  

 

DFC300
®
 system in our campus will use biogas as fuel. The difference in energy content between natural 

gas and biogas is why biogas is used as the DFC300
®
 system fuel. From section 2.3.2, the biogas input is 

1.359 m
3
/min (1956.96 m

3
/day). According to The Biogas (2009), density of biogas is 1.110 kg/m

3
 which 

yield the biogas input to be 2172.23 kg/day. Using the molecular weight of biogas (assuming 60% CH4 

and 40% CO2) which is 27.2 kg/kmol, the biogas input is 79.86 kmol/day. From Appendix D, 1 mole of 

biogas will produce 0.686 mole of H2, hence the H2 production rate is 54.78 kmol/day which is equivalent 

to 109.57 kg/day (H2 molecular weight = 2 kg/kmol). 

 

Heat from CHHP system 

drive the thermal chiller 
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The hydrogen produced will be used as fuel for fuel cell buses in our campus. Generally, there are 9 

diesel buses that patrol our campus. In order to fully utilize the hydrogen produced from DFC 300
®
 

system, all the buses will be modified to fuel cell buses. According to Eudy, L. et al. (2007), the fuel used 

for fuel cell bus is 7.33 miles per kg of hydrogen (11.8km per kg of hydrogen). Table below shows the 

distance travelled per day for every bus in our campus (Transport Unit of UKM, 2012), and also the 

estimated hydrogen consumption for the fuel cell bus in a day. 

 

Table 3.1  Hydrogen consumption for hydrogen fuel cell bus in UKM 

 

Type of bus Number of 

bus 

Distance travelled of 

a bus per day (km) 

Total distance 

travelled in a day (km) 

Total hydrogen 

consumption (kg/day) 

Zone 2 3 156 468 39.66 

Zone 3 3 93 279 23.64 

Zone 6 2 139.5 279 23.64 

Zone U 1 180 180 15.25 

Total 11  1206 102.19 

 

Table above shows that the total hydrogen consumption for fuel cell buses in our campus is 102.19 kg per 

day. Hence, in a year the hydrogen fuel consumption is 37299.335 kg. As mentioned above, hydrogen 

production is 109.57 kg/day. By assuming a 5% downtime of plant in a year, total hydrogen production in 

a year is 37993.40 kg. Excess hydrogen produced will be stored in the hydrogen storage tank for 

emergency or extra use.   

 

Diagram below shows the refueling station that is suggested to be built in our campus.  

 

 
 

Figure 3.3  Suggested hydrogen refueling station in our campus, UKM 

 

 

 

Hydrogen cascade 

storage tank 

Hydrogen refueling 

station 
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4.0 SAFETY ANALYSIS  

 

Safety analysis is important in order to identify and mitigate safety hazards of this fuel cell power plant. 

The main purpose of this analysis is to ensure the safety and health of the workers and public where they 

may be affected. Besides, it can be used as a risk management to mitigate the occurrence and 

consequences of the accident. One of the safety analyses which are most commonly used to identify 

potential failure of system and its effect is Failure Mode and Effect Analysis (FMEA). The second part of 

this section is codes and standards pertaining to this industry such as British Standard BS EN 1990:2002, 

Eurocodes, ASME code and OSHA 1994 that have been reviewed and applied to the system where 

applicable to mitigate the identified risks.  

 

4.1 FAILURE MODE AND EFFECTS ANALYSIS (FMEA) 

 

Basically, FMEA is performed to identify any possible mechanical and electrical failure based on 

component, effects of the failure mode and lastly propose safeguard and operating provision that would 

eliminate the chance of occurrence. The rating of likelihood and severity of the based on the risk matrix 

of Guideline for Hazard Identification, Risk Assessment and Risk Control, HIRARC (DOSH 2008) with 

the scale of minimum rank of 1 and maximum rank of 5 as shown in Table 4.1. 

 

Table 4.1  Risk matrix based on guideline for HIRARC 

 

Likelihood 

Severity 

Negligible 

1 

Minor 

2 

Serious 

3 

Fatal 

4 

Catastrophic 

5 

Most likely 

5 
5 10 15 20 25 

Possible 

4 
4 8 12 16 20 

Conceivable 

3 
3 6 9 12 15 

Remote 

2 
2 4 6 8 10 

Inconceivable 

1 
1 2 3 4 5 

 

 High Risk 

 Medium Risk 

 Low Risk 

 

Source: Department Occupational Safety and Health, 2008 

 

The critical safety risk based on the FMEA conducted in Table 4.2 is hydrogen dispenser and piping and 

valve with risk rating of 10. This is because leakage of the underground hose and failure of the control 

valve are common but the risk is considered as medium. The other components are under the category of 

low risk which is in the score range of 1 to 4. Even though all the likelihoods of failure occurrence is quite 

low, the severity of the occurrence is mostly rated at 5. This means that the frequency of the accident 
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occurring is very low but the consequence might cause major industrial accident and fatality. Most of the 

effect of the failure will cause leakage of flammable gas that may cause ball fire and explosion.  

 

4.2 APPLICABLE CODES AND STANDARDS 

 

A safety design requires compliances of various code and standard, local regulation as well as 

international guidelines. First of all, construction of plant‟s building must be compliance to British 

Standard BS EN 1990:2002 and Eurocodes because Malaysia follows this standard and code for 

building and other construction. These codes provide the basis and general principles for the structural 

design and verification of buildings and civil engineering works including geotechnical aspects. ANSI/ 

CSA America FC 1-2004 stated safe operation, substantial and durable construction and acceptable 

performance of packaged stationary fuel cell power system (CSA America Inc. 2011). The hydrogen 

refueling station must be complied with SAE J2600-2002. This standard applied to devices which have 

working pressure 35MPa which is suitable for our refueling system and prevent vehicle to be fuelled with 

unsuitable pressure (Society of Automotive Engineers 2012). 

 

The pressure vessel design is in accordance to ASME Boiler and Pressure Code (2007). The thickness, 

fabrication material, shape, size and join are design base on the calculation guideline in the ASME code. 

Besides, pressure relief valve are positioned at each of the pressure vessel, compressor and dispensing 

pump. Flanges and fittings design accordance to ASME B16.1 Cast Iron Pipe Flanges and Flanged 

Fittings (1998) which cover pressure-temperature, sizes, making, minimum requirements for materials, 

dimensions and tolerances. Piping in the plant is complied with ASME B31.3 Process Piping. This code 

prescribes requirement for material and components, design, fabrication, assembly, erection, examination, 

inspection and testing of piping. For hydrogen piping, ASME B31.12 Hydrogen Piping and Pipelines 

code should be applied. Specification such as materials, welding, brazing, heat treating, forming, testing, 

inspection, examination, operation, and maintenance determined base on the guidelines in the code. The 

pipeline is buried 1.5m from the ground with steel support to prevent rupture by vehicle rollover. 

Stainless steel chose as the material for construction of the pipeline.  

 

To prevent from fire accident, the plant is also compliant with NFPA 70/NEC/CEC which addresses the 

installation of electrical conductor, equipment and raceways; signaling and communications conductors, 

equipment and raceways; and optical fiber cables and raceways in commercial, residential and industrial 

occupancies. Moreover, NFPA 50 A: Gaseous Hydrogen covers the requirements for the installation of 

gaseous hydrogen systems on consumer premises where the hydrogen supply to the consumer premises 

originates outside the consumer premises and is delivered by mobile equipment. 

 

Hydrogen dispensing station had design according to the International Fuel Gas Code (International 

Code Council 2009) such as gaseous canopy top storage, underground tanks, liquid hydrogen tanks, 

separation distances and barrier walls. Malaysia Occupational Safety and Health Act 1994(Act 514) 

must be complied to ensure safety and health of people who may be affected by the plant. Adequate 

information, instruction and training provided to ensure safety and health of the workers. Equipment such 

as mask, fire-resistance cloth, fire extinguisher is provided at hazardous area of the plant.  
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Table 4.2  Failure Mode and Effect Analysis (FMEA) 

 

Component Failure Mode Failure Effect Likelihood Severity Rating Action 

Grinder and rock 

trap  G-101 

Motor Electrical 

failure 

Food waste will not be 

grinded 

2 1 2 -Scheduled inspection 

and maintenance required 

Anaerobic Digester 

I-101 

Digester wall 

 rupture 

Leakage of biogas and 

may cause explosion or 

fire. Leakage of slurry. 

1 5 5 -Installation of biogas 

detection system required 

Biogas Storage Tank 

T-101 & T-102 

Tank rupture or 

leakage. 

Leakage of biogas and 

may cause explosion or 

fire. Hydrogen sulphide 

poisoning 

1 5 5 -Installation of biogas 

detection system required 

-Scheduled inspection 

and maintenance required 

Quadrogen
®
 IBCS 

300 Q-101 

Rupture of 

adsorption tank 

Leakage of biogas and 

may cause fire or 

explosion 

1 5 5 -Installation of biogas 

detection system required 

DFC
®
 300 Unit Electrical short 

circuit 

Fire may occur due to 

overheating. 

2 3 6 -Scheduled inspection 

and maintenance required 

Phase Separator X-

101 

Tank rupture or 

leakage. 

Leakage of hydrogen gas 

and may cause explosion  

1 5 5 -Scheduled inspection 

and maintenance required 

Pressure Swing 

Adsorption S-101 

Tank rupture due to 

over pressure 

Leakage of hydrogen gas 

and may cause explosion 

1 5 5 -Installation of pressure 

safety valve in PSA. 

Compressor C-101 

to C-105 

Electrical short 

circuit and motor 

failure 

Gas cannot be compressed 

to the tank. Overpressure 

in pipe  

2 2 4 -Installation of smoke 

detection alarm in motor. 

-Scheduled inspection 

and maintenance required 

Hydrogen Storage  Tank rupture or 

leakage 

Leakage of hydrogen gas 

and may cause explosion 

and fire 

1 5 5 -Installation of pressure 

safety valve. 

Hydrogen Dispenser Hose leakage and 

rupture of pipe 

Leakage of hydrogen gas 

and may cause explosion 

and fire 

2 5 10 -Scheduled inspection 

and maintenance required 

Piping and Valve Leakage of pipe 

and failure of valve 

opening 

Leakage of flammable gas 

and may cause explosion 

or fire 

2 5 10 -Scheduled inspection 

and maintenance required 

-Installation of gas 

detection system required. 
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5.0 ECONOMIC/BUSINESS PLAN ANALYSIS 

 

There are many known applications of combined heat and power (CHP) plants in Malaysia. However, 

combined heat, hydrogen and power (CHHP) is the first of its kind to be applied in Malaysia. The main 

focus of this project is to provide heat to an existing system, utilize hydrogen to fuel transports and 

provide electricity to buildings within the vicinity of the university. This project acts as a stepping stone 

towards introducing a greater and brighter future where the usages of fossil fuels can be minimized by 

introducing direct fuel cells. That is why it is believed that this project will benefit the country in times to 

come.  

 

5.1 CAPITAL COSTS 

 

All prices listed in this section are in USD. Table 5.1 outlines the estimated capital (including installation 

and contingency) and maintenance costs (5% of equipment cost except for DFC300
®
 where the 

maintenance cost is 3 cent per kilowatt hour) for all the equipments needed in order for the plant to 

operate. Unfortunately there are no further potential tax credits for any of the systems listed. 

 

Table 5.1  Estimated capital costs 

 

Equipments Total Cost (USD) Maintenance/year 

(USD) 

Waste 

collecting bin 

600 

(Yangzhou Hengxing E&E Co., Ltd. 2012) 

30 

Slurry tanks 50000 

(Xiamen Chengong Equipment of Ore Co., Ltd. 2012) 

2,500 

Knock-out 

drum 

16000 

(Shijiazhuang Dongfang Petro-Chemical Machinery Factory 2012) 

800 

Pumps 8400 

(Shanghai Pacific Pump Manufacture Co., Ltd. 2012) 

420 

Blowers 3600 

(Suzhou Fenglishi Industry Co. Ltd. 2012) 

180 

Heat 

exchangers 

22000 

(Anhui OECH Mechanical Equipment Co. Ltd.  2012) 

1,100 

Grinder 35000 

(Zhengzhou Weilite Machinery Equipment Co., Ltd. 2012) 

1,750 

Screw 

conveyor 

4000 

(Excellent (Tianjin) International Trade Co., Ltd. 2012) 

200 

Water tank 6800 

(Solpo Photovoltaic Co., Ltd. 2012) 

340 

Anaerobic 

digester 

37000 

(Shenzhen Puxin Technology Co., Ltd. 2012) 

1,850 

Phase 

separator 

4500 

(SRG International 2011) 

225 

Compressors 205,500 

(Shanghai Feihe Industrial Group Co., Ltd. 2012) 

10,275 

PSA 50,000 

(Wuxi Zhongrui Air Separation Equipments Co., Ltd. 2012) 

2,500 

    

http://yxparts.en.alibaba.com/
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Equipments Total Cost (USD) Maintenance/year 

(USD) 

Biogas storage 

tank 

10,000 

(Chengdu Amoco Architecture Technology Co., Ltd. 2012) 

500 

Hydrogen 

storage tank 

40,000 

(Bharat Tanks and  Vessels 2012) 

2,000 

Press filter 3,000 

(Iremyca Sourcing Ltd. 2012) 

150 

Solar hot 

water system 

7,400 

(Romanov, B. 2011) 

370 

Quadrogen 

ICBS 300 unit 

150,000 

(Quadrogen 2012) 

7,500 

DFC 300
®
 1,050,000 

(FuelCell Energy Inc. 2012) 

74,952 

 

5.2 OPERATING COSTS 

 

Operating costs have been obtained from consumption values provided by the equipment vendor‟s 

specifications and the current cost of electricity. The plant is assumed to undergo a 5 % downtime in a 

year. The total electricity that will be consumed during the operation of the plant is 38167 kWh/month 

and the costs with reference to our local utility company, TNB is approximately 3435 USD per month 

(TNB Malaysia 2012) which is about 0.09 USD per kWh of electricity. According to Department of 

Statistic of Malaysia (2012), the cost of LNG that is used as supplementary fuels is approximately 0.7658 

USD per kg or 14.72 USD/MMBtu where energy content of LNG is 52,000 Btu/kg (MIT 2007). Water 

consumption of the plant is estimated to be about 134,000 m
3
 per month and the costs with reference to 

our local utility company, SYABAS is 101,840 USD per month for industrial used (0.76 USD per m
3
) 

(SYABAS 2012). 

 

5.3 CONSTRUCTION COSTS 

 

The construction of the plant takes into consideration two main aspects with one being the direct 

manufacturing costs and the other is indirect manufacturing costs. All the costs incurred are tabulated in 

Table 5.2 (UKM Pakarunding Sdn. Bhd. 2012) 

 

Table 5.2  Direct and indirect manufacturing costs 

 

 USD  USD 

Direct Manufacturing Costs  Indirect Manufacturing Costs  

Instrumentation and control costs 100,968 Engineering and supervision costs 168,280 

Piping costs 117,796 Legal expenses 16,828 

Electrical equipment costs 100,968 Construction expenses 134,624 

Building costs including services 117,796 Contractor‟s fee 33,656 

Yard improvement and service 

facilities costs 

33,656 Contingency 84,140 
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5.4 COST OF PRODUCTS (SELLING PRICE) 

 

The CHHP system installed in our campus can produce electricity with waste heat and excess hydrogen 

gas. Electricity produced will used to power our campus library, waste heat used to drive the thermal 

absorption chiller in our campus DCS plant and hydrogen will used as fuel for fuel cell buses. The 

campus library is located just about 500 m to the south-west of our plant while DCS plant is located about 

400 m to the west of our power plant. The hydrogen refueling station is installed beside our plant because 

the hydrogen produced needs to be stored in high pressure cascade tanks inside the power plant. Since all 

the end uses are close to our power plant, we decided to sell the electricity at the same price as the tariff 

rate of our local utility company TNB which is 0.09 USD per kWh of electricity (TNB 2012). For heat, 

we will be selling it at the same price as LNG which is 14.72 USD/MMBtu (Department of Statistic of 

Malaysia 2012). For hydrogen, we decide to sell it at 2.00 USD per kg. 

 

5.5 COMPARISON WITH CURRENT FUEL COSTS 

 

As stated in Section 5.4, the selling price for electricity and heat will be same with current fuel cost which 

is 0.09 USD per kWh for electricity and 14.72 USD per MMBtu for heat. For hydrogen, the selling price 

is 2.00 USD per kg. The energy content of hydrogen is 0.113738 MMBtu/kg (MIT 2007) which yields the 

hydrogen selling price becomes 17.58 USD/MMBtu. The hydrogen used is to replace current diesel bus 

running in our campus with hydrogen fuel cell bus. For diesel bus, the selling price is 2.27 USD/gallon 

(PETRONAS 2012). Using the energy content of diesel which is 0.128429 MMBtu/gallon (MIT 2007), 

diesel selling price is equivalent to 17.68 USD/MMBtu. It is clearly shown that hydrogen fuel has a lower 

fuel cost compared to diesel (current fuel cost) by 0.1 USD/MMBtu. 

 

5.6 RETURN ON INVESTMENT ANALYSIS (ROI) 

 

The electricity produced in a year is 215kW×24hr× 347 days = 1,790,520 kWh which can be sold at 

161146.80 USD/year (0.09 USD/kWh). For heat, the production rate is 808,000 Btu/hr × 24hr × 347 days 

= 6729.024MMBtu/year which yields the selling income of 99,051.23 USD/year (14.72 USD/MMBtu). 

Hydrogen can be sold at 75,986.80 USD/year (2 USD/kg) with the yearly production of 37993.40 kg 

(Section 3.3). Besides, our plant also produces organic fertilizer with high nitrogen content (from 

anaerobic digester) with production rate 1435.20 tons/year (Section 6.6). This fertilizer can be sold at 2.15 

USD/kg in Malaysia (RESB 2012) which yields 3,085,680 USD/year income for our plant. Based on the 

four distinct incomes explained above, our plant revenue is 3,421,864.83 USD annually. By using this 

revenue with the total capital investment that has been found, we carry out a return on investment analysis 

(ROI) as shown in Table 5.3. From the ROI analysis, we manage to find the return on investment (ROI) 

of our power plant is 25% and the payback period (PBP) is 2.64 years. 

 

5.7 MARKET PRICE 

 

The fixed capital investment of the design plant is approximately 2,845,346 USD (not including 

maintenance fees) and the working capital is estimated to be at about 284,534.60 USD (ROI analysis in 

Table 5.3). Therefore, the total cost of the plant is around 3.13 million USD if the potential buyer wishes 

to purchase the entire plant. 
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Electricity selling price = 0.09 USD/kWh Heat selling price = 14.72 USD/MMBtu Hydrogen selling price = 2 USD/kg 

 

Fixed capital investment USD 2,845,346.00 

Working capital USD 284,534.60 

Total capital investment USD 3,129,880.60 

Fixed charges (not including depreciation charge) USD 56,906.92 

Direct manufacturing cost at full capacity USD 2,402,358.00 

Design life Years 10 

Scrap value at end of design life USD - 

Annual depreciation charge USD 284,534.60 

Taxation rate  0.25 

 

Table 5.3  Return on Investment (ROI) analysis 

 

Year Production 

rate 

Expenditure 

(RM) 

Income 

(revenue) 

(RM) 

Gross Profit 

(RM) 

Depreciati

on charges 

(RM) 

Taxable 

income 

(RM) 

Tax Payable 

(RM) 

Net Profit 

(RM) 

Cash Flow 

(RM) 

0 0  3,129,880.60         -3,129,880.60       -3129880.60 -3,129,880.60 

1 1 2,459,264.92          3,421,864.83 962,599.91          284,534.60           678,065.31 169,516.33 793,083.58 1,077,618.18 

2 1 2,459,264.92 3,421,864.83 962,599.91 284,534.60 678,065.31 169,516.33 793,083.58 1,077,618.18 

3 1 2,459,264.92 3,421,864.83 962,599.91 284,534.60 678,065.31 169,516.33 793,083.58 1,077,618.18 

4 1 2,459,264.92 3,421,864.83 962,599.91 284,534.60 678,065.31 169,516.33 793,083.58 1,077,618.18 

5 1 2,459,264.92 3,421,864.83 962,599.91 284,534.60 678,065.31 169,516.33 793,083.58 1,077,618.18 

6 1 2,459,264.92 3,421,864.83 962,599.91 284,534.60 678,065.31 169,516.33 793,083.58 1,077,618.18 

7 1 2,459,264.92 3,421,864.83 962,599.91 284,534.60 678,065.31 169,516.33 793,083.58 1,077,618.18 

8 1 2,459,264.92 3,421,864.83 962,599.91 284,534.60 678,065.31 169,516.33 793,083.58 1,077,618.18 

9 1 2,459,264.92 3,421,864.83 962,599.91 284,534.60 678,065.31 169,516.33 793,083.58 1,077,618.18 

10 1 2,459,264.92 3,421,864.83 962,599.91 284,534.60 678,065.31 169,516.33 793,083.58 1,077,618.18 

11 0 -284,534.60 0 284,534.60 0 0 0 284,534.60 284,534.60 

       Total 7,930,835.83 10,776,181.83 

       Average 793,083.58 1,077,618.18 

 

Return on investment (ROI) = Average net profit/Total capital investment   = 793,083.58 / 3,129,880.60 = 0.25 (25%) 

Payback period (PBP)     = Fixed capital investment/ Average cash flow  = 2,845,346.00/1,077,618.18 = 2.64 years
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5.8 MARKET GROWTH 

 

Malaysia‟s economy is an oil driven economy where oil are used mainly for transportation and power 

generation. In response to global environmental concerns and pressures such as global warming and 

climate change and the Kyoto Protocol for reduction of greenhouse gas emission. Malaysia has adopted a 

fuel policy for greater utilization of renewable energy. Therefore, the Malaysian government has taken a 

few initiatives such as promoting renewable development concept (i.e. fuel diversification program for 

power generation), developing Fifth Fuel Policy (i.e. 5 % generation from renewable fuel by 2010), 

developing a road map for hydrogen, fuel cell and solar, and last of all promoting R&D in fuel cell, solar 

and other types of renewable sources.  

 

The fifth fuel policy target to use 5% of renewable fuel for electricity generation has increase the potential 

market growth in Malaysia. The main challenge or inhibition of implementing hydrogen and fuel cell 

vehicle is lack of commercially available hydrogen infrastructure, low cost production and hydrogen 

safety issues (Kamarudin et al. 2006). However, Malaysia government has created a road map for 

hydrogen and fuel to increase hydrogen energy development. This road map provides guideline for future 

direction and action programs for R&D tailored to future energy business scenario. In order for hydrogen 

and fuel cell to be competitive vis-à-vis fossil fuel, the main strategy that have been identified are cost 

competitiveness and market enhancement, technology and research development, new energy funding and 

incentives, standard and policy development and awareness and capacity building. Some R&D project 

such as demonstration project undertaken by Agni Malaysia in which a Malaysian made car „Kancil‟ is 

converted to fuel cell car powered by hydrogen and fuel cell powered scooter developed by UTM and 

UKM fuel cell research group.  

 

 
 Figure 5.1 Malaysia hydrogen road map 

 

That is why, in years to come, it is believed that this type of plant will be in big demand as our country 

continues to join the international communities in renewable energy economy. The idea of producing heat, 

hydrogen and power from a direct fuel cell is suitable with the nation‟s vision to reduce the negative 

impacts of fossil fuel to the environment. 
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6.0 CHHP SYSTEM ENERGY SAVINGS AND ENVIRONMENTAL ANALYSIS 

 

6.1 INPUT FUEL 

 

Energy content of natural gas = 1028Btu/cf 

Energy content of biogas = 841Btu/cf 

Fuel consumption for DFC 300
®
 system = 39scfm (1.1044m

3
/min) 

Equivalent full load hours of CHHP system = 8322 hours per year (assume 5% downtime in a year) 

 

CHHP fuel consumption 
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Thus, DFC 300
®
 fuel input rate (biogas) = 47.67scfm ≈ 48scfm (1.359m

3
/min) 

 

CHHP fuel consumption (MMBtu/year) =
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            = 20018.74 MMBtu/year 

 

The CO2 emissions associated with the CHHP system fuel consumption: 

CHHP CO2 emissions 








year

tons
= Fuel consumption 









year

MMBtu
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2000

MMBtu

lb
rate emissionsCONet  2 









 

According to Hydrogen Education Foundation 2012, Net CO2 emissions rate for biogas is 0MMBtu/year. 

This is because biomass fuels derived from organic matter such as biogas are considered for this analysis 

to be subject to the natural carbon cycle and, therefore, do not add carbon to the atmosphere.  

Thus, CHHP CO2 emission is 0 ton/year. 

 

6.2 ELECTRICITY OUTPUT AND AVOIDED CENTRAL STATION FUEL AND             

EMISSIONS 

 

Plant operation days = 8328 hours per year (assume 5% downtime in a year) 

Gross electrical output (kWh) per year of the plant = 300kW ×8328 = 2,498,400kWh.  

Total parasitic loads for the system is 85 kW (King County 2007) = 85kW ×8328hrs = 707880 kWh  
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Net electrical output (kWh) = Gross electrical output (kWh) – ∑ Parasitic loads (kWh) 

 = 2,498,400 – 707,880 

 = 1,790,520 kWh 

 

The transmission and distribution (T&D) loss percentage in Malaysia is 5.79 % (Yusoff, M. et al. 2010).  

Avoided central station electricity (kWh)   

= Net electrical output exported (kWh) + (Net electrical output onsite (kWh) / (1-T&D loss factor)) 

= 

100

5.79
1

707,880kWh
Wh1,790,520k



  

= 2541905.20 kWh 

 

Due to the limitations of the average fossil heat rate and average fossil CO2 emissions rate values given in 

Table 3 (EPA eGRID), an average value for all the regions is taken resulting in the value of average fossil 

heat rate being 10000 Btu/kWh and average fossil CO2 emissions rate being 1500 lb/MWh. 

 

Avoided Fuel Central Station (MMBtu/year)   

= (Avoided central station electricity (kWh) × Average fossil heat rate (Btu/kWh)) / 1000000 

= (2541905.20 × 10000) / 1000000 

= 25419.05 MMBtu/year 

 

Avoided CO2 Emissions Central Station (tons/year)  

= 
(lb/ton) 2000

 (lb/MWh) rateemission  CO2 fossil Average
×1000) × (kWh)y electricitstation  central (Avoided  

= (2541905.20 × 1000) × 1500 / 2000 

= 1,906,428,900 tons/year (1,906.5 million tons/year) 

 

6.3 THERMAL OUTPUT AND AVOIDED THERMAL FUEL AND EMISSIONS 

 

Heat recovered from the fuel cell is used to displace cooling with a thermally driven absorption chillers. 

By using the value of useful thermal output of CHHP system which is 808000 Btu/hr (FuelCell Energy 

Inc. 2012) and coefficient of performance (COP) of the absorption chiller which is 0.6 (US Department of 

Energy 2003), the annual amount of cooling provided by CHHP system can easily be found.  

 

Cooling (RT-hours/year)  

= 
/hour0.012MMBtu

RT
COPr)(MMBtu/yea system CHHP ofoutput   thermalUseful chiller Absorption   

= 
/hour0.012MMBtu

1RT
0.6

1year

8322hours
MMBtu/hour

10

808000
6

  

= 336208.80 RT-hours/year 

 



 

28 
 

Amount of purchased electricity displaced at the facility by the cooling output of the absorption chiller is 

1.021kW/RT (KJ Engineering Sdn. Bhd. 2012) and additional absorption chiller electricity requirements 

is 48580kWh/year (US Department of Energy 2004). 

 

Avoided Electricity (kWh/year) is 


























year

kWh
 tsrequiremeny electricitchiller  absorption Additional

RT

kW
yelectricitchiller  Electric

year

hours-RT
 Cooling

= ear48580kWh/y)1.021kW/RThours/yearRT(336208.80   

= 294689.18 kWh/year 

 

Due to the limitations of the average fossil heat rate and average fossil CO2 emissions rate values given in 

Table 3 (EPA eGRID), an average value for all the regions is taken resulting in the value of average fossil 

heat rate being 10000 Btu/kWh and average fossil CO2 emissions rate being 1500 lb/MWh. 

 

Avoided Fuel Central Station (MMBtu/year)   

= (Avoided central station electricity (kWh) × Average fossil heat rate (Btu/kWh)) / 1000000 

= (294689.18 × 10000) / 1000000 

= 2946.89 MMBtu/year 

 

Avoided CO2 Emissions Central Station (tons/year)  

=  
(lb/ton) 2000

 (lb/MWh) rateemission  CO2 fossil Average
×1000) × (kWh)y electricitstation  central (Avoided  

= (294689.18 × 1000) × 1500 / 2000 

= 221,016,885 tons/year  (221 million tons per year) 

 

6.4 HYDROGEN OUTPUT AND AVOIDED FUEL AND EMISSIONS 

 

Amount of hydrogen produced in a year (347 days for 5% operation downtime) is 38030.79 kg (109.57 

kg/day hydrogen produced as shown in Section 3.3). Hydrogen produced will be used as fuel for fuel cell 

buses that going around in our campus. According to Eudy, L. et al. (2007), the fuel used for fuel cell bus 

is 7.33 miles per kg of hydrogen (11.8km per kg of hydrogen) while Daimler (2012) showed that the fuel 

economy for standard diesel bus is 3.5 miles per gallon (US). Hydrogen energy contains at 350bars is 

113738 Btu/kg while diesel energy contains is 128429 Btu/gallon (MIT 2007). 

 

Avoided FuelHydrogen (MMbtu/year) 

)btu/galloncontent(MMheat  Diesellon)(miles/gal rate diesel Displaced

(miles/kg) raten consumptioHydrogen (kg/year)output hydrogen  system CHHP




  

lon)(MMbtu/gal284291.0lon)(miles/gal 3.5

(miles/kg) 33.7(kg/year) 38030.79




  

= 10229.03 MMBtu/year 
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Net CO2 emissions rate for diesel fuel is 172.36 lb/MMBtu (Avoided Deforestation Partners 2009). The 

CO2 emissions associated with the avoided conventional fuel can be determined as follows: 

 

Avoided CO2 emissionsHydrogen (tons/year) 

 

n)2000(lb/to

Bturate(lb/MM emissions CONet )MMBtu/yearfuel Avoided
  

2Hydrogen 
  

 
n)2000(lb/to

(lb/MMBtu36.172)MMBtu/year03.02991
  


  

= 887.57 tons/year 

 

6.5 TOTAL FUEL AND CARBON DIOXIDE SAVINGS 

 

Total fuel savings (MMBtu/year) = [Avoided FuelCentral station + ∑Avoided FuelThermal + Avoided FuelHydrogen 

 - CHHP Fuel Consumption] (MMBtu/ year) 

  = (25419.05 + 2946.89 + 10229.03-20018.74) MMBtu/ year 

  = 18576.23MMBtu/year 

 

Total CO2 savings (tons/ year) = [Avoided CO2 Central station + ∑Avoided CO2l Thermal + Avoided CO2 Hydrogen 

 - CHHP System CO2 emissions] (tons/ year) 

  = (1,906,428,900 + 221,016,885 + 887.57 – 0) tons/ year 

  = 2,127,446,673 tons/ year (2,127.5 million tons per year) 

 

6.6 AMOUNT OF ORGANIC WASTE AVOIDED 

 

Organic food waste collected from Kajang town is introduced into the anaerobic digester to produce 

DFC300
®
 system fuel. Operation day of the plant is 347 days (assume 5% downtime). Hence 5,520 tons 

of food waste is required (only considered 175 tons food waste required for 11 days, since the other 10% 

of the delivered food waste is discharged in reject stream of food waste) to ensure the plant have 

sufficient fuel throughout a year and biogas produced in a year is 678,576m
3
 (1956.96 m

3
/day biogas 

produced as shown in section 3.3).  

 

According to East Bay Municipal Utility District (2008), the amount of remaining solids is 26% of feed 

applied for 10 days of thermophilic anaerobic digestion process. This yields 1435.20 tons of residuals in a 

year of production.  

 

Amount of avoided organic food waste in a year is (5520 – 1435.20) tons which is 4084.80 tons. 

 

6.7 MINIMIZATION OF ENERGY LOSSES 

 

To minimize the energy losses, all the equipments should be arranged in a way that the piping is 

connected to the equipments in the shortest distance. All the piping or vessels should be well insulated if 

necessary to avoid heat loss to environment especially for waste heat recovery unit section and heat 

distribution system. Variable speed drive (VSD) is installed in every motor that drives the pump where it 

can regulate the torque output of an electric motor hence minimize the energy losses and save energy. 



 

30 
 

7.0 MARKETING AND EDUCATION PLAN 

 

This CHHP system marketing and education plan is designed to increase public understanding on the 

benefits and safety of the proposed system. The green and high efficiency tri-generation system is a 

promising technology to obtain support from the public and government. In this era where price of the 

gasoline and other fossil fuel is continuously rising, it is believed that this CHHP system using biogas as 

feed will increase the interest of the public. 

 

7.1 MARKETING PLAN 

 

The proposed marketing plan aims to introduce and promote the clean and safe energy to the Malaysia 

society in both urban city and countryside. First of all, we set a series of strategies to increase the use of 

Combined Heat, Hydrogen and Power system (CHHP) in various facilities building like hospitals, 

universities, hotel, administrative buildings and even production factory. In Malaysia, hydrogen energy is 

still not widely used as fuel for energy production, so the premier implementation of CHHP system in 

UKM will attract attention from media and society. 

 

The first phase of the marketing plan is to build the public trust on the reliability and sustainability of the 

CHHP technology. Newspapers are strong and powerful information and knowledge carrier and purveyor 

from hundreds years ago until now. According to Nielsen‟s statistic, the readership of dailies in Malaysia 

reaches 7,695 million people in year 2006. Advertisement that outlined the key features and safety data 

will be made on local newspaper, for instance The Star Daily (English Daily), Sin Chew Daily (Mandarin 

Daily) and Berita Harian (Malay Daily). When the public know the advantages of this system, it is 

believed that societies will response positively to this technology in a short period of time. 

Advertisements will also be shown in Rapid KL buses to promote the sustainable idea among the public. 

 

People these days search for information through Internet or by simply „Googling it‟. Therefore, a website 

and Facebook page to describe the system will also be a crucial part of the marketing plan. The website 

will have a demonstration or video presentation on how the system works and safety of the system for 

better understanding. Besides, the website will be designed to be more user-friendly by including a FAQ 

section or Q&A section. Brochures will be distributed to students and academic staffs around the 

university campus. These tri-fold brochures will include the objectives, benefits of the system and a 

special column is also designed for feedbacks and information request to those who are interested.  

 

The second phase of the marketing plan will be more direct and active in order to achieve our objectives. 

Collaboration with the government will make a progressive step towards our goals. Experts will explain 

the benefits, profitability and efficiency of this system to government so that government will start to 

utilize this technology in government office buildings or hospitals. Through the implementation of this 

mutual benefit partnership, government has acted as a role model to private industries. On the other hand, 

company engineer will be sent to potential customer such as waste management company to further 

explain the system in detail. The personnel should not only describe the profitability but also focus on 

clarifying the safety and of this CHHP system to increase public acceptances. 
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7.2 EDUCATION PLAN 

 

Education plan should be run parallel with the marketing plan to promote public acceptance of this green 

technology. Education on CHHP system will be given to public regardless of their age as utilization of 

green technology must be inculcated since young. A more friendly approach is used to educate the 

primary student about the importance using efficient green energy. A trained „Green Power Superhero‟ is 

selected to act as an educator to primary school students to teach students to be environmentally sensitive. 

By using this kind of informal education, students will become more environmental conscious in the 

future. Education plan for the general public will be more formal. Thus, general workshop that 

emphasizes on the concept of the tri-generation system is carried out frequently in public hall. Entrance 

fee to the workshop is free and refreshment is prepared to attract more people to attend the workshops. In 

order to reduce the cost of this plan, partnership with local authorities to request funding for carrying out 

these public workshops will also be done. Through this workshop, general public will realize the 

individual role in developing a sustainable future.  

 

One way to educate the public is self learning through online video (YouTube) showing the real plant 

operations and computer simulation of the process flow of biogas and detail of tri-generation system.  

Safety of the system is the main concern of everyone since this design is newly developed. Public will 

still doubt of safety of the plant and the risks they may receives despite all the public workshop that 

clarifies its safety is given to general public. This real online video shows all the standard operating 

procedure and safety compliance of the plant will alleviate public fear as the saying goes „a picture speaks 

a thousand words‟.  

 

7.3 COST OF MARKETING PLAN AND EDUCATION PLAN 

 

The total expenses that are required to implement the marketing plan and education plan are shown in 

Table 7.1. 

Table 7.1 Cost of marketing and education plan in a year 

 

Strategy Cost (in USD$) Cost (in MYR) 

1. Marketing Strategy   

Newspaper Advertisement (12 times) 

- The Stars (16.2 cm × 20 cm) 

- Sin Chew Daily (Spot Color) 

- Berita Harian 

 

28,515.00 

26,862.00 

30,752.00 

 

87,768.00 (The Star 2012) 

82,680.00 (Sin Chew 2011) 

94,652.00 (NSTP 2011) 

Bus Advertisement (3 months) 4,743.00 14,600 (Vectordesign 2007) 

Internet Webpage 130.00 400.00 

Tri-fold Brochure (A4 size × 10,000) 292.00 900.00 (Richtag 2012) 

Facebook Page 0.00 0.00 

Collaboration with Government 0.00 0.00 

2. Education Strategy   

„Green Power Superhero‟ Education 975.00 3,000.00 

Public Workshop 1,625.00 5,000.00 

Online video (YouTube) 0.00 0.00 

TOTAL 93,894.00 289,000.00 
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7.4 ADVERTISEMENT 
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APPENDIX A : PROCESS FLOW DIAGRAM OF DFC300
®
 FUEL CELL POWER PLANT 
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APPENDIX B : FOOD WASTE AMOUNT 
 

According to East Bay Municipal Utility District (2008), amount of methane produced from 10 days 

digestion process is 75 m
3
 per wet metric ton of food waste delivered. Methane composition in biogas is 

60% (East Bay Municipal Utility District 2008) for a 10 days thermophilic anaerobic digestion process. 

This means 125m
3
 biogas will be produced per wet metric ton of food waste delivered.  

 

From Section 6.1, the fuel consumption is 48scfm (1.359m
3
/min). By considering the 10 days of 

residence time for anaerobic digestion process and an extra one day for shut down of anaerobic digester 

(for cleaning and refilling), the fuel consumption for our CHHP system for 11 days is 

=   days11
day

min
 1440  

min

m
1.359

3






















   

= 21526.56m
3
 

 

In order to produce 21526.56m
3
of biogas, the food waste amount required for digestion process is 

= 
 

 

ton

m
125

m21526.56
3

3














 

= 172.21 tons of food wastes ≈ 175 tons of food wastes 

 

Approximately 10% of the delivered food waste as total solids mass is discharged in reject stream (East 

Bay Municipal Utility District 2008), amount of food waste required to purchase for one batch of 

anaerobic process is 190 tons (172.21 tons ×1.10). 

  

APPENDIX C : ANODE OUTLET GAS (AOG) COMPOSITION BEFORE WATER GAS 

                              SHIFT REACTION 
 

Assume all the methane entering the DFC system is converted to hydrogen, the reactions at the anode are: 

 

2224 CO4HO2HCH                               (1) 

2232 COOHCOH  
                 (2) 

 

The fuel used is biogas produced from food waste with composition 60% CH4 and 40% CO2 (East Bay 

Municipal Utility District 2008). Assume 1 mole of biogas is input to the DFC300
®
 system, thus equation 

(1) becomes: 

 

22224 CO2.4HO1.2H0.4CO0.6CH                     (3) 

 

Given that the fuel utilization rate is 65% (65% of H2 produced in equation (3) is consumed at anode), 

which yields 

 

2232 CO56.1OH56.1CO56.11.56H  
                 (4) 

 

The remaining 35% of the H2 and all of the CO2 from equation (4) goes directly to AOG, which yields:  

 

22 CO0.84H                   (5) 
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Combining the products from (4) and (5) yields: 

 

222 2.56COO1.56H0.84H                   (6) 

 

In reality the actual reforming reaction has two steps as follows: 

 

CO3HOHCH 224                   (7) 

222 COHOHCO                   (8) 

 

Furthermore, not all the CO is shifted to hydrogen (as assumed in step one above). In order to account for 

this fact, assume that there is approximately a 2:1 ratio of hydrogen to carbon monoxide in the anode gas. 

In order to accurately calculate the AOG composition for the DFC system we need to back-shift 1/3 of the 

H2 (in equation 6) to CO using equation (8). This yields: 

 

O0.28H0.28CO0.28CO0.28H 222                                (9) 

 

Combining (6) and (9) yields the following products: 

 

222 2.28CO0.28COO1.84H0.56H                 (10) 

 

On a biogas molar percentage basis, the anode outlet gas composition is: 

 

Component H2O CO2 CO H2 

Composition (%) 37.10 45.97 5.64 11.29 

 

APPENDIX D : ANODE OUTLET GAS (AOG) COMPOSITION AFTER WATER GAS SHIFT 

                            REACTION  

 

From Appendix C, the composition of products based on one molar of biogas is: 

 

222 2.28CO0.28COO1.84H0.56H 
              

(10) 

 

Kim, S.H.et al. (2010) proved that single stage water gas shift reaction using SiO2-Ni catalyst will have 

CO conversion about 45%. Thus, we need to shift 45% of the CO in equation (10) to H2 and this yield: 

 

222 0.126CO0.126HO0.126H0.126CO                (11) 

 

Combining (10) and (11) yields the following products: 

 

222 2.406CO0.154COO1.714H0.686H                (12) 

 

On a molar percentage basis, the anode outlet gas composition coming out from WGS reactor is: 

 

Component H2O CO2 CO H2 

Composition (%) 34.56 48.51 3.10 13.83 
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