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Abstract

This paper presents an economic model of a PEM fuel cell power plant (FCPP). The model includes the operational cost, thermal recovery
power trade with the local grid, and hydrogen production. The model is used to determine the optimal operational strategy, which yields the
minimum operating cost. The optimal operational strategy is achieved through estimation of the following: hourly generated power, thermal
power recovered from the FCPP, power trade with the local grid, and hydrogen production. An evolutionary programming-based technique
is used to solve for the optimal operational strategy. The model is tested using different seasonal load demands. The results illustrate th
impact of producing hydrogen on the operational strategies of the FCPP when subjected to seasonal load variation. Results are encouragi
and indicate viability of the proposed model.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction selling and buying energy from the local grid, and the utiliza-
tion of thermal power output from the FCPP.

Inrecent years distributed sources have received consider- In this paper the model iffil,2] has been extended to
able attention because of the improvements in power quality, include hydrogen production of the FCPP. The hydrogen pro-
reliability, portability, and environmental emissions. Among duction is considered at times when the electrical load is
the various types of distributed generators, fuel cell power lower than the maximum capacity of the FCPP. Introduction
plants (FCPPs) have been the focus of interest since suctof hydrogen generation in the model brings to completion all
plants are capable of producing electricity, heat, and hydro- the operational aspects of the FCPP that have an impact on
gen. Due to low working temperature (80—1@), fast start the reduction of the overall system cost and increase in the
up, extremely low emission, and very low noise PEM FCPPs FCPP efficiency.
are the best candidates for residential and isolated load appli- The economic model is represented as a cost optimization
cations. With cost effective operational strategies, the use ofproblem subject to system and operational constraints. To
FCPPs is expected to become widespread in the near futuregstimate the daily optimal operational strategy for the FCPP
in spite of their current high capital cost. a hybrid technique based on evolutionary programming (EP)

Fuel cell economics and economical aspects have beerand Hill-Climbing (HC) method1,6] is used. The evolution-
presented in the literatuf@—5]. In [1,2] an economic model  ary programming is employed to search for the near optimal
has been introduced to estimate the optimal output powersolution while the HC method is used to ensure feasibility
from the FCPP while satisfying system operational con- during the solution process.
straints. This simple model considers only the possibility of ~ The paper is organized as follows: Sect&introduces an

economic model for an FCPP system. Sec8qmesents the
* Corresponding author. Tel.: +1 251 460 6117; fax: +1 251 460 6028,  Solution methodology. Test results are presented in Seédtion
E-mail address: arahman@usouthal.edu (A. Rahman). and Sectiorb presents the conclusions.
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2. Fuel cell system economic model development

In this model many different strategies are developed to

handle excess electrical and thermal energy and hydrogen

production.

2.1. Fuel cell economic model

In [1,2], the authors introduced a mathematical model for Chis!
the FCPP operational cost. In this paper, the model has beer{ H/*
extended to include the economic aspects of hydrogen gener-
ation. The model considers electrical power generation, ther-£*

mal power recovery, and hydrogen production. The model
given below, represents the operational cost in US$day
and can be summarized as follows:

nj

min | C,1 T Z (

J J

+Cp2T Y max(Lin j — Pin j. 0) + o + B(1 — € 1/7) + OM
J

Subject to:

PN < pr < pmeX @)
Pi— Pi_1 < APy ©)
Pi1—Pj < APp (4)
(1" — MUT)(Uj—1 — U;) > 0.0 ®)
(19", — MDT)(U; — Uj—1) > 0.0 (6)
nstart-stop< N (7)

where

Cn1: price of natural gas for FCPP (US$ kWH:

T length of time interval (h);

P; electrical power produced at interygdkW) less the
power for auxiliary devices;

Py power for auxiliary devices (kW);

nj: fuel cell efficiency at intervgf;

Celp- tariff for purchasing electricity (US$ kW)

Cels tariff for selling electricity (US$ kW ht);

Leyj. electrical load demand at interyalkW);

Cho: fuel price for residential loads (US$ kW );

Lin thermal load demand at interyalkW);

Pyyj: thermal load produced at intervalk W),

a, B hotand cold start up cost, respectively;

toff: time the FCPP has been off (h);

T fuel cell cooling time constant (h);

PMM: minimum limit of generating power (KW);

P™M& maximum limit of generating power (kW);

APy upper limit of the ramp rate;

APp: lower limit of the ramp rate;

T°m FCPP on-time (number of intervals);

7oft: FCPP off-time (number of intervals);
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MUT: minimum up-time (number of intervals);
MDT: minimum down-time (number of intervals);
U. FCPP on-off statug/ = 1 for running,UU = 0 for stop-

ping;

NMa& maximum number of start-stop events;

Nstart-stop Number of start-stop events;

OM: operation and maintenance cost;

hydrogen selling price (US$kgd);

the equivalent electric power for hydrogen produc-
tion (kW);

a conversion factor (kg of hydrogen/kW of electric
power), wherd”=1.05x 10~8/vcey anduvgey is cell
operating voltageyce = 0.6 volt;

total power produced at intervg) where Pr;, =

P;j + Pa+ Py;

Tj-

) + CelpT Z maX(LeI,j — P;,0)— Cel,sTZ max(P; — Lel,j, 0)

J

J

First term of the objective function is the daily overall fuel
costforthe FCPP (US$). Second termis the daily cost of elec-
trical energy purchased if the demand exceeds the electrical
energy produced (US$). Third term is the daily income from
the electrical energy sold if the electrical energy produced
exceeds the demand (US$). The fourth term is the daily cost
of purchased gas for residential thermal loads if the thermal
energy produced is not enough to meet the thermal energy
demand (US$). The fifth term is the start up cost (US$). The
sixth term is the operation and maintenance cost of the FCPP
(US$). The last term is the daily income from the sale of
hydrogen generated by the FCPP (USS$).

2.2. Excess electrical energy strategy

In the model, excess electrical energy can be sold to the
local grid according to system economics. Under certain con-
ditions, it might be beneficial to the system, in terms of the
overall cost, to buy energy from the local grid to satisfy the
load requirements while using the unused capacity to produce
hydrogen and thermal energy.

2.3. Hydrogen production strategy

The hydrogen production strategy is based on the differ-
ence between the maximum capacity of the FCPP and the
generated electric power at each interval.

To include the hydrogen in the FCPP model, an equiva-
lent electric power for the generated hydrogen at each interval
is consideredP;. The equivalent electric power is consid-
ered at the fuel cell stack output as showrfFig. 1 Fig. 1
(upper figure) reflects the electric power output and hydro-
gen output locations in the FCPP staddg. 1 (lower figure)



138 M. Y. El-Sharkh et al. / Journal of Power Sources 153 (2006) 136—144

Hydrogen 0.43 1.05
for Electric 041
Power

Fuel
Input

0.39 4
Electric 0.374
Power

Fuel Fuel Cell

Stack

Reformer

0.35 4
0.33 1
0.31 1
0.29 4
0.27 4
0.25

Efficiency

Hydrogen

Generation (kg/s)

Thermal to Electrical Ratio

Eff
- ———RTE

Hydrogen

for Electric

Power

ower Electric
> Fuel Cell ——® Power
»  Stuck ——» (P,)

Fig. 2. Performance curves of the FCPP.
Fuel

Input

Fuel

Reformer energy approximately equal to the electrical eng@y In

Equivalent Electric [8], efficiency and thermal energy to electrical energy ratio
Hydrogen ~————"" power for Hydrogen curves have been developded. 2). These curves approx-
Generation Generation

imate the efficiency and the thermal output of the FCPP.
The efficiency and the thermal energy to electrical energy
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the stack terminals makes it possible to quantify the produc- Sions to approximate the curves have been developf] in
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hydrogen production in kgs can be calculated using; For PLR <0.05

Fig. 1. Hydrogen insertion in the FCPP model.

as follows{7]: n;=02716  rre; = 0.6801 (10)
P .
(H2) amount= 1.05 x 1078 8) For PLR > 0.05
Ucell
In this paper two strategies for generating hydrogen are n; = 0.9033PLR — 2.9996PLK -+ 3.6503PLR
adopted:
P —2.0704PLR + 0.4623PLR + 0.3747 (11)

2.3.1. Strategy 1
The amount of the generated hydrogen is equal to the dif-
ference between the maximum capacity and the generatedTe,; = 1.0785PLF§ - 1.9739PLF§ + 1.5005PLF§

power level of the FCPP as given in HS). _0.2817PLR + 0.6838 (12)
Prj = Pmax=Pj = Pa ) wherer; is the FCPP efficiency, PLR the part load ratigs

This strategy ensures rated capacity operation of thethe thermal energy to electrical energy ratio.
reformer of the FCPP all the time. Rated capacity output  The thermal power recovered from the fuel cell according
allows the reformer to be more stable and work at high effi- to electric and hydrogen power outputs can be calculated as
ciency. follows:

2.3.2. Strategy 2 P j = r1e(Puj + Pj+ Pa) (13)

In this strategy hydrogen production can vary between  The efficiency of the FCPP given ig. 2is based on the
zero and the difference between the maximum capacity andelectrical output power versus the input gas power. Neglect-
the generated electric power. This strategy allows the modeling the thermal power in efficiency calculation results in

to produce hydrogen when itis more profitable to the overall efficiency range of 30-40% approximately. On the other

cost of FCPP operation. hand, including the utilized thermal power recovered from
the FCPP and hydrogen production enhances the overall effi-

2.4. Recovered thermal energy strategy ciency considerably. The overall efficiency can be calculated
as follows:

The FCPP operates with approximately 36% efficiency. Pt Pt Pu, (L . P -
The efficiency is slightly higher at low load compared t0 ey, = + Pa+ Prj+ min(Lin,j, Pin,))

(14)
full load operation. At full load, the FCPP produces thermal [(Pj+ Pa+ Puj)/nj]
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3. Evolutionary programming (EP)-based solution 4,

methodology

Evolutionary programming can be traced back to the 5.
early 1950s when Turing discovered a relationship between
machine learning and evolutigd—11]. Later, Bremermann, 6.
Box, Friedberg, and others developed evolutionary compu-
tation as a tool for machine learning and optimization. Great
attention was given to EP as a powerful tool when Fogal, Bur- 7.
gin, Atmar, and others used it to predict the events of finite
state machines on the basis of old observations. During the 8.
1980s evolutionary programming, with advances in computer
technology, was used to solve difficult real-world optimiza-
tion problems. In the power systems area, EP has been used
to solve a number of power systems probldai.

Evolutionary programming is a search optimization
method. It moves from one solution to another using a prob-
abilistic search technique. Evolutionary programming starts
with random individuals. Each individual represents a com-
plete 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
tothe currentindividual. The competition step is a probabilis-
tic selection scheme used to assign aweightto 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 9.
of the HC techniqugl12] to move new infeasible solutions
into the feasible region. The following algorithm details the
proposed approach to solve the problem:

1. Generate initial random solutions for the output power
from the FCPP at each interval.
Si={x}, i=1...,m (15)
wherex is a set of output power from the FCPP at each
interval;m the number of individual in the current gen-
eration.

The random solution is expected to satisfy the system

constraints.

2. For each individual in the current generation, calculate
the objective function value usir(@).

3. Mutate each individual and assign it$g,, according
to (16).

10.
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Check the feasibility of each new individual against the
constraints. Ifthere is no violation go to step 5. Otherwise
go to step 6.

Calculate the objective function value for the feasible
solution using’1) and go to step 7.

Use the Hill-Climbing algorithm to drive the infeasible
individuals into feasibility. If no feasible solution can be
found go to step 3.

Assign a fitness scorgs;) to each individuabis,,, (i =1,

..., 2m). The score is assigned equal to the cost function.
Using Eq.(17), calculate a weighW; for each individ-
ualS;, i=1,..., 2m. These weights are to be calculated
during a random competition between individuals based
on the objective function value.

N
W; = Z Wi
j=1

whereN is a randomly generated competition number;
W;; either 0 or 1 depending on the competition of the
individual with another individual selected randomly
from the population. The value &F;; can be calculated
as follows:

17)

it () < u(S))

1
W= 18
e {O otherwise (18)
where
p = [2mu1 +1], p#i and uy~U(0,1)

Rank the solutios;(i=1, ..., 2n) in descending order
according to their values &¥; (if more than one solution
has the saméV, use the actual score ofS;) to rank
them). Use the firstz solutions along with their score
valuesu(S;) as a new generation for the potential optimal
solution.

Check for convergence. Criteria used for convergence
include the maximum generation number and the aver-
age/maximum fitness ratio being less than a predeter-
mined small value. If convergence is achieved, stop;
otherwise go to step 3.

4. Tests and results

The proposed model has been applied to a 250 kW grid-
parallel FCPP that supplies a residential neighborhood. The
IEEE-RTS load profile with a peak of 250 k{¥/3] is used to

simulate the hourly electrical load profile of the system. In

Si+m = Si + N(O, Biv(S;) + zi) (16)

this test system, the weekly, daily and hourly peak load values

are given in percent of annual, weekly and daily peak loads,

wheres; is ith individual; k¥ the number of generating
units to be maintained in the current individusi{x, o2)
the Gaussian random variable with mgaand variance
o2, B; a constant to scale(S;); z; an offset to guarantee
a minimum amount of variance.

respectively. The winter hot water usage and space heating
load for Atlanta, Georgig8] is considered to represent the
thermal load profile. Due to the lack of thermal load infor-
mation for the summer and spring/fall, thermal load data are
estimated from the available winter data. The thermal load
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Table 1
FCPP and evolutionary program parameters
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Maximum limit of generating poweB™&* (kW) 250
Minimum limit of generating powe™" (kW) 0.0
Length of time intervalT (h) 0.25
Upper limit of the ramp rateA Py (KW s™1) 20
Lower limit of the ramp rateAPp (kW s™1) 25
Price of natural gas for FCP@p1 (US$ kW hr'1) 0.04
Tariff for purchasing electricityCe,p (US$ kW b1 0.13
Tariff for selling electricity,Ce; s (US$ kW hr1) 0.08
Fuel price for residential load€j, (US$ kW hr1) 0.06
Hydrogen selling priceChs (US$ kg?) 1.80
Hot start up costy (US$) 0.05
Cold start up cost3 (US$) 0.15
The fuel cell cooling time constant,(h) 0.75
Minimum up-time, MUT (number of intervals) 2
Minimum down-time, MDT (number of intervals) 2
Maximum number of start-stop timamax 5
Maximum number of evolutionary generation 20000
Number of individuals 150

is used along with the electrical load profile to simulate total
hourly operation of the FCPP. In the following case stud-
ies, the optimum operational cost is evaluated and compare
with a Base Case. The gas prices, hydrogen selling price, an
FCPP/EP parameters for all test cases are givaalife 1

4.1. Base Case

In this case the above thermal and electrical loads are
used to estimate the optimum operational strategy for FCPP
operation without hydrogen production. The obtained cost
components for different seasons are giveiable 2

4.2. Case l

In Case 1, Strategy 1 is tested with different seasonal ther-

mal and electrical loads. The results for the cost components

for different seasons are givenTiable 3 It is evident from
comparison offables 2 and ghat hydrogen production saves
US$ 62.28, US$ 27.42 and US$ 15.15 daily in the winter,
summer and spring/fall cases, respectively. The total sav-
ing for the winter, summer and spring/fall seasons are US$
5698.62, US$ 2508.93 and US$ 2772.45, respectively. Ther-
mal load impacts hydrogen production significantly as shown
in the spring/fall caserig. 3shows electrical power genera-
tion and load for the spring/fall case. In this case, there was no
electrical power trade with the local netwoikig. 4 shows

Table 2
Cost component for Base Case

Cost components (US$) Winter ~ Summer  Spring/fall
Daily fuel cost 6131 60290 53972
Daily cost of purchased electricity .@ 000 231
Daily profit from electricity sold 7650 11582 9948
Daily cost of residential natural gas 149 2916 4555
Operation and maintenance cost RS 2604 2379
Total cost 7137 54227 51188

Table 3

Cost component for Strategy 1

Cost components (US$) Winter ~ Summer  Spring/fall
Daily fuel cost 74%0 74860 74860

Daily cost of purchased electricity .@ 238 000

Daily profit from electricity sold @m0 000 000

Daily cost of residential natural gas BY 124 1039
Operation and maintenance cost 58 1871 1766

Daily hydrogen selling profit 1986 25607 27992

Total cost 65119 51485 49673

hydrogen production, and thermal power load and genera-
tion for the spring/fall case. Examining the thermal power
load inFig. 4b shows that the system experiences a low ther-
mal load between 8:15 a.m. and 6:00 p.m. During this period
the FCPP is seen to produce more thermal power than the
thermal load demand. This is because the FCPP is forced to
produce hydrogen equal to the difference between the rated
capacity and the generated electric power. Producing ther-
mal power more than the requirements of the thermal load
akes the system lose money. Comparing the total cost for
ring/fall fromTables 2 and 3hows that the system only

p
faves US$ 15.15 daily when producing hydrogen during low

thermal demand periods.
4.3. Case 2

In this case hydrogen production is based on the sys-
tem economics as in Strategy 2. Hydrogen production varies
between zero and the difference between the rated capacity
of the FCPP and the generated electric power.

Using the thermal and electrical load profiles for differ-
ent seasons, the model gives the optimum cost as shown in
Table 4 Figs. 5—-1&Ghow the following: electrical power trade
with the grid; electrical power load and generation; hydrogen
production; and thermal load and generation for different sea-
sons. In the winter case, there was no electrical power trade
with the local network. Comparing different cost components
in Tables 3 and 4hows that Strategies 1 and 2 yield the same
daily cost for the winter season because of the high ther-
mal demand. For summer and spring/fall cases Strategy 2
gives lower operating cost. In the summer season, Strategy
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Fig. 9. (a) Spring/fall electrical power trade with the grid; (b) spring/fall electrical load and power generation.

2 saves US$ 29.26 daily compared to Strategy 1, and US$egy 2 buys power from the grid during the low thermal power
56.68 compared to the Base Case (no hydrogen production)demand period (8:15 a.m.—6:00 p.m.). In this period the FCPP
which totals to US$ 2677.29 and US$ 5186.22 for the sum- produces low electrical power and hydrogen so as to produce
mer season. Lower cost in Strategy 2 is because of the factenough thermal power to satisfy the thermal load require-
that Strategy 2 produces enough hydrogen that is profitable toments. This can be seenfiigs. 9a,b, and 10a,b
the system while satisfying the thermal power requirements.  In summary, the daily cost for different seasons and strate-
This can be seen frorRig. 8 where the thermal load and gies are shown iffable 5 Comparing costs for Strategies 1
generation are almost identical except for the peak values. and 2 reveals that Strategy 2 gives a lower cost over the entire
In spring/fall season, Strategy 2 saves US$ 39.29 daily year. Using Eq(14), the overall efficiency for the Base Case,
compared to Strategy 1 and US$ 54.44 daily compared to theand Strategies 1 and 2 for the spring/fall season are given
Base Case, which sum to US$ 7190.07 and US$ 9962.52 peiin Fig. 11 Also included in the figure is the basic efficiency
spring/fall season, respectively. In spring/fall season, Strat- curve (without considering hydrogen and the recovered ther-
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Fig. 10. (a) Spring/fall hydrogen production; (b) spring/fall thermal load and generation.
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Table 5 The figures presented in this paper are based on generic
Cost summary (US$) load profiles. Therefore, region-specific load profiles would
Base Case Strategy 1 Strategy 2 yield results that necessarily differ from those presented in
Cost Saving  Cost Saving  Cost saving this paper.
Winter 713.47 0.0 651.19 62.28 651.19 62.28
Summer 542.27 0.0 514.85 27.42 485.59 56.68
Spring/fall  511.88 0.0 496.73 15.15 45744 5444  Acknowledgment
. - This research was supported by a grant from the Depart-
' - ment of Energy (DE-FG02-02ER63376).
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