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a  b  s  t  r  a  c  t

The  lack  of  a hydrogen  infrastructure  remains  a major  barrier  for  fuel  cell vehicle  (FCV)  adoption.  The
high  cost  of  an  extensive  hydrogen  station  network  and  the  low  utilization  in  the  near  term  discourage
private  investment.  Past  experience  of  fuel  infrastructure  development  for motor  vehicles,  indicates  that
innovative,  distributed,  small-volume  hydrogen  refueling  methods  may  be required  to  refuel  FCVs  in
the near  term.  Among  small-volume  refueling  methods,  home  and  neighborhood  tri-generation  systems
stand  out  because  the technology  is  available  and  has potential  to alleviate  consumer’s  fuel  availability
concerns.  Additionally,  it has  features  attractive  to  consumers  such  as  convenience  and  security  to  refuel
at home  or  in  their  neighborhood.

In  this  paper,  we study  neighborhood  tri-generation  systems  in multi-unit  dwellings  such  as  apartment

ri-generation
eighborhood refueling

complexes.  We  apply  analytical  tools  including  an  interdisciplinary  framework  and  an  engineer-
ing/economic  model  to  a  representative  multi-family  residence  in  the  Northern  California  area.  The
simulation  results  indicate  that  a  neighborhood  tri-generation  system  improves  the  economics  of  pro-
viding  the  three  energy  products  for the  households  compared  with  the  two  alternatives  studied.  The
small  capacity  of  the  systems  and  the  valuable  co-products  help  address  the  low  utilization  problem  of
hydrogen  infrastructure.
. Introduction

Hydrogen fuel cell vehicles (FCVs) are slated for introduction in
orth America, Europe and Asia over the next few years. Hydro-
en refueling infrastructure is a key issue for the rollout of these
arly fleets. Despite the rapid progress in FCV technology [1,2], lack
f refueling infrastructure worldwide is still daunting to automo-
ile companies. Several recent studies have proposed strategies for
uilding early networks of public hydrogen refueling stations [3–5].
lthough the proposed strategic station placement can improve
onsumer accessibility to fuel, the high cost of building an exten-
ive hydrogen station network and the foreseeable low utilization
n the near term are still issues, which discourage private invest-

ent. Based on past experience of fuel infrastructure development
or motor vehicles including gasoline and compressed natural
as (CNG) vehicles, innovative, distributed, and small-volume
ydrogen refueling methods may  be required to refuel FCVs at
east in the near term [6,7]. For instance, CNG is currently avail-
ble at approximately 1300 refueling stations in 46 states in the
S, which is less than 1% of the 170,000 gasoline stations that exist

∗ Corresponding author. Tel.: +1 530 754 5829; fax: +1 530 752 6572.
E-mail address: xupli@ucdavis.edu (X. Li).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.09.037
© 2011 Elsevier B.V. All rights reserved.

nationally [8].  Drivers of CNG vehicles have complained of access,
billing, and location problems related to refueling their vehicles
[9].  Lack of refueling infrastructure is an important reason that
the number of CNG vehicles on the road grows only slowly, given
the fact that the cost and performance of a CNG vehicle is com-
parable to gasoline vehicles (e.g., based on the official website of
American Honda Motor Co., Inc., the 2011 Honda Civic CNG car
is only about $1500 more expensive than the 2011 Civic Hybrid,
$25,500 vs. $24,000, and has a fast refueling time and a range of 220
miles. CNG car also has less fuel cost). Some CNG car owners have
adopted home refueling systems to refuel their cars for convenience
[9–11].

Among small-volume refueling methods for FCVs, home and
neighborhood tri-generation systems stand out because the
technologies are available and have potential to alleviate the
consumer’s fuel availability concern. They also have other fea-
tures attractive to consumers such as convenience and security to
refuel at home or in their neighborhood. A typical tri-generation
system produces electricity and heat for buildings as well as hydro-
gen for vehicles by converting a hydrocarbon such as natural

gas (NG) or biomethane [12]. There are many ongoing demon-
strations of tri-generation systems and fuel cell combined heat
and power (CHP) systems [13]. In earlier work, we analyzed
home tri-generation systems for single family residences [13].

dx.doi.org/10.1016/j.jpowsour.2011.09.037
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xupli@ucdavis.edu
dx.doi.org/10.1016/j.jpowsour.2011.09.037
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he results show that tri-generation for home refueling has the
otential to be included in hydrogen infrastructure plans or port-
olio infrastructure solutions in California and other states or
ountries. It is competitive with other early options for fueling
ydrogen cars, although it is difficult to compete with the con-
entional system (grid electricity plus NG heat and gasoline),
nless capital costs are reduced, gasoline price increases, or other
actors such as relative prices for electricity and NG come into
lay.

In this paper, we study neighborhood refueling tri-generation
ystems, which serve 10–20 households in multi-unit dwellings
uch as apartment complexes and town houses. Neighborhood tri-
eneration systems can be installed at a community of single family
ouses as well, serving multiple households, as long as it is econom-

cal to install and operate these systems based on demand profiles
nd other inputs. Because the capacity of a neighborhood system is
arger than a single-family home system, we expect that economies
f scale would improve the economic performance of neighborhood
ystems compared with home systems.

We apply analytical tools including an interdisciplinary frame-
ork and an engineering/economic model (the HTS model) [13]

o a representative multi-family residence in the Northern Cal-
fornia Sacramento area. We  model the yearly operation of a
ri-generation system, explore the optimal design of the system,
stimate the cost of electricity, heat, and hydrogen, and the system
O2 emissions, and compare the results to alternatives. We  conduct
ensitivity analysis to evaluate the potential impacts of uncertain-
ies in energy prices, capital cost reduction, government incentives
nd environmental cost. In addition, we explore the policy impli-
ations of the modeling results for multi-family tri-generation
ystems.

. Description of neighborhood refueling and
ri-generation systems

Neighborhood refueling systems are located near or in a com-
unity to offer convenience and security similar to home refueling.
eighborhood refueling systems are suitable for multi-family resi-
ences (e.g., apartment buildings and townhouses); they can serve
 community of single family houses as well, as long as it is econom-
cal to install and operate these systems. Neighborhood refueling

ay  be particularly important for densely populated areas, such
s some cities in the east and west coast, Europe, and Asia, where

Fig. 2. Interdisciplinary framework for 

ource:  [13].
Fig. 1. The schematic of a typical tri-generation system.
Source:  [13].

individual garages, carports or other reserved parking are not avail-
able for home refueling.

We  consider neighborhood refueling systems sized for 10–20
households (averaging hydrogen output capacity of 10–20 kg d−1),
which are larger than individual home systems, but smaller
than public hydrogen refueling stations that typically offer at
least 100 kg d−1 of hydrogen. Compared to single family home
tri-generation systems, the larger size of neighborhood systems
has the potential to improve efficiency and lower costs through
economies of scale.

A typical tri-generation system is shown in Fig. 1. A fuel reformer
converts NG to a mixture of hydrogen and other gases including CO
and CO2. A water-gas shift processor converts most of the CO to
hydrogen and CO2. A purifier separates hydrogen from other gases.
Pure hydrogen can be used by a PEMFC sub-system to generate elec-
tricity and heat, and can be compressed and used to refuel vehicles.
More details can be found in [13].

3. Methods and data
3.1. Analytical tools

To model tri-generation systems, we developed the HTS model
on the basis of the interdisciplinary framework illustrated in Fig. 2.

analyzing tri-generation systems.
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transportation fuel demand for 10 households. The total annual
energy consumption of electricity, hot water heat, gasoline, and
fuel hydrogen is 54,939.3 kWh  (electricity), 25,875.6 kWh  (93.17 GJ
88 X. Li, J.M. Ogden / Journal of P

he model consists of two main stages: first, engineering mod-
ling of hydrogen, electricity, and heat generation; and second,
ngineering/economic analysis incorporating engineering perfor-
ance inputs, cost data, energy prices, and consumer preference

nd environmental cost information.
To assess the system economics, we estimate the levelized

ost of energy products (electricity or hydrogen). The levelized
ost of electricity (LEC) is compared to the price of grid elec-
ricity, and the levelized cost of hydrogen is compared to the
rice of transport fuel, as a metric when the tri-generation
ystem is competitive with alternatives. Credits are taken for
eat and transportation fuel provided by the tri-generation sys-
em. Eq. (1) is used to calculate the levelized cost of electricity
13].1

¯ elec = CRF × (CC − Ccredit) + Co&m + RNGnNG +
∫

Rele�1(P) dt +
∫

R
∫

P dt

1 = P, when P < (1/5)PFC,max (turn down ratio of the FC sub-system is
); �1 = 0, otherwise. �2 = P − PFC,max, when P > PFC,max; �2 = 0, other-
ise. R̄elec is the LEC ($ kWh−1); CRF is the capital recovery factor;

C stands for the present value of life cycle capital cost of a sys-
em ($); Ccredit represents various credits including feebate and tax
redits ($); Co&m is fixed annual operating and maintenance cost
independent of the amount of energy produced) including labor,

aintenance costs, and overhead ($ y−1); RNG, is the price of NG
$ GJ−1); nNG is the annual amount of NG consumed (GJ y−1); Relec
s the grid electricity price ($ kWh−1); P is the hourly average elec-
ricity demand load (kW), and

∫
P dt is annual electricity demand

kWh y−1); cheat represents the annual credit of hot water heat,
ased on what it would have cost to provide heat using a conven-
ional NG based hot water system ($ y−1); ctransport represents the
nnual credit of transportation fuel (gasoline or hydrogen), based
n what it would have cost to purchase gasoline or hydrogen from

 public refueling station ($ y−1); tcarbon represents annual carbon
ax ($ y−1).

An analogous equation can be developed for hydrogen. See
13] for more details on calculating the levelized cost of energy
roducts and the HTS model. It is worth noting that model
esults vary with data inputs and the main assumptions. Table 1
resents a summary of main data sets and assumptions in this
aper. More details on data and assumptions can be found in
ection 3.2.  Sensitivity analyses are conducted in case stud-
es to evaluate the impacts of changes in assumptions that are
ubject to uncertainty such as system capital costs and energy
rices.

.2. Energy consumption data and key engineering/economic
nputs

In this paper, we evaluate neighborhood tri-generation systems
or multi-family residences such as apartment complexes and town
ouses. We  assume that these systems can be designed as a vending
achine-like unit in terms of size and installation, and can be easily

nstalled in or near existing buildings [13].
Because tri-generation systems are designed to provide electric-

ty, hot water, and transportation fuel to residences, three sets of
nergy consumption data are used in this paper: the hourly elec-
ricity demand profile, hourly hot water demand profile, and hourly
ransportation fuel consumption data. We  employ electricity
1 Note: The difference in gasoline and FC vehicle costs is not considered in this
nalysis.
(P) dt − cheat − ctransport − tcarbon
(1)

Hour

Fig. 3. Ordered annual hourly (8784 h) electricity load profile (the graph shows the
number of hours per year the electricity load exceeds a certain value).

demand data for a representative multi-family residence in the
Northern California Sacramento area, provided by the California

Energy Commission [14]. The residence is assumed to be a 10-
household apartment building. It is also assumed that passenger
vehicles are driven 10,000 miles each year,2 with a fuel economy
of 25 mpg  for a gasoline vehicle and 55 miles per kg of H2 for a FCV.
In recent years, hybrid electrical vehicles (HEVs) have gained some
acceptance among consumers. To reflect the recent trend in the
industry and research, we evaluate the impact of replacing the con-
ventional gasoline vehicle with an HEV (the fuel economy of an HEV
is assumed to be 40 mpg) as well. The fuel economy assumptions
are approximately the same as in some other studies [1,18].

Fig. 3 shows the ordered hourly electricity load profile (also
called a load duration curve); most of the time (80%), the electricity
demand load is below 8 kW.

A 24-h hot water demand profile is used to represent the 366
days of the year (2008), which is derived from [19,20]. The data
from [19,20] was directly used in the home tri-generation system
case in an earlier study [13]. In this paper the data is multiplied
with the ratio of total electricity consumption in a multi-family
residence household to that of a single family residence house-
hold to reflect the difference in their hot water demand. Although
there are weekly and seasonal variations in hot water demand, it
is not expected that these variations would affect the modeling
results significantly for a few reasons [13]. First, hot water heat-
ing daily demand pattern does not vary significantly with season
and geographic locations. Second, for a typical residence the total
electricity consumption is approximately double the hot water
energy consumption, and the distribution and two peaks of elec-
tricity hourly profile (daily pattern) match that of the hot water
profile. If tri-generation systems operate with an electricity load
following strategy within its operation range, sufficient heat will
be available for recovery for the majority of hours during a day
[13,21]. Fig. 4 shows the 24-h electricity and hot water demand
profiles of a particular day (January 1, 2008). Third, a hot water
tank can be a buffer for small mismatch in electricity and hot water
demand. The hot water tank is currently available in residences and
can accommodate the variations in demand.

Table 2 summarizes the annual energy consumption of
the aforementioned electricity profile, hot water profile, and
2 Some studies [16] find that on average people in multi-family residences drive
less  compared with people in single family residences due to issues such as trans-
portation cost burden and land use density. Therefore, we  use lower annual miles
driven range found in the literature [17] (10,000 miles per year in this paper, instead
of  the 15,000 miles per year used in an earlier paper on single family residences [13]).
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Table  1
Main assumptions and data inputs.

Engineering
performance data
and assumptions

Components and system efficiencies are based on
material and energy balance modeling and
experimental data

Case study area Northern California Sacramento area
Energy consumption

data and
assumptions

Hourly energy demand profiles (electricity, heat, and
transportation fuel) for the entire year are used. We
employ data for a representative multi-family
apartment complex in Northern California
Sacramento area, provided by the California Energy
Commission [14]

Energy price data Historical data is used for NG, electricity, and
gasoline prices in the Sacramento area. Projected
near-term hydrogen prices are from conceptual
studies by other researchers [3]

Capital cost
assumptions

The manufacturing cost of PEMFC systems varies
significantly with different levels of production
volume. Currently, a competitive market for FC
systems is not well developed and FC systems are
not mass produced. The current market price does
not reflect the volume production manufacturing
cost because it is for highly customized systems; the
market price is different from the costs in this study
and is not used. We choose to use a bottom-up mass
production cost assessment in this study [15]. In
addition, we assume that home and neighborhood
tri-generation systems are designed as appliance
type systems, and non-equipment costs such as site
development and rent for landscape can be
significantly reduced compared with current practice
in  installing public hydrogen refueling stations

Other economic
assumptions

We assume a real discount rate of 8% and calculate
the capital recovery factor (CRF) based on a 10-year
equipment lifetime. CRF = 0.149

Source: [13].

Example 24-hour electricity and hot water heat load
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Fig. 4. Hourly electricity and hot water demand profiles (source: [19,20]). Note:
Both electricity and hot water profiles are derived by multiplying the single res-
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Table 3
Main engineering parameters.

Reformer efficiency
[21]

75% (this parameter represents the combined
efficiency of fuel reformer, water gas shift
processor, and purifier in Fig. 1)

FC stack efficiency �FC

(also shown in
Fig. 5) [21–23]

�FC = {1 − exp[−0.5(P/PFC,max)1.2]}
× [0.622 − 0.002(P/PFC,max)], P is the hourly
average electricity demand load (kW), and
PFC,max is the capacity of the FC sub-system
(kW) (this is LHV efficiency, and the function is
derived by fitting the function to the measured
performance of a 50 kW PEMFC stack delivered
to  the US Department of Energy [21])

Compressor efficiency
[24]

80%

Parasitic load efficiency
loss, the percentage
of generated
electricity used for
parasitic load [22]

15%

AC/DC power
conversion
efficiency [21]

92%

H2 utilization in fuel
cell [21]

85%

Hot water tank
efficiency (NG to hot
water heat) [21]

75%

Rate of heat (by
product of electricity
generation)
captured for hot
water [21]

70%

Table 4
Key economic inputs (costs are in 2008 dollars).

Price of energy Based on the PG & E (major utility company in
Northern California) electricity and NG rate data
for 2008, an electricity price of 16.8¢ kWh−1 and a
residential NG rate of 3.72¢ kWh−1 (or $10.33 GJ−1

and $1.09 therm−1) are used (this rate is for
households with compressed NG vehicles and is
appropriate for FCV owners). A gasoline price of
$3.12 gal−1 is used based on EIA data for California
[25]

4.1.1. Results and discussion

T
S

he actual aggregated demand for both would probably be less “peaky” (the max-
mum demand divided by the average demand would be less), because individual
ouseholds’ demands would not coincide exactly in time.

ot water), 134,780 kWh  (4000 gal gasoline, based on LHV), and
0,598.2 kWh  (1818.18 kg hydrogen), respectively. When replac-

ng the conventional gasoline vehicle with an HEV, the total annual

nergy consumption of gasoline is 84,238 kWh  (2500 gal gasoline).

In addition to energy demand data, model results also vary with
ey engineering/economic inputs including efficiencies of energy

able 2
ummary of the energy demand data of the multi-family residence (10 households, annu

Energy form Hourly average
power (kW)

Annual en
consumpt

Electricity 6.25 54,939.34
Hot  water 2.95 (10.62 MJ  h−1) 25,875.64
Hydrogen n/a 60,598.18
Gasoline (a conventional gasoline vehicle) n/a 134,780 (
Gasoline (an HEV vehicle) n/a 84,238 (2
Cost assumptions The capital cost of a system is the sum of
component costs. The FC stack is assumed to be
replaced every 5 years. The present value of these
replacements is included in the capital cost CC

conversion processes, energy prices, and capital, operating and
maintenance costs. Table 3 shows key engineering inputs used in
this paper (Fig. 5). Tables 4 and 5 present key economic inputs and
cost assumptions, respectively.

4. Case studies

4.1. The optimal size of a tri-generation system for neighborhood
refueling
Optimizing the size of a tri-generation system allows the system
to meet the three household energy needs (electricity, hot water
heat, and transportation fuel) with minimal cost under specified

al data based on 366 days of 2008).

d-use energy
ion (kWh)

Demand max
(kW)

Demand min
(kW)

Demand Stdev
(kW)

 24.34 1.94 2.88
 (93.17 GJ) 4.62 0.92 1.51

 (1818.18 kg) n/a n/a n/a
4000 gal) n/a n/a n/a
500 gal) n/a n/a n/a
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Table  5
System component costs (in 2008 dollars).

Component Cost

NG reformer 6434.1 + 147.2Pref,max (Pref,max is the capacity of the
reformer in kW); this cost formula is developed in
[15], the reformer cost calculated based on it is
slightly lower than the cost estimate of the DOE
H2A Production Analysis for 2005 [26], but higher
than the cost projection of the DOE H2A
Production Analysis for 2025 [27]

PEMFC sub-system FC stack:
1.1 × {[(722.45 − 105.4)/10 + 17.56 × 0.6] × PFC,max ×
(1 + 0.06)5/0.625 + 363.33} (PFC,max is the capacity
of the FC stack in kW); ancillary components:
3161.9 + 37.8 × PFC,max; inverter/controller:
542 + 169 × PFC,max; this cost formula is developed
in  [15], the PEMFC system cost calculated based on
it is within the cost range presented in [28], and
higher than the estimated cost in [29]

Storage system 284Nt + 192Hstore (Nt—the number of tanks in the
cascade filling storage system, Hstore—hydrogen
stored, kg of hydrogen); this cost formula is
developed in [15], the storage system cost
calculated based on it is higher than the DOE cost
target for onboard H2 storage tanks [30], but
slightly lower than the low end of the cost range of
onboard H2 storage tanks in a 2011 assessment of
current technology [30]

Compressor 5920 + 374.1Pcomp (Pcomp is the capacity of the
compressor in kg h−1); this cost formula is
developed in [15], the compressor cost calculated
based on it is higher than the cost estimate of the
DOE H2A Production Analysis for current and
future technology [26,27]

Dispenser 856 + 79 × Pref,max; this cost formula is developed in
[15], the dispenser is assumed to be similar to the
ones used in CNG home refueling systems, instead
of  dispensers used in public stations

Hot  water tank and
distribution system

0 (similar tank and distribution system is also
necessary for the conventional NG heating system,
so there is no incremental cost)

Replacement FC stack
at the 5th year
(present value)

Stack cost/(1 + 0.08)5

Non-equipment
(delivery and
installation)

23% of total equipment capital cost [31] (we
assume that home and neighborhood
tri-generation systems are designed as appliance
type systems, and non-equipment costs such as
site development and rent for landscape can be
significantly reduced compared with current
practice in installing public hydrogen refueling
stations)

Maintenance 1000 y−1

Note: The cost estimation is based on a 1000 unit cumulative production volume.

Fig. 5. Net DC power to hydrogen efficiency of the FC sub-system.
Modified from [21].
Fig. 6. Daily operation of a 6.5 kW tri-generation system (the FC system follows the
electricity demand within its operation range).

energy prices. Given the assumptions on the operation strategy,
refueling pattern, and fuel hydrogen production rate, the optimal
size of a tri-generation system is determined by identifying the
optimal size of the FC sub-system. In this paper, we  study grid-
connected systems with an electricity load following strategy. A
hydrogen storage unit is configured to allow flexible, fast refueling.
Vehicles can be refueled to a full tank within several minutes. A
“brute force” exhaustive search algorithm is used to identify the
optimal size.

Fig. 6 illustrates the operation of a tri-generation system by
demonstrating the daily (24 h) energy production of a 6.5 kW
system for a particular day (January 1, 2008). The system is grid-
connected and operates mainly in an electricity load following
mode; however, the electricity demand can be met  from either the
FC sub-system or the grid depending on the electricity demand at
that particular time and the operation range of the FC sub-system.
Using a turn down ratio of 1/5, the operation range of the FC sub-
system is 1.3–6.5 kW.  If the electricity demand is below 1.3 kW,  the
FC sub-system will be shut down because its efficiency is low (the
reformer is still operating producing hydrogen fuel, which goes to a
storage tank). If the electricity demand is higher than 6.5 kW,  the FC
sub-system will be operating at 6.5 kW,  and the electricity demand
above 6.5 kW will be purchased from the grid.

For this particular day, the electricity demand is within the
1.3–6.5 kW range for 8 h (2–7 am and 3–4 pm), but greater than
6.5 kW for the rest of the day. For hours when electricity demand is
within the operating range of the system, the generated electricity
and electricity demand curves are the same (load following). For
hours when electricity demand is greater than the system capacity
(6.5 kW), the FC sub-system is operating at 6.5 kW;  the electricity
demand above 6.5 kW is purchased from the grid. It is assumed
that the reformer is constantly operating to produce hydrogen fuel
in addition to hydrogen for electricity. Fuel hydrogen production
(e.g., for use in vehicles) is conceptually shown in Fig. 6 as constant.
The actual total production rate of hydrogen for transportation fuel
plus electricity has a shape similar to the generated electricity curve
plus the demand for hydrogen fuel. The curves for hot water heat
generated and heat demand are presented as well.

Fig. 7 shows that when determining the optimal FC sub-system
size to meet a specified power demand, there is a tradeoff between

the capacity factor (capital utilization) and the fraction of electricity
demand that can be covered. While a larger system size could meet
a greater fraction of the electricity demand, increased capital cost
and lower capital utilization also result. Fig. 7 also illustrates how
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Fig. 7. LEC vs. FC sub-system size for tri-generation systems of different sizes.

Table 6
Specifications of the 6.5 kW tri-generation system.

System specifications

Reformer capacity, kg of H2 per day (kg d−1) 19.35
PEMFC stack capacity, kW 6.5
Number of vehicles supported 10
Fuel H2 production capacity additional to

electricity H2 capacity, kg d−1 (the capacity
factor used is 0.63 [15])

7.89 (this supports the
average daily demand
of  10 vehicles)

Hydrogen storage (kg of H2) (determined using
the formula: NFCV × HFCV × Sf/Uc, NFCV is the
number of FCVs supported by the system,
HFCV is the average daily hydrogen
consumption by one FCV, Sf is the total
cascade storage fraction of average daily

12.62 (this capacity
approximately allows 3
vehicles to be fast
refueled one by one at
any time)

t
T
p
c
a
s
t
s

(
a
e
s

a
o
F
e

4

T
o
e
2
t
s

2
i
d

tri-generation system would not be competitive with conventional
options, so the optimal size is zero.) As shown in Fig. 11,  similar
impact occurs for the sensitivity of LEC to electricity price. A 10%

Fig. 9. The sensitivity of LEC to capital cost.
demand, and Uc is the hydrogen utilization
fraction [15])

he LEC and capital cost change with the size of the FC sub-system.
otal system capital cost is approximately linear with the system
ower output, because the cost of main components is linear with
omponent capacities. This is an approximation that neglects the
vailability of discrete off-the-shelf component sizes. The FC sub-
ystem size that results in the lowest LEC is the optimal size given
he energy prices in Table 4 and the Sacramento area energy con-
umption data.

As shown in Fig. 7, the optimal or lowest LEC point
7.52¢ kWh−1) occurs when the capacity of the FC sub-system is
round 6.5 kW.  This is slightly above the 6.25 kW annual average
lectricity load. Table 6 illustrates the specifications of the 6.5 kW
ystem.

The LEC shows low sensitivity to the FC sub-system size around
 broad minimum centered at 6.5 kW.  Even if the system is not
ptimally sized, the impact on the electricity cost is relatively small.
or example, if the system is undersized or oversized by 1 kW,  the
lectricity cost increases by less than 1%.

.1.2. Optimal system size sensitivity analysis
Future capital cost and energy prices are subject to uncertainty.

herefore, a sensitivity analysis is conducted to show how the
ptimal size changes as a result of changes in capital cost and
nergy prices. The optimal size is insensitive to gasoline price. A
0% increase and decrease in gasoline price significantly change
he value of LEC, but have no impact on the optimal FC sub-system
ize. Fig. 8 shows the sensitivity of LEC to gasoline price.
The optimal size is relatively sensitive to capital cost. A 10% and
0% increase in capital cost results in a 1 kW and 1.5 kW decrease

n the optimal FC sub-system size, respectively. A 10% and 20%
ecrease in capital cost results in a 0.5 kW and 1 kW increase in
Fig. 8. The sensitivity of LEC to gasoline price (the base case gasoline price is
$3.12 gal−1).

the optimal FC sub-system size, respectively. Fig. 9 shows the sen-
sitivity of LEC to capital cost.

The optimal size is quite sensitive to NG and electricity prices.
A 10% and 20% decrease in NG price results in a 1 kW and
1.5 kW increase in the optimal system size, respectively. When
there is a 10% and 20% increase in NG price, the shape of the LEC
vs. FC sub-system size curves in Fig. 10 changes and the lowest
value of LEC occurs when the system size is zero. (In this case, the
Fig. 10. The sensitivity of LEC to NG price (base case NG price is 3.72¢ kWh−1 or
$10.33 GJ−1).
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Table 7
System capital cost for a 6.5 kW tri-generation system (based on Table 5).

Component Capital cost ($)

NG reformer 9282.4 (or $480 kg−1, this is slightly
higher than the $424 kg−1 cost
estimate of the DOE H2A Production
Analysis for 2005 [26])

PEM system cost (FC stack,
23.5%; ancillary
components, 51.6%;
inverter/controller, 24.9%)

6598 (FC stack: 1551.8, ancillary
components: 3405.7,
inverter/controller: 1640.5) (the FC
stack cost is $239 kW−1,  and the FC
system cost is $1015 kW−1, the FC
system cost is within the
$465–1395 kW−1 cost range presented
in  [28], and higher than the estimated
cost of $656 kW−1 in [29])

Compressor 6221.6 (or $7717 kg h−1, this is
significantly higher than the
$4537 kg h−1 cost estimate of the DOE
H2A Production Analysis [26,27])

Storage system 4127.5 (or $327 kg−1, this is about 2.5
times the DOE cost target for onboard
H2 storage tanks [30], but slightly
lower than the low end of the
estimation of $353–656 kg−1 cost range
of onboard H2 storage tanks in a 2011
assessment of current technology [30])

Dispenser $1369.5 per dispenser
Hot water cogeneration 0 (use the existing hot water storage

and distribution system)
Stack (replaced at the fifth

year, present value)
1056.2

Non-equipment (delivery and
installation)

6505.6

(some research estimates that it can cost $13–77 kg from an early
hydrogen station) [3].

CO2 Emission comparison
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ig. 11. The sensitivity of LEC to electricity price (base case electricity price is
6.8¢  kWh−1).

nd 20% increase in electricity price results in a 1.5 kW and 2 kW
ncrease in the optimal system size, respectively. When there is a
0% and 20% decrease in electricity price, the shape of LEC vs. FC
ystem size curves in Fig. 11 changes and the lowest value of LEC
ccurs when the system size is zero.

A higher NG price or lower electricity price decreases the eco-
omic attractiveness of a NG fueled tri-generation system. This is
onsistent with the well known fact that the competitiveness of
G based co-generation systems is sensitive to the gap between
G and electricity prices. The wider the gap (low NG price and
igh electricity price) the lower will be the payback period of the
G based co-generation systems. Consequently, the NG based co-
eneration systems are more likely to compete economically with
he conventional system of grid electricity plus NG heat [32].

.2. The economics of operating the 6.5 kW tri-generation system

.2.1. Simulation results and discussion
This case study evaluates a 6.5 kW tri-generation system in

etail because it is the optimal size identified in Section 4.1. As
escribed in Section 4.1,  the system is grid-connected with an elec-
ricity load following strategy. The HTS model is used to generate
he LEC, annual energy cost, and annual CO2 emissions for a tri-
eneration system. These results are compared with the results of
wo other pathways: purchasing grid electricity, NG heat, and gaso-
ine (a gasoline vehicle is used in this pathway); and the projected
athway of purchasing grid electricity, NG heat, and hydrogen from
n early public station (a FCV is used in this pathway). Details
n system specifications and system capital cost are presented in
ables 6 and 7, respectively. As shown in Table 7, a NG reformer
s the biggest contributor to total capital cost, followed by the
EMFC sub-system (including PEMFC stack, ancillary components
nd inverter/controller), compressor, and storage system. Table 8
resents all costs and credits associated with installing and oper-
ting the 6.5 kW tri-generation system, as well as the LEC and its
omponents.

As can be seen, capital cost, NG cost and gasoline credit are major
omponents of LEC. The economics of installing and operating a
ri-generation system is expected to be sensitive to these three cost
omponents.

The LEC of the 6.5 kW system is about 7.5¢ kWh−1, which
s 9.3¢ kWh−1 lower than the 16.8¢ kWh−1 electricity price. The
nnual electricity cost from the tri-generation system is $4131.6,
hile buying electricity from the grid is $9229.8. There is a 55% or
5098.2 decrease in the annual cost using the tri-generation sys-
em. In addition, there is a 25.8% or 19,658 kg reduction in annual
O2 emission using the tri-generation system. Fig. 12 presents a
omparison of CO2 emissions in the two cases.
Total installed capital cost 35,160.8 ($5409 kW−1)

We  have focused so far on estimating the LEC based on Eq. (1).
If we instead fix the electricity price, we  can develop an analo-
gous equation for estimating the levelized hydrogen cost. Using
this approach the model results show that a levelized hydrogen
cost of $4.06 kg−1 can be achieved using the tri-generation sys-
tem given an electricity price of 16.8¢ kWh−1 and an NG price of
$1.09 therm−1 ($10.9 MBTU−1). This is equivalent to a gasoline price
of $1.85 gal−1 assuming a FCV has a fuel economy of 55 miles per kg
of H2 and the gasoline car fuel economy is 25 mpg. In other words,
holding other inputs constant, if the gasoline price reaches higher
than $1.85 gal−1, the tri-generation system can be competitive with
the pathway of grid electricity, NG heat and gasoline combina-
tion. This price is 40.7% lower than the $3.12 gal−1 gasoline price in
2008. Furthermore, the hydrogen cost of $4.06 kg−1 is highly com-
petitive with purchasing hydrogen from an early hydrogen station

−1
21
Pathways

Fig. 12. CO2 emission chart. Note: pathway 1—electricity + NG heat + gasoline; path-
way  2—using a neighborhood tri-generation system with a hydrogen FCV.
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Table  8
Costs and credits of installing and operating the 6.5 kW neighborhood tri-generation system.

Costs and credits The LEC and its components

System capital cost (including the FC stack replacement cost at the fifth year), $ 35,160.9 Total electricity provided by the system (kWh) 54,939.3
System capital cost (annualized), $ y−1 5239 System capital cost (annualized), ¢ kWh−1 9.54
Fixed  O&M costs, $ y−1 1000 Fixed operating costs, ¢ kWh−1 1.82
NG  input, $ y−1 10,215.3 NG input, ¢ kWh−1 18.59
Grid  electricity, $ y−1 1440.8 Grid electricity, ¢ kWh−1 2.62
Heat  credit, $ y−1 (NG) −1283.4 Heat credit (NG), ¢ kWh−1 −2.34
Transportation fuel (gasoline) credit, $ y−1 −12,480 Transportation fuel (gasoline) credit, ¢ kWh−1 −22.72
Carbon credit, $ y−1 0 Carbon credit, ¢ kWh−1 0
System subsidy, $ y−1 0 System subsidy, ¢ kWh−1 0
CA  average elec price, ¢ kWh−1 16.8 LEC, ¢ kWh−1 7.52
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Annual cost for buying electricity from the grid at 16.8¢ kWh, $ y−1

.2.2. Sensitivity analysis
From Table 8 we see that the major components determining

he LEC are the system capital cost, NG cost, and transporta-
ion fuel cost. The HTS model allows us to evaluate the impact
f uncertainty in capital cost and energy prices; it also allows
s to explore the impact of various credits on the economics
f tri-generation systems. These credits could be policy-driven,
or example a feebate or tax incentive. HEVs have gained some
cceptance among consumers in the past few years. Overall HEVs
ave better fuel economy than conventional gasoline vehicles.
he HTS model enables us to evaluate the impact of replac-
ng the conventional gasoline vehicle in the base case with an
EV.

To test the robustness of our results and address the uncer-
ainty in capital cost and energy prices, we conducted a sensitivity
nalysis around the base case described in Tables 6 and 7. Sensi-
ivity analysis for how the LEC varies with capital cost and energy
rices is conducted by varying the capital cost and energy prices
electricity, NG, and gasoline price) by −20%, −10%, 10%, and 20%
ompared with the base case. We  also evaluate the impact of replac-
ng the conventional gasoline vehicle in the base case with a higher
uel economy gasoline vehicle such as an HEV. Sensitivity analysis
esults are summarized in Fig. 13.  In each case, it is interesting to
ompare the cost of electricity from the tri-generation system with
he price of grid electricity (16.8¢ kWh−1).
As shown in Fig. 13,  changes in the system capital cost have
ignificant impact on the economics of tri-generation systems. A
0% and 20% reduction in total system capital cost results in a 12%
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ig. 13. The sensitivity of the LEC to capital cost, energy prices, carbon tax, and fuel eco
EV).
9229.8 Annual electricity cost with tri-generation
system, $ y−1

4131.6

(0.9¢  kWh−1) and 25.3% decrease (1.9¢ kWh−1) in LEC, respectively.
A 10% and 20% increase in total system capital cost leads to a 13.3%
(1¢ kWh−1) and 25.3% (1.9¢ kWh−1) increase in LEC, respectively. A
20% increase in the base case system capital cost leads to a $42,193
system capital cost, and with this increase in system capital cost the
LEC is still 7.4¢ kWh−1 lower than the 16.8¢ kWh−1 grid electricity
price.

A 10% and 20% decrease in gasoline price results in a 30.7% and
61.3% increase in LEC. A higher gasoline price allows more credit in
Eq. (1),  and thus improves the economics of tri-generation systems.
A 10% and 20% increase in gasoline price (20% increase in price is
equivalent to a gasoline price of $3.74 gal−1) leads to a 30.7% and
60% decrease in LEC, respectively.

A 10% and 20% increase in NG price leads to a 21.3% and 44%
increase in LEC, respectively. A 10% and 20% decrease in NG price
leads to a 21.3% and 42.7% decrease in LEC, respectively.

Although changes in electricity price do not lead to significant
changes in LEC, the economics of tri-generation systems is still
sensitive to electricity price, since what matters is the difference
between LEC and electricity price. A 20% increase in electricity price
results in a 6.7% increase in LEC; the resulting LEC is 8¢ kWh−1,
which is 12.2¢ kWh−1 lower than the 20.2¢ kWh−1 grid electricity
price. A 10% increase in electricity price results in a 4% increase in
LEC; the resulting LEC is 7.8¢ kWh−1, which is 10.7¢ kWh−1 lower
than the 18.5¢ kWh−1 grid electricity price.
A 20% decrease in electricity results in a 6.7% decrease in LEC;
the resulting LEC is 7¢ kWh−1, which is 6.4¢ kWh−1 lower than the
13.4¢ kWh−1 grid electricity price. A 10% decrease in electricity
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esults in a 2.7% decrease in LEC; the resulting LEC is 7.3¢ kWh−1,
hich is 7.8¢ kWh−1 lower than the 15.1¢ kWh−1 grid electricity
rice.

Replacing the conventional gasoline vehicle in the base case
ith a more efficient gasoline vehicle significantly changes the eco-
omics of a tri-generation system. For example, if we assume a
asoline vehicle with a fuel economy of 35 mpg  (this is 1.4 times
he base case value and meets the 2020 CAFÉ standard), the result-
ng LEC is 14¢ kWh−1, which is 6.48¢ kWh−1 higher than that of
he base case (7.52¢ kWh−1). The annual CO2 emission reduction
ecreases from 25.8% (base case) to 14.5%. If we consider a gasoline
ybrid vehicle with a fuel economy of 40 mpg  (1.6 times the base
ase value), the resulting LEC is 16¢ kWh−1, which is 8.48¢ kWh−1

igher than that of the base case (7.52¢ kWh−1). The annual CO2
mission reduction decreases from 25.8% (base case) to 10.2% (with
n HEV). Nevertheless, using tri-generation is still slightly cheaper
han using grid electricity, NG heat, and gasoline for an HEV.

A carbon tax has positive impact on the economic performance
f a tri-generation system, and the significance of the impact
epends on the level of taxation. A $25, $50, and $75 per met-
ic tonne CO2 emission carbon tax results in a 12%, 24%, and
6% decrease in the LEC, respectively. The results in Section 4.2.1
emonstrate that the system is competitive without any feebate or
ax incentive. As a result, we did not estimate the impact of credits
n the LEC in this paper.

. Conclusions

In this paper, an interdisciplinary framework and the HTS model
re utilized to evaluate the design and the technical, economic, and
nvironmental performance of a neighborhood tri-generation sys-
em. The system is designed to serve a 10-household multi-family
esidence in the Sacramento area in Northern California.

With the representative annual energy consumption data and
nergy prices from this area, the optimal FC sub-system size of the
eighborhood tri-generation system is 6.5 kW,  and the correspond-

ng LEC is about 7.5¢ kWh−1. The LEC shows low sensitivity to the
C sub-system size around a broad minimum centered at 6.5 kW.
ven if the system is not optimally sized, the impact on the electric-
ty cost is relatively small. For example, if the system is undersized
r oversized by 1 kW,  the electricity cost increases by less than 1%.
he optimal FC sub-system size is insensitive to gasoline price, and
elatively sensitive to capital cost. The optimal FC sub-system size
s quite sensitive to NG and electricity price, but this sensitivity is
ot expected to be a concern to manufacturers and consumers since
he LEC shows low sensitivity to FC sub-system size around a broad

inimum centered at 6.5 kW.
A detailed assessment of the optimal size (6.5 kW)  tri-

eneration system shows that neighborhood tri-generation is more
conomically competitive than the conventional grid electricity,
G heat, and gasoline combination. The LEC of a 6.5 kW sys-

em is about 7.5¢ kWh−1, which is 9.3¢ kWh−1 lower than the
6.8¢ kWh−1 annual CA electricity price. The annual electricity cost
rom a tri-generation system is $4131.6, while buying electricity
rom the grid is $9229.8. There is a 55% or $5098.2 decrease in
he annual cost using tri-generation systems. In addition, there
s a 25.8% or 19,658 kg reduction in annual CO2 emission using a
ri-generation system.

Neighborhood tri-generation is also more economically com-
etitive than the projected grid electricity, NG heat, and purchasing
ydrogen from an early public hydrogen station combination. A
evelized hydrogen cost of $4.06 kg−1 can be achieved, which is
quivalent to a gasoline price of $1.85 gal−1 (assuming a FCV has a
uel economy of 55 miles per kg of H2 and a gasoline car has a fuel
conomy of 25 mpg). The hydrogen cost is also highly competitive
Sources 197 (2012) 186– 195

with the hydrogen cost from an early public hydrogen station (some
research estimates that it can cost $13–77 kg−1 from an early hydro-
gen station).

Sensitivity analysis shows that capital cost and energy prices
have a significant impact on the economics of tri-generation sys-
tems. Specifically, the LEC is most sensitive to gasoline price,
followed by NG price, electricity price, and capital cost. For exam-
ple, a 20% increase in gasoline price, a 20% decrease in NG price,
a 20% increase in electricity price, and a 20% reduction in capital
cost lead to a difference between LEC and electricity price (electric-
ity price − LEC) of 13.8¢ kWh−1, 12.5¢ kWh−1, 12.16¢  kWh−1, and
11.2¢ kWh−1, respectively.

Replacing the conventional gasoline vehicle in the base case
with an HEV results in a LEC of 16¢  kWh−1, which is 8.48¢ kWh−1

higher than that of the base case (7.52¢ kWh−1). The annual CO2
emission reduction decreases from 25.8% (base case) to 10.2% (with
an HEV). Nevertheless, using tri-generation is still slightly cheaper
than using grid electricity, NG heat, and gasoline for an HEV (the
grid electricity price is 16.8¢ kWh−1).

A carbon tax has positive impact on the economic perfor-
mance of a tri-generation system, but the significance of the impact
depends on the level of taxation. A $25, $50, and $75 per met-
ric tonne CO2 emission carbon tax results in a 12%, 24%, and 36%
decrease in the LEC, respectively.

The simulation results in this study indicate that a multi-family
neighborhood tri-generation system improves the economics of
providing the three energy products for the households compared
with the two  alternatives studied in this paper. The small capacity
of the systems and the valuable co-products also help address the
low utilization problem of hydrogen infrastructure when hydro-
gen vehicle demand is low. Compared with a home tri-generation
system for single family residences, the economy of scale improves
the economic performance of a neighborhood system for multi-
family residences. Replacing the conventional gasoline vehicle in
the base case with a more efficient gasoline vehicle significantly
decreases the competitiveness of a neighborhood tri-generation
system, although using tri-generation (with an FCV) is still slightly
cheaper than using grid electricity, NG heat, and gasoline even for
a 40 mpg gasoline HEV.

Acknowledgements

This work was conducted under the Sustainable Transportation
Energy Pathways (STEPS) program in the Institute of Transportation
Studies (ITS) at the University of California, Davis. We  appreciate
funding support from the STEPS sponsors. The energy consump-
tion data was  provided by Chris Kavalec at the California Energy
Commission. The authors appreciate the support from these orga-
nizations.

References

[1] NRC, Transitions to Alternative Transportation Technologies—A Focus on
Hydrogen, National Research Council of The National Academies, Washington,
DC,  2008.

[2] K. Wipke, D. Casey, M.  Veenstra, G. Stottler, DOE Annual Merit Review Proceed-
ings: Technology Validation Presentations, Washington, DC, 2010.

[3] M.A. Nicholas, J.M. Ogden, An Analysis of Near-term Hydrogen Vehicle Rollout
Scenarios for Southern California, Research Report UCD-ITS-RR-10-03, Institute
of  Transportation Studies, University of California, Davis, 2010.

[4] California Fuel Cell Partnership, Hydrogen Fuel Cell Vehicle and Station Deploy-
ment Plan: A Strategy for Meeting the Challenge Ahead-Progress and Next
Steps, 2010.

[5] B.K. Gross, I.J. Sutherland, Hydrogen Fueling Infrastructure Assessment, GM

R&D Center, 2007.

[6] P.C. Flynn, Energy Policy (30) (2002) 613–619.
[7] M.W. Melaina, Energy Policy 35 (2007) 4919–4934.
[8] NPN, Station Count Begins to Level Off, vol. 96, National Petroleum News, 2004,

p.  90.



ower 

[
[

[

[
[

[

[

[
[
[

[
[

[

[

[
[

[

[

[

[

[

X. Li, J.M. Ogden / Journal of P

[9]  B.A. Abbanat, Alternative Fuel Vehicles: the Case of Compressed Natural Gas
(CNG) Vehicles in California Households, Institute of Transportation Studies,
University of California, Davis, 2001, pp. vi, 103 pp.

10] M. Melaina, J. Bremson, Energy Policy 36 (2008) 3233–3241.
11] SCAQMD, Agenda No. 20. Board meeting, July 11, 2008, South Coast Air Quality

Management District.
12] T.E. Lipman, C. Brooks, Hydrogen Energy Stations: Poly-production of Elec-

tricity, Hydrogen, and Thermal Energy, UCD-ITS-RR-06-07, Institute of
Transportation Studies, University of California, Davis, 2006.

13] X. Li, J.M. Ogden, Journal of Power Sources 196 (2011) 2098–2108.
14] C. Kavalec, Representative Residential Hourly Electricity Demand Profile, Per-

sonal Communication, California Energy Commission, Sacramento, CA, March
2009.

15] C.E. Thomas, J.P. Barbour, et al., Proceedings of the 1999 U.S. DOE Hydrogen
Program Review, 1999, NREL/CP-570-26938.

16] B.G.Y. llc, Housing and Transportation Cost Study, Porland Plan Background
Report, 2009.

17] C.R. Bhat, S. Sen, N. Eluru, Transportation Research Part B 43 (2009) 1–18.
18]  C. Yang, International Journal of Hydrogen Energy 33 (2008) 1977–1994.

19] A.D. Little, Fuel Cells for Building Applications: Market Analysis, Technology

Status, and Program Plan Overview, vol. 2, 1994.
20] T.E. Lipman, J.L. Edwards, D.M. Kammen, Energy Policy 34 (2004) 101–125.
21] T.G. Kreutz, J.M. Ogden, Development of an Efficient, Low Cost, Small-

scale Natural Gas Fuel Reformer for Residential Scale Electric Power

[

[

Sources 197 (2012) 186– 195 195

Generation, Final report, DOE/ET/50534-1, Department of Energy,
2000.

22] J. Larminie, A. Dicks, Fuel Cell Systems Explained, 2nd ed., J. Wiley, Chichester,
West Sussex, 2003.

23] M.E. Gorman, T.F. Fuller, Proceedings of the Annual Automotive Technology
Development Customer’s Coordination Meeting, Dearborn, MI,  1997.

24] K.T. Ooi, T.N. Wong, Applied Thermal Engineering 17 (1997) 65–78.
25] EIA, Independent Statistics and Analysis, United States Energy Information

Administration, 2009 (accessed 16.07.10) http://www.eia.doe.gov/.
26] B.D. James, Current (2005) Steam Methane Reformer (SMR) at Forecourt

1500 kg/day: DOE H2A Production Analysis, US Department of Energy, 2008.
27] B.D. James, Future (2025) Natural Gas Steam Reformer (SMR) at Forecourt

1500 kg/day: DOE H2A Production Analysis, US Department of Energy, 2008.
28] I.  Staffell, R. Green, K. Kendall, Journal of Power Sources 181 (2008) 339–

349.
29] H.J. Stone, D. Paul, S. Millett, DOE Hydrogen Program FY 2005 Progress Report:

VII.G.3 Economic Analysis of Stationary PEMFC Systems, 2005.
30] T.Q. Hua, R.K. Ahluwalia, J.K. Peng, S. Lasher, K. McKenney, K. Law, J. Sinha,

International Journal of Hydrogen Energy 36 (2011) 3037–3049.

31] J.X. Weinert, A Near-term Economic Analysis of Hydrogen Fueling Stations,

Transportation Technology and Policy, Master Thesis, University of California,
Davis, 2005.

32] N. Sugiartha, S.A. Tassou, I. Chaer, D. Marriott, Applied Thermal Engineering 29
(2009) 2624–2632.


	Understanding the design and economics of distributed tri-generation systems for home and neighborhood refueling—Part II: ...
	1 Introduction
	2 Description of neighborhood refueling and tri-generation systems
	3 Methods and data
	3.1 Analytical tools
	3.2 Energy consumption data and key engineering/economic inputs

	4 Case studies
	4.1 The optimal size of a tri-generation system for neighborhood refueling
	4.1.1 Results and discussion
	4.1.2 Optimal system size sensitivity analysis

	4.2 The economics of operating the 6.5kW tri-generation system
	4.2.1 Simulation results and discussion
	4.2.2 Sensitivity analysis


	5 Conclusions
	Acknowledgements
	References


