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bstract

Fuel cells can be attractive for use as stationary combined heat and power (CHP) systems. Molten carbonate fuel cell (MCFC) power plants are
rime candidates for the utilization of fossil based fuels to generate high efficiency ultra clean power. However, fuel cells are considerably more
xpensive than comparable conventional technologies and therefore a careful analysis of the economics must be taken. This work presents analysis

n the feasibility of installing both a FuelCell Energy DFC® 1500MA and 300MA system for use at Adams Thermal Systems, a manufacturing
acility in the U.S. Midwest. The paper examined thoroughly the economics driving the appropriateness of this measure. In addition, a parametric
tudy was conducted to determine scenarios including variation in electric and natural gas rates along with reduced installation costs.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The direct conversion of chemical into electrical energy with
igh efficiency, no noise or hazardous emissions has been an
ngineer’s dream since the discovery of the fuel cell concept in
he 19th century [1]. Fuel cells of today have many technological
dvances including: high fuel efficiency, ultra-clean emissions,
mproved reliability, quiet operation, scalability, operation from
eadily available fuels and the ability to provide both electric-
ty and heat [2]. Because of these reasons, fuel cells can be
ttractive for use as stationary combined heat and power (CHP)
ystems. Molten carbonate fuel cell (MCFC) power plants are
rime candidates for the utilization of fossil based fuels to gen-
rate high efficiency ultra clean power. However, these systems
re considerably more expensive than comparable conventional
echnologies and therefore a careful analysis of the economics

ust be taken.

Previous assessments of MCFC technologies have focused

n the commercial viability of these technologies in generating
lectricity. As expected, these analyses revealed that the primary

∗ Corresponding author. Tel.: +1 605 690 1612; fax: +1 765 494 0787.
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arrier towards increased market acceptance has been capital
osts, which in some cases can lead to payback periods in excess
f the life of the plant [3]. Based on historical cost trends and
ncreased market penetration of MCFC technologies, these bar-
iers will become less pronounced [4]. As a result of expected
ecreases in capital costs, analyses are often carried out uti-
izing a fixed utility structure and allowing the capital costs to
uctuate [5]. This can provide a forecast of the future potential
f MCFC technologies. Further, analyses are often based upon
reas in which the potential application of MCFC technologies
s the greatest. That is, areas with high utility rates and emissions
enalties. One area that quite often gets overlooked for the appli-
ation of fuel cell technologies is the U.S. Midwest [2]. Here,
tility rates are significantly lower and emissions penalties are
raditionally less severe. The following provides an analysis of
nstalling a FuelCell Energy MCFC system at a manufacturing
lant in the U.S. Midwest.

FuelCell Energy has developed a unique MCFC termed
irect fuel cell (DFC®). The DFC® design incorporates an
nternal reforming feature that allows utilization of a hydrocar-

on fuel directly in the fuel cell without requiring any external
eforming reactor and associated heat exchange equipment.
his approach upgrades waste heat to chemical energy and

hereby contributes to a higher overall conversion efficiency

mailto:dhengeve@purdue.edu
dx.doi.org/10.1016/j.jpowsour.2006.12.053
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Nomenclature

ATS Adams thermal systems
CE corrected efficiency (%)
CHP combined heat and power
CPO corrected power output (kW)
CS cost savings ($ year−1)
DFC direct fuel cell
FU fuel usage (kW)
H local elevation (435 m)
HR heat recovered (kW)
IC implementation cost ($)
MCFC molten carbonate fuel cell
PEL plant electric load (kW)
PL part load ratio (%)
RE rated efficiency (47%)
RER rated energy recovery, 410.3 kW

(1,400,000 Btu h−1)
RFC rated fuel consumption, 2126.1 kW

(7,254,000 Btu h−1)
RPO rated power output (1000 kW)
RWU rated water usage, 0.3155 L s−1 (5 gpm)
SP simple payback period (years)
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Tamb local ambient temperature (◦C)

f fuel energy to electricity with low levels of environmental
missions [6]. FuelCell Energy has developed direct fuel
ells in three capacities: DFC® 300MA, DFC® 1500MA and
FC® 3000MA with capacities of 250, 1000 and 2000 kW,

espectively.
This work presents analysis on the feasibility of installing

oth a DFC® 1500MA and 300MA system for use at ATS,
manufacturing facility in the U.S. Midwest. The paper

horoughly examined the economics driving the appropriate-
ess of the feasibility of DFC® power systems. Significant
conomic parameters analyzed included: electrical savings, nat-
ral gas costs, maintenance savings, emissions savings and
mplementation costs. In addition, a parametric study was
onducted to determine scenarios including variation in elec-
ric and natural gas rates along with reduced installation
osts.

. Baseline power systems

ATS is a South Dakota manufacturer of engine cool-
ng systems for off and on-highway vehicles [7]. Housed in

12,077 m2 (130,000 ft2) manufacturing facility, production
ccurs 8760 h year−1 and as a result, the facility consumes
considerable amount of resources including both electricity
nd natural gas [7]. The following section summarizes elec-
ric, natural gas, water and sewer usage over the course of
ne calendar year. These results were critical in the analysis
f the feasibility of a CHP fuel cell system installation at the
acility.

o
i
n
a
f

Fig. 1. Electrical summary.

.1. Electric system

Electrical consumption can be attributed to such items as:
ighting, air compressors, fans, pumps, cooling and process
quipment. Demand rates are $8.50 kW−1 with energy rates
veraging 3.2 cents kWh−1.

Electrical demand and usage along with the associated
harges, fees and taxes were obtained from billing statements for
he months of March 2005 through February 2006 [7]. During
he survey period, the facility consumed 11,516,318 kWh year−1

ith a maximum demand reaching 2156.76 kW in July. The total
harges incurred by the facility were $614,622 year−1. Monthly
nergy and demand amounts were then plotted as shown in
ig. 1.

Fig. 1 shows a relatively consistent year-round demand
lightly peaking in the summer, which gives support to
ome space cooling at the facility. Conversely, the energy
sage varies considerable and peaks during summer months.
his tends to show that the facility has varying production

hroughout the year, where times of increased production
n the summer are joined by increased electrical energy
sage.

.2. Natural gas system

As discussed previously, the facility utilizes natural gas for
variety of heating processes. A survey of significant natu-

al gas consuming equipment was analyzed to find prospective
ses for waste heat generated from the anticipated fuel cell
ystem.

Natural gas information was obtained from the facility for a
eriod from May 2004 through April 2005 [7]. Due to availabil-
ty of the information, this period does not coincide with electric
nformation. This is not problematic since only a representative
verall natural gas cost is needed.

The facility consumed 64,506,076 MJ year−1 (611,432
herms year−1) during the survey period with an average value
f 5375506.3 MJ month−1 (50,953 therms month−1). The facil-

ty was charged $380,396 year−1 for the purchase and use of
atural gas. An overall average energy rate was obtained in the
mount of $0.0059 MJ−1 ($0.62 therm−1). This rate was used
or cost savings analyses.
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.3. Water and sewer system

Water and sewer information was obtained from the facil-
ty for a period from May 2004 through April 2005 [7]. As
efore, due to availability of the information, this period does not
oincide with electric information. This is not problematic since
epresentative overall water and sewer costs are only needed.

Analysis of this information reveals overall average water
nd sewer usage rates of $0.0005 L−1 ($0.0020 gal−1) and
0.0009 L−1 ($0.0035 gal−1), respectively. These figures were
tilized in the subsequent fuel cell analyses. The electric, natural
as and water and sewer analyses were used in the subsequent
conomic analysis.

. DFC® performance

The performance of the DFC® 1500MA was obtained
rom FuelCell Energy [8] and summarized in Table 1. Several
actors contribute to reduced performance including: ambient
emperature, elevation, fuel composition and heat recovery
arameters [9].

.1. Ambient temperature

Ambient temperature affects the fuel cell performance by
mpacting the amount of air needed by the power plant. For
mbient temperatures in the range of 4.4 ◦C (40 ◦F) to 26.7 ◦C
80 ◦F) no correction was necessary.

For ambient temperatures in the range of −28.9 ◦C (−20 ◦F)

o 3.9 ◦C (39 ◦F), less air is needed to maintain system thermal
alance (i.e. lower air blower power), but dilution of cathode O2
educes cell performance. Further, electrical heaters also turn on
t low temperatures to protect electrical equipment and prevent

able 1
erformance characteristics of DFC® 1500MA [8]

Description DFC 1500MA

Power output, ISO conditions
Power at plant rating 1000 kW
Standard output voltage 480 V
Standard frequency 60 Hz

Efficiency at rated output at ISO conditions
LHV efficiency 47% ± 2%

Fuel consumption at rated output
Natural gas 34,689 kJ m−3

(930 Btu ft−3)
61.347 sL s−1 (130 scfm)

Water consumption at rated output
Average 0.3155 L s−1 (5 gpm)

Water discharge at rated output
Average 0.1893 L s−1 (3 gpm)

Available heat at rated output
Exhaust temperature 343.3 ◦C (650 ◦F)
Exhaust flow 1.449 kg s−1(11,500 lb h−1)

Emissions
NOx 0.009072 kg MWh−1 (0.02 lb MWh−1)
SOx 0.0004536 kg MWh−1 (0.001 lb MWh−1)
CO 0.02268 kg MWh−1 (0.05 lb MWh−1)

t
r

3

o
a
g
d
c
t
p

t
a
p
d
a
w
m

4

c
f
i

Power Sources 165 (2007) 300–306

reezing. Because of this, corrections were made to power output
s follows:

PO = RPO − 9 ×
(

1 − Tamb

40

)
(1)

orrections are also made to efficiency as follows:

E = RE − 0.0405 × (40 − Tamb) (2)

.2. Elevation

Due to operation at elevations above sea level (lower baro-
etric pressure) the performance is affected since at lower

arometric pressure, the air supply blower has to deliver more
olume to provide the required mass flow for thermal balance
nd the fuel cell reactions are slightly less efficient at lower pres-
ure. Because of this, corrections to both power and efficiency
ere made for all altitudes above sea level as follows:

PO = RPO − (H × 0.00479) (3)

orrections were also made to efficiency as follows:

E = RE − (H × 0.000863) (4)

.3. Fuel composition

So long as the fuel composition falls within the robust design
ange of FuelCell Energy’s fuel specification, no adjustment
eed be made to the efficiency or power output. It was assumed
hat no modifications of efficiencies were necessary due to the
elatively conservation ranges of constituents and contaminants.

.4. Heat recovery

The DFC® 1500MA exhaust is a humid flue gas consisting
f about 4–5% CO2, 9–10% O2, 19–20% water and the bal-
nce nitrogen at approximately 343.3 ◦C (650 ◦F) [10]. This high
rade waste heat can be extracted from the exhaust in an amount
epending on how the heat is recovered. FuelCell Energy typi-
ally specifies heat recovery on a system that cools the exhaust
o 121.1 ◦C (250 ◦F) which provides reasonable approach tem-
eratures.

If a more aggressive heat recovery approach is taken, addi-
ional waste heat can be obtained. This is problematic since
pproaching the dew point of the exhaust (about 60 ◦C (140 ◦F))
roduces condensed water which is slightly acidic (due to the
issolved CO2 in the flue gas water). There is a significant
mount of heat available from the condensation of the flue gas
ater if economics and the value of heat warrant the extra equip-
ent cost.

. Economic analysis
Based on the utility and fuel cell information previously dis-
ussed, an economic analysis was performed to ascertain the
easibility of installing a fuel cell system to provide both electric-
ty and waste heat. The following analysis and results are based
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Fig. 2. Corrected efficiency values.

n installation and operation of a DFC® 1500MA. The results
f installing and operating a DFC® 300MA are subsequently
ummarized.

Demand data recorded every 15 min from March 2005 to
ebruary 2006 were obtained yielding over 35,000 lines of data
7]. The following outlines the procedure used in analyzing these
ata and illuminates key results from this analysis.

.1. Cost savings (DFC® 1500MA)

The first step was to correct both rated power output and
fficiency values due to ambient temperature, elevation and fuel
omposition effects. Average monthly temperatures and local
levation were used to adjusted power and efficiency for each
onth. Adjustments for fuel composition were not made due to

nsufficient information. Fig. 2 shows a graphical representation
f these adjustments.

Values from this figure were used to determine the proposed
perating conditions for each line of data for the respec-
ive month. Discussion with representatives from FuelCell
nergy revealed that the power output, fuel consumption, heat

ecovery, water usage and sewer discharge were all a linear
unction with plant load down to 30% part loads [11]. Uti-
izing this key trait along with performance parameters, the
ollowing provides a description into the various calculations
ade.

.1.1. Electrical savings
For each demand reading, the part load operation of the pro-

osed fuel cell was first calculated as follows:

L = PEL

CPO
(5)

bviously, if the plant electric load was greater than the cor-
ected power output, the part load ratio of the fuel cell would
utomatically be set to 100%. Utilizing this part load ratio, the
lectric power reduction was obtained which was used to calcu-
ate the proposed electric demand. Since demand readings were

aken every 15 min, this new demand value was multiplied by
his factor to obtain energy usage for that period. Fig. 3 illustrates
urrent versus proposed electrical and demand values which
hows that demand will be reduced by approximately 1000 kW

4

c

Fig. 3. Current vs. proposed electrical parameters.

ach month. Energy reductions are not constant each month due
o part load ratio variations. The proposed energy usage for the
acility was estimated to be 3,047,640 kWh year−1. Based on the
acilities utility rate, fees and taxes were also adjusted to account
or the new electric charges. A total of 8,468,678 kWh year−1

nd $400,267 year−1 would be saved in electrical consumption
nd charges through the use of the DFC® 1500MA system. Fur-
her a demand reduction of approximately 1000 kW would be
ound each month as previously discussed.

.1.2. Fuel usage
Fuel usage utilized the rated fuel consumption along with the

art load ratio previously calculated. The fuel consumption for
ach 15 min interval was calculated as follows:

U = PL × RFC ×
(

15

60

)
(6)

.1.3. Heat recovery savings
Heat recovery utilized the rated heat recovery values along

ith the part load ratio previously calculated. The heat recovered
or each 15 min interval was calculated as follows:

R = PL × RER ×
(

15

60

)
(7)

.1.4. Water and sewer usage
Water and sewer usages utilized the rated heat recovery values

long with the part load ratio previously calculated. The water
sage for each 15 min interval was calculated as follows:

U = PL × RWU × 900 (8)

similar procedure was used to determine sewer usage except
he rated sewer usage was 0.1893 L s−1 (3 gpm).
.1.5. Maintenance charges
Equipment maintenance is a considerable portion of fuel cell

osts. Discussion with FuelCell Energy representatives revealed
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recovery savings of $123,595 year−1 with combined costs of
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hat these costs are typically estimated to be $0.04 kWh−1 [11].
hese charges are the result of periodic replacement of the fol-

owing equipment and consumables:

Fuel cell stack.
Water treatment chemicals.
Sulfur sorbent (fuel cleanup).
Bottled nitrogen.
Preconverter catalysts.
Miscellaneous (filters, lube oil, etc.).

The previous calculations for fuel usage, heat recovery sav-
ngs, water and sewer usage and maintenance charges were
pplied to each 15 min interval over the course of each month.
rom this and utilization of the electric, natural gas, water, sewer
nd maintenance rates, all costs and savings were summarized.
esults revealed that although savings contributions from elec-

ric and heat recovery savings are significant ($492,811 year−1)
he costs associated with increased natural gas usage, mainte-
ance charges and water/sewer usage are considerably greater
$732,855 year−1). A negative net savings of −$240,044 year−1

hows that the installation of the DFC® 1500MA at the facil-
ty would in fact increase costs at the facility, thus making this

easure unattractive.

.2. Emissions savings (DFC® 1500MA)

In addition to electrical reductions, emissions reductions
ould potentially reduce facility costs. Of the emissions

t the facility, NOx, SOx and CO were analyzed. Electric
missions are a result of blended emissions from typical pow-
rplants in the region of the facility. Emissions for natural
as are from the facility’s combustion processes. The calcu-
ations yielded total current emissions of 22657.8 kg year−1

49,951 lb year−1), 14387.3 kg year−1 (31,718 lb year−1) and
255.6 kg year−1 (2768 lb year−1) of NOx, SOx and CO, respec-
ively. Proposed emission rates for the facility’s electric,
atural gas and fuel cell systems yielded total current emis-
ions of 8116.7 kg year−1 (17,894 lb year−1), 3819.3 kg year−1

8420 lb year−1) and 851.0 kg year−1 (1876 lb year−1) of NOx,
Ox and CO, respectively. The majority of emissions reductions
ccurred as a result of reduced utility electric consumption at
he facility.

Estimated savings due to reduced emissions were based
n permitting costs for each pollutant. These values were
1.08 kg−1 ($979 t−1), $0.18 kg−1 ($166 t−1) and $0.10 kg−1

$87 t−1) for NOx, SOx and CO, respectively [12]. From this
nformation, a total savings of $15,962, $1934 and $39 year−1

or NOx, SOx and CO, respectively was calculated. This
ields a total cost savings due to emissions reductions of
17,935 year−1. These savings were not included in subse-
uent analyses but included as reference and illustrate the
mpact of emissions charges. These values are dependent

n the region in which the fuel cell will be installed. The
acility currently incurs no charges (permitting or otherwise)
or the generation of electricity or combustion of natural
as.

$
t
i
u
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.3. Implementation costs (DFC® 1500MA)

Implementation costs for this measure include fuel cell equip-
ent and installation along with mechanical equipment costs.
he following describes these in more detail.

.3.1. Fuel cell equipment and installation
Equipment and installation costs were estimated to be $4300

nd $1000 kW−1, respectively [11,13]. Based on a rated power
utput, the cost of a DFC® 1500MA is $5,300,000 for both
quipment and installation.

.3.2. Mechanical equipment
The purchase of heat exchange and distribution equipment is

equired to recover waste heat generated by the fuel cell. The
mplementation cost of this recommendation is a result of the
urchase and installation of two stainless steel gas-to-gas heat
xchangers and one gas-to-water heat exchanger along with
iscellaneous costs such as ductwork and fittings to recover

eat.
Costs were obtained through discussion with equipment sup-

liers along with mechanical estimating references [14–16].
eat recovery equipment and installation costs totaled $60,760.
ased on the previous analysis, the total installed cost of the
FC® 1500MA is $5,360,760.

.3.3. Incentives
There are attractive incentives available which help offset fuel

ell equipment and installation costs. For example, the 2005 U.S.
nergy Policy Act created a Federal Investment Tax Credit worth
1000 kW−1. In addition, it provides 5 year accelerated depre-
iation [17]. These incentives could reduce the DFC® 1500MA
lant overall cost by approximately one million dollars via the
nvestment Tax Credit and the net present value of the accel-
rated depreciation would also approach 1 million dollars [11].
f course each case is unique and the numbers provided and

ealized may be different.
There are other incentive programs available. For example,

alifornia provides additional funding through the Self-
eneration Incentive Program (SGIP) fund. This provides a
2500 kW−1 credit for fuel cells operating on natural gas
18]. Pacific Gas and Electric Company® provides a com-
lete listing of public information on installed SGIP systems
19].

.4. DFC® 300MA summary

A similar analysis was performed for installation of a
FC® 300MA at the facility. At this capacity, equipment

nd installation costs are $4600 and $1000 kW−1, respectively
11]. The results of this analysis showed electric and heat
187,318 year−1. A negative savings of −$63,723 year−1 shows
hat the installation of the DFC® 300MA at the facility would
n fact increase costs at the facility, thus making this measure
nattractive.
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Fig. 4. Simple payback period vs. natural gas and electric rates ($5300 kW−1).
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ig. 5. Simple payback period vs. natural gas and electric rates ($4300 kW−1).

. Parametric study

As a result of the poor economic performance of a stationary
uel cell system at the facility, a parametric study was performed
o identify combinations of natural gas and electric energy rates
hat would make the installation of a DFC® 1500MA attractive.

simple payback period analysis was utilized as an economic
ndicator and was calculated as follows: SP = IC/CS. The results
f this analysis were summarized in a contour plot generated
tilizing EES (Engineering Equation Solver). Figs. 4 and 5 show
imple payback periods for a variety of utility combinations.

It is shown that at average electric energy rates below
0.11 kWh−1, the simple payback period approached and
xceeded the rated life of the unit (20 years). Only at extremely
igh electric energy rates and low natural gas rates does this
easure become attractive. Considering an attractive simple

ayback period of 10 years, only when the electric energy rate
eaches $0.13 kWh−1 do stationary fuel cell products become
ttractive for this facility (at very low natural gas rates).
The facility had a blended electrical rate (energy and demand)
f $0.053 kWh−1 and a natural gas rate of $0.0059 MJ−1

$0.62 therm−1). Figure shows that this combination of utility
ates makes the installation of a DFC® 1500MA unfeasible.

A

f
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A further analysis was provided which included projected
osts of stationary fuel cells. Information obtained from FuelCell
nergy revealed that projected costs are anticipated to be reduced
y $1000 kW−1 [11]. A similar parametric study was achieved
ith this updated cost as shown in Fig. 5.
Figure shows that reduction of fuel cell costs by $1000 kW−1

oes have an impact on the attractiveness of stationary products.
n fact, it is shown that at average electric energy rates below
0.10 kWh−1, the simple payback period exceed the rated life of
he unit. Considering an attractive simple payback period of 10
ears, only when the electric energy rate reaches $0.12 kWh−1

o stationary fuel cell products become attractive (at very low
atural gas rates).

. Conclusions

The economic analysis of a stationary MCFC for a com-
ined heat and power system at the industrial facility previously
escribed revealed several conclusions.

1) Installation of a DFC® 1500MA (1000 kW capacity) would
cost the facility $240,044 year−1. The majority of these
costs are attributed to maintenance of the fuel cell plant.
The cost for this system was estimated to be $5,360,760.

2) Installation of a DFC® 300MA (250 kW capacity) would
cost the facility $63,723 year−1. The majority of these costs
are attributed to maintenance of the fuel cell plant. The cost
for this system was estimated to be $1,740,760.

3) Emissions penalties could provide additional savings mak-
ing fuel cell installations appear more attractive. These are
dependent upon the region in which the installation will be
located.

4) At an average cost of $5300 kW−1, stationary fuel cells
become attractive for onsite generation at approximately
$0.13 kWh−1. High average electrical rates and low natural
gas costs are most favorable for this type of application.

5) At an average cost of $4300 kW−1, stationary fuel cells
become attractive for onsite generation at approximately
$0.12 kWh−1. High average electrical rates and low natural
gas costs are most favorable for this type of application.

In general, the use of a fuel cell at this facility would not be
conomically feasible at this time. Although savings contribu-
ions from electric and heat recovery savings are significant, the
osts associated with increased natural gas usage, maintenance
harges and water/sewer usage are considerably greater. In cer-
ain areas, emissions reductions would help this measure but
ot enough to make it attractive for this facility. The parametric
tudy indicated that in the future as electric and natural gas rates
hange and fuel cell costs are reduced, this technology would
ecome more attractive for the facility.
cknowledgements
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