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1. System Cost Analysis 

1.1 Micro-Grid Configuration 
The micro-grid comprises a cluster of 10 identical single storied homes fed from a single 
50 KW fuel cell power plant (FCPP).  The exact layout of the homes around the FCPP is 
the challenge of the design.  Since this is a micro-grid design, the factors that bear on the 
design are all electrical.  These factors are:  

1. The length of feeders from the FCPP to the homes. 
2. Feeder ampacities. 
3. Voltage drops in the feeders. 
4. Power loss in the feeder system.  

Further assumptions are enumerated below: 
1) The designer has complete freedom with regard to the placement of the homes 

around the FCPP. 
2) All ten homes are identical and have heated and cooled area of 1700 sft.  Each 

home has 3 bedrooms, 2 bathrooms, a living room, a kitchen cum dining area and 
a laundry room.   

3) The homes are all electric, and the power to each home is regulated and 
controlled electronically through the ‘Local Energy Management System’ 
(LEMSYS) and the ‘Micro-grid Energy Management System’ (MEMSYS).  
These controls will, in most instances, maintain a 5 kW power ceiling for each 
home. LEMSYS and MEMSYS are not part of the micro-grid design.  

4) The design will adhere strictly to the National Electric Code (2002) [1], and 
reference will be made to the Articles and Sections of the code throughout the 
design.  Other texts and publications are referenced in the design as well.  

5) The heating and air-conditioning requirements of the home will be met by a 2 ½ 
ton heat pump (24A, 240V) as shown in Example D2(c) of [1].  Other appliances 
will be, a 12 kW range, a 4.5 kW water heater, a 1.2 kW dishwasher and a 5 kW 
clothes dryer.    

Layout of the micro-grid 
The layout design is based primarily on locating the FCPP in a centralized manner 
with respect to the homes.  The centralized placement of the FCPP is critical because 
it determines the length of the feeder from the FCPP to the farthest home.  The feeder 
length and the power carried by it determine the voltage drop in the feeder and the 
feeder loss.  The sizing or ampacity of the feeder however, is determined in 
accordance with the NEC code.  Fig. 1.1.1 shows the layout of the micro-grid. It is 
located on an ‘island’ surrounded by roads on all four sides.  Roads 1, 2 and 3 provide 
access to nine homes while the tenth home can be accessed directly from the main 
road.  The ‘island’ is divided into six 60 ft. wide home site strips, with the FCPP 
located on a 60 ft. strip of its own.  Each home is located on a lot measuring 60 ft. x 
110 ft. The FCPP is a 50 kW unit which is located at the center of the island.  The 
nominal 240/120 V output of the FCPP transformer feeds power into two identical 
feeders.  Each feeder, under ideal conditions, carries a maximum of 25 kW and feeds 
power to five homes (5 kW each).  The laterals that emerge from the feeders originate 
at isolator switches and terminate at the service entrance panels of the homes. The 



object of using the isolator switches is to ensure safety, and increase system reliability 
under fault conditions. 
 

 
  

Fig.1.1.1 Micro-grid community layout. 
 

 
 
 
 



Feeder design 
The design of the feeder is 
unconventional because the exact kW 
loading of the individual homes does 
not come into the design process. A 
review of Examples D1(a), D2(a), 
D2(b) and D2(c) in Annex D of [1] 
indicates that the design load of single 
family homes ranging in floor area 
from 1500 sft. to 2000 sft., varies from 
about 15 kW to 40 kW.  This may 
appear very high in view of the 50 kW 
rating of the FCPP.  Load management 
of individual homes is the function and 
responsibility of LEMSYS and 
MEMSYS.  The management schemes 
will individually maintain a ceiling of 5 
kW for each home using algorithms 
developed in Phase I of the project.  On 
the other hand, the management scheme will raise the kW ceiling of individual homes if 
some homes reduce their demand below 5 kW.  Considering the micro-grid to be divided 
into two identical sectors, each of five homes, one might consider the extreme case of 
four out of the five homes shutting down completely, leaving the farthest home in the 
sector the freedom of drawing the allowable 25 kW of power.  In such an event the feeder 
supplying the farthest home in each sector should be able to carry 25 kW and have a 
voltage drop within the limits specified by ANSI, and a loss that is acceptable from the 
FCPP operational strategy point of view.  ANSI Standard C84 specifies that for low 
voltage systems (<1000V), the actual service voltage must lie within ± 5% of nominal 
voltage for continuous operation.  To minimize cost, no distribution transformers are 
specified for the homes in the micro-grid.  This implies that power will be supplied to the 
homes from the FCPP at nominal 240/120V.  The FCPP inverter will be connected to a 
75 kVA transformer with a 240V (nominal) secondary winding having a center tap to 
allow for the grounded neutral and the two ‘outer’ lines for the 120V (nominal) supplies. 
Taps will be provided on the secondary side as shown in Fig. 1.1.2, to allow for the 
adjustment of the supply voltage to the homes. Two identical feeders for the two sectors 
Fig.1.1.1, will be connected to the transformer.  These feeders will be protected by 
breakers at the transformer end.  The feeders will be carried by PVC Schedule 40 
electrical conduits buried 18 inches below ground.  The conduits will be placed along the 
‘right-of-way’ area of the lots which is allocated for laying utility cables. Lateral cables, 
of the same size and type as the feeder cable, will originate at isolator switches located 
between the laterals and the feeder.  The laterals will terminate at the service entrance 
panel of the homes.  The purpose of using isolator switches is to ensure safety and 
reliability.    
 
 
 

 
Figure 1.1.2 - 75kVA, Transformer with 
secondary taps 



1) Feeder Length 
The longest length of the feeder plus lateral is taken conservatively as 200 ft.  
This includes 2 x 60 ft plus the length allowed for bends, risers and service 
entrance. 

 
2) Sizing of Feeders and Laterals 

Feeders and laterals will be buried 18” below ground.  The feeders will be laid 
along the right of way and extend from the FCPP to the remotest home in each 
sector.  The laterals will extend from the feeder to the service entrance panel of 
each home.  The layout is shown in Fig. 1.1.1  Since the power control strategy of 
LEMSYS and MEMSYS allows any one home in each sector to draw 25 kW, the 
feeders and laterals must be sized alike.  The next issue to be addressed is the type 
of cable appropriate for this application. Article 338 of [1] suggests that Type 
USE cables will meet the requirements of both feeder and service entrance 
(lateral) applications.  This type of cable is identified for underground use and 
having a moisture-resistant covering.  
To determine the size of the cables the current loading must be known.  As 
indicated earlier, the worst case would be when a home will be allowed to draw 
the full 25 kW (balanced load) at 240V.  Assuming a power factor of 0.95 
lagging, the current is, A11095.0240

25000 =× . This current will be considered 

continuous.  Hence according to Article 215.2 of [1], the design load current will 
be 1.25 x 110 = 137.5 A.  The minimum overcurrent device (service entrance 
breaker) rating must be 150A. This is in accordance with Article 240.6 of [1]. 
Article 110.14(C)(1)(b) of [1] indicates that since the design load current is 
greater than 100A, the minimum cable size of Type USE cable must be taken 
from Table 310.16 of [1] from the column marked 75oC.  The size ascertained 
from the table is #1/0 AWG having a maximum allowable current rating of 150A. 
Now, the NEC indicates that derating of cable ampacity must be allowed for 
conduit overfilling beyond 40% of the conduit cross-sectional area and an 
ambient temperature higher than 20oC.  Table 310.15(B)(2)(a) of [1] indicates that 
the conduit fill derating factor is 1 provided the conduit is sized with the fill 
limited to 40% of its area. Since the southern United States is known for hot 
summers, an ambient temperature of 110oF (43.3oC) is assumed.  Going back to 
Table 310.16 of [1] the derating factor is noted to be 0.82. Using the two derating 
factors, the minimum table listed ampacity is A134182.0

110 =× .  The 75oC 

column of Table 310.16 gives cable size #1/0 AWG again.  So the outcome of the 
design so far gives us the type and size of the feeder and laterals to be a 3-
conductor (2-ungrounded and 1-grounded), Type USE , #1/0 AWG copper cable. 
 

 
 

3) Voltage drop in the feeders 
When calculating the voltage drop, the impedance of the 75 kVA transformer as 
well as the feeder must be taken into account. Reference [2] indicates that a 75 
kVA distribution transformer with a nominal 240/120V secondary has a percent 



voltage drop in its resistance of about 1.3% and in its reactance of about 1.7%.  
With a kVA base of 75 kVA and voltage base of 240V the actual resistance and 
reactance values can be determined as follows, 
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The cable resistance and reactance per 1000 ft. is obtained from Table 9, Chapter 
9 of [1].  The resistance is obtained from the column entitled ‘Alternating-Current 
Resistance for Uncoated Copper Wires’ with the subheading ‘PVC Conduit’, and 
the reactance is obtained from the column entitled ‘XL (Reactance) for All Wires.’   
The values for #1/0 AWG are, Resistance = 0.12 ohm/1000 ft. and Reactance = 
0.044 ohm/1000 ft.  So, for a total length of 200 ft. we have, 

ohm0176.0
1000
200044.02Xandohm048.0

1000
20012.02R FeederFeeder =××==××=  

Now the load current of the transformer when the FCPP is delivering its rated 
power at a power factor of 0.95 lagging is A21995.0240

50000 =× .  The phasor 

representation of the current is 219/-18.2o A. The drop in the transformer in 
phasor form is calculated as, VTrans = (219/-18.2o) (0.01 + j0.01306) = 3.6/34.4oV. 
So the magnitude of the voltage drop in the transformer is 3.6V.  To determine the 
drop in the feeder we first consider the feeder current on the basis of 25 kW of 
feeder loading.  This current, in phasor form is (219/2)/-18.2oA = 109.5/-18.2oA.  
The feeder drop is therefore, VFeeder = (109.5/-18.2o)(0.048 + j0.0176) = 5.6/2oV.  
The total drop is therefore, VDrop = 3.6/34.36oV + 5.6/2oV = 8.85/14.53oV.  The 
magnitude of the drop is 8.85V in a 240V system.  This drop is well within the 
allowable ±5% drop as specified by ANSI Standard C84.  
 

4) Power loss in the feeder system and transformer 
The total power loss in the feeder system supplying all ten houses is, PFeeder = 2 x 
0.048 x 109.52 watts = 1151 watts. Assuming a transformer efficiency of 95% for 
a loading of 50 kW, the loss in the transformer is determined as, 

watts2632
95.0

95.0150000 =



 −
⋅  

 
5) Conduit size 

To determine the trade-size PVC Schedule 40 conduit to accommodate three #1/0 
AWG Type USE cables and one #1 equipment grounding conductor we look at   
Table 8-6, page 176 of [2].  The area of each USE cable is 0.2223 sq. inch and the 
area of the grounding #1 AWG conductor is 0.0845 sq. inch.  So the total area  = 
3 x 0.2223 + 1 x 0.0845 = 0.7514 sq. inch.  The minimum required conduit cross-
sectional area based on a 40% fill is 0.7514 ÷ 0.4 = 1.8785 sq. inches.  Table 8.5, 



page 174 of [2] specifies that the minimum conduit size must be 1 ½ inch diameter 
trade-size PVC Schedule 40 conduit with an area of 1.986 sq. inches.  
 

Cost Analysis 
 
Consumption Costs 
Natural gas consumption for the Plug Power unit was recorded at 1.10 ft3/min at a power 
setting of 5.00 kW. The cost per kW depends on whether industrial or residential prices 
for natural gas are used. The industrial price for natural gas is $7.21 per thousand cubic 
feet leading to a cost of [1.10*60*7.21*100/(5*1000)] 9.52 cents  per kWh. The 
residential price for natural gas is $15.16 per MSCFM and hence the cost is 
[1.10*60*15.16*100/(5*1000)] 20.01 cents per kWh. 
 
Infrastructure Costs 
Using a cost per kW figure from Table 3.4.6 of the DOE Technical Plan - Fuel Cells 
(DOE Targets and Technical Barriers), we obtain $750/kW for large systems (50-250 
kW) projected for year 2010. This gives us a figure of $37,500.00 for the 50 kW PEM 
Fuel Cell. To obtain a cost per house per hour this figure was divided by 10 and the 
amount was amortized over 20 years at 5% interest. This yields a monthly payment of 
$24.75 per month or 3.3 cents per hour. 
 
A cost estimate for the micro-grid layout was prepared using the 2004 National Electrical 
Estimator. This cost estimate does not include material-mark-up, contingency costs or 
profit margin. This estimate was $29,732.98. To obtain a cost per house per hour this 
figure was divided by 10 and the amount was amortized over 20 years at 5% interest. 
This yields a monthly payment of $19.62 per month or 2.7 cents per hour. 
 
Not accounting for maintenance costs the costs for running a residential micro-grid are 26 
cents per kWh and 15.5 cents per kWh, using industrial and residential prices for gas, 
respectively.  
   
1.2 Thermal Recovery Strategy 
The University of South Alabama has an operational 5kW Proton Exchange Membrane 
(PEM) type fuel cell manufactured by Plug Power Corporation of Latham, NY.  The fuel 
cell incorporates a natural gas reformer that operates as a methane-to-hydrogen converter.  
The flow rate of natural gas to the unit is approximately 1.5 ft3/min for the production of 
5 kW of electrical power.  The flow of hydrogen to the fuel cell stack is approximately 
3.0 ft3/min.  The 88-cell membrane electrode assembly provides power at 48 VDC to an 
AC inverter at approximately 35% electrical efficiency.  The output to the grid and to 
connected loads is 120 VAC.  The unit is grid parallel, but is capable of stand-alone 
operation for short periods of time.   
 
One of the main advantages of a PEM fuel cell is the relatively low operating temperature 
of the cell stack.  The hydrogen stream from the fuel reformer is humidified at the stack 
anode at approximately 67oC.  The cell exhaust temperature is approximately 69oC, so 
the heat directly available from the fuel cell stack is minimal.  The partial oxidation 



reactor in the primary stage of the steam reformer, however, operates at about 700oC.  
The final preferential oxidation reactor to remove carbon monoxide is operated at 
approximately 90oC.  The Plug Power system utilizes an ethylene glycol liquid cooling 
system to manage heat transfer in the system.  There is a liquid-to-liquid heat exchanger 
that is available for customer use for heat reclamation.  If the customer chooses not to 
utilize this system, the waste heat is rejected to the atmosphere by means of a large 
capacity automotive type radiator.  At full rated power of 5 kW, approximately 8kW of 
thermal energy is produced.  The combined electrical and thermal energy is 
approximately 13kW. 
 
Using the heat of formation of water and carbon dioxide from the combustion of 
methane, the total amount of thermal energy available from the methane feed is 
approximately 15kW, indicating a reformer efficiency of 86%.  In practice, however, 
realistic operating efficiencies from the combination of electrical power and heat 
recovery are closer to 60%.  The difference is the thermal energy required to keep the 
reformer components at an elevated temperature for the steam reforming reactions to 
proceed. 
 
Reported values for energy generation for larger fuel cell systems vary widely, but as a 
first approximation, the assumption can be made that a 50kW fuel cell would be capable 
of operating at a minimum combined electrical and thermal efficiency of 60%.  This 
would indicate that a minimum of 40kW of thermal energy would be available when the 
fuel cell is operating at maximum output. 
 
The average hot water consumption in the US is 62.4 gal/day/person.  For an average 
family of four, the daily consumption of hot water is 250 gal/day.  Domestic hot water is 
typically supplied at a tank temperature of 60oC.  In the Southeast, a typical water supply 
temperature is 15oC.  Assuming 24-hour operation of the fuel cell at full rated power, 960 
kWh, or 3.28x106 BTU would be available for water heating.  This would be sufficient to 
raise the temperature of 3476 gallons of water from 15oC to 60oC.  For a 10 family micro-
grid community, 2500 gallons per day would be required.  It is feasible to utilize the 
excess thermal energy from the fuel cell to heat domestic water, provided an economical 
means of delivery can be devised. 
 



For a micro-grid community of ten houses arranged as shown in Figure 1.2.1, it is 
proposed that two circulation loops be used to continuously circulate hot water from the 
fuel cell reformer cooling system to individual houses.   

 
 

Figure 1.2.1. Proposed community hot water distribution.  
 
The circulation piping and pumps must be sized such that the delivery pressure to 
individual houses is greater than that required by local building codes at the maximum 
total household consumption rate.  It is recommended that two loops be employed to 
reduce the pressure and temperature drop incurred by the mechanics of continuous water 
circulation.  The total piping length for each loop will be approximately 300 feet. 
 
Figure 1.2.2 shows additional detail of each piping loop.  Water is pumped through the 
reformer to remove excess heat via a heat exchanger.  Hot water at a temperature of 
approximately 80oC at the reformer heat exchanger outlet is routed to a primary 
circulation tank.  The hot water is pumped through each primary circulation loop by two 
pumps.  When demand is low, a small circulating pump is used to maintain water 
circulation through the loop, preventing temperature decrease from stagnation.  
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As the demand begins to increase, the delivery flow rate and pressure are maintained by a  

 
Figure 1.2.2. Plumbing detail. 

 
second larger pump in series with the circulating pump.  As hot water is removed from 
the primary system by the residences, makeup water is supplied at the heat exchanger 
inlet by a makeup water pump. 
 
For each residence, there is a local circulation tank that is maintained at a water 
temperature of approximately 80oC by a local circulating pump.  A mixing tank is used to 
supply hot water to the residence at approximately 60oC.  The water from the primary 
loop is mixed with cold water from the residence to reduce the temperature to that 
required for household use.  If the mixing tank temperature cannot be maintained at the 
required delivery temperature, electrical heating elements are used for auxiliary heating. 
 
Selection of the actual hardware components will be affected by a number of site-specific 
design considerations.  These include the following: 
 

• Delivery pressure required by local building codes 
• Primary loop pipe sizing for minimum pressure drop at peak hot water demand 
• Circulation flow rate for peak hot water demand 
• Local circulation flow rate to maintain a minimum temperature 
• Operating setpoint of the reformer system 
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A valid economic assessment of the proposed cost of a thermal recovery system is 
difficult.  It is relatively straightforward to determine the capital and installation costs 
associated with pumps, piping, and fittings, but a large fraction of the cost would be 
installation specific. 
 
Capital Items would include: 
 
Primary circulating loops (two loops required) 
 

• Primary pressure pump 
• Primary circulating pump 
• Makeup water pump 
• Primary heat exchanger pump 
• Primary storage tank 
• Reformer heat exchanger piping  
• Primary piping 

 
Residential loops (one loop required for each residence) 
 

• Residence circulating pump 
• Residence circulating tank 
• Residence mixing tank 
• Demand valve 
• Residence piping 

 
Capital costs and installation costs would be amortized over the lifetime of the 
equipment.  A meaningful cost analysis should include the following: 
 

• Cost of primary system operation (power required for pump operation, cost of 
makeup water, maintenance costs, fraction of heat energy actually utilized by 
residents, etc). 

• Cost of residential system operation (power required for pump operation, power 
required for supplemental heat, maintenance costs, etc.). 

 

1.3 Excess Energy Strategy 
The likelihood of surplus energy being available from the micro-grid occurs only at time 
of low power demand.  From actual load profiles of residences obtained during Phase I it 
has been determined that such occasions arise during the night when the loads are light.  
The option of using this excess energy can be divided into, (A) storing the energy in 
some form, or (B) using/selling the energy in real time.  
 
A. Storing energy:  The most viable means of storing energy that has been found in the 
literature are through the use of rechargeable batteries and supercapacitors. Since the 
batteries are an integral part of the FCPP, it is not too difficult to arrange for the charging 



of the batteries at times of low power demand.  An extremely attractive option, which has 
recently become available, is the use of banks of super capacitors.  These electrochemical 
capacitors are competitively priced when compared with the cost of equivalent batteries, 
and can therefore serve as energy storage devices. This particular energy storage device is 
analyzed in details and its operational aspects studied under Alternative Energy 
Evaluation Section.   
 
B. Using/Selling/Buying energy:  At night, when the residence power demand is low, 
the FCPP can be used to export power to the grid.  If the FCPP is running at full power 
then the reformer temperature can be maintained at constant value while selling the 
excess power to the grid.  This is operationally advantageous from the fuel cell point of 
view. If the electrical load power demand exceeds the generation capacity of the FCPP, 
the need arises to buy electrical energy from the grid. 
 
Another option is the use of excess hydrogen during low power demand periods.  
Hydrogen can be generated by the reformer and stored in tanks for later use as a fuel for 
cars or in pure hydrogen powered fuel cells. 
 
The economic model incorporating energy management in optimized manner which 
addresses the issues of excess energy and short fall of energy production is dealt with in 
details in section 2.   
 
1.4 Operational Strategies 
The objective of operational strategies is to minimize the operational cost of the FCPP in 
terms of $/day. Fuel cell economics and economical aspects have been presented in the 
literature [3-7].  To study the economics of FCPP, the cost factors having a bearing on 
this problem must be put in a form of cost objective function. The objective function 
must be based on an economic model of a FCPP.  
 
Refs. [6] and [7] introduce an economic model  to estimate  the optimal output power 
from the FCPP while minimizing the system cost and satisfying system operational 
constraints. The model considers the possibility of selling and buying energy from the 
local grid, and the optimal usage of thermal power output from the FCPP.  

 
In references quoted in section 1.1, a mathematical formulation for the FCPP operational 
cost has been presented, where the FCPP provides electrical energy as well as thermal 
energy to a small micro-grid community. The model is summarized as follows: 
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Subject to: 
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where  
Cn1 : price of natural gas for FCPP ($/kWh) 
T : length of time interval (h) 
Pj : electrical power produced at interval j (kW) 
Pa : power for auxiliary devices (kW) 
ηj : cell efficiency at interval j 
Cel,p : tariff for purchasing electricity ($/kWh) 
Cel,s : tariff for selling electricity ($/kWh) 
Lel,j : electrical load demand at interval j (kW) 
Cn2 : fuel price for residential loads ($/kWh) 
Lth,j : thermal load demand at interval j (kW) 
Pth,j : thermal load produced at interval j (kW) 
α,β : hot and cold start up cost respectively 
toff : time the FCPP has been off (h) 
τ : fuel cell cooling time constant (h) 
Pmin : minimum limit of generating power (kW) 
Pmax : maximum limit of generating power (kW) 
∆Pu : upper limit of the ramp rate  
∆PD : lower limit of the ramp rate  
Ton : FCPP on-time (number of intervals) 
Toff : FCPP off-time (number of intervals) 
MUT : minimum up-time (number of intervals) 
MDT : minimum down-time (number of intervals) 
U : FCPP on-off status, U = 1 for running, U = 0 for stopping 
Nmax : maximum number of start-stop events 
Nstart-stop: number of start-stop events 
OM : operation and maintenance cost 
 
The first term of the objective function (equation 1.4.1) is the daily fuel cost for the fuel 
cell ($). The second term is the daily cost of electrical energy purchased if the demand 
exceeds the electrical energy produced ($).  The third term is the daily income from the 
electrical energy sold if the electrical energy produced exceeds the demand ($). The 



fourth term is the daily cost of purchased gas for residential thermal loads if the thermal 
energy produced is not enough to meet the thermal energy demand ($). The fifth term is 
the start up cost ($).  The last term is the operation and maintenance cost of the FCPP. 
 
While most of the parameter values in the objective function are available, the efficiency 
(η) and the thermal output power (Pth) are obtained from experimental data [8]. The 
FCPP operates with a maximum efficiency of 41%. The efficiency is slightly higher at 
low load compared to full load operation. At all load conditions, the FCPP produces 
thermal energy approximately equal to the electrical energy [8]. In Ref. [8], efficiency 
and thermal energy to electrical energy ratio curves have been developed, Fig. 1.4.1. 
These curves approximate the efficiency and the thermal output of the FCPP. The 
efficiency and the thermal energy to electrical energy ratio are functions of the part load 
ratio (equal to electrical generated power/maximum power). Mathematical expressions to 
approximate the curves have been developed in Ref. [8] as follows:  
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Fig. 1.4.1. Performance curves of FCPP. 

 
 

0.05  PLR for   . <= 27160η  

0.05  PLR for   
  .PLR.PLR.

PLR.PLR.PLR.

>
++

−+−=

374704623007042
650339996290330

2

345η
 (1.4.8) 

0.05  PLR for   .rTE <= 68010  

0.05  PLR for      .PLR.
PLR.PLR.PLR.rTE

>+
−+−=

6838028170
500519739107851 234

  (1.4.9) 

 
where η is the FCPP efficiency, PLR the part load ratio, rTE the thermal energy to 
electrical energy ratio. 

 
To obtain the optimal operating cost of the FCPP, the objective function of the economic 
model must be optimized to find the optimal output power from the FCPP in each time 
interval (for time interval length, T) for a horizon of 24 h. Due to the high nonlinearity of 
the suggested model, solving for the optimal output power from the FCPP using classical 



optimization techniques may not guarantee an optimal solution. In this report a technique 
based on Evolutionary Programming (EP) [9] is used to find the optimal output power 
from the FCPP and also the Hill-Climbing technique is used to help move the infeasible 
solution to a feasible region. 
 
Evolutionary programming is a search optimization method. It moves from one solution 
to another using a probabilistic search technique. Evolutionary programming starts with 
random individuals. Each individual represents a complete solution for the problem under 
study. The individuals are moved from one generation (or iteration) to the other after 
passing through two main steps, mutation and competition. During a mutation step a new 
individual is produced when a Gaussian random variable with uniform probability is 
added to the current individual. The competition step is a probabilistic selection scheme 
used to assign a weight to each individual according to a comparison between current 
individual and a randomly chosen one. It may happen that the new solution is infeasible.  
Therefore, using EP alone may require a long time to reach the optimal solution or it may 
get trapped in a local optimum. This limitation was overcome by the use of the Hill-
Climbing technique (HCT) [10].  
 
The proposed technique has been tested to find the optimal output power from an FCPP 
for the following cases: 

 
Case 1: In this test case, a small FCPP of 4 kW capacity has been used. The purpose of 
this test is to validate the performance of the proposed technique by comparing the results 
against genetic algorithms (GA) results [6]. The FCPP system and evolutionary program 
parameters are shown in Table 1.4.1. 
 
Comparison of the different cost components of the EP and the GA solutions Table 1.4.2 
showed that the proposed EP algorithm arrived at a better production cost. The other cost 
components are slightly lower in the EP solution except the residential natural gas cost. 
The overall cost of the EP solution is lower than the GA solution. The EP solution saves 
$0.46 per day amounting to a saving of $167.9 yearly. For a larger unit as in Case 2 
(discussed later), the cost saving is expected to be more in the case of EP solution. The 
electrical and thermal power output from the FCPP and the electrical and thermal loads 
are shown in Figs. 1.4.2 and 1.4.3. The power trade between the FCPP system and the 
local network is shown in Fig. 1.4.4. 

 
Case 2: In this test case the model is tested using an actual residential load profile. The 
load profile for a micro-grid of ten identical houses is used. The micro-grid houses have 
all electrical appliances. In the micro-grid system each house is permitted to consume a 
maximum of 5 KW power through the LEMSYS and MEMSYS system control. 
According to the above assumption, a soft limit for the maximum power for each house is 
set equal to 5 kW. The load profile for a 24 h period with a 15-minute sampling interval 
is used. Due to the lack of information of the thermal load for the micro-grid community, 
the thermal load of Case 1 is multiplied by a factor of 50/4=12.5. Table 1.4.1, parameters 
for the FCPP and the EP are used except for the following: maximum power is set to 50  

 



Table 1.4.1. FCPP and evolutionary program parameters. 
 

Maximum limit of generating power, Pmax (kW) 4.0 
Minimum limit of generating power, Pmin (kW) 0.0 
Length of time interval, T (h) 0.25 
Upper limit of the ramp rate, ∆Pu (kW) 2.5 
Lower limit of the ramp rate, ∆PD (kW) 3.0 
Price of natural gas for FCPP, Cn1 ($/kWh) 0.04 
Tariff for purchasing electricity, Cel,p ($/kWh) 0.13 
Tariff for selling electricity, Cel,s ($/kWh) 0.07 
Fuel price for residential loads, Cn2 ($/kWh) 0.05 
Hot start up cost, α ($) 0.05 
Cold start up cost, β ($) 0.15 
The fuel cell cooling time constant, τ (h) 0.75 
Minimum up-time, MUT (number of intervals) 2 
Minimum down-time, MDT (number of intervals) 2 
Maximum number of start-stop time, Nmax  5 
Maximum number of evolutionary generation  20000 
Number of individuals 200 

 
Table 1.4.2. Cost comparison between EP and GA. 

 
 GA EP 
Daily fuel cost $4.82 $4.28 
Daily profit from electricity sold $1.54 $1.52 
Daily cost of purchased electricity $0.14 $0.13 
Daily cost of residential natural gas $0.06 $0.10 
Operation and maintenance cost $0.20 $0.21 
Start up cost $0.00 $0.00 
Total cost $3.67 $3.20 

 

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

0.
25 2.
5

4.
75 7

9.
25

11
.5

13
.8 16

18
.3

20
.5

22
.8

Time(h)

El
ec

tr
ic

al
 P

ow
er

 (k
W

)

Supply

Load

 
Fig. 1.4.2. Electrical power output from FCPP. 

 
 

kW, the upper and lower limit of the ramp rate are 25 and 30 kW respectively, and the 
number of individuals is 150. The different cost components for using the proposed EP to 



find the optimal output power from the FCPP are shown in Table 1.4.3. The electrical and 
thermal power outputs from the FCPP are shown in Figs. 1.4.5 and 1.4.6. Fig. 1.4.7 
shows the power trade with the local network. The daily cost for the FCPP working at 
full capacity is $97.78. Comparing the full capacity cost with the cost obtained through 
scheduling the power output from the FCPP using EP shows that the proposed technique 
saved $14,377.35 annually.  
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Fig. 1.4.3. Thermal power output from FCPP. 
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Fig. 1.4.4. Power trade with the local network. 

 
Table 1.4.3. Cost components for 50 kW FCPP. 

 
Daily fuel cost $54.92
Daily profit of sold electricity $13.66
Daily cost of purchased electricity $2.95 
Daily cost of residential natural gas $12.21
Operation and maintenance cost $1.97 
Start up cost $0.00 
Total cost $58.39
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Fig. 1.4.5. Electrical power output form 50 kW FCPP. 
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Fig. 1.4.6. Thermal power output from FCPP. 

0

5

10

15

20

25

0.
25

2.
75

5.
25

7.
75

10
.3

12
.8

15
.3

17
.8

20
.3

22
.8

Time (h)

Po
w

er
  (

kW
)

Sold

Purchased

 
Fig. 1.4.7. Power trade with the local network. 

 
In conclusion, it can be said, given a certain electrical and thermal load profile the EP 
approach will arrive at the lowest operational cost of the FCPP in $/day. Furthermore, the 
EP solution will provide the interval by interval electrical and thermal power generation 
profile of the FCPP in addition to the interval by interval power trade with the load grid. 
The hydrogen production can be added to the operational strategy during the time 
intervals where the produced power is lower than the maximum capacity of the FCPP. 
During these intervals the FCPP reformer can run at maximum capacity and the excess of 
hydrogen can be stored or used in other revenue generation purposes.  
 



2. Energy Management Algorithm 

2.1. Load Smoothing 
There are two objectives of the Load Smoothing study. The first objective is to find the 
amount of inherent load smoothing that occurs in a micro-grid environment. The second 
is to analyze home load profiles to determine the loads/appliances that should be 
available for load management. 

 
2.1.1. Inherent load smoothing in micro-grid environment 
It is hypothesized that the power graph of homes in a micro-grid community is smoother 
than the power graph of an individual home with no computer management in either 
situation.  The reason is that occupants in different households will have differing daily 
routines and will use high powered loads at different times. If scale is taken into account, 
then it follows that the micro-grid community will have a smoother power graph. 
 
2.1.2. Comparing a micro-grid to a single house 
The comparison uses load profiles based upon load profiles of real homes, but the 
profiles are artificial because it was not feasible to actually move different types of 
families into the lab house for a week. The team measured power usage in real homes and 
conducted appliance surveys to ascertain certain load values and running times to help 
create the profiles. The profiles consist of different occupants using loads in a house that 
contains the same loads as the lab house for one week’s time.  
 
There are ten house profiles in all consisting of a combination of one or more of the 
following: a man, woman, girl, boy, teenage boy, teenage girl, retired man and/or retired 
woman. A small amount of randomness is present because any of the profiles can be 
designated as a “Traveler.” A traveler has a random chance of being out of the house for 
a few days of the week and was introduced so that profiles generated would not all appear 
exactly the same. 
 
The metric used for comparison is the standard deviation and load factor of power usage 
per day in a single home versus that of a hypothetical micro-grid. The lower the standard 
deviation is, the “smoother” the load curve is. The load factor consists of the average load 
divided by the peak load. The higher the number, the closer the peak is to the average. 
According to the hypothesis, the standard deviation of a micro-grid should be lower than 
the average standard deviation of the individual houses and the load factor should be 
higher. Results to-date show that the micro-grid’s standard deviation is 14800 while the 
average standard deviation of the individual houses is 1530. If you multiply by the 
scaling factor of 10, then the standard deviation of the individual houses is 3.3% higher 
than the micro-grid. The micro-grid load factor calculates to 23.1% while the average 
load factor of the individual homes is 20.4%. The load factor increases by 2.7 percentage 
points when in the micro-grid configuration. Both calculations show that the load curve is 
smoother if the houses operate within a micro-grid. It is likely that with more randomized 
occupant profiles the curve would be even smoother. 

 
 



2.1.3. Analyzing home load profiles for manageable appliances 
In the process of gathering data for analysis, the project team ran scenarios in the lab 
house located on the USA campus. The team ran unmanaged scenarios first in order to 
create a baseline. They then ran scenarios where MEMSYS was enabled, so management 
occurred whenever energy usage surpassed 5kW. The unmanaged scenarios are four 
hours long and typically consume around 8kWh of energy. The managed scenarios run 
longer because appliances that are turned off must wait to run when enough power is 
available. The managed scenarios run typically an hour longer and have used less power 
because loads like the stove are not automatically restored. Future runs will include 
overriding the MEMSYS and keeping the stove on. During the runs, the team noted the 
management decisions that seemed to unnecessarily inconvenience occupants. 

 
Problems Noted 
Inconveniences occurred whenever the power hovered around the 5kW limit. Because the 
limit is a hard limit, even a small load over 5kW will cause appliances to shut off. The 
MEMSYS would often manage large loads first instead of small ones that could easily 
bring the total under 5kW. Also, the MEMSYS would sometimes cycle large loads like 
the dryer on and off within the space of a few minutes repeatedly because the water 
heater or refrigerator would run intermittently. Analyzing the data revealed measurement 
error that would cause the power measured to fluctuate enough to place the management 
software in a cycle. Sometimes a load that was completely turned off would register 6W 
of power usage. For larger loads using a different current sensor, the error was around 
36W. The measurement errors increase as the loads increase so it is thought that crosstalk 
contributes to the error. Other possible sources of error include the multiplexer which is 
built with components that are already 5% error tolerant. The smaller current sensors, 
which output 1V at the full scale of 20A, have a 4% error. Many house loads typically 
run at 1A or less. The reading is then sent to an A/D card which has a range of ±5V and a 
sensitivity of 12 bits. Since the reading is always positive and 1V max, the slightest 
interference can lead to a visible error. To keep an error of 6W within the 5% tolerance 
range, a load must be at least 72W. However, the lights and many other appliances draw 
more than 72W or draw a small enough wattage as to fade into the noise. The larger 50A 
sensors output .45V and are constructed with a 3% error. The errors in this sensor are 
potentially greater since it outputs on a smaller voltage range. Again, if an output error of 
5% is required, then the error of 36W would dictate the loads they measure be at least 
720W. Most loads outfitted with the larger sensors draw around 600-3000W. So some of 
the error will be larger than 5%, but much of it will not. 
 
Potential Solutions 
In the third year, the team will investigate the source of these errors and attempt to ensure 
they remain within the 5% error tolerance. One potential source of the interference is 
cross talk between the wires, and the solution to this may be to place the current sensors 
at the wall outlet and send the readings wirelessly or by powerline carrier. Another 
potential source is the wires between the multiplexer and the A/D card which is located in 
the computer several feet away. The error could be reduced by placing an A/D converter 
next to the multiplexer on the next version of the MEMSYS hardware. Finally, the hard 
limit of 5kW will be removed with the inclusion of either fuzzy logic or error 



compensation algorithms or both. With fuzzy logic, the MEMSYS can operate in a given 
power band acceptable to the fuel cell and so reduce cycling. Error compensation may be 
investigated by creating an error curve and programming it into the MEMSYS to achieve 
a similar result to the fuzzy logic. Since the third year consists of algorithm improvement, 
all these proposed solutions fit with the overall direction of the project. Some specific 
nuisance load cycling can also be improved by keeping a larger water heater. Team 
members observed the water heater interrupting other loads that are more noticeable. In 
addition to lowering its place in the priority list, it is suggested that a larger water heater 
would reduce the need to reheat water. The fuel cell’s co-generation features will help 
with this aspect also. The team also proposes that in a commercial product, the number of 
loads that are actually controlled directly by the MEMSYS be reduced. The installation of 
the current system is very costly and the utility of some of its functions is questionable. If 
the primary purpose of MEMSYS is power management, the commercial product could 
simply manage the larger loads in the house like the washer, dryer, water heater and 
stove. If electric companies can manage the usage of these specific items during their 
peak usage periods, they will be managing the majority of a home’s load. The system 
could pay for itself in a smaller time period and will be less intrusive. 
 
2.2 Micro-grid Migration 
The micro-grid migration from the single home project in year one consisted of moving 
the single home SEMaC software into a client/server environment, made up of MEMSYS 
(Master Energy Management SYStem) and LEMSYS (Local Energy Management 
SYStem). MEMSYS is the management application for the entire micro-grid, receiving 
the loads from all homes connected to the micro-grid. 
The LEMSYS is the SEMaC software from year one, with code added to allow 
networking with the MEMSYS server.  SEMaC also has code added to allow reporting 
total load to MEMSYS, and also receive commands from MEMSYS indicating that 
management needs to take place. 
 
In year one of the GIFCO project, the SEMaC is connected to a home constructed in the 
Energy Laboratory in the Engineering Lab at USA.  In year two, the other 9 homes in the 
micro-grid system are simulated using software written to generate load profiles based on 
data collected in year from the lab home.  The LEMSYS connects to the simulation 
software in the same way it would connect to the Data AcQuisition (DAQ) hardware and 
the System Hardware Controller (SHC). 
 

2.3 Data Collection 
Fig. 2.3.1 covers a 24 hour period of 10 homes running different profile simulations, with 
no management by MEMSYS/LEMSYS.  The graph is of a 15 minute running average of 
the average home load of the micro-grid. 
 
The simulation uses artificial load profiles which are partly based upon data gathered 
from real homes.  There are ten house profiles in all consisting of a combination of one or 
more of the following occupants: a man, woman, girl, boy, teenage boy, teenage girl, 
retired man and/or retired woman.  Each occupant has different daily routines, so as long 



as houses include different occupants the resulting profiles will also be different.  The 
power that appliances consume and their usage time are randomized to a certain degree. 
Different occupants and randomness are introduced in order to differentiate one profile 
from another. 
 
The results of running 10 different profiles through the simulation simultaneously shows 
that the inherent load smoothing of multiple homes allows for a much smaller fuel cell 
than previously thought.  With management, it is suggested that 10 homes could be easily 
run off of a 30 kW fuel cell. 
 

15 Min Unmanaged Average Profile
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Fig. 2.3.1 Unmanaged Load Profile 

 
Fig. 2.3.2 shows the results of a management set point of 35kw being applied to the 
micro-grid.  Once the power usage of the micro-grid reaches 35kw, MEMSYS instructs 
LEMSYS to reschedule loads until power usage decreases below 35kw.  MEMSYS does 
this by arranging the homes in a list from highest to lowest power consumption, and 
requesting that the home consuming the most power to manage first. 
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Fig. 2.3.2 Managed Load Profile 
 

3. Alternative Energy Evaluation  

3.1 Hydrogen Generation  
The University of South Alabama’s 5kW PEM fuel cell operates on natural gas and has 
an integrated steam reforming system.  The reformer consumes approximately 1.5 ft3/min 
of natural gas and produces approximately 3 ft3/min of hydrogen when operating at the 
rated capacity of 5kW.  In a micro-grid community of ten homes, the power capacity 
would be about 50kW.  Assuming a linear scale factor, the hydrogen production capacity 
of a 50 kW reformer system would be 150 ft3/min. 
 
Based on the actual residential data collected during Phase I of the project, it has been 
determined that the average daily power consumption of a typical residence is usually 
less than 5 kW.  There are periods during which loads reach or exceed 5kW, but they are 
typically confined to relatively brief periods of the day and are subject to considerable 
seasonal variations.  The possibility of utilizing the excess capacity of the fuel cell, both 
electrical and thermal, to generate hydrogen is being investigated. 
 
Assuming that the average load would be 2.5 kW per household, a 10-home micro-grid 
community would consume an average of 75ft3/min of hydrogen to produce 50kW of 
electrical power.  A surplus of 75ft3/min of hydrogen would be available for storage, 
provided that the reformer could be operated at full capacity. 
 



There are several technical challenges that will have to be overcome to make excess 
hydrogen production and storage feasible:   
 
A. The reformer must be able to operate independently of the fuel cell 
Operational experience with the 5kW fuel cell indicates that the reformer operates most 
efficiently when in a steady state.  The response of a reformer to step changes in 
electrical load is sluggish, due to the reaction kinetics of the multi-stage steam reforming 
reaction and the thermal load of the vessels in the reforming system.  If the PEM cell 
stack and reformer were separate systems, the reformer could continue to produce the 
maximum amount of hydrogen during times when the fuel cell is not operating at full 
load.  The cell stack would use hydrogen on electrical demand, while the reformer would 
continue to independently produce hydrogen at a constant rate. 
 
B. A cost effective means of hydrogen storage must be identified 
The hydrogen produced by a typical reformer is at or near atmospheric pressure.  
Hydrogen is a light fuel and must be stored at very high pressures (3000 – 5000 psig) to 
provide a useful capacity for power generation.  Hydrogen at 4600 psig in a modern 
composite tank has about a 3% mass fraction.  For example, a tank weighing 100 kg 
would contain 3 kg of hydrogen at 4600 psig.  The volume of 3 kg of high-pressure 
hydrogen at atmospheric pressure would be approximately 1270 ft3, or a sufficient 
quantity of hydrogen to operate a 50 kW fuel cell at full capacity for about 8 minutes.  
The volume of 1270 ft3 of hydrogen at 4600 psig would be approximately 4 ft3.   
 
Fortunately, in fixed installations, tank size and weight will not be a problem.  The major 
challenge is to efficiently achieve high storage densities.  Mechanical compression has an 
electrical efficiency of approximately 20%.  Liquification of hydrogen is technically 
challenging and requires about 79 kJ/mol.  This amounts to about 1/3 of the LHV (242 
kJ/mol) of hydrogen, which means that 33% of the available energy is consumed by the 
liquification process.  Metal hydride storage can achieve higher efficiencies and higher 
storage densities, but there are some material problems.  Thermal compression by 
adsorbing hydrogen in a metal hydride bed at a low temperature and desorbing the bed at 
a higher temperature has a relatively low efficiency, but may be an attractive use for the 
waste heat from the reformer.  There is currently some research in hydrogen storage with 
carbon nanotube materials that are capable of very dense concentrations at relatively low 
pressures.   
 
C. The hydrogen must be purified before storage 
The hydrogen stream from a reformer typically consists of about 40 mol% hydrogen and 
about 50 PPM of carbon monoxide, with nitrogen, carbon dioxide, water vapor, and 
methane making up the balance.  The carbon monoxide acts as a poison to the fuel cell 
catalytic membrane.  The nitrogen and carbon dioxide are inert diluents that must be 
removed prior to compression and storage.  The energy cost to compress gases that 
cannot be used to power the fuel cell will be prohibitive.  In addition, it is known that 
PEM fuel cell stacks operate for longer periods of time with fewer maintenance problems 
when supplied with pure hydrogen.   
 



There are a number of methods for hydrogen purification including permeable 
membranes, liquid stripping, and selective adsorption.  Each method has advantages and 
disadvantages in terms of energy cost. 
 
Figure 3.1.1 illustrates some of the issues that must be addressed for hydrogen 
purification.  Assuming that the fuel cell reformer can be separated from the fuel cell 
assembly and can be operated at full capacity at all times, a continuous stream of 
reformate would be available.  The reformate composition would be approximately 40 
mol% hydrogen, 20 mol% carbon dioxide, and 40 mol% nitrogen.  Using existing 
technology, such as zeolite-based molecular sieves, the water vapor, carbon dioxide, and 
nitrogen could be removed.  The resulting pure hydrogen stream would be compressed 
for use at a later time.   
 
As mentioned above, compression is the most technically challenging and energy 
expensive step in the process.  Storage of hydrogen for short-term use in a community 
fuel cell would not require high pressures.  It is possible that a pressure of a few hundred 
psi would be sufficient for this application.  Storage for automotive use would be more 
challenging, however.  In automotive storage tanks, pressures in excess of 5000 psi are 
not uncommon.  To achieve a pressure increase from atmospheric pressure at the 
reformer outlet to 5000 psi in the hydrogen storage vessel would require an appreciable 
fraction of the energy available from the hydrogen , either as heat or as electrical power. 
As with the thermal recovery strategy, selection of the actual hardware components will 
be affected by a number of site-specific design considerations.  These include the 
following: 
 

• Hydrogen delivery pressure required  
• Electrical demand profile (affects amount of  reformate available for 

purification) 
• Maximum mass flow rates of inlet and outlet feeds 
• Purification bed technology and sizing 
• Metalurgical considerations for high purity and high pressure 



 

Figure 3.1.1. Schematic of a hydrogen purifier. 
 
Capital Items would include: 
 

• Purification vessels 
• Hydrogen storage tank 
• Piping 
• Instrumentation 
• Compressor(s) 
 

Capital costs and installation costs would be amortized over the lifetime of the 
equipment.  A meaningful cost analysis should include the following: 
 

• Cost of system operation  
• Power required for compressor operation 
• Cost of molecular sieve beds 
• Maintenance costs 
• Fraction of hydrogen production from the reformer available for purification 

 
The design, construction, and operation of the system would be similar to a chemical 
processing facility.  The technologies to perform hydrogen production and purification 
exist, but it is difficult to say conclusively if the proposed system is cost effective in the 
proposed context. 
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3.2 Renewable Sources 
1. Solar Power 
The basic unit of a solar power system is the photovoltaic cell. The cell is usually 
rectangular or circular and made of doped silicon. The cells are connected in series to 
form a module of about 1 m2 and the modules are connected in series to form an array.  
Cells absorb energy from the sunlight, and convert it to dc electricity. Common 
properties of available systems are: 
 • The modules are hail-resistant and produce 100 watts DC power in full sunlight. 
• Array sizes are available consisting of 2 to 96 modules. 
• Arrays generate 1,200 to 9,600 watts of solar power in full sunlight. 
• Pre-engineered rooftop mounting systems can withstand up to 125 mph wind (50 
lbs/ft²). 
• A high reliability DC-AC inverter continuously converts solar DC current into common 
household AC current. 
• They easily mount above curved or flat tiles and also asphalt shingles. 
Solar arrays find application in satellites, remote communications and road signs. 
 
2. Wind Power 
Wind power has been in use for decades. These devices consist of a rotor, turbine blades, 
gear box, generator drive and a generator.  The turbine blades vary in length from 10 to 
40 m and can generate from 25 kW to 1.5 MW of output power. 

• Wind power costs as little as three to five cents per kilowatt hour. 
• The land used for wind turbines can also be used for other purposes such as grazing and 
farmland. 
• Wind plants can be built quickly to respond to electricity shortages. 
• The United States uses about 90 quadrillion BTUs of energy in a year. Most of this 
electricity is created from fossil fuels like coal, oil and natural gas. 
• Wind power provides less than half of one percent of the electricity for the U.S., but 
could provide much more. 
• There is enough wind and windy areas in the U.S. to produce three times as much 
electricity as the U.S. uses today. 
• U.S. winds could generate more electricity in 15 years than all of Saudi Arabia’s oil, 
without being depleted. 
• A 1.5 MW wind turbine can produce enough clean electricity for about 400 homes each 
year. 
• A 1.5 MW wind turbine is more than 328 feet tall at its tallest point  
• A 1.5 MW wind turbine weighs about 92 tons. 
• One blade from the 1.5 MW wind turbine is 112 feet long. 
 

3.3 Supercapacitors 
The supercapacitor as a supplementary source of energy 
The recent development and advances in electrochemical capacitor (ultracapacitors or 
supercapacitors) production makes it the most promising device to replace the batteries in 
fuel cells application. The distinctive features of this type of capacitor are high 

 



capacitance density (F/cm3) and low voltage as compared to traditional capacitors. The 
commercially available FCPPs come equipped with storage batteries connected in 
parallel with the DC bus. These batteries serve as a short period auxiliary power source to 
meet load demand that cannot be met by the FCPP, particularly during transient periods.  
 
Supercapacitors are a double layer capacitor, with two electrodes immersed in electrolyte. 
The electrodes are made of a large surface area of porous material with nano-diameter 
pores. Supercapacitors store energy through charges separation in the pores near the 
interface between the electrodes and the electrolyte. In [11] and [12], the authors 
demonstrated the advantages and disadvantage of supercapacitors and batteries.  Unlike 
batteries, which store the energy in form of chemical energy, the supercapacitors directly 
store energy in electrostatic way. Batteries charge and discharge involves chemical 
reaction and phase changes, which has a negative effect on the cycle life of batteries. 
Avoiding chemical reactions and phase changes gives the supercapacitors high degree of 
recyclability in the order of 105-106 times [12]. One major difference between batteries 
and supercapacitors is the electrons transfer during charging and discharging process. In 
batteries, electrons transfer occurs between the electrodes through the electrolyte. On the 
other hand, in supercapacitors energy stored electrostatically and no electron transfer 
occur between electrodes, which results in a short recharging time for supercapacitors 
compared to batteries. While supercapacitors have a high power density, the main 
disadvantage is the low energy density compared to batteries. In fuel cell residential 
application where the weight and size of capacitors are not restricted, the low energy 
problem can be solved using a stack of capacitors to provide the required energy density.  
Another disadvantage of supercapacitors is the rapid voltage change during charging and 
discharging periods compared to batteries [12]. 

 
Integration of the Supercapacitor with the fuel cell 
In [13] and [14], the supercapacitor is integrated with fuel cell via a dc-dc converter. The 
block diagram of the fuel cell and the supercapacitor and associated controls are shown in 
Fig. 3.3.1.  

1. The dc-dc converter converts the voltage of the supercapacitor to the dc bus 
voltage of 48 volts.  

2. The converter compensates for the decrease in supercapacitor voltage during the 
discharge period to guarantee a fixed DC bus voltage of 48 volts.  

3. The control circuit decides when to connect the supercapacitor (S3) to provide 
power to the load. 

4. The operation of the switches S1, S2 and S3 follow certain protocols which is 
described in the next section.  

 

 
 

Fig. 3.3.1 Integration of supercapacitor with the fuel cell 



 
 
Operation protocol of the supercapacitor and the control circuitry 
Fig. 3.3.1 shows the interconnection between the FCPP, the supercapacitor, the converter 
and the dc bus through a number of controlling switches.  The FCPP feeds dc to the 48 V 
dc bus through S4.  It also feeds dc power to the supercapacitor through S1.  The 
supercapacitor is connected to the dc converter through S2 and the converter feeds power 
at 48 V dc to the dc bus. Not shown in the block diagram are sensing, limiting and 
controlling circuits.  
The protocol governing switch operation can be explained as follows.  S4 is normally 
closed except for maintenance and intentional interruption of power.  Under normal 
operation, the FCPP will supply power to the load up to its load limit.  If the limit is 
exceeded (extra demand), the supercapacitor is turned on as a supplementary source of 
power to supply the short fall of load demand.  Switch S1 governs the charging of the 
supercapacitor from the FCPP.  S1 is controlled by a variety of sensing and limiting 
circuits.  The voltage limiting circuit opens S1 if the supercapacitor voltage reaches 48 V 
or the FCPP voltage deviates from 48±0.8V. Switches S2 and S3 are normally open.  
These switches close when the supercapacitor is called upon to supply supplementary 
power.  The controlling circuit for S2 and S3 is actually a current sensor in the S4 line 
that causes S2 and S3 to close when a certain limiting value of the dc bus current demand 
is exceeded.  S1, S2 and S3 cannot all be closed at the same time to avoid drawing 
charging power from the FCPP when the FCPP is operating at its maximum power 
output. 
 
Design of Supercapacitor Stack  
Survey of the literature indicates that for the set-up detailed in Fig. 3.3.1, the 
supercapacitor can deliver up to 80% of the energy stored in the capacitor to the load.  
The commercially available 5 kW, PEM FCPPs are capable of delivering 2.5 kW for 15 
minutes (1/4 hr) from the stand-by battery source provided with the FCPP.  This amounts 
to 625 W-hrs of energy.  If the batteries in such a unit were to be replaced by a 
supercapacitor stack the energy capacity of such a stack must have a minimum rating of 
625/0.8 = 781.25 W-hrs.   
The actual residential load profile, Fig. 3.3.2, of a 2500 sq. ft. house with all electric 
appliances occupied by 2 adults and 4 children, indicates that the demand exceeds the 5 
kW maximum of the available fuel cell for a maximum period of 15 minutes. The 
maximum load spikes are between 7 and 7.5 kW. The supercapacitor stack should 
therefore be able to provide a maximum of 3 kW for 15 minutes. In [12], the author 
provides typical performance characteristics of large supercapacitors. To design the 
required supercapacitor stack, supercapacitors rated 3.0 V, 4000 F are chosen.  Other 
parameters are: 1.25 mΩ resistance, 5.0 s RC time, 5.0 Wh/kg, 203 W/kg at 95% 
efficiency, and 1.0 kg weight.  Assuming a 48 V dc output of the FCPP, the stack will 
have multiple legs of 16 series connected supercapacitors per leg. The capacitance per leg 
will be 4000/16 = 250 F. The energy stored in a 48 V, 250 F capacitor is 80 W-hrs. The 
required energy for the residential load is 3000 x 0.25 = 750 W-hrs. To provide the 
required amount of energy, 10 legs of 16 supercapacitors per leg, should be connected in 



parallel, which provides a total capacitance of 2500 F, and energy of 800 W-hrs. The 
supercapacitor stack is shown in Fig. 3.3.3. 
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Fig. 3.3.2. Real power of residential load 

 
In the case of the micro-grid with 10 identical homes and a 50 kW FCPP, the question 
that arises is this: “Is it justified to extrapolate the 2.5 kW extra demand for 15 minutes of 
the 5 kW FCPP to the 50 kW FCPP?”  Linear extrapolation means an extra demand of 25 
kW for 15 minutes.  This appears to be particularly excessive.  In the absence of specific 
load profile and load factor information of the micro-grid, an assumption of 12.5 kW for 
a period of 15 minutes (3125 W-hrs.) seems appropriate. Under this assumption and 
using the stack design for 800 W-hrs., as indicated above, there will be 4 stacks of 800 
W-hrs each connected in parallel to meet the extra load demand.  

 
 
 

 
 

Fig. 3.3.3. Supercapacitor stack arrangement 
 



4. System Reliability 
The basic function of any power system is to supply customers with electrical energy as 
economically as possible and with an acceptable degree of reliability and quality. While 
satisfying this function, power system should also remain within a set of operational 
constraints. Some of these constraints relate directly to the quality of supply such as bus 
voltage variations (voltage sag, voltage swell, voltage transient, etc.), frequency 
variations and the amount of harmonic component in the system. Power system reliability 
assessment is, in general, made for two reasons; 1.)  Short-term reliability evaluation for 
daily operation decisions, and 2.) Long-term reliability evaluation for long-range system 
planning. For this reason, power system reliability assessment can be divided into two 
main phases, as shown in Fig. 4.1.    

 

Fig. 4.1. Basic aspects of power system reliability assessment. 

According to these definitions, as one would expect, the system adequacy assessment has 
a direct relationship with power quality, which can be illustrated as in Fig. 4.2.  

 

Fig. 4.2. The hierarchical levels of power quality, reliability and availability. 

Among the aforementioned disturbances, voltage sag, swell, harmonic distortion and 
interruptions are the most influential power quality problems, which should be worked 
out. Computer Business Equipment Manufacturers Association (CBMEA) developed a 
power acceptability curve to set the limits to the withstanding capabilities of computers. 
The curve quantifies the acceptability of supply power as a function of duration versus 



the disturbances of bus voltage magnitude. However, the CBMEA curve has become a 
common standard for all types of equipment and power systems performance 
measurement. This CBMEA curve has recently been updated by Information Technology 
Industry Council and renamed as ITIC curve, shown in Fig. 4.3.   

%10±

 

Fig. 4.3. ITIC voltage tolerance curve. 

Line to voltage rms magnitude versus duration scatter plot will be evaluated based on the 
ITIC curve for the monitoring period at grid-connected fuel cell (FC) house built in 
University of South Alabama. Another important power quality problem is harmonics 
distortions in supply waveform, which caused by non-linear elements in the system. 
Furthermore, the Total Harmonic Distortion (THD) at the FC house will be tested 
according to the 5% IEEE-519 limits.  

4.1 Reliability Modeling of Grid-Connected PEM Fuel Cell (PEMFC) Power Plants 

Since the considered power supply system consists of both PEMFC and Grid that supply 
residential loads (10 houses) through a transformer, the simple system reliability model 
can be depicted as in Fig. 4.1.1. 

 

Fig. 4.1.1. Reliability model of grid-connected FC system. 

The solution process of the proposed algorithm is as follows:  
 

i. Modeling of individual reliabilities of PEMFC and grid. 
ii. Determination of PEMFC and grid reliabilities, individually. 
iii. Calculation of entire system reliability by combining the step-ii reliabilities 

based on the Fig. 4.1.1 as follows : 



( ) ( )[ ] TrFCGridsys RRRR ⋅−⋅−−= 111                                   (4.1) 

Although the aforementioned solution process seems simple, the whole process in 
calculating the entire system reliability is quite complex. This is because of the fact that 
both FC and grid are subject to a number of different factors that affect system reliability. 
The reliability indices for grids such as failure rate, outage duration etc. vary for different 
time period due to weather conditions, power demands variety and random faults.  
Besides, FC power plants are subject to a number of possible outage and derated states 
due to partial or full failure of auxiliaries. Hence, it is essential to obtain the estimation of 
reliability under all environmental, operational and loading conditions. 

4.2 Reliability Modeling of PEMFC Power Plants 

FC power plants are subject to a number of possible outage and derated states due to 
partial or full failure of auxiliaries [15-18]. Derated state here means that the unit may not 
be able to develop full rated capacity for some reasons. Some FC failure modes are fuel 
quality deterioration, membranes drying out (insufficient humidification), overheating, 
passages clogging up with water, and freezing of water in humidification channels etc. In 
addition, after a certain operation time period, the mechanical parts could experience 
deformations like cracks, breakdowns and holes in radiator, pump and fan blades due to 
fatigue, wear-out and stresses, which may result in insufficient parameter control. 
Furthermore, electrical motor and/or electrical drives to control system parameters such 
as pump and fan speeds may malfunction as well due to failures in control circuits.  For 
these reason a number of components and auxiliaries in FC system may cause to partial 
or total system outage. In this case, general state-space model of the FC generating unit 
can be depicted as in Fig. 4.2.1, where λ  is failure rate and µ  is repair rate. In Fig. 4.2.1, 
while the indices ki ,,2,1=  represent the number of components that cause unit failure, 
the indices mj ,,2,1=  represent the number of components that affect derating level of 
the unit. 
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Fig. 4.2.1. The state-space model of the generating unit. 



In this section, some of the important auxiliaries and their effects on overall FC system 
performance are discussed. It should be useful to give here a PEMFC system block 
diagram as shown in Fig. 4.2.2. 

 

Fig. 4.2.2. PEMFC system block diagram. 

As shown in Fig.4.2.2, the FC system includes the FC stack, plus all the auxiliary 
equipment such as air compressors, pumps, humidification equipment, coolers and 
control electronics. During normal operation, the FC system components such as 
compressor, fans, pumps, motors, temperature and humidity sensors, relays, and other 
control electronics could contribute to a system failure or derated mode by different 
reasons such as ignition of any leaking hydrogen, material fatigues, wear outs, break 
downs, membrane drying out, overheating, and freezing of water in channels [18] etc. If 
any of the components go beyond its operating limits for some reasons, the output of 
them will be reduced by a factor. For instance, insufficient circulating coolant flow due to 
the failure of coolant water pump may cause the nominal output to be reduced. Certain 
other failures may cause either a reduction in nominal output power or total system 
outage. 
 
As a result, reliability modeling of PEMFC system is formed based on the failure modes 
of system auxiliary components. The failure and repair rates in the state-space generation 
model of a PEMFC are estimated based on the assumption that failure and repair rates of 
the components change with operation age of FC. The functional relationship between 
operational age of FC and state of health of auxiliary devices (failure modes) is estimated 
based on the fuzzy set theory and expert knowledge. It is assumed that possible wear out 
period (component failure or loss of performance period) starts after 5000 hours 
operation and continues to maintenance time, typically one year and this process is 
repeated at regular maintenance intervals with a difference that the repair times and the 
duration of maintenance increase at each cycle while state of health of the auxiliary 
components decreases. 



4.3 Development of Reliability Model for PEMFC 

Possible results of aforementioned auxiliary failures are considered here rather than 
failure modes itself to calculate the effects of performance reduction in FC sub-systems 
on overall FC performances. Let us assume that there are insufficiencies associated with 
FC sub-systems due to any reduction in their performance. Following sections discusses 
how overall FC system performance is affected, and then how they can be demonstrated 
as a FC generation model in terms of state-space representation in these cases. 
 
It should be useful to give here the PEMFC DC stack voltage with all irreversibilities, 
which is expressed as [19]  

ionconcentratactivationohmicopenstack VVVVV −−−= ,                     (4.2) 

where  
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0N   : Cell number 

0V  : Open cell voltage [V] 
0E  : Cell emf at STP (25oC and 1 atm) [V] 

0
fg∆  : Change in Gibbs free energy at STP 

R  : Universal gas constant [8.1345 J/mol/K]  
T  : Temperature of the FC stack [K] 
F  : Faraday’s constant [96485 C/mol] 

2Hp  : Hydrogen partial pressure [atm] 

OHp
2

 : Water partial pressure [atm] 

2Op  : Oxygen partial pressure [atm] 
α  : Charge transfer coefficient of the electrodes 

dcI  : Current of the FC stack [A] 

LimI  : Limiting current of FC stack [A] 

0I  : Exchange current density [A/cm2] 
c  : Empirical coefficient for concentration voltage 

The total stack power is defined as dcstack IVP ⋅=   



4.4 Cooling System  

Operating temperature of the FC will change by T∆  as shown in Eq. (4.4), if there is an 
insufficient cooling due to loss of performance in coolant system. 
 

TTT ∆+=              (4.4) 

where T  denotes the new  operating temperature. Augmentation in temperature leads to 
reduction in FC output voltage due to the fact that Gibbs free energy, which is a chemical 
energy and converted into electrical energy, changes inversely with temperature. This 
effect can simply be given by Eq. (4.5). 

VVV ∆−= stackstack              (4.5) 

The other effects of T∆ temperature change are as follow: i.) Resistive voltage loss, ohmicV  
tends to increase at higher temperature due to dry out mode of the FC stack. ii.) 
Activation voltage loss, activationV , will be increased as well due to the constant of 

F
RT
α2

 in 

the equation. ii.) The only decrease takes place at concentration voltage loss due to minus 
coefficient of 

F
RT
2

 in ionconsentratV  expression. However, % voltage loss reduction in ionconsentratV  

will be smaller than a percent voltage loss increase in activationV  due to coefficient α  that 
takes value between zero and one, generally 5.0=α .  Hence, a decrease of maximum 
power level will be observed for higher temperature as shown in Eq. (4.6). 

PPP ∆−=              (4.6) 

where dcIVP ⋅∆=∆ . As a consequence, due to temperature increase because of insufficient 
cooling, there is a certain reduction in power supplying capacity of FC, proved both 
theoretically and experimentally, is calculated as follow:  

[ ] 100100% ×=×
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P
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where CRP  is the percent reduction in power supplying capacity of FC due to in sufficient 
cooling. If FC coolant system is completely fails rather than partial failure or if its failure 
leads instability in FC operation with a following emergency stop function to shut of the 
system, then the system will be passed to off state. This phenomenon can be represented 
by a state-space model as shown in Fig. 4.4.1.  
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Fig. 4.4.1. The effect of cooling system failure on FC generation in terms of state-space 
representation. 

 



4.5 Humidification System 

PEMFCs are quite sensitive to the humidity of the reactant gases, and any excess liquid 
water from the humidification process that flows into the FC can reduce the output power 
capacity and possibly cause stack damage. The loss of performance is mainly caused by 
internal ohmic resistance increase resulted from drying-out of the membrane (insufficient 
humidification). In various studies, it is proved experimentally that after membrane dry-
out mode, the magnitude of the FC stack impedance is increased. This change can be 
expressed as 

RRR FCFC ∆+=               (4.8) 

However, the reduction level in FC output power is dependent upon the severity of 
insufficient humidification. The resistive voltage loss, ohmicV  increases in proportion to FC 
stack resistance, which leads output voltage reduction and accordingly power reduction. 
Another effect of insufficient humidification is on the partial pressure of the reactants. 
Since humid reactants are a mixture of dry gasses and vapor, dry partial pressure is the 
difference between total pressure and the vapor pressure, which is given as   

vTT ppp −=               (4.9) 

Since humidity ratio, φ  is expressed as the ratio of partial pressure of water vapor, vp  to 
saturation pressure, sp  then the vapor pressure, vp  can be written as 

sv pp ⋅= φ              (4.10) 

If Nernst voltage, openV  re-written in terms of total system pressure, Tp  
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where xw  ,  and y are the constants related to molar masses and concentrations of 2H , 

2O  and partial pressures are TH pwp ⋅=
2

, TO pxp ⋅=
2

, TOH pyp ⋅=
2

. 

 

As it can be seen from Eq. (4.11) that if the total system pressure, Tp   is reduced to Tp  as 
in Eq. (4.9), then the open circuit voltage and correspondingly output voltage will be 

reduced by ( )TT pp
F

RT
−ln

4
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Let us assume that HRP  is the percent reduction in power supplying capacity of FC due 
to insufficient humidification, then, the state-space model of this event can be represented 
as in Fig. 4.5.1. Possible stack failure due to lack of humidification is not considered in 
the model.  
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Fig. 4.5.1. The effect of humidification system failure on FC generation in terms of state-
space representation. 

4.6 The Hydrogen Circulating System 

For the PEMFC, the cell must be supplied by continuous fuel of hydrogen as pure as 
possible to provide energy output. As well as some mechanical wear outs and control 
malfunction, degeneration of pure hydrogen may be the cause of any possible reduction 
in state of health of hydrogen supply that leads to derated states of FC unit.   

 

Since hydrogen has a direct effect on the system output power, It is good to start from 
basic operation of the FC. We know that 

2
2 HwFQ ×= , where Q  is the charge and 

2Hw  is 

the amount of hydrogen in mol. Since tIQ ×= dc , then 
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= , then we get  

2
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where dcI  is the total stack current and 
2Hq is the molar hydrogen usage per second. If 

stack current is written in terms of total stack power, then we get 
stack

dc V
PI = .  Substituting 

this expression into Eq. (4.12) 

stack2
2 VqFP H ⋅⋅=            (4.13) 

It is evident from Eq. (4.13) that FC output power will decrease as much power as P∆  as 
in Eq. (4.14) if there is a 

2Hq∆ reduction in maximum designed level of pure hydrogen.  

stack2
2 VqFP H ⋅∆⋅=∆           (4.14) 

As a result, percent reduction in power supplying capacity of FC due to insufficient 
hydrogen usage can be calculated as follow:  
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The state-space model in Fig. 4.6.1 illustrates this event. 
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Fig. 4.6.1. The effect of hydrogen supply system failure on FC generation in terms of 
state-space representation. 

4.7 Air Circulating System 
The FC is supplied with air to complete the reaction. Indeed, the oxygen derived from air 
is used for reaction completion. The molar oxygen usage of the FC per second, 

2Oq  for a 
given power can then be computed as below by following the way, of which hydrogen 
usage is calculated.   

stack42 FV
PqO =             (4.16) 

This equation can easily be adopted to air usage by multiplying the 
2Oq with 21.0  since 

oxygen is available in the air mixture with the ratio of % 21 .  However, it is not practical 
to consume all oxygen amounts entering the FC stack. Hence, in real applications, the 
FCs are supplied with air more than enough, typically as much as twice [20]. For this 
reason, the blower and the compressor are sized so that the excess oxygen ratio γ  is 
equal to 2, where  

2

2

 of rate reacted
 of rate supplied
O
O

=γ            (4.17) 

Since oxygen is supplied more than reaction needs, system output will not be affected 
unless partial pressure of oxygen drops below a certain threshold value. If oxygen partial 
pressure falls below the critical level, FC will experience oxygen starvation event, which 
may cause to catastrophic membrane failure. Before the system reaches this jeopardous 
stage, an emergency stop function will either isolate the system from load or shut down 
the system. Hence, none of the failure mode in airflow circulation leads to any derated 
state but results in FC system failure or system will not be affected.  The state-space 
model in Fig. 4.7.1 demonstrates this event. 

iµ iλ

 

Fig. 4.7.1. The effect of oxygen supply system failure on FC generation in terms of state-
space representation. 

 



4.8 Energy Storage System 

The flow rate of hydrogen is controlled continuously in order to follow the electrical load 
variations. However depending upon FC system type, this flow rate adjustment can be 
achieved with a time delay, ranging from some microseconds to 30-seconds. For that 
reason, some type of energy storage is needed for fast transient response and meeting the 
peak load requirement.  

 

In this application, we considered super-capacitor as energy storage and contrary to 
batteries they can cycle hundreds of thousands of charges and discharges without 
performance degradation [11], [12], [21]. Therefore, we did not consider performance 
degradation of energy storage in the report. 

4.9 Other Components 

Other system components such as reformer stack, power conditioner and transformer can 
be considered to be essential components for the system power supply and it can be 
assumed that any of these component failures bring the system down state. However, 
stack performance has gradual performance deterioration rather than catastrophic failures. 
As the electrodes and electrolyte become older, FC output voltage, accordingly its power 
drops steadily with the time. This situation can be given as decline of voltage in units of 
mV/hour or percent power deterioration per hour. This is more important generally for 
stand-alone FC systems. 
 
 
 
 
4.10 Estimation of Transition Probabilities and Aging Effects 
It is assumed that system auxiliary components failure or performance loss take place 
after some time operation of FC, typically after 5000 hours. In other word, it is based on 
the assumption that the failure rate of the auxiliary component changes with age of the 
component. In this report, failure rates of the components increase with time until 
maintenance, and the failure rate dropped to its original value after maintenance. It is also 
assumed that maintenance is performed at regular intervals, and the repair times and the 
duration of maintenance increase when the components grow older.  

 

Another aspect we considered is that the state of health of the auxiliary components 
becomes worse in proportion to component aging. The principle plot of failure rate as a 
function of time is shown in Fig. 4.10.1.  



 

Fig. 4.10.1. Component failure rate versus time for regular maintenance periods. 

The relationship described above is estimated by Weibull model. The Weibull model is 
proving to be a practical tool for the modeling of aforementioned component aging [22]. 
The Weibull distribution and its failure rate are: 
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where Τ  is the component age (or time from last overhaul), β  is the shape factor which 
determines how the failure rate changes with equipment age (if 1<β  the failure rates 
decreases with age, if 1=β  the failure rate is independent of age, and if 1>β  the failure 
rate increases with age), and α  is characteristic time interval. Since FC technology is so 
young and there is no publicly available data associated with the failures of FC system, a 
fuzzy logic rule base system is formed based on the expert knowledge to determine the 
performance loss of system auxiliary. In this perspective, the rule format for non-healthy 
state level and associated membership functions are given as in Table 4.10.1 and Fig. 
4.10.2, respectively.   
 
Table 4.10.1 The general format of the rule for component state of health determination 
Antecedent Block  Consequent Block 
If input is [(component age) and (maintenance cycle) 
and (…)] Then Output is (State of health of 

component/Degree of failure severity) 

 

Fig. 4.10.2. FC system component aging model. 

4.11 Grid Reliability 

The failure and repair rates vary from time to time according to weather conditions since 
the power system faults and their repair time are related to environmental conditions. The 



data in ref [23] is used for grid reliability, which are derived by considering past data and 
expert knowledge. In the reference, the reliability variation is given versus weather 
temperature. These reliability data are obtained from past behavior of failure and repair 
rates. 

4.12 Reliability Calculation 

Normally the reliability of the system in Markov models is the summation of operating 
states probabilities as shown below: 

∑
=

=
n

i
iPR

1
,           (4.20) 

where iP  is a row vector and shows operating state probabilities. However, our concern is 
related to both up and derated states. If these states probabilities are grouped in the 
vector, then iP  is 

n
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m
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uu

i PPPPPPP ×++= 12121 ][         (4.21) 

where “ u ” represent the up states and “ d ” represent the derated states. Derated state 
means that the unit may not be able to develop full rated capacity. That’s why derated 
states probabilities must be reduced by a reduction factor appropriate to the deratings. Let 
us define a correction vector, iC  in order to take this effect into calculation.  

T
nni cccC ×= 121 ]111[                     (4.22) 

where %1 ii RPc −=  and %
iRP  is percent power reduction corresponding to each derated 

state.  
Hence, individual reliability of the system elements can be calculated by 

11 ][][ ×× ⋅= nini CPR            (4.23) 

Afterward, individual FC and grid reliabilities are combined to get whole system 
reliability using Eq. (4.1). 



4.13 Proposed Micro-Grid System 

Grid-Connected 50kW PEMFC power supply system that provides 10 houses with 
electric energy is considered. There are two basic distribution network configurations for 
the considered micro-grid, which are radial and ring network structures as shown in Fig. 
4.13.1. 

 
(a) 

 
(b) 

Fig. 4.13.1 Possible micro-grid configurations (a) radial feeding design (b) ring network 

Operational security is relatively low in distribution networks with radial feeding design. 
However, distribution network security can significantly be enhanced with ring network 
structure whose usage is growing mostly in city centers. While the configuration in Fig. 
4.13.1(a) is the most economical one, Fig. 4.13.1(b) is the most reliable one.  
 
Consequently, complete reliability model of the micro-grid system for radial and ring 
feeding design can be depicted as in Fig. 4.13.2 (a) and (b) respectively. In the model, the 
overlapping possibility of two or more failure is neglected. 

 

 



 

(a) 

 

(b) 
Fig. 4.13.2. Reliability model of micro-grid system design (a) radial feeding design (b) 

ring feeding design. 

4.14 Simulation Results 

The simulation studies have been conducted to cover different aspects of the system 
operation.  The simulation of grid reliability variations for multiple weather conditions 
based on temperature is calculated in Ref [18]. Reliability variation of the grid versus 
weather temperature is given in Fig. 4.14.1 by an increased number of temperature levels. 
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Fig. 4.14.1. Reliability variation of grid versus weather temperature. 



The simulation of FC reliability variations using proposed approach is carried out for 
different operation of lifetime, as shown in Fig. 4.14.2. In Fig. 4.14.2, FC degradation 
and energy storage capacity is not considered. While instantaneous FC reliability for ten 
years operation period is given respectively from bottom to top in Fig. 4.14.2(a), steady-
state reliability variation of FC versus year is given in Fig. 4.14.2(b). 
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                                   (a)                                                                   (b) 

Fig. 4.14.2. Reliability variation of FC, (a) instantaneous FC reliability for 1,2, … , 10 
years (from upper to lower lines respectively) (b) reliability variation of the FC versus 

year. 

Stand-alone FC system reliability with the consideration of %0.5 kW degradation per 
1000-hour and 16 kWh super-capacitor bank is given for the peak loads of 55 kW and 
below as shown in Fig. 4.14.3.  
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                                   (a)                 (b) 

Fig. 4.14.3. Reliability variation of FC, (a) instantaneous FC reliability for 1,2, … , 10 
years (from upper to lower lines respectively) (b) reliability variation of the FC versus 

year. 



Stand-alone FC system reliability with the consideration of %0.5 kW degradation per 
1000-hour and 16 kWh super-capacitor bank is given for the peak loads of 60 kW as 
shown in Fig. 4.14.4. 
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(c) 

Fig. 4.14.4. Reliability variation of FC, (a) instantaneous FC reliability for 1 to 5 years, 
(b) 6 to 10 years (from upper to lower lines respectively) (c) reliability variation of the 

FC versus year (solid line: first 5 year period, dashed line second: 5 year period). 

Similarly, Fig. 4.14.5 (a) & (b) shows the FC steady-state reliability variations for the 
peak load of 65 and 70 kW over ten year period, respectively.  
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                                   (a)               (b) 

Fig. 4.14.5. Steady-State reliability variation of FC, (a) for the peak load of 65 kW (b) for 
the peak load of 70 kW (solid line: first 5 year period, dashed line: second 5 year period). 

Entire system reliability variation versus weather temperature is shown in Fig. 4.14.6 for 
different default value of transformer reliability and operation age, which is obtained by 
combining the FC, grid and transformer reliabilities.  
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                                  (a)                 (b) 

Fig. 4.14.6. Reliability variation of System versus weather temperature for (a) 
transformer reliabilities of 0.9998, 0.99985, 0.9999 (respectively from bottom to top) (b) 
1, 5 and 10 years of operation (respectively from top to bottom) in case transformer 
reliability is 0.9999. 

It is evident from Fig. 4.14.6 that while the negative impact of weather temperature on 
grid reliability is almost vanished due to parallel connection of FC, negative impact of FC 
aging is almost disappeared due to grid connection. At first glance, it is seemed that there 
is still considerable weather temperature and aging effect on system reliability. This is 
due to very small range of y  (reliability) axes, i.e. ( )99990  to99980 ..  for Fig. 4.13.6(a), 
and (0.99975 to 0.9999) for Fig. 4.14.6(b). Indeed, the aforementioned effects on system 
reliability variation are very near to zero, around 10-5 rank.    



 
If we considered the load bus reliability instead of entire system, the availability of the 
bus would be 0.999868715 for the worst case, and 0.999999895 for the best case. This 
means that unavailability of load bus will be within the annual interruption time of 1.15 
hour to 3.31 seconds, which is an excellent service availability level.  

4.15 Conclusion 

In this report, reliability analysis of Grid-Connected PEM Fuel Cell Power Plants is 
developed based on the Markov-Chains. The result of multiple weather reliability 
calculation given by Fig. 4.14.6 reveals the effects of weather conditions on grid 
reliability. It confirms that the major impact takes place during low temperature level. As 
for the aging effects on PEMFC, reliability of FC drops steadily with time as the 
components age. However, in grid-connected system, the negative impacts of mentioned 
factors are almost vanished. 

 
Significant amount of unavailability of fuel cell system is due to lacking of generation 
capacity, which is resulted mostly from stack and battery degradation. However, this 
negative impact can be minimized by establishing smart energy management control 
system (SEMCS) in stand-alone FCPPs, which delays the load, starting from the least 
important load until energy demand is equal to generation capacity. So, FC reliability can 
considerably be improved by utilizing the SEMCS in FCPPs, which increases the 
competitiveness and market value of the stand-alone FCPP. In addition, super-capacitor 
banks can be used as an energy storage device in order to compensate the degradation of 
FC.  

With the methods presented here, it is possible to schedule a maintenance plan like 
energy storage replacement schedule (if battery is used instead of super-capacitors). 
Furthermore, bipolar plates and membrane electrode assemblies can be renewed in order 
to lengthen the lifetime of FC. The schedule for this replacement can be decided yet again 
with the aid of presented approach. In this report, it is assumed that bipolar plates and 
membrane electrode assemblies are renewed after five years operation.  

 
5. Micro-Grid Simulation 
 
5.1 Local and Micro-grid Energy Management Systems (LEMSYS and MEMSYS)  
The algorithm for management of a micro-grid based community uses a novel approach. 
 The algorithm is very simple, and its simplicity is what makes it such an elegant 
solution.  The approach used is called the "Greedy Home Management Algorithm” and 
the algorithm is as follows: 
 

a) All LEMSYS report power usage to MEMSYS 
b) MEMSYS sorts power usage in homes from high to low based on the 

percentage each home is over their current management setpoint 



c) If total power usage  approaches maximum power level, MEMSYS sends 
a command to manage to LEMSYS at top of list 

d) GOTO a. 
 

Example: 
Five homes are connected to a common grid.  It's 9:00 am.  At 9:00 am, MEMSYS 
decides that the following set points are to be used by the LEMSYSs: 
 
Home 1 = 8000 watts 
Home 2 = 5000 watts 
Home 3 = 4500 watts 
Home 4 = 3500 watts 
Home 5 = 6000 watts 
 
At 9:10am, the power usage approaches a crisis level, so MEMSYS evaluates the current 
usage of all homes, sorting them by the amount (if any) that the homes are over their 
budget, as a percentage of their budget: 
 
Home 4 = 5000 watts = 43% over budget 
Home 2 = 5500 watts = 10% over budget 
Home 5 = 6300 watts = 5% over budget 
Home 3 = 4600 watts = 2.2% over budget 
Home 1 = 6000 watts = 25% under budget 
 
So a command is sent to Home 4 to manage loads.  MEMSYS returns to point 1 to 
reevaluate the current load state.  This eliminates too many homes managing loads, 
reducing convenience level in homes that may be over budget, but aren't causing a crisis 
in the power grid.  Home 4 may eliminate a significant load, restoring the grid to a 
nominal state.  If Home 4 eliminates a load that puts it below the home that is second in 
the "over budget home list", then the list is reordered and now Home 2 is at the top 
of the list.  If the power level is still at a critical level, then Home 2 is now asked to 
manage its list of loads.  This process continues indefinitely. In year two, all homes are 
given a 5000 watt setpoint by MEMSYS, but this could be a dynamic setpoint.  Year 
three will further refine this algorithm into a dynamic variable. 
 
5.2 DAQ Simulation 
The DAQ simulation is implemented as a C++ console application.  The program is 
implemented to accommodate various home configurations as well as many different power 
consumption scenarios.  The program first reads a configuration file which lists all of the 
power consuming devices in the home.  The file contains the name of the appliance, the DAQ 
channel to which that appliance is assigned, whether or not run time must be maintained, and 
the power conversion factor.  The latter being a specification of the multiplier to be applied 
to the simulated load to convert it to a voltage level which can be understood by LEMSYS.  
This conversion factor will depend on the range of the current reading device. 
After the home configuration is established, a second, user-specified file is read which 
contains the performance profile for the home being simulated.  This file contains a list of 



devices that are to be turned on/off.  The information contained in this file includes the 
device ID, the time the device is to be turned on, and the length of time the device will 
remain on.  The program will cycle through this file until execution is terminated.  A measure 
of randomness is introduced in the course of execution of the program.  Before each pass 
through the file, the data contained therein is adjusted using a random function seeded off the 
clock.  The original data is maintained and the randomizing factors are always applied to the 
original values to prevent excessive drift.  Properties adjusted include the starting time, the 
total running time, and the average load drawn by the device.  Any of these parameters may 
be adjusted by +/- 15%.  In addition, a small fluctuation in power usage is built in, about 5%, 
which is applied during the course of each pass to simulation minor power fluctuations which 
would normally be expected. 
 
The process is designed to send power consumption information to LEMSYS at 
approximately 3 to 4 second intervals.  This is roughly the same amount of time required to 
read the actual data in the laboratory home.  This is passed as a message to LEMSYS for 
further processing. LEMSYS will send instructions to the simulator indicating any appliances 
that are to be turned on/off as a result of user interaction with the GUI or actions resulting 
from power management decisions made by LEMSYS.  In cases where appliances are being 
managed, the simulation will stop the timer associated with each appliance so that the full 
runtime for that appliance will ultimately be realized.   Not all appliances should be 
extended.  For example, the dishwasher requires a fixed amount of time to wash dishes.  If 
the dishwasher is turned off due to a management decision, the full run time must occur 
when power is restored.  On the other hand, a management decision causing a light to be 
turned off would not require that the system keep track of the time the light is off.  Any 
appliance turned on by LEMSYS that is not specified in the file will be permitted to run until 
turned off by LEMSYS. 
 
5.3 Hardware Simulation 
The hardware simulation is divided into two different simulation tasks; steady-state 
simulation, and transient simulation. Accordingly, two models have been developed to 
study operational performance under steady-state and transient conditions. 

 
5.3.1 Steady-State Simulation 
In Year I, a steady-state model of a Proton Exchange Membrane (PEM) fuel cell stack 
was developed using MATLAB. A theoretical 5-kW FCPP was designed using 
characteristic curves obtained from model simulations. The same design is adjusted to 
provide a 50-kW FCPP. It consists of 100 individual stacks, connected in series, each 
with a membrane area of 1000 cm2. Each stack supplies 100 A at 0.55 V. Hence, 100 
stacks in series will nominally supply 1000 A at 55 V or 55kW of power. Losses up to 5 
kW in the DC/DC converter and the inverter are assumed. The steady-state model of the 
50-kW FCPP is simulated, and the results are shown in Appendix A. The efficiency and 
consumption of hydrogen and natural gas versus power were obtained from the model, 
using the design parameters chosen. A consumption rate of 13 ft3/min of natural gas was 
obtained from the theoretical design, operating at a nominal 50-kW load output. 

 
 



5.3.2 Transient Simulation 
Also in Year I, a transient model of a 5-kW PEM FCC was developed. The model 
included the methanol reformer, the PEM stack and the power conditioning unit.  The 
same model is adjusted to provide a 50-kW FCPP. The transient model is then used to 
predict the output voltage and study the transient response of a PEM FCC when subjected 
to step changes in a residential load connected to it. The results, shown in Appendix B, 
show the fast response capabilities of the PEM power plant in following changes in the 
load.  
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APPENDIX A 
 

STEADY-STATE MODEL AND SIMULATION 



The following is a listing of a MATLAB steady-state model of the 50-kW PEM fuel cell. 
 
% PEM FUEL CELL MODEL (50KW) 
clear; 
clf; 
R = 8.3145;  
F = 96485;   % Faraday's constant 
Mm_H2 = 2.02*(10^-3); % Molar mass of Hydrogrn in kg/mol 
Mm_H2O = 18.02*(10^-3); % Molar mass of Water in kg/mol 
 
Tk = 353.15;   
Tc = Tk-273.15;  % Temperature in celcius 
 
P_Air = 3.0;  % (in atm) range 0.60 - 3.00 
P_Hyd = 3.0;  % (in atm) range 0.60 - 3.00 
 
A_cell = 1000;  % Area of the cell (square cm) 
Alpha = 0.5;  % Charge transfer coefficient 
 
N_cells = 100;  % Number of cells 
UF = 0.8014;  % Fuel utilization factor 
 
Gf_Vap = -228610;  % Gibbs function in vapor form 
Gf_Liq = -238610;  % Gibbs function in liquid form 
 
E_LHV = 1.25;  % Fuel cell voltage at Lower Heating Value 
E_HHV = 1.48;  % Fuel cell voltage at Higher Heating Value 
 
% Sample-1 
r = 0.191; 
i0 = (10^-6.912); 
b = 0.06; 
A1 = 0.085; 
k = 1.1; 
Bt = 1.148; 
 
% Initialize output vectors 
Out_i               = []; 
Out_V_out           = []; 
Out_P_stack         = []; 
Out_Hyd_usage       = []; 
Out_Methane_usage   = []; 
Out_Eff_HHV         = []; 
Out_Water_Prod      = []; 
Out_Heat_rate       = []; 
 
loop = 1; 
i = 0;   % Current density 
for N = 0:15000 
    i = i+0.0001; 
 
    % Calculation of partial pressures 
    % Calculation of saturation pressure of water 
    expt = -2.1794+0.02953*Tc-9.1837*(10^-5)*Tc*Tc+1.4454*(10^-
7)*Tc*Tc*Tc; 
    P_sat_H2O = (10^expt); 



     
    % Calculation of partial pressures of Oxygen and Hydrogen 
    PP_Oxy = P_Air/(exp(4.192*i/(Tk^1.334)))-P_sat_H2O; 
    PP_Hyd = 0.5*((P_Hyd)/(exp(1.653*i/(Tk^1.334)))-P_sat_H2O); 
     
    % Calculation of polarizations 
    % Calculation of activation voltage losses 
    V_act = -b*log10(i/i0); 
     
    % Calculation of ohmic losses 
    V_ohmic = -(i*r); 
     
    % Calculation of Nernst voltage 
    E_nernst = -Gf_Liq/(2*F)-
((R*Tk)*log(P_sat_H2O/(PP_Hyd*(PP_Oxy)^0.5)))/(2*F); 
     
    % Calculation of mass transport losses 
    term = (1.5-(Bt*i)); 
     
    if term > 0  
       V_add = A1*(i^k)*log(term); 
    else 
       V_add = 0; 
    end 
     
    % calculation of output voltage 
    V_out = E_nernst+V_ohmic+V_act+V_add; 
    if term < 0 
       V_out = 0; 
    end 
     
    if V_out < 0 
       V_out = 0; 
       break 
    end 
     
    % Calculation of power 
    P_stack = N_cells*(V_out*(i*A_cell)); 
     
    % Calculation of Hydrogyn usage for N_cells 
    if V_out <=0 
       Hyd_usage = 0; 
    else 
       Hyd_usage = (P_stack)/(2*V_out*F); 
    end 
     
    % Calculation of Methane consumption 
    if V_out <=0 
       Methane_usage = 0; 
    else 
       Methane_usage = (Hyd_usage)/(2.02); 
    end 
     
    % Calculation of efficiency (HHV) 
    if V_out <= 0 
       Eff_HHV = 0; 
    else 



       Eff_HHV = (UF*V_out*100)/(E_HHV); 
    end  
     
    % Calculation of water production 
    if V_out <= 0 
       Water_Prod = 0; 
    else 
       Water_Prod = (Mm_H2O*P_stack*3600000)/(9000*V_out*F); 
    end 
     
    % Calculation of heat loss 
    if V_out <= 0 
       Heat_rate = 0; 
    else 
       Heat_rate = i*100*(E_HHV-V_out)/A_cell; 
    end 
 
    % Save calculated values in the output vectors 
    Out_i               = [Out_i; i]; 
    Out_V_out           = [Out_V_out; V_out]; 
    Out_P_stack         = [Out_P_stack; P_stack]; 
    Out_Hyd_usage       = [Out_Hyd_usage; Hyd_usage]; 
    Out_Methane_usage   = [Out_Methane_usage; Methane_usage]; 
    Out_Eff_HHV         = [Out_Eff_HHV; Eff_HHV]; 
    Out_Water_Prod      = [Out_Water_Prod; Water_Prod]; 
    Out_Heat_rate       = [Out_Heat_rate; Heat_rate]; 
 
end 
 
% Plot otained results 
figure(1) 
plot(Out_i , Out_V_out , '-') 
title('Polarization Curve at T_fc = 353 deg K') 
xlabel('Current Desity [A/sq cm]') 
ylabel('Ouput Voltage [Volts]') 
grid on 
     
figure(2) 
plot(Out_i , Out_P_stack , '-') 
title('Output Power vs Current Density at T_fc = 353 deg K') 
xlabel('Current Density [A/sq cm]') 
ylabel('Power [Watts]') 
grid on 
 
figure(3) 
plot(Out_P_stack , Out_Hyd_usage , '-') 
title('Hydrogen Consumption vs Power Demand at T_fc = 353 deg K') 
xlabel('Power Demand [Watts]') 
ylabel('Hydrogen Consumption [mol/sec]') 
grid on 
 
figure(4) 
plot(Out_P_stack , Out_Methane_usage , '-') 
title('Methane Consumption vs Power Demand at T_fc = 353 deg K') 
xlabel('Power Demand [Watts]') 
ylabel('Methane Consumption [mol/sec]') 
grid on 



 
figure(5) 
plot(Out_i , Out_Eff_HHV , '-') 
title('Fuel Cell Efficiency at HHV T_fc = 353 deg K') 
xlabel('Current Density [A/sq cm]') 
ylabel('Efficiency %') 
grid on 
 
figure(6) 
plot(Out_P_stack , Out_Water_Prod , '-') 
title('Water Production vs Power Demand at T_fc = 353 deg K') 
xlabel('Power Demand [Watts]') 
ylabel('Water Production [gal/hr]') 
grid on 
 
figure(7) 
plot(Out_P_stack , Out_Heat_rate , '-') 
title('Heat Losses vs Power Demand at T_fc = 353 deg K') 
xlabel('Power Demand [Watts]') 
ylabel('Heat Loss [Watts]') 
grid on 
 



 
The 50-kW PEM fuel cell MATLAB model is run, and several characteristic curves are 
obtained and shown below. The output DC voltage (volts) of one stack versus current 
density (A/sq cm) is shown in Fig. A1.  Operating at a current density of 1 A/sq cm (total 
1000 A) will result in about 0.55 volts per stack, which produces a total of 55 volts for all 
stacks.  
 

 
Fig. A1  Output Voltage vs. Current Density. 

 



 
The output power (watts) of all stacks versus current density (A/sq cm) is shown in Fig. 
A2.  Operating at a current density of 1 A/sq cm (total 1000 A) will result in a total of 
about 55 kW for all stacks.  
 

 
Fig. A2  Output Power vs. Current Density 

 



 
The hydrogen consumption (mol/sec) of the fuel cell versus power demand (watts) is 
shown in Fig. A3.  Operating at a power demand of 55 kW will result in a hydrogen 
consumption of about 0.5 mol/sec.  
 

 
Fig. A3  Hydrogen Consumption vs. Power Demand 

 



 
The methane consumption (mol/sec) of the fuel cell versus power demand (watts) is 
shown in Fig. A4.  Operating at a power demand of 55 kW will result in a methane 
consumption of about 0.25 mol/sec.  
 

 
Fig. A4  Methane Consumption vs. Power Demand 

 



 
The fuel cell efficiency versus current density (A/sq cm) is shown in Fig. A5.  Operating 
at a current density of 1 A/sq cm (total 1000 A) will result in an efficiency of about 30%.  
 

 
Fig. A5  Fuel Cell Efficiency vs. Current Density 

 
 



 
The water production (gal/hr) of the fuel cell versus power demand (watts) is shown in 
Fig. A6.  Operating at a power demand of 55 kW will result in a water production of 
about 7 gal/hr.  
 

 
Fig. A6  Water Production vs. Power Demand 

 



 
The heat loss (watts) of the fuel cell versus power demand (watts) is shown in Fig. A7.  
Operating at a power demand of 55 kW will result in a heat loss of about 0.08 watts.  
 

 
Fig. A7  Heat Losses vs. Power Demand 

 



 
 
 
 
 
 
 
 
 
 

APPENDIX B 
 

TRANSIENT MODEL AND SIMULATION 



The following is a listing of a MATLAB transient model of the 50-kW PEM fuel cell 
including the methanol reformer, the PEM stack and the power conditioning unit.  
 
% A Dynamic Model for a Stand-Alone 50KW PEM Fuel Cell Power Plant for  
% Residential Applications. 
 
clear; 
clf; 
 
% Parameters used in the model  
Tmp = 343; 
F = 96484600; 
F1= 96484.6; 
R = 8314.47; 
E0 = 0.6; 
E = E0; 
N0 = 88; 
Vbase = N0*E0; 
Sbase = 50000; 
Zbase = Vbase^2/Sbase; 
kr = N0/(4*F); 
kH2 = 0.0000422; 
kH2O = 0.000007716; 
kO2 = 0.0000211; 
tH2 = 3.37; 
tH2O = 18.418; 
tO2 = 6.74; 
Rint = (0.00303*N0/Zbase)/10; 
rH_O = 1.168; 
Time = 0.0; 
DTime = 0.0005; 
CV = 2; 
t1 = 2; 
t2 = 2; 
t3 = t1; 
k3 = t1/(2*CV*t2); 
U = 0.8; 
B = 0.04777; 
C = 0.0136/10; 
pi = 4*atan(1.0); 
k5 = 10; 
k6 = 10; 
k7 = 0.1; 
k8 = 0.2; 
Vs = 1.0; 
Xt = (0.05/Zbase)/10; 
Ql = 0.6; 
Pl = 0.8; 
Vr = 1.0; 
Pr = 0.01; 
 
% Initialize state space matrix and vectors  
A = zeros(8,8); 
b = zeros(8,1); 
x = 0.000001 * ones(8,1); 
 



% Initialize Vfc and Vac 
Vfc = N0*E0/Vbase; % Vfc = 1 
Vac = 1; 
 
% Initialize time and output vectors 
Out_Time = []; 
Out_Pl   = []; 
Out_Ifc  = []; 
Out_Vfc  = []; 
Out_Pac  = []; 
Out_x1   = []; 
Out_x2   = []; 
Out_x3   = []; 
Out_x4   = []; 
Out_x5   = []; 
Out_x6   = []; 
Out_x7   = []; 
Out_x8   = []; 
 
kk = 0; 
 
for k=0:240000 
% Generate input Pl 
 if  (k <  40000) Pl = 0.8; 
 elseif (k <  80000) Pl = 1.0; 
 elseif (k < 120000) Pl = 0.5; 
 elseif (k < 160000) Pl = 0.9; 
 elseif (k < 200000) Pl = 0.3; 
 else    Pl = 1.0; 
 end 
 
% Display input Pl when it changes 
 if  (k ==  00000)    Pl, Time 
      elseif (k ==  40000)    Pl, Time 
 elseif (k ==  80000) Pl, Time 
 elseif (k == 120000) Pl, Time 
 elseif (k == 160000) Pl, Time 
 elseif (k == 200000) Pl, Time 
 end 
% Calculate Pac, It, and Theta 
 Sl=(Pl^2+Ql^2)^0.5; 
 Pac = Vac*Vs*sin(x(7))/Xt; 
 It = Sl/Vs; 
 Theta = atan(Ql/Pl); 
 
% Calculate coefficients of state space matrix A  
 A(1,1)= -1/tH2; 
 A(1,4)= 1/(tH2*kH2); 
 A(1,8)= -2*It*cos(Theta+x(7))*kr/(tH2*kH2); 
 A(2,2)= -1/tH2O; 
 A(2,8)= 2*It*cos(Theta+x(7))*kr/(tH2O*kH2O); 
 A(3,3)= -1/tO2; 
 A(3,4)= 1/(rH_O*kO2*tO2); 
 A(3,8)= -It*cos(Theta+x(7))*kr/(tO2*kO2); 
 A(4,5)= 1; 
 A(5,4)= -1/(t1*t2); 
 A(5,5)= -(t1+t2)/(t1*t2); 



 A(5,6)= CV/(t1*t2); 
 A(6,4)= -k3/t3; 
 A(6,5)= -k3; 
 A(6,8)= -(k3*It*cos(Theta+x(7))*N0/(2*F1*U))*(k7*Vfc/(1+k8*Vfc)-
1/t3); 
 A1 = 1+k6*Vfc*x(8)/Xt; 
 A(7,7)= -k6*Vfc*(k7*Vr-k7*Vfc*x(8))/(Xt*A1*(1+k8*Vfc)); 
 A(8,8)= -k7*Vfc/(1+k8*Vfc); 
 
% Calculate coefficients of input vector b  
 b(6)= k3*k7*Vr*It*cos(Theta+x(7))*N0/(2*F1*U*(1+k8*Vfc)); 
 b(7)= k5*(Pr-Pac+Pl)/A1; 
 b(8)= k7*Vr/(1+k8*Vfc); 
 
% Calculate x(k+1) = DTime * (A * x(k) + b(k)) + x(k)  
 x = DTime*((A*x)+b)+x; 
 
% Check validity of calculated x(k+1)  
 if ((x(1) <= 0.0) | (x(2) <= 0.0) | (x(3) <= 0.0))  
  'Error: log argument is zero or negative', x, A, b 
 end 
 
% Calculate Ifc, E, Vfc, and Vac  
 Ifc = x(8)*It*cos(Theta+x(7)); 
 E = N0*(E0+R*Tmp/(2*F)*log(x(1)*x(3)^0.5/x(2)))/Vbase; 
 Vfc = (E-Ifc*Rint-B*log(C*Ifc)); 
 Vac = x(8)*Vfc; 
 
% Save one point for every 8 loops  
 if (k == kk)  
  Out_Time = [Out_Time; Time]; 
  Out_Pl   = [Out_Pl; Pl]; 
  Out_Ifc  = [Out_Ifc; Ifc]; 
  Out_Vfc  = [Out_Vfc; Vfc]; 
  Out_Pac  = [Out_Pac; Pac]; 
  Out_x1   = [Out_x1; x(1)]; 
  Out_x2   = [Out_x2; x(2)]; 
  Out_x3   = [Out_x3; x(3)]; 
  Out_x4   = [Out_x4; x(4)]; 
  Out_x5   = [Out_x5; x(5)]; 
  Out_x6   = [Out_x6; x(6)]; 
  Out_x7   = [Out_x7; x(7)]; 
  Out_x8   = [Out_x8; x(8)]; 
  kk = kk + 8; 
 end 
 Time = Time + DTime; 
end 
 
% Plot obtained results 
 
figure(1) 
plot(Out_Time,Out_Pl,'-') 
axis ([0 120 0 1.2]) 
title('Load step changes') 
xlabel('Time [s]') 
ylabel('Load [p.u.]') 
grid on 



 
figure(2) 
plot(Out_Time,Out_Ifc,'-') 
axis ([0 120 0 1.0]) 
title('Fuel cell DC output current') 
xlabel('Time [s]') 
ylabel('Current [p.u.]') 
grid on 
 
figure(3) 
plot(Out_Time,Out_Vfc,'-') 
axis ([0 120 0 1.5]) 
title('Fuel cell DC output voltage') 
xlabel('Time [s]') 
ylabel('Voltage [p.u.]') 
grid on 
 
figure(4) 
plot(Out_Time,Out_Pac,'-') 
axis ([0 120 0 1.2]) 
title('AC output power') 
xlabel('Time [s]') 
ylabel('Power [p.u.]') 
grid on 
 
figure(5) 
plot(Out_Time,Out_x1,'-') 
axis ([0 120 0 14]) 
title('Hydrogen Pressure') 
xlabel('Time [s]') 
ylabel('Hydrogen Pressure [atm]') 
grid on 
 
figure(6) 
plot(Out_Time,Out_x2,'-') 
axis ([0 120 0 0.055]) 
title('Oxygen Pressure') 
xlabel('Time [s]') 
ylabel('Oxygen Pressure [atm]') 
grid on 
 
figure(7) 
plot(Out_Time,Out_x3,'-') 
axis ([0 120 0 22]) 
title('Water Pressure') 
xlabel('Time [s]') 
ylabel('Water Pressure [atm]') 
grid on 
 
figure(8) 
plot(Out_Time,Out_x4,'-') 
axis ([0 120 0 0.0006]) 
title('Hydrogen flow rate') 
xlabel('Time [s]') 
ylabel('Hydrogen flow rate [kmol/s]') 
grid on 
 



figure(9) 
plot(Out_Time,Out_x6,'-') 
axis ([0 120 0 0.00030]) 
title('Methanol flow rate') 
xlabel('Time [s]') 
ylabel('Methanol flow rate [kmol/s]') 
grid on 
 
figure(10) 
plot(Out_Time,180*Out_x7/pi,'-') 
axis ([0 120 0 10]) 
title('Phase angle of AC voltage') 
xlabel('Time [s]') 
ylabel('Phase angle Delta [deg]') 
grid on 
 
figure(11) 
plot(Out_Time,Out_x8,'-') 
axis ([0 120 0 1.1]) 
title('Modulation index of the inverter') 
xlabel('Time [s]') 
ylabel('Inverter modulation index m') 
grid on 
 
figure(12) 
plot(Out_Time,Out_x8.*Out_Vfc,'-') 
axis ([0 120 0 1.3]) 
title('AC output voltage') 
xlabel('Time [s]') 
ylabel('Voltage [p.u.]') 
grid on 
 
 
 



 
The 50-kW PEM fuel cell including the methanol reformer, the PEM stack and the power 
conditioning unit MATLAB model is run, and subjected to step changes in a residential 
load connected to it. The input load step changes (per unit, p.u.) versus time (sec) are 
shown in Fig. B1. The transient responses of several model quantities are shown in 
subsequent figures. Note that responses during the first 18 sec should be ignored since the 
model starts with zero initial conditions. In addition, the results show the fast response 
capabilities of the PEM FCPP in following changes in the load. 
 

 
Fig. B1  Input Load Step Changes vs. Time 

 



 
The output DC current of the fuel cell (p.u.) versus time (sec) is shown in Fig. B2. 
 

 
Fig. B2  Fuel Cell DC Output Current vs. Time 

 



 
The output DC voltage of the fuel cell (p.u.) versus time (sec) is shown in Fig. B3. 
 

 
Fig. B3  Fuel Cell DC Output Voltage vs. Time 

 



 
The output AC power of the fuel cell (p.u.) versus time (sec) is shown in Fig. B4. 
 

 
Fig. B4  AC Output Power vs. Time 

 



 
The hydrogen pressure (atm) versus time (sec) is shown in Fig. B5. 
 

 
Fig. B5  Hydrogen Pressure vs. Time 

 



 
The oxygen pressure (atm) versus time (sec) is shown in Fig. B6. 
 

 
Fig. B6  Oxygen Pressure vs. Time 

 



 
The water pressure (atm) versus time (sec) is shown in Fig. B7. 
 

 
Fig. B7  Water Pressure vs. Time 

 



 
The hydrogen flow rate (kmol/s) versus time (sec) is shown in Fig. B8. 
 

 
Fig. B8  Hydrogen Flow Rate vs. Time 

 



 
The methanol flow rate (kmol/s) versus time (sec) is shown in Fig. B9. 
 

 
Fig. B9  Methanol Flow Rate vs. Time 

 



 
The phase angle of AC voltage (deg) versus time (sec) is shown in Fig. B10. 
 

 
Fig. B10  Phase Angle of AC Voltage vs. Time 

 



 
The modulation index of the inverter in the power conditioning unit versus time (sec) is 
shown in Fig. B11. 
 

 
Fig. B11  Modulation Index of the Inverter vs. Time 

 



 
The output AC voltage (p.u.) versus time (sec) is shown in Fig. B12. 
 

 
Fig. B12  AC Output Voltage vs. Time 

 
 

 


