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Abstract

This thesis developed life-cycle costs of retrofitting

fuel cell powered energy systems into existing facilities on

Wright-Patterson Air Force Base (WPAFB), Ohio. These life-
cycle costs were compared with existing costs for providing
facility energy via commercially supplied electricity and
natural gas and/or base generated steam. Three facilities
representative of the main facility types on WPAFB were
examined: Military Family Housing (MFH) units, an
office/classroom building, and an office/lab building. An
analysis of the cost comparisons was performed to determine
if fuel cell energy systems can be economically competitive
with existing facility energy utilization systems. The

results of this analysis are contained in Chapter IV.
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ECONQOMIC FEASIBILITY OF FUEL CELL ENERGY SYSTEMS FOR

g A SELECTED FACILITIES ON WRIGHT-PATTERSON AIR FORCE BASE, OHIO
l'.’

¥

! I. Introduction

~

j: Background

EN Presidential and Congressional directives concerning

5 energy usage by the Air Force are translated into policy by
f§ the Air Force Energy Plan. This plan is developed annually
Lo to assist Air Force installations and activities in the

ﬁ preparation and implementation of their energy programs.

i Three of the facility energy goals set by the plan and of

? particular significance to this study are: first, the

-2 installation of least life-cycle cost energy conservation

?: retrofits in buildings; second, the use of advanced energy
"

) technology to provide facility energy; and third, the
o reduction of the use of petroleum-based fuels [7:2].

‘
o

Y
:n An energy system that has the potential to help

o

7 achieve all three of these goals is based on a device called
ij a fuel cell. A fuel cell can be thought of as a type of
X7
-~ battery in that a direct current flows when the positive and
? negative terminals are connected. However, unlike a battery
;' that must be recharged from a source of electrical energy (a
- generator), a fuel cell converts chemical energy into

<
S electrical and heat energy by means of a chemical reaction
Y between hydrogen (the fuel) and oxygen. Thus, a fuel cell
7
-4
s
2 1
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: can generate electricity with the continuous input of
hydrogen and oxygen gas without the need for periodic
recharging [2:2].

The Department of Energy (DOE) and the Air Force have
already studied several market areas where fuel cell energy
systems would be economically competitive with conventional
facility energy systems which usually rely on purchased
electricity and heating oil. 1In general, the study found
that on a national basis, on-site fuel cell power systems
could reduce the energy resource requirements for commercial
buildings by 30 percent [2:6]. An energy system that the
Air Force believes can significantly reduce consumption of
) enerqdy resources is certainly worthy of further

investigation.

Problem Statement

Recent studies of fuel cell energy systems have shown
that installation of these energy systems in certain types
of facilities is economically feasible [2:75]. The purpose
of this study is to determine the economic feasibility of
installing such systems at WPAFB. This study is divided
into two main parts. The first part identifies the
advantageous features of a fuel cell energy system, such as
high relative efficiency and low noise and exhaust
emissions. By optimally matching these features to

specific facilities at WPAFB, the energy saving potential

3 T ¥ s
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can be maximized. The second part of this study is an

economic analysis of the installation and operating costs of

a fuel cell system at the facilities chosen.

Investigative Questions

A certain amount of background was needed to explain
the basic operation and advantages of a fuel cell energy
system. This and other information was obtained by means of
research of applicable documents and evaluation of data
collected to provide answers to the following list of
questions:

~What are the current DOE and Air Force policies
regarding the potential use of fuel cell energy systems?

-What are the advantages of a fuel cell energy system
when compared to conventional energy systems?

-How does a fuel cell operate?

~What are the results of recent feasibility studies?

~Would certain facilities at WPAFB benefit in terms of
energy cost reduction from the installation of a fuel cell

energy system?

Scope and Limitations

This thesis states the current DOE and Air Force
policies regarding fuel cell systems; states the advantages
of such a system over conventional energy systems; describes
the operation of a fuel cell energy system; describes recent

feasibility studies; provides a cost estimate for the

b = . " . ‘~- \" .; . O PO .\‘n " \ ‘. -.".- '.t N '.. '-- t .t et -~ - ' I T . '.l " -~ - .\‘ LN "
- . - - “u -y .« "
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retrofit of a fuel cell system into certain existing

KAALAL

facilities at WPAFB, OH; and presents a life -cycle cost

[ 2

analysis that determines if a fuel cell system installation
would be cost effective.

Computer program models have been used in a number of
fuel cell feasibility studies to simulate the operation of

various system configurations in a wide range of facility

1%

types (e.g.,o0ffice buildings, hospitals, apartments etc.),

»
P

and geographic areas. Instead of developing yet another

'S

> 12
S a

computer model, the author used the findings and

i)

¢
3

recommendations of these feasibility studies to develop a
O fuel cell energy system retrofit scheme for specific
- application to three facilities typical of the types

existing at WPAFB.
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II. Literature Review

Air Force Policies and Goals

The 1985 Air Force Energy Plan lists several goals for
reducing facility energy consumption. Goals applicable to
this study are first, to install least life-cycle cost
energy conservation retrofits in all buildings over 1,000
square feet in floor area; second, the use of advanced
energy technologies to supply facility energy requirements;
and third, a 45 percent reduction in the use of petroleum
fuels from 1975 levels. All four of these goals are to be
achieved by the year 2888 [7:53].

In support of these goals, the Air Force Engineering &

Services Center (AFESC) at Tyndall AFB, FL has been assigned
the responsibility for the research and development (R&D) of
facilities energy systems. These systems include all
heating and air conditioning systems and power systems that
augment or replace commercial utilities. A major part of
AFESC's R&D efforts is directed at monitoring the
development of new facilities related technology. As new
technologies become cost effective, AFESC recommends their
incorporation into Air Force facility energy systems
[7:13,84). As one of these new technologies, fuel cell
systems have proven to be cost effective in experimental
installations such that routine installation of mass

produced fuel systems is expected to begin in FY 89.
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Additionally, current FY 86-90 funding for fuel cells is at
$28 million., 1If fuel cell prices drop as expected, the Air
Force expects fuel cells to supply approximately 0.266

trillion British Thermal Units (BTU) of facility energy by

1991 ([7:71].

Advantages of Fuel Cell Systems

A fuel cell energy system has several significant
advantages over conventional energy systems. First, fuel
cells are very efficient- over 80 percent of the chemical
energy released by the fuel can be recovered as electricity
and heat. Second, they can operate at high efficiency under
partial load. Third, they do not contribute significantly
to air, water or noise pollution. Fourth, they can be
designed to operate on several types of hydrocarbon fuels
such as coal derived gas, distillates, methane, etc., as
well as synthetic fuels currently under development. Fifth
and finally, the fuel cell is modular, so that systems can

be configured to match a wide range of load requirements

[6:265-269].

The Fuel Cell

In order to obtain the desired magnitude of power
output, fuel cell energy systems contain many individual
fuel cells connected together in what are called "stacks".
Several different types of fuel cells have been developed;

however, their principles of operation are similar to that
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of the hydrogen-oxygen type. This type of fuel cell
consists of four main parts: a porous hydrogen electrode, an
electrolyte, a porous oxygen electrode, and an electrical
load (Figure 1) [2:28]. At the hydrogen electrode a source
of hydrogen gas (Hz)is introduced, where it becomes
chemisorbed (attached via a catalyst) to the electrode
surface. The catalyst causes the hydrogen molecule to split
apart into two individual hydrogen atoms by lowering the
activation energy necessary to cause chemical reaction. The
hydrogen atoms then migrate into the porous electrode, where
each interacts with a hydroxyl ion (OH”) to form water and
to release two electrons. The electrons flow through the
electrical load where the electron flow (current) performs
work such as operating an electric motor, lights etc. The
electrons then flow into the oxygen electrode where, in a
similar process as occurs at the hydrogen electrode, the
electrons combine with water molecules (H,0) and oxygen (03)
that has been previously chemisorbed into the electrode.

The combination of two electrons with two oxygen atoms and
one molecule of water produce a hydroxyl ion (OH”) and a
perhydroxyl ion (OZH'). The catalyst also helps break down
the non-useful perhydroxyl ion into a useful hydroxyl ion
and an oxygen atom. Finally, the hydroxyl ions migrate

across the electrolyte to the hydrogen electrode to complete

the overall chemical reaction [1:26-33; 12:338].



Tne function of the electrolyte is to act as a barrier

s s

between the electrodes to prevent the hydrogen and oxygen

fl
j gases from combining directly and also to provide a medium
2,
through which the water molecules and hydroxyl ions migrate
k. [2:32].
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& Figure 1. Schematic Diagram of a Hydrogen-Oxygen Fuel Cell
[2:28]
J Fuel Cell Efficiency and Losses
W As previously described, fuel cells convert chemical
; energy directly into electrical energy without having to go
e
S through an intermediate step where thermal energy is added
Ld
§ ( e.g., the burning of coal or o0il to produce steam in order
- to run a steam turbine-generator). For this reason, fuel
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cells are inherently more efficient than conventional coal

AN SR U PN

or 0il fueled electrical generating plants. In fact, energy

4

systems that depend on this intermediate step have a

ate

practical maximum efficiency of only 35 percent, while fuel

s

cell systems have demonstrated efficiencies of over 88

percent if the heat generated by the fuel cell is utilized

RO :'J~,' i

(e.g.,to augment facility space heating) [2:36; 7:71). Fuel

cell energy ccnversion losses are mainly due to the heat

PATOE

generated by the chemical reactions taking place within the

cell, the resistance to current flow within the electrodes,

Vi3 ¥
o,

and the loss of energy (i.e.,difference in potential or

- voltage) between the electrodes. This energy loss allows

the hydroxyl ions to migrate across the electrolyte at a

» st 48
- U P ]

sufficient rate to produce an adeguate amount of electron

flow (current) {[12:338}.

’ ".J“J‘.)"J.'J..J

Fuel Cell Energy System Components

A fuel cell produces direct current electricity with

‘

e

inputs of a fuel (hydrogen gas in this example) and air (a

source of oxygen). Since most facilities require

L

~
o

alternating current power and because pure hydrogen gas is

not a commonly available fuel, two other components must be

wp ey

added to a fuel cell to form a practical energy system.

.
»

- First, to produce pure hydrogen, a component called a
.. reformer must be provided. This device processes liquid or

gaseous hydrocarbon fuels (usually natural gas) with steam

produced from heat generated by the fuel cell. This process
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reduces or "cracks" the hydrocarbon molecules into their
component parts, one of these parts being hydrogen gas. The
second component regquired to make up a fuel cell energy
system is an inverter. This solid state device takes the
direct current produced by the fuel cell and converts it
into alternating current. The output can then be fed into a
transformer to obtain the desired voltage level (Figure 2)

[2:21].

e ——— — ——— —— - ——— ———————— ——————— — ————————————————-———

THE REFORMER PROCESSES' THE FURL CELL POWER
USE

ﬂiEKDWERCIDGIEErER
R Gl e o O | S A | P -

| INTO DC POWER

. —— - —— — ———— ———— ——— — ——— Sy — — - —————— —— —— —— — —— - ——— ————— - —

Figure 2., Block Diagram of a Fuel Cell Energy System [2:22]

Another component that is not directly related to
producing electrical power, but is nevertheless essential
for the fuel cell to operate, is the heat exchanger. This
device performs the same function as an automobile radiator
in that it removes excess heat generated, in this case, by
the chemical reactions taking place in the fuel cell power

section.
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Present fuel cell system designs utilize two, water-

to-water heat exchangers., One removes low grade heat up to

180 degrees Fahrenheit (°F), and the other removes high

grade heat up to 275 F (Figure 3) [19:2-5].

o - - ———— —— ————— —— — o - — - ———— g ——————— — ——————— - —
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HOT WATER AR
COLD WATER TO BUILDING
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~1 HEAT EXCHANGER
RETURN w07 waTER
WATER 15 guiLoinG -7
FUEL POWER
PRDCESSOR SECTION COOLANT [ icH GRADE Tc;tu?r:at
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Figure 3. Fuel Cell Power Plant Heat Recovery System

[2:22])

Also, Taylor states that the amount of heat a fuel
cell can transfer is directly related to the temperature
difference between the supply water (i.e., water heated by
the operating fuel cell), and the return water(i.e., the
supply water returned back to the fuel cell after thermal
energy has been extracted). That is, the greater the
temperature difference between the supply and return water,
the greater the thermal energy or heat transfer rate
[20:424). Most facility heating systems;

however, are

designed with relatively small supply/return water

R KOy

e e

e Ve e O e e e e

LA |

‘. e V)
e e e

PTG ..\



WAATCR]

-
>

¢ "':.s.

L AA

L’.“.'..‘.l{l."‘,t.

DRI

PRy

>

NANX

RELANSS

F) ‘.' VAN N

]
.

S

-,
»
-

temperature differences. This fact tends to reduce the

amount of fuel cell thermal energy that can be transferred

efficiently.

Fuel Cell System Configurations

The Gas Powercel National Market Report [sic] cites
two basic configurations for facility fuel cell power
systems: grid connected and grid independent. A grid is
simply a term used for the existing commercial electrical
power network [13:4-5].

A grid connected system would be dependent on the
electrical grid for peak power requirements above the
capacity of the fuel cell electrical output. Conversely,
the fuel cell could sell back electricity to the grid during
time periods when the electrical demand of the connected
facility is low.

A grid independent system would not use power from the
grid except possibly as an emergency back up power source.
The capacity of a fuel cell in this configuration would have
to be sized to equal the peak electrical load of the
facility. The main disadvantage of this configuration is
the large guantity of unused capacity that would not be
utilized during off-peak periods. The grid connected
configuration, on the other hand, allows a variety of

operation modes that can be matched to the electrical and

thermal load patterns of the facility proposed for fuel cell

power application [13:4-6].

12
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The Report also describes four system operating modes:

SRARRARY | XA

fixed power level, electric load following, thermal load
following, and programmed operation [13:4-5]. Operating a
fuel cell in a fixed, maximum power level mode has the
advantage of allowing the fuel cell to operate at its
maximum efficiency, but only if the power capacity of the
cell is kept small enough so that it can be run at full
power continuously. The disadvantage of the fixed power
mode of operation is that the amount of the total facility
energy requirement that can be supplied is only about 38 to

4) percent (Figure 4) [13:18].
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. Figure 4. Fuel Cell Operation In Fixed Power Level Mode

[13:4-9)

Both electrical and thermal load following modes are
similar in that either the facility electrical or thermal

load requirement is monitored by a control system that, in

,' .

DA turn, adjusts the level of the fuel cell output to match
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A that of the load monitored. For example, a typical fuel
system operated in an electrical load following mode would

~ provide electrical power up to the capacity of the fuel

S cell. Additional load requirements would be met by the

connected grid. Thermal load requirements would be met in

[y
.

iﬁ varying degrees depending on the facility thermal to
éi electric load ratio. Additional thermal load reguirements
> would be met by the existing furnace, boiler or other
23 thermal energy source of the facility [5:8,9].

MRS
23 Finally, the programmed mode of fuel cell system

; operation combines the advantages of all three of the
-EE previous modes of operation by means of a more complicated
é; load monitor and control system. This system would be able
ff to switch from mode to mode to provide the most energy for
i' the lowest cost. The system designer would determine the
E mode switch points by comparing purchased energy cost with
- the cost of energy produced by the fuel cell system in
?i providing the electrical and thermal load requirements of
E} the facility [13:4-12].

‘s
{: Recent Feasibility Studies
i; Aimone describes a study completed in 1979 by United
é Technologies Corporation in which several building types

(offices, restaurants, apartments) in various geographic
locations were examined to determine the energy and economic
trade-offs between a fuel cell-heat pump energy system that

satisfied facility electrical and heating requirements and

14
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the existing gas fired furnaces that provide heat only for

A A 2 s & a2

each facility. The major findings of the study were first,
that the fuel cell-heat pump system energy savings ranged
: from 10 to 50 percent depending on the type and location of
the facility, and second, that both the energy savings and
the life cycle cost of the system depends heavily on the

ratio of the thermal to electric energy requirements of the

P MOt

facility. Specifically, if a facility requires thermal

energy (space heating, hot water) in an amount at least four

LRI

times that of the electrical energy required (measured in

2" a

equivalent thermal units of BTU's) then the fuel cell system
will consume less natural gas fuel in providing both the
electrical and thermal energy requirements of a facility
than that consumed by the existing gas furnace system in

\ providing thermal energy only (Figure 5). As the thermal to
electric energy ratio drops below four, the existing gas
furnace system becomes more cost effective because
increasing amounts of thermal energy generated by the fuel

cell would not be utilized and would have to be either

OO S

stored at an additional cost or ejected into the atmosphere.
J In summary, this study showed that it is important to use
‘" the heat generated by a fuel cell system to the maximum
extent possible in order to achieve maximum cost
effectiveness [2:75-85].
Trocciola evaluated the feasibility of using a mega-

watt size fuel cell power plant to supply the electrical and

15
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Figure 5. Thermal to Electric Ratio [2:83]

thermal requirements of the Air Logistics Center (ALC) at
Tinker AFB. The power plant selected for the study was an
11 megawatt phosphoric acid fuel cell system. The nominal
operating parameters of this system were developed by the
Electric Power Research Institute in 198l.

The study began by describing various performance,
environmental and cost pay back parameters required to meet
the ALC mission and then compared the 11 megawatt system
with each parameter. Cost comparisons were made with the
fuel cell system that included either 58 percent or 160
percent generated heat usage versus using electrical power
from the existing base grid, as well as, versus a grid plus
emergency diesel generator system (Figure 6).

As can be seen from Figure 6, the fuel cell system

compared favorably with both conventional utility systems.
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Figure 6. Discounted Benefit to Cost Ratio for Fuel Cells
[21:5~12]

For example, for a 50 percent recovery of heat, a fuel
cell system can have an installed cost of as much as $1080
per kilowatt (KW) and still have a benefit to cost ratio of
(i.e., break-even cost) of "1". Trocciola also notes that
since the fuel cell system is independent from electric
utility outages, it can be used as the primary source of
power with the commercial grid assuming the role as an
emergency power source. Thus, the fuel cell system has an
additional advantage 9f eliminating the need for emergency

generators [21:2-7 - 6-1].
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o The studies reviewed indicate that the thermal output

of a fuel cell must be effectively utilized to reduce the

22020 ]

cost of providing thermal energy to a facility, before a

1 1
PR

fuel cell power system can be cost competitive with existing

facility energy sources. However, the thermal transfer

e
t} system (i.e,, heat exchangers, piping, pumps and controls)
A
{} may be too costly to achieve a cost to benefit ratio of "1"
’ or greater. The existing thermal energy generation and
jﬁ distribution system of a particular facility may or may not
-
;: be able to be modified to allow fuel cell thermal energy to
y be transferred within economic feasibility limits. For this
o reason, the application of a fuel cell system is site
N
o specific.
It was the author's intent then, to determine if a
-
{: fuel cell energy system would be economically feasible if
Y
{E installed in three, site specific facilities representative
of the main facility types at WPAFB.
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II1I. Methodology

Overview

In determining what facilities on WPAFB were to be
studied, personnel from the 2758th Civil Engineering
Squadron were contacted to obtain data on current energy
costs, actual or estimated values of electric and thermal
energy loads for various facilities, and related subjects.
A selection of facilities was made based on the amount and
quality of facility energy consumption data available, the
thermal and electric load requirements of the facility, and
the author's desire to evaluate a cross section of facility
types on WPAFB.

Performance characteristics and configurations of fuel
cell energy systems were obtained by surveying additional
literature from the Department of Energy, the Gas Research
Institute, United Technologies Corporation, and other
sources. The author evaluated and compared energy
consumption data and design information from fuel cell
energy system reports with desired characteristics of system
simplicity and low installation and maintenance costs. The
results of this evaluation process were used to develop an
energy system configuration capable of supplying a certain
percentage of the total facility energy needs more

efficiently, for each of the facilities selected for study.
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Life cycle costs were developed to compare each

proposed system with the existing facility energy system.
Finally, a sensitivity analysis was attempted to determine
at what cost per kilowatt a fuel cell energy system at WPAFB
would be cost competitive with commercially supplied

electric power.

Facility Selection

Three factors were involved in the selection of
facilities for this thesis: the metered facility energy
consumption data available, the thermal and electrical load
requirements of the metered facilities, and the logical
desire to study a reasonably good cross section of facility
types on WPAFB.

A historical record source for metered energy
consumption of 22 individual facilities, plus energy
consumption for two Military Family Housing (MFH) areas, was
located at the utility monitoring and billing section (DEEX)
of the 2758th Base Civil Engineer. The metered data
consists of half-hourly consumption readings for electricity
and steam or high temperature hot water, and a graph showing
peak, average, and low consumption levels for each hour of
the day for a month long period [24]. A sample of this data
is located in Appendix A. The advantage of having metered
energy consumption available was that it eliminated the need
to make many of the consumption estimation calculations

contained in several other fuel cell studies reviewed.
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3 A decision had to be made when the other two facility
’ selection factors were addressed. 1In order to obtain a good
f cross section of the various types of facilities on WPAFB,
é facilities were chosen that did not have relatively

L4

coincident thermal and electrical loads nor advantageous

% thermal to electric load ratios., It was the author's intent
N

E to study three facilities representative of the types on

> WPAFB, regardless of their thermal/electrical usage

§ patterns, because it would be useful to know at what

tg purchased utility cost a break-even point could be reached
f% for typical base facilities (e.g., for future fuel cell

E system installation programming purposes).

.j Three metered facilities that the author felt were

~ representative of a significant number of facilities on

. WPAFB were; first, Page Manor MFH units; second, an

é office/classroom type facility, the School of Systems and

) Logistics, Air Force Institute of Technology, Building 641;
;E and third, an office/laboratory type facility,

35 Reconnaissance Systems Evaluation Lab, Building 485.

o

i Determination of Fuel Cell System Configuration

s Recent studies of various fuel cell system

o
;f configurations attempt to find ways to maximize the use of
'€ the thermal energy generated by the fuel cell for the least
; cost. All of the studies surveyed integrated the fuel cell
? into the existing facility energy system where practical

- (e.g., gas boilers were retained to augment the thermal
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energy supplied by the fuel cell). The systems developed in
these studies varied considerably in complexity.

The 40KW test system installed at the Air Force
Museum, WPAFB, used simple, hot water coil space heaters to
utilize the fuel cell thermal output [20:2]. One system,
proposed by Wakefield, for an apartment building would use
multiple energy transfer components. The fuel cell would
provide electrical power to satisfy the building demand,
plus operate a vapor compression chiller to provide chilled
water air conditioning. An absorption chiller, fueled by
hot water supplied from the fuel cell and an existing hot
water boiler, would provide additional chilled water to
augment the vapor compression chiller. Space heating and
domestic hot water would be supplied by the fuel cell
thermal output, a heat pump with electrical resistance
powered by the fuel cell, and finally, by additional hot
water from the existing hot water boiler. All of these
systems would be integrated via water pumps, piping, mixing
valves, and a monitor/control system [22:4~36]. The
majority of studies surveyed, however, were developed around
fuel cell systems of moderate complexity.

In order to determine the proposed complexity level
for the fuel cell system studied in this thesis, the author
recognized that adding complexity almost always increases
cost and reduces reliability. This is especially true when

the main component of the system under study, the fuel cell,

22
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is still in the experimental development stage. While a
more complex system would probably increase energy savings,
the author felt that determining the feasibility of a
relatively simple fuel cell system would be more logical
given the still largely estimated operational capabilities
of the fuel cell.

The fuel cell energy system proposed for the multi-
unit MFH facilities consists of a central fuel cell with a
hot water distribution system that would serve MFH clusters
of 5 to 19 units in size. The fuel cell would be grid
connected to the existing electrical system and provide a
portion of the electrical load requirements of the housing
cluster. Space cooling would continue to be provided by the
existing unitary air conditioners. The fuel cell thermal
output would augment the domestic hot water requirements of
the housing cluster by means of a water-to-water heat
exchanger installed inside a central, hot water holding tank
connected via underground piping to the existing gas hot
water heaters located in each MFH unit.

Hot water flow from the holding tank to the facility
would be regulated by a temperature modulated, three-way
valve to permit maximum utilization of the hot water
generated by the fuel cell. That is, the valve controlling
the fuel cell heat exchanger output would open first. Then,

as the requirement for hot water increased above the ]

quantity that could be supplied by the fuel cell, the valve
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Figure 7. Proposed MFH Fuel Cell System
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controlling the output of the water heater would open to
satisfy the additional requirement (Figure 7).

The fuel cell systems proposed for the other two
facilities are similar. Both facilities have large,
central, heating, ventilating and air conditioning (HVAC)
systems. Unlike the MFH system, the main use of the thermal
output of the fuel cell would be for space heating. Hot
water from the integral fuel cell heat exchangers would be
pumped through water-to-water heat exchangers installed in
the facility hot water supply main line, thereby
transferring the fuel cell thermal output to the facility
hot water distribution system. As in the MFH system, the
flow of the fuel cell generated hot water would be
controlled by a thermostatic, three-way valve (Figure 3).

Additional thermal energy from the fuel cell could
have been extracted via water-~to-air heat exchanger coils
installed in the facility HVAC duct systems; however, the
cost to modify the HVAC system would have been prohibitive.
In Acre's study involving a proposed fuel cell installation
at McClellan AFB, CA, he determined that the cost of
providing large (area) heat exchangers and extensive duct
modification required to allow a reasonable amount of
thermal energy transfer from the fuel cell to the facility
would have been too expensive relative to the energy savings

incurred [1:51]).
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Fuel Cell Sizing

Bollenbacher's study revealed that the optimum size
for a fuel cell power plant was a strong function of the
commercial natural gas and electricity rates available at
the proposed site [5:21]. He developed a series of graphs
that showed linear plots of the estimated optimum fuel cell
size for various natural gas and utility costs in 1981

dollars. The author plotted the FY 81 gas and electricity

costs, $4.29/186% BTU and $11.86/18% BTU respectively, for

WPAFB on these graphs and found that the optimum fuel cell
size ranged from 18 to 30 percent of the peak electricity

load of the facilities examined in Bollenbacher's study
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(Figure 9) [5:18]. These percentages changed only slightly

when the cost of steam ($4.10 per 186 BTU, used in lieu of
natural gas as the heat source in one of the office
facilities in this thesis) was substituted for natural gas.
These percentage boundary limits were used as one constraint

to determine fuel cell size.

An additional sizing constraint was the desire to keep
the fuel cell running continuously and at a power level of
at least 50 percent (Figure 18). This mode of operation
keeps the operational efficiency of the fuel cell on a high
level, thus allowing maximum cost benefit to be achieved.
Also note that the thermal output of the fuel cell is
relatively constant above the 508 percent power level. This
fact brings up the final sizing constraint which is based on
the facility monthly thermal energy consumption.

As stated previously, the thermal energy generated by
a fuel cell must be utilized to the maximum extent possible
to reduce the overall cost of providing electrical and
thermal energy to a facility. For this reason the annual
thermal output of a fuel cell size chosen within the 18 and
30 percent band should not be greater that the annual
facility thermal requirement, However, this final
constraint may not be able to be followed if the facility

thermal requirement is smaller (or larger) than the thermal

output of the 10 percent (or 39 percent) sized fuel
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Figure 9. Fuel Cell Size Determination Using Electricity
and Natural Gas Costs [5:Fig 14]

cell. 1In such cases, the life-cycle cost analysis would be

based on the smallest (or largest) fuel cell size within

28

Py

-

R ‘.\ .“_ e P ..'_..-'. -'.:_.- _«"_..‘_. R

. "

~Te

- «“_-." el -_..“.. T e
PSS SO IS AT VN TR

S
bl b

B, ¢,

S . DAL N
IS NI IS 27 TSRO AP %




» 1-]

»
a

&

b

HIGH GRADE
HEAT
80—

c
-~
- O
T4
~N >
> 60 }—
v LOW GRADE
(o=} MEAT
= %

m

|

v 40 —

>
-4
<« -
22 LECTRICITY
am 20m e
= r

1 19
o |
0 28 30 T 100

PERCENT RATED ELECTRIC POWER

. —— T —— — —— —— — - - —— - — " —t——— . — — T — ——— — G —— - M — > W= ———

Figure 1@. Fuel Cell Operating Efficiency [6:266]

the constraint band.

The fuel cell sizing boundary limits, operating power
level, and annual facility thermal requirement constraints
were analyzed with metered energy consumption data for the
facilities studied. 1In order to perform this analysis,
records of the average electricity consumption of four
months representative of the seasons (January, April, July,
and October) were obtained for each facility from the 2758tn
Base Civil Engineer utility monitoring section (Appendix A).
Six electricity consumption values were then chosen at four
hour intervals from each of the four, monthly consumption

records for each facility. Each of these six sets of four

29

RGN T Ty N - . . o BRI

* . - 1. I- - ~, - --‘ . . -t TN - ~
I IL J  I . e s .«
RN AR IR g fa L LN,

L S -
DR B . Tt . ‘e
2 W T AT, T S U T U R R




.......

P il

.-.‘-.'.’...',‘..'.‘.‘.’..'-.'-."..'.'..’-'.‘-'4. YA ks Dt

consumption values was averaged and then plotted to produce

an average daily facility electrical load graph. The fuel

cell size boundary limits were overlaid on these graphs, and

the size of the fuel cell was then determined for each

facility using the minimum operating power level and the

annual facility thermal requirement constraints as

weighting factors for choosing the percentage size value

within the boundary limits. Figure 11 is a sample

illustration of this process. Note that the peak demand

value listed is higher than the highest point on the graph.

This is because average demand values were used to develop

the graph. To deternine the size of the fuel cell, note

that a 50 KW unit would be able to operate at a power level

of at least 58 percent capacity since the lowest average

electrical demand level is 25 KW. However, the annual

facility thermal energy consumption of 1,500 f
K(thousand)BTU's is less that the maximum annual thermal

output of a 58 KW fuel cell of 1,642.5 KBTU's. Therefore, 5
the adjusted fuel cell size would be (1500 KBTU/1625.5

KBTU) x 58 KW = 45.7 KW. This sizing process is described

in more detail in Appendix C.

System Cost Estimate

The fuel cell system cost estimate addressed three
areas: the fuel cell power plant cost, the electrical and
thermal interface costs, and the annual operation and

maintenance costs.
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Figure 11, Fuel Cell Sizing Example

In an attempt to obtain an approximation of the cost
of a fuel cell power plant, several studies were reviewed
{5,17,22). Estimated installed costs for fuel cell power
plants of common size were found to range from $828/KW to
$1509/KW. Because of this wide cost variance, three system
costs were developed (based on the low, average, and high
estimated fuel cell costs) for use in the life-cycle cost

analysis.
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fEf The thermal and electrical interface costs were

%2 determined by conventional construction cost estimating
1§§ techniques, using material and labor costs contained in cost
t:. estimating manuals.

gi Operation and maintenance(O&M) cost estimates, like )
-i: those for the fuel cell power plant, varied significantly.
‘jb Annual fixed O&M costs ranged from $15.33 per KW of fuel

‘“; cell size to 2.5 percent of the fuel cell power plant cost,
g& and the range of variable O&M costs was $.089 to $.021 per

a

}E kilowatt-hour of annual fuel cell power plant production.

DAY

f‘ Thus, three corresponding O&M cost values were calculated

gf (low, average, and high) and applied to each of the three

‘EE fuel cell power plant costs.

2 These sets of fuel cell power plant and O&M cost data
& were used in the life-cycle cost analysis to develop a set
'Si of benefit to cost ratios. It was the author's intent to

;: plot these ratios versus total fuel cell system cost per KW
2: to determine the sensitivity of a fuel cell energy system to
é? changes in the fuel cell power plant and O&M costs. Figure
.3 6 is an example of this graphical process.

x

Ef Life-Cycle Cost Analysis

L

:; Life-cycle cost calculations were made following the

; prescribed format contained in Engineering Technical Letter
E (ETL) 82-4: Energy Conservation Investment Program (ECIP).
‘§ The following constraints stated in ETL 82-4 applied to this
i analysis:

¢

LYL LY
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a. Fuel cell economic life - 25 years.

b. Actual (1986) facility energy costs formed the base
values for the analysis.

¢c. Annual energy cost escalation - 7 percent.

Appendix G contains applicable excerpts from

attachment 1 to ETL 82-4, Life-Cycle Cost Analysis Summary,

which describes a step by step process for completing a cost
analysis summary. The deciding factor used to determine if
a project is cost effective or not is the savings to
investment ratio. This ratio consists of the total life-
cycle energy savings in dollars divided by the total
investment cost of the energy saving project. Thus, the
savings to investment ratio is simply another name for the
benefit to cost ratio mentioned heretofore.

Three types of costs were required to complete the
life-cycle cost analysis summary. The first was the
investment cost. This cost was the total installed cost of
the fuel cell energy system minus any salvage value., Note
that the construction cost was multiplied by an energy

credit cost reduction factor of #.9. This factor is based
upon a ten percent tax credit allowed by the DOE for energy
conservation projects. The second type of cost required for
the cost analysis was the difference in energy use between
the existing system and the proposed system. Annual
increases and/or decreases in consumption of the fuels

applicable to the study were calculated and then converted
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into dollars. These annual savings and/or cost values were

then converted to a single, present worth value using the
uniform present worth discount factors contained in
Appendix G, Table XV. The third type of cost, non-energy
cost, was calculated in a similar manner. This cost was
divided into two additional categories- recurring (e.g.,
operations and maintenance) cost, and non-recurring (e.g.,
parts replacement) cost. However, the cost value used in
this section was the annual recurring O&M cost that
contained both fixed and variable costs. Thus, the non-
recurring cost part of the life-cycle cost summary was not
used. Therefore, a single, present worth cost value was
calculated using the annual recurring O&M cost value,
Finally, the energy and non-energy present worth costs
were added together and then divided by the total investment
cost to obtain the savings to investment (i.e., benefit to

cost) ratio [6:1-3]}.
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IVv. Determinations and Findings

Existing Energy System Consumption

The electrical demand data used to develop the average
daily electrical load graphs for the three facilities
examined in this thesis is contained in Appendix A, The
; particular values that were used to determine an average

daily electrical demand value at six, four hour intervals

§ are shown bounded by a rectangle. Table I lists these

'E values, plus the average of each set. These set average
values were the six data points used to plot a graph of the
- annual average of daily electrical demand for each of the

: three facilities examined. Note that the demand values used
in the graph of the Page Manor MFH were for an individual

li unit., That is, the annual average demand values listed in
{g Table I were divided by the total number of individual MFH
units (i.e., 1,471).

;‘ The monthly and annual thermal energy consumption for
each facility is listed in Table II. Average daily thermal
demand graphs were not required, because the fuel cells, as
sized, operated at either full load or close to full load
a5 continuously. Thus, the thermal output of all three fuel
cells was relatively constant. Therefore, the thermal
energy supplied to each facility was not demand dependent,

and only the total annual thermal requirement of each

facility was needed to determine what fraction of

......
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;t Table 1

v Average Monthly and Average Annual Electrical Demand (KW)

B e

S

\

- Page Manor MFH

",

) Time Jan Apr Jul Oct Annual Average

"

4 9400 1896 964 1232 9949 1070

’ 0800 1528 1318 1512 1434 1446

! 1200 1720 1626 2214 1646 1841

<] 16428 1722 1676 3828 1856 2270

= 2000 2294 2114 3572 2310 2572
2400/0000 1478 1378 2544 1268 1655

= Building 641

™ 0400 42 44 130 92 77

> 0800 194 116 204 176 127

5 1240 118 132 214 196 165

g le600 106 122 166 160 138

2] 2000 60 74 106 120 99

) 2400/0000 32 30 52 58 43

E: Building 485

: 8400 96 144 178 100 129
8800 142 184 230 158 176
1200 1580 196 234 154 175

< l609 150 186 224 130 172

. 2000 100 148 186 102 134

i 2400/00009 94 144 182 96 129

. — o —— . ——— —— ————— — — — o ——— . — ———— ——— ——————

facility thermal energy was supplied by each fuel cell

system,

Fuel Cell Sizing

Using the annual average electrical load values from
Table I, fuel cell sizing graphs were drawn (Figures 12,

13 and 14). Sizing boundaries of 10 and 30 percent of
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Table II

Facility Thermal Energy Consumption (KBTU)

Month MFH Unit Cluster Building 641 Building 485

Jan 18,930 183,032
Feb " 124,106
Mar 64,675
Apr 6,789
May 6,463
Jun 0
Jul 0
Aug 3,200
Sep 5,727
Oct 4,948
Nov 15,160
Dec 176,562

Total 227,166 590,612

713,227
652,521
794,725
424,258
281,154
400,949
3504000

n
"

310,440
535,810

5,513,084

facility peak demand, plus the minimum operating power

level and annual facility thermal requirement constraints

were then applied.

In the case of Page Manor MFH, additional sizing

constraints were imposed in order to determine the fuel

cell size for a typical MFH unit cluster instead of only

for a single MFH unit.

In order to minimize the cost of distributing thermal

energy recovered from the fuel cell and
the existing MFH low voltage electrical
system, sizing corresponded to clusters
common electrical distribution systems.

unit clusters vary in size from 5 to 19

make maximum use of

distribution

of MFH units with
Although the MFH

units, the majority
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of unit clusters were found to be in the range of 6 to 10
units. Therefore, an average unit cluster size of 8 was
chosen for evaluation. Table III shows the results of the
sizing calculations performed in Appendix C. Note that the
fuel cell sizes chosen were below the areas where the
electrical demand fluctuates. The small dip in the MFH
demand plot, between 8236 and #6302 hours, amounted to only
about a 1.5 percent difference in the total daily fuel cell
electrical output and was therefore considered
insignificant. Thus, the fuel cell power plants chosen
operate in the fixed power level mode (i.e., at 1080 percent

rated power continuously).

Table III

Fuel Cell Power Plant Size

. - ——— . —— - ———— ———— —— . - ——— - P A e D - D . P — S e — — ——— -

Facility Power Plant Size (KW)
MFH Unit Cluster 7
Building 641 28
Building 485 94

- e —— T - ——— Y ——— - - - - — —— — A —— - —— - ———

The fuel cell sizes determined were not rounded up to
possible future generic sizes of say, 10 KW and 180 KW,
because the author expects future fuel cell designs to be
sufficiently modular to allow fuel cell "stacks" rated at
2 KW, for example, to be combined until the desired KW

rating is produced.
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N 1.6 1471 Units
- 1.5
T 1.4
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N Time (Hours)
;: Figure 12. Annual Average of Daily Electrical Demand:
2 Individual Page Manor MFH Units
2
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Figure 13. Annual Average of Daily Electrical Demand:
AFIT, Building 641
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99 Fuel Cell Size: 94 KW.
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Figure 14. Annual Average of Daily Electrical Demand:
Reconnaissance Systems Lab, Building 485
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Fuel Cell Thermal Energy Transfer

The fuel cell power plant thermal output calculated in
Appendix C was transferred to each facility through the
fuel cell heat exchangers and thence to the facility
heating system by means of another water-to-water heat
exchanger located inside the facility mechanical room or,
in the case of the MFH unit cluster, located next to a
central, hot water storage tank near the fuel cell power
plant.

In order to determine how much of the fuel cell heat
was actually transferred to the facility heating system,
the gallons per minute (gpm) flow of heated water required
from the fuel cell heat exchangers had to be calculated.
This heated water flow rate was then used with fuel cell
and facility heat exchanger performance data to determine
the quantity of thermal energy transferred to each
facility. Table IV summarizes the quantities calculated in

Appendix D.

Table IV

Fuel Cell Energy System Thermal Transfer

—— - —— - ———— S G . —— — —— - — ——— i —— — —— - - — - —

Percent Fuel Cell

Facility Thermal Transfer Thermal Output
MFH Unit Cluster 13,130 BTU/hour 50%
Building 641 37,186 BTU/hour 35%
Building 485 124,350 BTU/hour 35%

- —— - . — — - — " - - ——— ——————— ———————— —— . —————————— i — - —
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‘
)] The author determined that for Buildings 641 and 485
the thermal output from the fuel cell could be obtained
b
‘: only from the high grade heat exchanger. The reason for
S
.: this was because the large flow rate of high temperature
B
| water required made it thermodynamically impossible to mix
i any of the low grade heat exchanger water with that of the
3 high grade heat exchanger.
& Fuel Cell Energy System Cost Estimate
% Fuel Cell Power Plant. Table V summarizes the cost
‘% data used to determine three sets of fuel cell power plant
o3 costs used in the life-cycle cost analysis. All costs were
: escalated to 1986 dollars by means of historical cost
'
& indices contained in Means Electrical Construction Cost
:f Data 1986. A sample cost escalation calculation is
i —_—
N contained in Appendix B.
o
Table V
f Fuel Cell Power Plant Cost Data
<
.. Power Plant O&M Costs
Source Installed Cost,’KW Fixed -- Variable
[5:33] $1509 2.5% -- $.089/KWH
System Cost
9 [17:28] $1347 $15.33/KW -- $.021/KWH
N [22:5-23] $829 None -- $.016/KWH
s
N
& 43
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The installed cost ranges (low, medium, and high) of

the three fuel cell sizes previously determined are

summarized in Table VI.

Table VI

Fuel Cell Power Plant Installed Cost Ranges ($000)

. - —— - . . Y- T — — . - - — o —— -

Facility KW Low($820/KW) Avg($1347/KW) High ($1509/KW)
MFH Unit 7 5.7 9.4 190.7
Cluster

Bldg. 641 28 23.0 37.7 42.3
Bldg. 485 94 79.8 114.6 149.5

Electrical and Thermal Interface. The electrical

interface requirements for all three fuel cell energy
systems were essentially the same. The fuel cell power
plant was located close to the main distribution
transformer in the case of the MFH unit cluster and close
to the main electrical entrances of Buildings 416 and 485.
Commercial power from the electrical grid was
connected to the fuel cell via a grid interconnect unit.
This unit contained impedance matching and synchronizing
circuits to make the fuel cell generated power compatible
with the commercial grid, plus automatic switches to
disconnect the fuel cell in case of failure or in case of a

commercial power outage,
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The estimated cost for the grid interconnect unit was

based on a synchronizing unit for a diesel generator, plus
the cost for a circuit breaker of appropriate size.

The fuel cell could be used to provide partial
facility power in the case of a commercial power outage.
However, to prevent overloading the fuel cell, only
essential circuits, with a combined load not exceeding the
KW rating of the fuel cell, could be connected.

The thermal interface requirements were also similar
in configuration; however, the MFH unit cluster system
required a more extensive underground hot water
distribution system, plus a hot water holding tank. The
two large facilities, on the other hand, required
relatively short lengths of distribution piping, but needed
water-to-air heat exchangers to reduce the return water
temperature to the fuel cell.

The average size of piping required for each system
was estimated ucging the gpm values calculated in Appendix
D, and the estimated length of pipe required. These values
were used in conjunction with a pipe sizing graph contained

in the ASHARE Handbook [3:32].

Prices for the other interface components were picked
to correspond as closely as possible with the KW, BTU and
gpm ratings previously determined. For example, the flow
rate of the water-to-water heat exchanger for Building 641

was calculated to be 5.4 gpm. The closest heat exchanger
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15 size listed in the cost data used was a 7 gpm unit priced
: at $600. Therefore, this was the price used in the
)
g: interface cost estimate., All prices listed in Table VII
i include materials and installation.
e Table VII
ﬁ Fuel Cell Electrical and Thermal Interface Cost
e
B MFH Unit Cluster Building 641 Building 485
'S
M Electrical $690 $855 $2550
" Service
N (14:224]
N
3 Grid Unit $787 $1215 $1567
- {14:177,315]
o Water-to- $350 $600 $1307
% Water Heat
v Exchanger
[15:179]
. Water-to N/A $342 $875
"y Air Heat
- Exchanger
- [15:181)
- Circulating $478 $344 $435
: Pump (s)
- [15:145]
’
Mo 3-way $150 $422 $936
Valve(s)
[15:204]
Storage $1380 N/A N/A
Tank
7 [15:183,196]
x Hot Water $4192 $1204 $1617
- Piping System
o [15:92,98,187]
y Total Matls.  $8027 $4982 $9287
& Labor
" 46
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v . - . L] L] L] L] L] Table VII (Continued) L] L] L] . . . L] . - .

25 Percent $2007 $1246 $2322
Overhead &
Profit [15:9]

Subtotal $10034 $6228 $11689
15 Percent $1505 $934 $1741
Design{l15:7]

Grand Total $11539 $7162 $13350

- — ——— — — —_—— ——— . ——————— — ——— —————— i — ————— - —

Operations and Maintenance. The three O&M cost ranges

listed in Table V are divided into two categories- fixed
and variable. The fixed cost is static in that it is based

on one finite value (i.e., 2.5 percent of fuel cell system
cost or $15.33/KW of fuel cell size). The variable cost,
on the other hand, depends on the operating time of the
fuel cell system.

In order to determine the fixed cost factor of 2.5
percent of the fuel cell system cost, Bollenbacher's value
for the fuel cell power plant installed cost ($1509/KW) was
multiplied be each of the three fuel cell sizes previously
determined. Each of these values was then added to the
corresponding electrical and thermal interface cost for
each installation listed in Table VII.

The annual KWH generated by each fuel cell was
regquired to determine the variable cost. The number of

hours of fuel cell power plant operation per year was

based on a 97 percent operational reliability factor

e e L =l . e a e e . [P e S
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(354 days/year or 8496 hours/yr) stated in Appendix E.
Each fuel cell KW size was then multiplied by 8496 hours/yr
to obtain the annual KWH power production. Table VIII

lists the fixed and variable O&M costs for each fuel cell

system.
Table VIII
Fixed and Variable O&M Costs
MFH Unit

Fixed Cluster Bldg. 641 Bldg. 485
2.5% System $465 $1,181 $3,778
Cost {[{5:Table V]
$15.33/KWH $187 $429 $1,441
[17:28]
None [22:5-23] S0 $0 $0
vVariable
$0.009/KWH $535 $2,141 $7,188
[5:Table V]
$0.021/KWH $1,249 $4,996 $16,771
[17:28] .
$P.016/KWH $952 $3,806 $12,778
[22:85-23])

Thus, the total annual O&M cost for each fuel cell
system ranged from $952 to 1,366 for the MFH unit cluster,
$3,322 to 5,425 for Building 641, and $10,956 to $18,212

for Building 485.
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Life-Cycle Cost Analysis

The life cycle cost analysis summaries for the three
facilities studied are contained in Appendix G. The author
found that none of the fuel cell energy systems was cost
effective over the expected 25 year lifetime. All three
systems did save energy initially (Item 2F3, Appendix G),
but when the uniform present worth discount factors were
applied, an overall life-cycle cost for energy was incurred
instead of a savings.

Another significant factor in the life-cycle analysis
that caused the fuel cell energy systems to show a net
loss, was the O&M cost (Item 3A, Appendix G). Indeed, the
O&M cost actually exceeded the initial cost of the fuel
cell energy system in four out of the nine life-cycle cost
analysis summaries. To illustrate the magnitude of the O&M
cost, the life-cycle O&M cost values divided by the number
of days in 25 years resulted in a daily O&M cost that
ranged from a low of §1.22 per day for the MFH unit cluster
system, to a high of $23.31 per day for Building 485.
Perhaps even more realistic would be the daily cost range
condensed into the 11 day downtime period previously
estimated (i.e., 97 percent reliability or 354 day uptime
per year). Within this 11 day period the daily O&M cost
ranged from $40.33 per day to $770.25 per day.

One factor not included in the life-cycle cost

analysis summaries was the reduction in KW demand that
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would have resulted if each fuel cell was operated
continuously at its maximum capacity. Operating at 148
percent capacity, without any downtime for maintenance or
system failure, would ensure that the local electric
utility company would measure a KW demand reduction
identical to that of the rated KW of the fuel cell power
plant. However, even if this ideal condition were met, the
author determined that the savings in reduced KW demand
charges amounted to only a five to nine percent reduction
in the total non-energy savings cost (Item 3A, Appendix G).
Therefore, KW demand reduction savings had no effect on the
outcome of the life-cycle analysis summaries.

Using the total investment and the savings to
investment ratio (SIR) values (Items 1F, and 6, Appendix
G), a sensitivity analysis was then attempted to determine
if the fuel cell energy systems proposed would be cost
effective,

Sensitivity Analysis. The author's original intent in

performing a sensitivity analysis was to develop a set of
SIR's, three for each fuel cell energy system, and plot
them on a graph versus the dollars per kilowatt ($/KW)
installation cost similar to the graph shown in Figure 6.
Since each point plotted would have been determined from a
different set of installation and O&M costs, the curve
produced by joining the points would have shown the

sensitivity of the energy system to the combination of the
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.i $/KW values must be positive in order to produce a graph

é from which breakeven costs can be determined.

!

o In spite of the negative SIR values, it may be of some

} use to future investigations to note that the average $/KW

3 installed cost of the three systems studied were $2586/KW
for the MFH unit cluster, $1338/KW for Building 641, and

f $1231/KW for Building 485. The relatively high $/KW value

§ for the MFH unit cluster was due to the cost of the hot

- water distribution system to the eight MFH units.

;j':
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different sets of installation and O&M costs. It was also
hoped that at least one of the energy systems would have an
SIR of one or greater, indicating that that system was cost
effective,

However, after the nine life-cycle analysis summaries
were completed, all of the resulting SIR's were found to be
negative. Because of this fact, it would have been
pointless to attempt to plot any of the negative SIR values
or, even if plotted, to extrapolate beyond the negative SIR
points in an attempt to determine at what $/KW value the
fuel cell energy system would be cost effective (i.e., have
a breakeven cost). That is, conclusions concerning fuel
cell energy system breakeven costs could not be drawn from
such a graph because the negative numerator (savings) of
the SIR could only become smaller (less negative in this
analysis) if the denominator (cost of the energy system) of

the SIR, increased. In other words, both the SIR and the

A A A T N N
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V. Conclusions and Recommendations for Future Study

Conclusions

Although this thesis has shown that a fuel cell energy
system, operated in a fixed power level mode, would not be
cost effective for three, site specific installations, this
does not mean that such systems would never be cost
effective. As indicated in the life-cycle cost analysis,
the two, main limiting factors in preventing achievement of
a cost effective system were; first, the high cost of
natural gas relative to that of electricity or coal derived
steam; and second, the high cost of O&M for the energy
system.

Assuming the life-cycle discount factors for the
energy sources used in the cost analyses (electricity,
natural gas, and coal derived steam) were reasonably
accurate, then in order to increase the possibility of
achieving an energy savings, the gas to electricity
conversion efficiency of the fuel cell power plant must be
improved and the thermal transfer capability of the fuel
cell energy system needs to approach 168 percent.

Estimates of future fuel cell gas to electrical
conversion efficiency range as high as 53 percent versus
the 40 percent used in this study {17:30]. Therefore, a 50
percent conversion efficiency would not be unrealistic to

expect in an actual installation. This efficiency egquates
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:E natural gas cost of each of the three proposed systems

- (Item 2D5, Appendix G).

$ In order to approach a 100 percent utilization of the
i fuel cell thermal output (especially the low grade thermal

output) without costly facility HVAC system modifications,

E? the energy system would have to be designed as part of a

EE new HVAC system. This would mean the fuel cell energy

1 system would need to be incorporated into the design of a
.é new facility or HVAC system replacement in an existing
g facility due to a significant change in the heating or

: cooling loads (i.e., the installation of a large computer

- system, for instance).

Ef Using the life-cycle cost analysis summary for

Building 641 (Appendix G, page 71) as an example, and

é% assuming that a major HVAC system replacement allowed for
jé the use of 1090 percent of the thermal energy from the fuel
N cell power plant, the amount of thermal energy transferred
:g to the facility would increase from 315 MBTU/year to 900
L; MBTU/year. If the 10 percent reduction in natural gas
,u required to operate the fuel cell was included as well, the
:g life-cycle energy savings would change from -$40,831 to
, +$15,627. Although this would still not result in a SIR of
'E Plus one or greater, it does indicate that future fuel cell
EE installations should be able to provide substantial energy
.; savings.

2
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The other main limiting factor, the O&M cost, appears
to be too high especially when compared with the installed
system cost. The annual O&M expenditure amounted to
between seven and fifteen percent of the installed system
cost. Using the previously cited life-cycle cost analysis
summary for Building 641 and the seven percent uniform
present worth factor (Appendix G, page 65), the cumulative,
annual recurring O&M cost would exceed the system installed
cost after only approximately 18 years. 1In light of this,
the possibility of power plant replacement could be a means
to reduce the high O&M cost, because a new unit should be
less costly to maintain. At 10 years, again using a seven
percent time value for money, the power plant replacement
cost would be almost double the 1986 cost of $27,110;

however, this replacement cost does not take into account

RN}

the probable increased efficiency of the fuel cell power
plant nor the reduced $/KW installed cost resulting from

better design and a higher power plant production rate.

AN

However, because evaluation of the fuel cell as a
commercially viable power system is continuing, it is not

possible to state with certainty that future technological

"

advances will significantly reduce O&M costs.
In conclusion, the findings of this thesis show that
the life-cycle cost effectiveness of a fuel cell energy

system, operated in a fired power level mode, depends

> Yn BN BN

mainly on the cost of the power plant fuel (natural gas)

2,
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and the cost of O&M for the system. The initial installed

cost of the system, on the other hand, had less impact on

the outcome of the life-cycle cost effectiveness.

Recommendations for Future Study

The purpose of this thesis was to determine if a fuel
cell energy system would be cost effective if installed at
three facilities typical of the type located on WPAFB.
While none of the proposed installations proved cost
effective, future studies could be made using, or perhaps
developing, different power plant sizing criteria. One
advantage of a larger sized power plant that could be
explored, for example, would be the cost effectiveness of
selling fuel cell generated electric power back to the
local commercial utility company during periods of low
facility electrical demand.

Another area of possible research would be to perform
life-cycle analyses on facilities on WPAFB or other bases
that had more advantageous thermal to electric load ratios.
Because this thesis was primarily concerned with facilities
typical to WPAFB, the thermal to electric ratios of the
three facilities chosen were not as high as they would be
if the ratio was of primary importance to facility
selection. 1In fact, the thermal to electric ratios for the
three facilities studied were quite low. The ratios,
determined by dividing the annual facility thermal

consumption by the annual facility electrical consumption,
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were; 0.26 for the MFH unit cluster, #.20 for Building 641,
and 1.20 for Building 485. If a study concentrated on
facilities that could utilize most of the thermal energy of
fuel cells that were sized to meet the total electrical
loads, then the life-cycle SIR values might become one or
greater even if the O&M costs remained high.

Instead of addressing facility sized fuel cell energy
systems, a study of multi-megawatt sized systems could be
pursued. These large systems would probably be integrated
with existing, base operated heating plants. The thermal
energy generated by these fuel cell power plants could be
used to preheat the combustion air for the heating plant
boilers. During the summer months, the thermal energy
might have to be ejected into the atmosphere; however, the
electrical generation efficiency of the fuel cell power
plant would still be higher than the efficiency of a
typical, coal fired, steam turbine generating plant of a
local utility company.

Feasibility studies in these and other areas would be

useful to DOD and USAF energy program and policy managers
in making decisions concerning the installation of fuel
cell energy systems. Such studies would provide more
detailed information on energy system installations at
specific bases and facilities using actual utility costs
incurred by bases, as well as, more detailed electrical and

therm«l interface cost estimates.
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Appendix B

Estimation of MFH Unit Cluster Hot Water Requirements

Average occupancy per MFH unit cluster (8 units): 24

Gallons of 140 degree hot water regquired per day:[23:B208]
20 gal/person for first 16 persons = 320 gal
5 gal/person for remaining 8 persons = 40 gal

28 gal for each automatic washer = 160 gal
Total 520 gal/day

Averagde Ground Water Temperature: 52°F [11:C-48]
Gas Water Heater Efficiency: 8.75 (23:B2040]
Daily Hot Water Thermal Requirement:

520 gal/day X 8.25 BTU/gal-°F X (140°F - 52 F)
.75

503,360 BTU/day [23:B203)
Annual Thermal Requirement:

503,360 BTU/day X 365 days/year _ 183,726 KBTU/year
1000 BTU/KBTU

Fuel Cell to MFH Unit Cluster Hot Water Distribution Heat
Loss:

Approximately 400 linear feet of insulated pipe (average
diameter of one inch) was required to distribute the fuel
cell generated hot water to 8 MFH units. The heat loss was
estimated to be 16 BTU/foot/hour [l1l1:Hla]. Therefore, the
annual heat loss was:

19 BTU/foot/hour X 8768 hours/year X 4008 feet of pipe

1000BTU/KBTU

= 35,020 KBTU/year
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. Central Hot Water Storage Tank Heat Loss:

A Assuming 500 gal storage tank size with 3 inches of
insulation, the estimated heat loss is 8,480 KBTU/year

- {10:134]

o

4

o Total Annual MFH Unit Cluster Thermal Requirement:

A Hot Water 183,726 KBTU/year

, Distribution Heat Loss 35,040

- Storage Tank Heat Loss 8,400
Total Annual Heat Requirement 277,166 KBTU/year

(Listed in Table II as 18,930 KBTU/month)

s 6 2, o, 2, 8, 2, X,

s s 88 4 A LS
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Appendix C

Fuel Cell Power Plant Sizing and Thermal Output
Calculations

To determine the size of the fuel cell power plant for
each facility, the first two sizing constraints were used
initially to obtain an approximate power plant KW size.
Then the thermal output of the power plant was estimated
using ratio multipliers based on the rated thermal output
of an operational 40 KW power plant described in Taylor's
report, namely, 150,000 BTU/hour or 1,314,000 KBTU/year
[20:423].

The ratio multiplier was determined by dividing the
power plant estimated annual thermal output into the annual
facility thermal requirement. This ratio multiplier was
then used to adjust the approximate power plant KW size.

For example, assume the first two sizing constraints
indicated that a 50 KW power plant would be practical. If
the annual thermal load of a facility was 1,500,000
KBTU/year, the thermal output constraint would require the

power plant size be adjusted by the following method.

50 KW power plant thermal output:

1,314,000 KBTU/year X %%%% = 1,642,500 KBTU/year

Size adjustment due to lower facility thermal requirement:

1,500,000 KBTU/year(facility requirement)
1,642,500 KBTU/year(fuel cell output)

X 50 KW = 45 KW
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The adjusted fuel cell power plant sizes for the three

facilities studied are shown in Table IX.

A

\ Table IX

15

1N Fuc.l Cell Power Plant Size Adjustment

. T T T T T T T T T T T T T T T T T T T T T T T T T T e s

> Thermally

o Facility Ratio Multiplier Approx. Size Adj. Size

[ MFH Unit 227,166 KBTU/year 8 KW 7 KW
Cluster 262,800 KBTU/year

'_:; Bldg. 641 590,612 KBTU/year 84 KW 18 KW

- 2,759,400 KBTU/year

<.

:Z Bldg. 485 5,513,084 KBTU/year 94 KW 168 KW

I

”

‘x Note that the adjusted power plant sizes for Buildings
641 and 485 were not within the 18 and 30 percent

2: boundaries of the first sizing constraint. 1In these cases,

ks

%: the power plant sizes chosen were the lower boundary limit

~y of 28 KW for Building 641 and the upper boundary limit of

s

41 94 KW for Building 485. The author considered the first

- sizing constraint of primary importance because it was

[ based on actual unit costs for electrical and thermal

E energy at WPAFB. Thefore, the first sizing constraint was

3 observed in all three sizing determinations.

- The size adjusted fuel cell power plant thermal

- outputs for the KW sizes chosen were determined as

N previously shown in this appendix. Table X shows the final

; fuel cell sizes and their corresponding thermal output,

X

h

s

72




ALK

i aan

2

G

Ty S AN Y

A7ENANE Al

Table X

Final Fuel Cell Power Plant Size and Thermal Output

Facility Fuel Cell Size Thermal Qutput
MFH Unit 7 KW 26,250 BTU/hr
Cluster

Bldg. 641 28 KW 105,000 BTU/hr
Bldg. 485 94 KW 352,500 BTU/hr
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Appendix D

Fuel Cell Energy System Thermal Energy Transfer Calculations

The gallon per minute (gpm) of hot water flow to the
fuel cell heat exchangers required to transfer the fuel cell
generated thermal energy was determined from the BTU/hour
output rating of the fuel cell power plant and the
temperature difference between the supply and return water
required by the facility heat exchanger to provide the
required temperature rise to water in the facility heating
system, Figure 16 is a sizing chart from a heat exchanger
manufacturer and shows the temperature of the supply
(heating) water required to obtain a certain temperature
rise in the facility (heated) water. Note that the maximum
heating water temperature drop possible was chosen in order
to reduce the temperature of the return heating water back
to the fuel cell heat exchanger(s).

The temperature values indicated in Figure 16 were
used in the following formula to produce the gpm values
shown in Table XI. The formula used to calculate the gpm
values is shown below:

GPM  _ BTU/hr
[4:6] Fac,.” Temp, Change F X 8.33¥ Btu/gal-% X &0 min/hr

* BTU/hr factor varies with average facility water
temperature.




Bt A R B e e RIS A SR A LA R A B4 a4 «® v .

wey _*

0
'
.
2
1]
1
.
»
'
L
[
s
'
.
e
-
[
»
[$
e
¥
el

QA
A
A
o
)
]
& o o o = o = =t = o " = —— ——————
X
230° HEATING WATER
« Heated Water TEMPERATURE DROP
L
In Out s 100 | 150 | 200 [GOD KA |s0° |eor |70° ) | 90* |100°
- 425 | 4.33] 441 | 450 | 468 | 488 | 500 | 534 [ 561 [ slo2 | 6.26 | 665
. 890] 907 | 926 945 | 98BS [1030 {1079 {11.34 1196 |12166 |13 47 {14 42
A 1409 {1438 [ 14’69 {1500 {1969 (1646 (17.31 (1827 (19.38 |20(65 {22.16 (2397
2002 {2047 | 2094 [ 2143 {22450 (2370 |2507 |26'64 {2848 | 30067 {3335 (3677
- 2704 | 2770|2840 12914 3078 [3265 134.83 |37 40 J40 54 {44J47 [4963
A 3574 | 3674 | 37.80 | 38.95 (41152 |4k 56 4824 |52.88 |58.39
o, i 4739 14899 | 50.74 |5266 |57}14 6284 {70.51
o A43]457] 461 470 450 §12| 537 564 | 594 | 29| 665 | 715
933| 952] 972 993 [1d38 |1de7 (1143|1205 {1276 | 1358 | 14.55 {1570
1485 (15171 1551 | 1587 11664 [.1451 {1848 {1961 {2091 | 2445 | 2431 |26 63
2126|2176 2229 | 2285 | 2409 | 2949 (2110 | 28195 3125 | 3403 13786 14242
P00 2031305343530 bt -I bt b B 3
3890 | 4001 | 41 41 {4285 | 4G05 s&oo 55.01 | 61.73
5295 | 55051 52.38 {60.01 | 6643 | 7533
465 AJ4] 4B4 | 494 516 | Al | 568 ] 595 | 6.34 | 6.94 | 7.21 | 1.77
- 982 (10.03] 10.25 1 1049 {10099 } 11|55 |12.18 [12:91 (1374 | 14772 [ 15.80 | 17.35
M 1573116001 1648 | 16.89 | 37177 | 1838 11992 | 21725 {2283 | 2474 | 2714 | 3028
- 2272 | 23.30| 2391 | 24.56 [ 26001 | 2268 |29.64 | 3198 |34.88 | 3862 {4373
pA 3136 {32728 33.25 {3431 | 36{68 | 3952 (4300 { 4745 [5348
5 4292 (4443 4609 (4791 (52020 | 5772 |65.28
pA 6075 16374 | £2.19 17123 |82J09
¢ 291 306 3.24 344 I89( 485 6.7
) 6.09( 643! 682( 7.29 354 1466 §16.10
96010117 1084 | 1164 | 1386 | 1792
bbbl 8--20-20-1 2K 80
- 37.30 | 41 x7l 4643 | 54.33
C
e T3ST| 3.74] 402] 436 34y 7.47
745| 797 B61| 940 11{B3| 18,24
11.931 1284 1396 | 15:40 | 2017
35 58D B3 04
- 57.44| 72053
' 447 786 536 601, BAS
\ 967 1060| 11.82 1351 | 2142
& 15.89| 12.63] 1988 | 23:52
2367{ 26.72| 31.19| 38.90
“.‘I
s |
‘: <
" " g S D T D TS S GEn IR G S D Y S . S S G T G S G S G G G R S S G G G G G G S S .
2 Figure 15. Facility Heat Exchanger Performance Chart [4:17]
- Table XI
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Fuel Cell Heat Exchanger GPM Output Requirement
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‘ Facility Heat Exchanger Supply
L") Facility Fuel Cell Output & Return Water Temperatures
L«
MFH Unit 26,250 BTU/hr 230 to 150°F
5 Cluster
.
‘N
o Bldg. 641 105,000 BTU/hr 230 to 190°F
”.
'3
- Bldg. 485 352,500 BTU/hr 230 to 200°F
-
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L] L] . L] L4 L4 L] . L d L] Table XI (continued) . Ld L] L] * . L] L] - L

Facility Water Temperature

Rise Requirement BTU Factor Required GPM
52 to 140°F 8.33 0.7
170 to 190°F 8.10 5.4
180 to 200°F 8.06 24.3

With the required gpm flow calculated, the next step
was to match the gpm flow to the fuel cell heat exchanger
performance data. This data was in the form of two graphs
(Figures 17 and 18) developed from data obtained from an
operational 40 KW fuel cell power plant manufactured by
United Technologies Corporation.

The graph values were converted by a size ratio
multiplier to obtain approximate gpm and thermal output
values for each size fuel cell. For example, the graph gpm
and BTU/hour values would be multiplied by 7KW/40 KW to
obtain approximate heat exchanger output values for the 7 KW
fuel cell power plant.

After comparing these heat exchanger performance
graphs with the retuin water temperatures of 190°F and 200°F
for Buildings 416 and 485, respectively, it became apparent
that some means to reduce the return water temperature was

required. Note, for example, that a return water

L 2R )

temperature of 190°F is off the performance graphs of both

.

»

the high and low heat exchangers. .
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ade Heat Exchanger Performance Graph [1:27])

reduce the return water temperature, the
the addition of water-to-air heat
return air ducts of the HVAC systems of

This option was not used due to the

extensive facility HVAC modifications required, and also

exchanger could not be used during the

summer months when cooling air was required by the facility.
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Figure 17. High Grade Heat Exchanger Performance Graph
. [20:424]

The approach chosen was to install a water-to-air heat

exchanger at the fuel cell power plant site. The output of

. this heat exchanger would be modulated by a temperature

»

controlled three-way valve such that 145° return water
would be made available to the high grade heat exchanger

year round. The return water temperature was kept as high

LA

as practical to limit the thermal energy loss to the

atmosphere.

2 Using the same formula stated at the beginning of this
appendix, the size of the water-to-air heat exchangers were
estimatved to be 68,000 BTU/hour for Building 641 and 283,000
BTU/hour for Building 485. An additional heat exchanger was

! not required for the MFH unit cluster system because the
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return water temperature of 150°F would drop approximately
5°F traveling through the relatively long return water
piping system.

The actual gpm and temperature values taken from the
heat exchanger graphs are listed in Table XII. Also listed
is the amount and percentage of fuel cell generated thermal
energy able to be transferred to the heating system of each

facility.

Table XII

Fuel Cell Thermal Energy Transferred to Facility

O - — —— —— - — ——— — - — ————— — ———— i —— ————— —— — — ————— " —

Facility GPM Temperature Thermal Transfer Percent
MFH Unit B.73*% 232 °F 13,130 BTU/hr 50
Cluster

Bldg. 641 3.10 230 °F 37,1686 BTU/hr 35
Bldg. 485 10.68 230 °F 124,350 BTU/hr 35

* Combined output of high and low grade heat exchangers:

(290 °F X .35 gph) + (177 °F X .37 gph) = (232 °F X .73 gph)
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Appendix E

Fuel Cell Power Plant Natural Gas Consumption

[ L N A Sl N

The natural gas consumption of the fuel cell power

Plant was calculated based on a gas to electricity

. conversion efficiency of 40 percent [6:265]., The author

v also used Wakefield's estimate of operational reliability of
97 percent (i.e., 354 days per year) [22:H-3]. Table XIII
lists the annual consumption values, determined by the

. formula below, for each facility.

Fuel Cell KW X 24 hr/day X 354 dqys/xr
) 0.4 efficiency

X 3413 BTU/KW

X 1 = Cubic Feet of Natural Gas Consumed
1031 BTU/cu ft of gas per Year

Table XIII lists the annual consumption values for
each facility.

Table XIII

Annual Fuel Cell Power Plant Natural Gas Consumption

T i i . s s > -t - — " — — > " = = = > . = - -

Facility Annual Gas Consumption(cu ft) 4
; MFH Unit Cluster 485,859
‘ Building 641 1,968,748
Building 485 6,609,369

'
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The capacities of the existing natural gas
distribution systems at all three facility locations were
found to be adequate to handle the additional load of the

fuel cell installations. The increase in gas consumption,

assuming a conservative estimate of no reduction in existing
consumption, was less than one percent for the MFH unit
clusters and Building 485. For Building 641, an abandoned
three inch gas line to the facility would easily handle the

fuel cell power plant gas requirement.
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Appendix F

Sample Cost Escalation Calculation

The first fuel cell power plant installed cost shown
in Table III is $1509/KW. The original cost, $1283/KW, was
obtained from Bollenbacher's study and was estimated in 1981
dollars [5:Table V]. To convert to 1986 dollars for the
life~cycle cost analysis, historical cost indices from [14]
were used as follows:

Present Cost = Previous Cost (1981 Dollars) X %%%%-%%%%-%%%%%
(1986 Dollars)

X 1.063(Est. 6.3% Annual Inflation 1985 to 1986) {14:406]
Substituting Actual Data:

Present Cost = $12083/KW X l§24% X 1.863 = $1509/KW
(1986 Dollars) les.

This method was also used to convert O&M costs to 1986
dollars
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Appendix G

Life-Cycle Cost Analysis and Summary

The unit costs for energy and the annual energy
savings and consumption were calculated as shown in Table
XIV. These values were used in Part 2 of the Life-Cycle

Cost Summary.

Table XIV

Energy Unit Cost and Annual Savings/Consumption Calculations

o ———— — . —— - —— — —— ——— T ——— —— — —————— - G o — - — " -

1986 Energy Unit Cost per Million BTU (MBTU)

Fuel
Elec $0.0485/KWH * -

11.6 KBTU/KWH X 1008KBTU/MBTU = $4.18/MBTU
Gas $5.23/1900 cu fr *

= $5.07/MBTU

1.831 MBTU/1000 cu ft
Steam . © & 9 S 9 OO S " P " 6O 0SS e 0 N o $4‘91/MBTU*
* From 2758th/DEEU

Annual Energy Savings - Gas or Steam

Facility
MFH Unit 13,1390 BTU/hr ** X 8496 hr/yr = 112 MBTU/yr
Cluster 1,000,000 BTU/MBTU (Gas)
Bldg. 416 37,100 BTU/hr ** X " = 315 MBTU/yr
" (Steam)
Bldg. 485 124,350 BTU/hr ** X n = 1857 MBTU/yr
" (Gas)
** From Table IV
83
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e + s o o e o o « Table XIV (Continued) .« &« ¢ ¢ o o o o o =

Annual Energy Savings - Electricity

MFH Unit 7 KW X 8496 hr/yr X 6.6166 MBTU/KWH 690 MBTU/yr

Cluster

Bldg. 28 KW X " X " = 2759 MBTU/yr

641

Bldg. 94 KW X " X " = 9264 MBTU/yr )
485 :

. - . . . - . 3 . . . . . L] . . . . 3 [ . . . . . 3 . . . .

Annual Energy Consumption - Natural Gas

MFH Unit 485,859 cu ft X .@91831 MBTU/cu ft 581 MBTU/yr

Cluster E
\

Bldg. 1,968,748 cu ft X " = 2630 MBTU/yr )

641

Bldg. 6,609,369 cu ft X " = 6814 MBTU/yr

485

Cu ft consumption values from Table XIII
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LIFE-CYCLE COST ANALYSIS SUMMARY

{attachmen: 1 to ¥TL £2~¢)

General

The Life-Cycle Cost Analysis Summary is to be used for determining
Savings to lnvestment Ratios (SIR) for complete ECIP prcjects and
for discrete portions of projects. In using this form, the cost
of construction; supervision; inspection and overheac (SIOH); design
costs, salvage value; unit costs of energy and rccurring and nonrecur-
ring non-energy costs are determined as of.the date the analysis
is made.

Title Block
Identify project title and if applicable,

the discrete portion of the project being analvzed. The installation
region is determined by its location (see Table XV).

line 1 Investment Costs

All investment costs are determined as of the date the analysis
is made. For determining SIR for enmergy conservation retrofits the
total of the construction, SIOH and design costs must be reduced
to 90 percent c¢f the originzl estimated cost. O5alvage value is the
resicdual value of existing equipment removed as & rcsult of the retrofit
project. Investment costs do no: include energy audit costs, prelimi-
nary design, not analysis costs since these efiorts &re reguirec
by Executive Order, legislation, or DoD requirements and are therefore
considered sunk costs.

Line 2 Energv Savings

By definition ECIP projects must save energy, therefecre there

will alwavs be an overszll energy cost savings. The overall savings
may include increases in use of one fuel anc & decrease in use of
another. For each fuel, attach computztions to show anc substantizte
the energy savings (2.) claimed. Use conservation facicrs

to conver: to MBTUs. The cost per METU (1) is the cost ol energy
at the installation on the date of the analysis. Care must be taken
to use the same conversion factors usec in (1) to develop the appropri-
ate unit cost, eg. electric cost of $50/mvh = $4.31/MBTU, using 11.6
METU/mwh. The annual savings is the product of (i) x (2). The discount
(UPW) factors (4) are obtazined from Table XV.

(A)The discounted savings (5) are determined by multipiving (3)
x .

Line 2 Men-Ineygv Savings

Annusl recurring savings/costs will include items such o5 electrical
demand savings, operator/maintenance savings (labor and material).
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For annually recurring savings/costs
obtain the discount (UPW) factor from Table Xvy Section 3D calculations
assures project qualification basec on the criteria requirement that
75 percent of the discounted cost savings must be derived directly
from energy (MBTU) savings. |[Maximum allowable non-energy savings
equals discounted energy savings divided by .75 multiplied by .25,
-i.e., (1 & .75 x .25 = .33 factor.)) 1f applicable, the retrofit
will qualify for inclusion in the program only if (SIR) line 3Dlb
is equal to or greater than 1.

Line &

First vear dollar savings equals 2F3 « 3A (3Bld ? years economic
life). NOTE: First vear dollar savings is defined as the summation
of the first year energy and non-energy savings plus the total nonrecur-
ring, non-energy savings divided by the economic life of the retrofit
action.

Line 5

Total net discounted savings equals 2F5 + 3C.

Line 6

Project qualifies for inclusion in the program, if nct previously
disqualified in Test 3D, and SIR on Line 6 is equal to or greater
than 1.

Znerev Ceonversion Factors

2. TYor purpose of calculating energy savings, the following conversion
factors will be used:

Purchased Electric Power 11,600 BTU/kwh
Distillate Fuel 0Oil 138,700 ETU/gel

Residual Fuel 0il 145,690 BTU/gel

Natual Gas 1,031,000 BTU/1000 cu. fc:.
LPG, Propzne, Butane ©5,000 BTU/gal
Bituminous Coal 24,580,000 BTU/Short Ton
Anthracite Cozl 25,400,000 BTU/Short Ton
Purchased Steam 1,340 BTU/1Dp

The conversion factors for fossil fuels shoulc be usec onlv if
actual fuel BTU content is npot known. If known, actual vezlues
should be useg.
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Purchased energy is defined as being gencrated off-site. For
special cases where clectric power or steam is obtained from
on-site sources. the actual average gross energy input to the
generating plant will be used.

The term 'coal' does not include lignite. Where lignite is
involved, the Bureau of Mines average value for the source field
shall be used.

Where refuse derived fuel (RDF) is involved, the heat value shall

be the average of the RDF being used or proposed or 6,000,000
ETU/Short Ton if not known.
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< table yyy UMW Pactors for Pinding the Present Value of Puture
AN Nonfual Anbusally Recurring Asouncsl
Y
Study Paricd U™ Jactor DM Pactor
. (Years) (¢=.07) (¢=.10)
x
o 1 0.93 .91
i~ 2 1.81 1.7
> 3 2.62 2.49
> 4 3.39 3.17
o s 4.10 3.79
- 3 &4.77 4.36
e 7 5.39 .87
- s 5.97 $.33
9 6.32 $.76
10 7.02 6.14
p
& 11 7.50 6.30
- 12 7.94 6.81
. 13 8.36 7.10
14 8.78 7.37
‘-. 15 9011 7-61
16 9.45 7.82
17 9.76 8.C2
s iz 10.06 8.20
- 19 10.34 8.36
- 20 1C.89 8.5
-
.
. 21 10.84 8.65
22 11.06 8.77
‘. 23 11.27 8.88
3 24 11.47 8.98
25 11.65 9.08
-
= 1The formula for finding the prasent value (P) of av amnuslly recurring
"~ unifore amount (A) is the following:
.
A (1+d)R -1
[ Ped. = A « U PMaccor,
-, e(1+d)®
3
W where d = the discount rate; and
2 = the mumber ¢of years ovar which A occurs.
z
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IKTRCY CONSIRVATION IFVESTMINT FROCRAM (ECIF)

SOCATION: Yimi cheoDasrergor ATE (W RICION NO._&  FRESICT KUMRIR

——

PRLOJEST TITLIMFH Unit Clucster Fuel Cell Energv SvetemTISSAL TLAR 8¢

LISCRITT POATION AT

JIALYSIS DATT Auz BE ICONOMIC I1IFT 25 YIARS FREFARYD 2Y €. Bied

1. INVISTIERT

A. CONSTRUC=ION coet (Pwr Plant & Elec/Therm Interface) $ i 170

E. S10E ™ s

€. DISICK COsT™ e -
I. INTROY CADDIT CALC (1A«lB«lC)X.9 $ 1: c&1

I. SALVACT VALUL OF IXI1STING EQUIPMENT(C3) - (

F. TOTAL INVIETIZNT (1I-2r) € 1 ey
* Included in Constzuztion Cost
. LITRCY SAVIRSS (<) / cosT (=)
ARIZYSIS DATIT AINUAL SAVINCS, DUNIT COST & DISCOUNTED SAVINSS

*

cosT SAVINGS ARNVAL § DISSOUNT  DISCOUNTID
TTL 5/MBTU()) METU/YR(Z) SAVINGS(3) TFACTOR(L) SAVINCS(S)

A. ELEC & L.)E €90 s 2-.88L 12.26 $ 32.L7¢

E. DIET ¢ $ £

C. AZEID ¢ s s

T. NS § S.U/ ~a5C ¢ -1.C,. it e §-:c . D0l

I. CoAL £ $ 3

. ToTAL 20" 3 €1y .'_"-._O_E..’..>5.L 0g~

KOK ERSROY savIncs(-) / ¢osT{~)
A. ARNUAL RICUARING («/=) $ -0%7

(8]

(1) SISZOUNT TAZTOR (TARLT A) s &z
(2) DISCOUNIED SAVIRG/CCET (34 X 3Al) € -11.0€1

.

I. BON IZIURRING SAVINSS(+) / cogT{-): Included in Annuzl Rezurring lest
ZIzy SAVIKSS(~) YZIAn OF DISSOURT TISCOUWTII SAV-
COST {~){l) OZCURRIRIZI(2) TFAZTOR(3)  INZS(~) c0ET(~)(4)

&. b3 s
t. N s
c. s s
€.TOTAL § == I3 ——-

o

TOTAL FOK IWIRTY DISTOUKIZD SAVINSS(=) / COST(~) (3A2-3BéL) g-1:.0¢:

. PRCJIZCT 10N INTREY QUALITICATION =5t
{1) 252 14X OF INIRSY CALCT (275 X .33)
IF 3D) IS = 0L > 30 ©O TO TN 4
IF 301 15 < 30 CALS SIR = (2F5-3T)%-1F=
FADIP IS+ > 1 GO TO ITIM L
30lb I8 < 1 PRCIZCT DOIS KT QUALITY

“»
P

~
™~

oann on
A2
)

4. TIRST YZAR DOLLAL SATVIRGS 2T3+34+(3%)¢ -~ YIARS ToONOMIT bibe 2] £ -u

wiiar wa

4

DAL JTT DISCOUNTID SAVIRSS (275+32) €-1°5.:.7°

!
.
3

€. DISCOURTED SAVINCS RATIO (IF < 1 PROJEZT DODS KOT QUALITY) (£In)=(3—1T)e ~-.OF

Lo PV S . Co
90 el Rujy Jegitve rep ioduchia
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7 LIFI-CYCLT COTT ARALTEIS STMURY
. ERTRCY CONSIRVATION INVISTMIKT PROCEAM (EZIF)
" LOCATION: {irighe-Partersor ATE (W KECION NO. ©  PROJZST NUMRCR
o —
! PROJECT TITLIMFE Urit Cluster Fuel Cell Eneryv SvetemTISZAL YEAR _ B¢
r. DISZRETE PORTION JAME
"~ JRALYSIS DATT  Aug B ICOKOMIC LIFT 2% YIARS PREFARED BY €. Favg
s 1. WTEISTIERT
\ A. consTruzTick cost (Pwr Plant & Elec/Tnerm Interface) $_ or occ
of E. TIOE™ _ L
€. DESICK COST™ & -
. D. ENTRCY CRIDIT CALC (lA<1BelC)X.S TS
I. SALVACT VALUT OF IXISTINC EQUIPMENT(O) -3 (
- 1. rozA'. INVEETIENT (1I-1%) s 1E.£71
Y * Included in Cons.‘:ucnon Cost
b < 2. z.‘- CY SAVINSS (<) / €OST (=)
. ARALYS1S TATT AKUAL SAVINGS, UNIT COST & DISCOWMNTED SAVIKSS
cosT SAVIRSS ANNUAL § DISCOUNT  DISCOUNTED
» TTL $/HETU()) METU/YR(2) SAVINZS(3) FACTOR{4) SAVINSS(S)
- A. ELXC & L.1E 600 s 2.E8FRL 11.2¢ § 22.L7¢
- E, LIET $ $ $
b C. RSSID s s
e T. N R --tt HEF 18 . 5 S-S50l
. I. COAL s 3 3
@ F. TOTAL 071 3 0" _;L;Qgi->$é.067
\ 3. KON ERIRCY SavIies(=) / cos7(-)
w0, A. ANNUAL RECURRINS (+/-) $ -1.35€¢
. (1) DISCOUNT FASTOR (TAELT A) 1 ¢x
N (2) DISCOUNIED SAVING/CCOST (34 X 3Al) § -18. 707
1)

%, ION ISCURRING SAVINCS(+) / €0sT(-): Included in Annual Recurring Cost
boea ] SAVINGS(+) YIAR OF DISTOURT DISCOUNTEID SAV-

:: €0sT (~){1) OCCURRINII(2) FACTOR{3)  INCS(«) COST(-)(4)

% >

- c. § $

- &.TOTAL §_o=- $ —

i C. TCTAL HOF LiTRCY DISCOUNTID SAVINSS(e) / COST(-) (3A243Bd4) ¢-18.7¢6°

. D. FRCJICT NO¥ INTRCY QUALITICATION TZST

- (1) 252 M4% JOK ENIRGY CALC (275 7 .33) ] N/¢
« IF 3D] IS = OE > 3 G0 T0 ITEX &

. b IF 3D1 1s < 3C cALS SIR = (2F543D1%1F=

. ¢ IT 301b IS = > 1 60 TO ITIM &

€ IF 30Jb 18 < 1 PRCJZCT DOIS NOT QUALITY

$ &, TIRST YLAX DCLLAR SAVINGS 27343A«(321¢ == YZARS ECONDMIC LIFT) & —hie
o

‘ S. TOTAL JTT DISCOUNTID SAVIKCS (2F5+3C) $-10 BRL
- €. DISCOUNTEID SAVINIS RATIO (37 < 1 PROJECT DOZS KOT QUALITY) (SIR)=(§~—1F)e =1.03
-

o
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Ry (o e B ) M AP s apaEy MCNE IR iy e Aiab bbb
LIFI-CYZLT £OST ARALYSIE STM=ARY
ERTRCY CONSIRVATION INVESDITKT FROCKAM (ECIP)
1OCATION: poigh:-Dacyerson ATR, OF KXCIOK NO._C  TRCSTCT NUMMIR
TROJECT TITLTMFE Urit Cluster Fuel Cell Frnergyv Sve:emTISIAL TLAR £t
SISSRITD POATION SAME
ARALYSIS DATI_ Aur F6  ITONOMIC 1IFT 20 TILARS FRIPAFID 2Y_ C. Bivd
1. IMCISDaNT . .
A. COnSTRUCTiOn coeT (Pr Plant & Elec/Therm Interface) ¢ 272,102
1. SI1I0E™ s .
€. DISICK £OET™ $ o--
—_—— —em pge - —_Tc,
D. ENTROY CATDIT CALC (lA«lBelif)X.$ ¢ 10 Ll
Z. SALVAZT VALUT OF IXISTING EQUIPMINT(CL) -2 [{
F.OTCIAL INVIETIENT (1I-)F ¢ _j1¢.%c2
#* Includec in Construciion Cost
2. ENTRTY SATINSS (<) / €OST (=)
ARALYELS DATI ANNUAL SAVINCS, DNIT COST & DISCOUNTZD SAVINGS \
{]
cosT SAVIKCS ANNUAL § DISCOURT  DISCOUNTED
Lt L7330 110D {ETU/YR{Z) SAVINZS{2) TACTOR{L) SAVIKIES(S)
A, TLEC s 4.1 €90 $ 2. Ekd 11.26 $ 22.474 y
B, DItT $ s 3
€. RZEID ¢ < s
T. N PR - 3bC EFNLTM 16, 5 $- 53¢, Sel
. CoAL ¢ ¢ H
wi DB -
I, TCTAL 201 3 €7 —etlovel 087
2. KON INTROY SAvVINSS(-) / €OST(-) R
A. ARBUAL RECURRINGS (+/-) $_-1.000 A
(1) DISZOUNT FAZTOR (TAELT A) 2 £ )
(2) TISCOUNIED SAVING/COST (34 X 3Al) $ -311.650C
. IOFK JSCURRING SAVINSS(-) / ZsT(-): Included in Annuel kecuzring Cos: 1
gt 4 SAVINCS{-) YIZAX OF DISSOUNT ZISCOUNTIC SAY-
€037 (=){1) OZIURRIRCII{2) TATIOR(Z IRSS{«) CoIT(-){&)
a. H 4 .
t. s $ ’
c. g b3 .
€.TCTAL $ == s —
t
€. TOTAL FO¥ IiTRIY TISZOUNTID SAVINCS{=) / £08T{(~) (3A2+43Bdd) €-11,€5¢C y
$. PROIEST KON INTROY QUALITICATION ST :
1) 252 MAX oK ENZRSY CALC (275 X .323) ¢ N/t K
¢ I7 3D) 15 = OE > 32 OO IO ITIM L
b IF 3Dl 18 < 3I CALS SIF » (2F5=3Dl1Y1¥=-
£ IT3DIb 1S = > ) OO TO ITIM 4 R,
¢ IF 2dlb IS < 1 PRCJICT POIS KOT QUALITY
4. TIRST YZAR DOLLAR SAVIKGS 2753+3A«(3Rld == YZARS ESONDMIZ 17TT) s -£f
E. TOTAL JTT DISCOWITTIZ SAVIKRSS (2754320 $-1°8.°:°
€. DISCOUNTID SAVINSS RATIO (37 < 1 PRCIECT DOIS KOT QUALITY) (SIale(3<1T)= -.7C '
e
LV
Cepy availohle 10 DTIC doee ngg .
Permit fully lcgible reproduction ¢
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K LITI-CYCLT COET ARALYSIS STMVATY
' IKIRSY CORSIRVATION INVESTMTNT PROCEAM (LZIF)
<
. LOTATION: Yiwicht Dacspmeom AFR (W2 ITCION NO. & FROSTCT KUMETR
\J
B PRCJECT TITLI_Ryilding 641 Fuel Cell Fnerpy Sveter FISTAL TIAR £¢
o, PISSRITI PLATION RS
4 ARULYEIE DATT Ayr B XCOKOMIC 1ITT 25 YIARS PREPARED Y S, Bivrf
- B § 620 4 Sud et o
y A, CONSTRUSTION Coc- (Fwr Plant & Elec/Therm Interface) § 4o, 2f.
" . SIOE s .-
C. DISICN COSTY $ ee-
. LITROY CRIDIT CALC (lA«1B-1C)X. € oIt
- I. SALVAZI VALUT OF EXISTING EQUIPMERT (0% -3 ¢
- P, OTCTAL IWVETITIONT (-1E) & LG, 256
- * Inziuged ir Consiruction Cost
o Z. IITRIY SATINZS (<) / €OET (=)
" ANLYELE TATI ATNUAL SAVINSS, UNIT COST & DISCOUNTID SAVINSS
3
! gosT SAVIRES ANNDIL S DISSOUKT  DISCOUNTED
. oro L/NETU) YETU/YR(2) SAVIRSS(2) TACTOR{4) SAVINZS(S)
g A. ¢ L.3f 2. 75¢ $ 13.523  11.7% § 17¢ 887
. . ¢ - s 3
N c. ¢ $ s
P T - CiC $-2(. €7 1.5 16 _FiL
I, oCoaLEY ¢ R _ i SN EE s (208
w+ Steaf r.ant Fuel L0 E27
F. ITCIN 1. 04t §_Z.783 A Y k2
- 3. KON INIRCY SAVINES(-) / COST(-)
> A, ARNVAL RECUALING (e/=) s -2,322
) (1) DISTOTNT TAZTOR (TAELT A) “f £%
- (Z) TISCOUNZED SAVING/COST (34 X 3Al) ¢ -3£.701
L. KOR JECIURRING SAVINSS(-) / €OST(-): Inmzluded in Anmnuel kezuwrang Cost
% IToy SAVIRSS(«) YIAR OF TISCOURT DISCOUNTIC SAV-
X €8T (=){(1) OCZTZURRIRIZ(Z) FASTOR{3) IRCS{~) C25T(-)(&)
< a. < 3
. £ s
s c. s H
- €.TOTAL §_-—- ¢ —

C. TOTAL FOF INTRSY DISCOUNTID SAVIKSS(=) / C05T(~) (3A2+3B64) €-238,701
. D. PACJIZT WON INTASY QUALITIZATION TTST
. (i) 252 MAX NOK INTRCY CALC (273 X .z23) $ N/t
. 2 IT 3D) IS = OR D 3% 60O TO ITIM L
: B I 3Dl IS < 3T CALS SIE ~ (2F53D!%1F-
. K 3pib IS =D 160 TO ITTH L
: ¢ IF 3pib I8 < 1 PROJIZT DOIS KOT QUALITY

. 4. TIRST YZAR TCLLAR SAVINGS 2F3432+(321d - YDARS ToONDMIC 17FI) s -Zac
E. TCTAL KIT DISCOUNTID SAVIRSS (275+32) $-20.232

€. DISCOUNTID SAVINGS RATIO (IF < I PROJETT DOSS KOT QUALITY) (SIR)=(5-1T)= .1 70
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LITI-CYCLY C2ST ANALTSIS STM=ARY
IRIRIY CONSIRVATION lh‘ LETMINT PROCEAY (ICIF)

TOZATION: [ishe Dasrevenn pTE (W RICION MO, € FROSTST KNMEZR
PROJEST TITLI_Byilding 64 Tuel Cell Fnerey Svetem TISTAL TELAR __BE

DISCRETE POATION AL

AWSYSIS DATT  Aur B&  ICORKDMIC IIFT 25 YIARS FREFARED 27 €. Eaivc
1. UNETEDERT
A. CONSTRUCTION cocs (Pwr Plant & Elec/Tnerm Interface) s Ll z
E. SIOE¥
€. DIEIgK CosT™ ¢
L. INTRCY CAITIT CALC (lA<lB+lC)X. TR

I. SALVACT VALUT OF EXISTING EQUIPMERT (C%) - (
. TCIAL IRVIETIENT (1I-1D) £ 40,273
¥ Included in Construction Cost
2. EITREY SAVIKES (<) / cosT (=)
ARILYS1S DATT ARUAL SAVINSS, URIT COST 4 DISCOUNTED SAVINSS
cosT SAVIRSS ARFUAL § DISCOUNT  DISCOUNTTD
niTL S$/METU(Y) HETU/YR(2) BAVIKZS(2) TFAZTOR(L) SAVINSS(S)
A. ILEZ $ 4.1F 2.75¢ $_J13.52:3 11,26 §_30¢c £¢c9
., DIsT $ 3 <
C. RZsIp ¢ $ s
. X §_2.u -2, C3C $=1(.2¢7 -iC( f:¢
I.COALYY 8 o, C: 215 NS - T
“¢ Stear Fiant Fuel wil £33
T, TCIAL 1.04L $_2.7Ez ——=emne S L £ 2
3. KON EIRKIRCY SAvVINCS(~) / cosT(-)
Ao ARNULL RECURNING (</-) $ _ -5.425
(3) TISCOUNT FAZTOR (ZABLT A) 1s gc
(Z) TISCOUNIED SAVIRG/CCST (34 % 3AL) ¢ ~-£3.201
P, FOF IZIURRINC SAVINSS(+) / COST(-): Includec ir Annual Recuzring Cos:
ooy SAVIKGS{=) YIAR OF SISCOUNT DISCOUITID SAV-
COST (=){1) OCZSURRIRCI{(I) rAZTDR(3 IRSS{=) CosT (=)
a. s <
t. < T $
c. ¢ &
¢.TCTAL §  m—- 3 -
€. TCIAL FOF IIIRSY DISSOURTID SAVINSS(<) / ©28T(=) (3A2+3BéL) ¢-£2,201
I. PREJIST 10N IITRIY: OUALITICATION ST
(1) 252 0% 10K INIROY CALC (278 2 .33 $ N/¢
.:?znzzs-oz>3: G T ITIv L
b IF 3DI I8 < 37 caLs SIf = {(IF5-3D101¥=
£ I7 ATIp IS - > ) OO TU ITIM <
€ 7 2TJE 18 < 1 PRISIZT DOIS ROT QUALITY
4. TIRST YLAR TOLLAF SAVIRCS 273+3s«(23l¢ = YZARS SI0MOMIZ 1171} L

S. TCTAL TTT DISCOUNTIL SAVINSS (275432) £-10a. 03]

t

€. DISCOUNTID SAVIKIS RATIO (IF < 1 PROJECT DOIS KIT 20077y} (S3nda(d=1T)= =-I.3
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. LIFT-CYCLY COST ARALYSIS STMMARY
B ERTRCY COLEIRVATION INVESTMSNT PROCRAM (ECIP)
: SOCATION: Weighe~Parrerson ATR, OH ELCION NO. € FRCJITCT NUMRIR
9 . .
. PROJECT TITLY Rujilding 641 Fuel Cell Enerpyv Siceter TISCAL mﬂ__és__
. PISCRETE PORTION RAME
" ARALYSIS DATT_ Aug B6  ECONOMIC LIFT 25  TELARS FREFARED 27T S, Pirs
W 1. INVESTIERT .
A. consTauCTION cost (Pwr Plant & Elec/Therm Interface) $_30 107
2. S1I0E ¥ S ..
€. DISICK cosT™ € -
-~ L. ENTRSY CRIDIT CALC (lA<lRelC)X.§ $ C. . 130
< I. SALVAGT VALUE OF EX1STINC EQUIPMENT (0%) -$ (
N ¥. TOTAL INVESTIENT (iI-1E) $_27.110
N #* Included in Construction Cost
- 2. ENIRCY SAVINGS (+) / cosT (=)
A ARALYS1S DATT AJNUAL SAVINGS, UNIT COST & DISCOUNTED SAVIKCS
' COST SAVIRCS ANNUAL § DISCOURT  DISCOUNTTD
- FUTL $/uBTV(1) MBTU/YR(2) SAVINSS(2) TACTOR(4L) SAVINGS(S)
- A ELEC  5_4.18 2,756 $_13.533 _11.26 $ 190 557
- E. DIST $ $ s
. C. RISID § $ s
K T, X s 5.0, -2 . C3c $§-310,23C67  _1f.5. S-ieC f14
I. COAL®™ § 4, ¢ 215 $_ 1. 547 1. 03 $_ 20 106
*% Steam Plant Fuel vl B3
s F. TOIAL 1,040 $_2.783 ——emedS oL £
'~ 2. KON EIRIRZY SAVINCS(~) / COST(-)
QN A. ANNUAL RECUVRRING («/-) $__ -2 FQF
: (1) DISCOUNT FACTOR (TABLT A) 11 £%
(2) DISCOUNIED SAVING/COST (3A X 3Al) € -LL 340
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