
Journal of Power Sources 139 (2005) 197–204

Multi-objective trade-offs for fuel cell-based auxiliary power units:
case study of South California Air Basin

Francesco Baratto, Urmila M. Diwekar∗

Departments of Bio, Chemical and Industrial Engineering, Center for Uncertain Systems: Tools for Optimization and Management, Institute for
Environmental Science and Policy, University of Illinois at Chicago, 851 S. Morgan St., Chicago, IL 60607, USA

Received 28 June 2004; accepted 26 July 2004
Available online 29 September 2004

Abstract

Auxiliary power units (APUs) are energy devices that complement the main internal combustion engine of a vehicle providing power for
the non-propulsion needs. There are several goals or objectives that need to be achieved for designing and operating fuel cell-based APUs.
The system should have as high efficiency as possible, but also be economically viable with cost or profits competitive with the existing
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echnology. Not only should the environmental impacts of the chemicals released during the process be as low as possible, but als
ealth impact has to be minimum. This becomes an extremely challenging multi-objective problem and its solution leads to the qua
f the trade-offs between the different objectives. The fact that these multiple objectives are often conflicting in nature and can have
ifferent trends with respect to multiple process variables makes the representation and analysis of the trade-off information an

ormidable task. The solution of the multi-objective optimization of the system, which comprehends sensitivity analysis, payoff
ptimal trade-off surfaces, is illustrated. The case study that was chosen for the simulations is South California Air Basin and the a

hat were taken to model this region are briefly discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Auxiliary power units (APUs) are devices that can provide
ll or part of the non-propulsion power for vehicles (space
onditioning/heating, refrigeration, lighting, etc.) offering a
igh-efficiency (equivalent to low consumption), low emis-
ion, and low-noise alternative that would supplant the need
or engine idle. Idling of large-displacement diesel engines
s in fact an extremely inefficient and polluting way to gen-
rate heat and electricity. There is a good fit between APU
equirements and fuel cell system characteristics in terms of
fficiency, load requirement, and physical size and weight.
mong the different fuel cell types, the Solid Oxide FC tech-
ology is considered the most favorable. APU applications

∗ Corresponding author. Tel.: +1 312 355 3277; fax: +1 12 996 5921.
E-mail address:urmila@uic.edu (U.M. Diwekar).

are predicted to be the first fuel cell penetration in the tr
portation sector, in the market of heavy-duty trucks and
ury vehicles (recreational vehicles and limos).

In previous publications[1,2], an integrated framewo
that can automatically identify and quantify trade-offs
tween cost effectiveness, efficiency and environmenta
health impacts of solid oxide fuel cell (SOFC) power s
tems has been introduced. In this paper, the results o
multi-objective optimization of the system considering So
California Air Basin in 2010 as case study are presented
discussed.

A multi-objective optimization problem is any decisi
problem that involves a set of objectives instead of a
gle one. In this case the objectives to be achieved sim
neously are maximum efficiency, minimum environme
impact (considered as total output Potential Environme
Impact (PEI)), minimum total cost and minimum health

378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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pact, which involves three independent effects (carcinogenic,
chronic and acute).

As already discussed in[1], MINSOOP algorithm[3],
which is based on constraint method, was applied in the
framework to solve the multi-objective problem. The ba-
sic strategy of constraint method[4] is to transform the
multi-objective optimization problem into a series of single-
objective optimization problems. The idea is to pick one of
the objectives to minimize (sayZl) while each of the others
(Zi , i =1, . . ., k, i �= l) is turned into an inequality constraint
with parametric right-hand sides (εi , i =1, . . ., k, i �= l). The
problem takes the form:

Minimize : Zl = fl(x)

Subject to : Zi = fi(x) ≤ εi, i = 1, . . . , k, i �= l

hI (x) = 0, I ≥ 0

gJ (x) ≤ 0, J ≥ 0

lj ≤ xj ≤ uj, j = 1, . . . , n

x = (x1, . . . , xn)

Summarizing, the solution of a multi-objective optimiza-
tion problem withkobjectives (to be minimized) using MIN-
SOOP algorithm involves the following basic steps:

I. Performing a sensitivity analysis using Partial Corre-
n
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2. Case study: South California Air Basin (SoCAB)

Because of the well-known pollution problem and the
abundance of data, Los Angeles Air Basin (SoCAB) has been
chosen as case study for simulations. Moreover, in Califor-
nia there is a law proposal[7] that would require, starting
2007, the installation of a non-adjustable idle reducing sys-
tem on all new on-road heavy-duty diesel engines in vehi-
cles with a gross vehicle weight rating (GVWR) greater than
14,000 pounds. This clearly shows the interest in that region
for the idling emission problem.The time period that we con-
sidered is 2010 and beyond, when the SOFC technology will
be widespread.

According to ARB estimates[8], in 2010 in Los Angeles
Basin there will be 152,800 medium and heavy-duty trucks
(gross vehicle weight greater than 14,000 lb) and 4980 motor
homes. Fuel cell APU candidates are those trucks with an
average trip of 500 miles or more[9]. In California in 1997
according to the U.S. Census Bureau[10], 4.24% of the trucks
(excluding pickups, panels, vans, sport utilities, and station
wagons) had this range of operation. Assuming that the same
percentage can be applied to the specific case of SoCAB, in
2010 there will about 6500 trucks that are fuel cell based
APU candidates. Considering the about 5000 motor homes,
it makes a total of 11,500 vehicles candidates. For lack of
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lation Coefficients (PRCCs)[5] to select the decisio
variables

II. Solving k single-objective optimization problems w
the original constraints of the multi-objective probl
to find the optimum point of each of the individuak
objectives.

III. Computing the value of each of thek objectives at eac
of the k individual optimal solutions. In this way, th
potential range of values for each of thek objectives is
determined and saved in a table (called payoff tabl

IV. Selecting a single objective to be minimized. Transfo
the remainingk−1 objectives into inequality constrain
(≤ε for minimization) with parametric right-hand sid

V. Selecting a desired number of single-objective o
mization problems to be solved to represent the Pa
set and using the Hammersly Sequence Sampling,
[6] technique to generate the combinations of the
equality constraint values within the range determ
in Step II.

VI. Solving the constrained problems set up in Step IV
every combination of the right-hand-side values.
feasible solutions form an approximation for the Pa
set.

II. Analyzing the trade-off surfaces.

It should be remembered that for a non-convex prob
ike the problem at hand, this procedure needs to be rep
or different initial values of the decision variables.

In the next section the case study that was used for
lations is presented followed by the results of the m
bjective optimization and conclusions sections.
ore detailed data we assumed that APUs installed on t
nd RVs work the same amount of time. It is expected

he qualitative results will not be different for RVs.
Since trucks and RVs are supposed to idle mainly in

reas along the communication routes[9], the stop areas
os Angeles Basin were detected and placed on the m

he region.Table 1shows the position of the 27 stop areas
rieved from reference[11] (subsequently aggregated into
n terms of longitude, latitude and altitude and with res

able 1
osition of the truck stop areas

o. X (m) Y (m) Z (m) Latitude Longitude Notes

1 91500 58300 228.3 34 −117.9
2 24200 107800 146.2 34.5 −118.6
3 62500 112600 410.7 34.5 −118.2
4 69400 56000 36.1 34 −118.1
5 89800 43000 39.2 33.9 −117.9
6 24200 112400 479.5 34.5 −118.6
7 59800 69600 151 34.1 −118.2
8 71900 58600 205 34 −118.1 Two source
9 106300 63200 346.3 34 −117.7
0 61200 34200 89.2 33.8 −118.2
1 60900 39700 74.8 33.8 −118.2
2 131000 56000 445 34 −117.5 Two source
3 61700 59700 151 34 −118.2
4 55300 47200 74.8 33.9 −118.3
5 44100 85900 348.5 34.2 −118.4 Two source
6 62700 47500 20.9 33.9 −118.2 Two source
7 118200 71700 336 34.1 −117.6 Two source
8 145900 70100 496.2 34.1 −117.3 Two source
9 136700 66000 445 34.1 −117.4
0 127500 69600 336 34.1 −117.5 Two source
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Table 2
Position and classification of the receptor points

No. X (m) Y (m) Z (m) Classificationb

1 15000 75000 432.0 A
2 30000 90000 705.5 R
3 45000 30000 98.5 R
4 45000 45000 56.2 R
5 45000 60000 255.0 R
6 45000 75000 266.5 R
7 45000 90000 747.0 R
8 45000 105000 715.0 R
9 60000 45000 32.0 R

10 60000 60000 151.0 I
11 60000 75000 151.0 R
12 75000 30000 17.5 R
13 75000 45000 216.1 R
14 75000 60000 205.0 I
15 75000 75000 205.0 I
16 90000 15000 31.9 R
17 90000 30000 25.5 R
18 90000 45000 228.3 R
19 90000 60000 225.4 I

20a 90000 70000 225.4 R
21 105000 15000 160.8 R
22 105000 30000 370.8 A
23 105000 60000 346.3 I

24a 105000 70000 346.3 R
25 120000 15000 372.0 R
26 120000 45000 303.0 I
27 120000 60000 336.0 A

28a 120000 70000 336.0 R
29 135000 30000 873.6 R
30 135000 45000 355.5 A
31 135000 60000 445.0 A

32a 135000 70000 445.0 A
33 150000 15000 496.5 R
34 150000 30000 576.2 R
35 150000 45000 691.4 A
36 165000 0 634.0 R
37 165000 15000 634.0 A
38 165000 30000 616.0 A
39 165000 45000 728.9 A
40 180000 45000 740.0 A
41 180000 60000 1013.3 R
42 195000 0 1173.0 A
43 195000 60000 1093.0 A

44a 66000 34000 53.0 R
45a 146600 69600 496.2144 I
46a 160000 68000 548.1828 R
47a 32000 107000 479.5 R

a Out of the uniform grid.
b A—agricultural; R—residential; I—industrial.

to the arbitrary axis showed inFig. 1. The use of arbitrary
axis is necessary to input positions in the dispersion mod-
eler. Data on the actual terrain conformation (altitudes) were
retrieved from map databases[12]. It was assumed that the
vehicles are evenly distributed among the stop areas and that
one candidate out four is idling at the same time. This makes
a total of 2700 vehicles.

For dispersion modeling, a grid of receptors has to be es-
tablished. A grid with 15 km spacing that uniformly covers
the region (with a few exceptions in order to include urban
areas) was used.Table 2and Fig. 1 show the position of

Fig. 1. South California Air Basin (SoCAB). The squares represent the
source points (truck stop areas) while dots are the receptors. The lines are
the arbitrary reference axis.

the receptor points. The receptor points were classified in
three different scenarios: agricultural, industrial and residen-
tial. The classification was made looking at aerial pictures and
does not have any official connotation. Receptors in moun-
tainous regions were neglected for the human health impact
assessment.

3. Multi-objective optimization

The formulation of the multi-objective optimization prob-
lem is as follows:

Min Total cost

Max Efficiency

Min Total output potential environmental impact

Min Carcinogenic risk

Min Chronic hazard quotient

Min Acute hazard index

Varying Diesel intake, system pressure,

reformer temperature, fuel utilization,

cathode air stoichiometric ratio, air

preheating temperature,

s

3

has
b ent
o tify
t f an
o cost,
t in-
h alth
e uded
d met-
.t. Mass and energy balances Net power = 5 kW.

.1. Sensitivity analysis

A statistical analysis based on stochastic modeling
een carried out to quantify the sensitivity of the differ
bjectives to various input parameters in order to iden

he decision variables for the optimization. The effect o
riginal set of nine system parameters on efficiency,

otal environmental impact, carcinogenic effect through
alation, chronic effect through inhalation, and acute he
ffect has been studied. The original set of variables incl
iesel intake, system pressure, fuel cell cathode stoichio
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ric ratio, air preheating temperature, reformer temperature,
fuel utilization in the fuel cell, steam/diesel ratio, SOFC tem-
perature, and steam temperature.

The variables were sampled using the Hammersley Se-
quence Sampling[4,6], which ensures multi-dimensional
uniformity. After all samples have gone through the cycle
for a specified number of times (500 in this case), the out-
puts (various objectives) were analyzed using statistical tech-
niques (Partial Correlation Coefficient calculated on Ranks,
PRCC). The process has been completely integrated in As-
pen Plus using the stochastic simulation capability that was
added to the process simulator with the work of Diwekar et
al. [13] later modified by Diwekar and Kim[14].

The absolute values of the PRCCs referring to each objec-
tive are sorted and a weight is given to each variable according
to the position that its PRCC has in the rank. The weighting
scheme used in this work is as follows. The variable that has
highest value of absolute value of PRCC (not accounting for
the sign) for a particular objective is given the weight of 6.
A weight of 5 is assigned to the variable with the second
highest PRCC and so on. Variables with higher sum of the
weights over all the objectives are considered to be the most
important. The results of this analysis can be seen inTable 3.

From the PRCC analysis, it was possible to infer that air
pressure and diesel intake are the variables influencing most
o ced
m ency.
F tric
r toi-
c t on
t ffect
o o in-

T
P d varia

ht

S
S
A
S
F
S
D
S
R

Chr

S 0.14
S 0.01
A 0.01
S −0.00
F 0.27
S 0.52
D 0.47
S −0.11
R −0.13

cluded in the set. These parameters were already identified
as important in other studies performed in the past[15].

3.2. Payoff table

The pay off table contains the value of each of the
six objectives at each of the six individual optimal solu-
tions. Therefore, it provides an approximation of the po-
tential range of values for each of the objectives. This rep-
resents the first approximation to the complete Pareto set.
The optimum value of each objective is given inTable 4.
The bounds of the decision variables were chosen accord-
ing to physical constraints and knowledge of the problem:
diesel intake 0.0001–0.01 kmol h−1; reformer temperature
700–900◦C; air-preheating temperature 500–900◦C; system
pressure 1.2–6 bar; cathode stoichiometric ratio: 3–12; fuel
utilization 0.5–0.9. 1-D diesel was used as fuel because it
is more similar to the fuel that will likely be used in 2010
(even if the sulfur content will probably be lower). The net
power output of the cell was constrained to 5 kW, the cell
temperature is 800◦C, steam temperature is 270◦C and the
mass Steam/Diesel ratio is 0.69. The carcinogenic and non-
carcinogenic health impacts refer to adult population through
inhalation of outdoor air. The total output Potential Environ-
mental Impact (PEI) is computed as the summation with equal
w 700
( ime).
T

re
s

-off
s ronic
f the objectives. The only objective that is not influen
uch by diesel intake is, as expected, the system effici
uel utilization in the fuel cell and cathode stoichiome
atio (the ratio between the air flux to the cell and the s
hiometric amount) are other variables with strong effec
he objectives. The air preheating temperature (for its e
n efficiency and cost) and reformer temperature are als

able 3
artial correlation coefficients (PRCCs) and weights for the considere

Efficiency

PRCC Weight

ystem pressure −0.526502 6
OFC temperature −0.212681 2
ir preheating 0.414649 4
team temperature −0.006873 0
uel utilization 0.27194 3
OFC air stoichiometric ratio −0.468977 5
iesel intake 0.186359 1
team/diesel ratio −0.041105 0
eformer temperature 0.023463 0

Cancer risk

ystem pressure 0.612471 6
OFC temperature 0.046586 1
ir preheating −0.02575 0
team temperature 0.010989 0
uel utilization −0.07386 2
OFC air stoichiometric ratio −0.029891 0
iesel intake 0.409863 4
team-Diesel ratio −0.147142 3
eformer temperature 0.421347 5
bles with respect to each objective

Cost Total out PEI

PRCC Weight PRCC Weig

−0.242553 4 −0.053499 3
−0.197424 1 0.093814 5

0.446421 5 −0.036981 1
0.012237 0 −0.01685 0
0.237192 3 −0.044903 2

−0.085495 0 −0.022859 0
0.544112 6 0.912453 6
0.105201 0 0.009053 0
0.23656 2 0.064281 4

onic hazard quotient Acute hazard index

8579 3 0.696533 6
9108 0 0.034428 0
1615 0 −0.066524 1
7612 0 −0.000861 0
2664 4 −0.10433 2
092 6 −0.144878 3
8339 5 0.3573 4
8317 1 0.375379 5
4635 2 −0.014774 0

eight over all the categories and it is multiplied times 2
total number of vehicles considered to idle at the same t
he “base case” design is similar to reference[16].

All the single-objective optimizations of this study we
olved using the SQP inbuilt in Aspen Plus[17,18].

The payoff table is the first approximation of the trade
urface. From the payoff table, it can be seen that ch
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Table 4
Payoff table

Base case Max efficiency Min cost Min PEI Min cancer
risk

Min chronic hazard
quotient

Min acute
hazard index

Efficiency 0.37 0.65 0.47 0.65 0.63 0.52 0.59
Cost ($) 13919 22336 12038 22323 20579 24744 18109
Total PEI out (s−1) 0.0102 0.0585 0.0790 0.0585 0.0602 0.0720 0.0636
Carcinogenic risk 6.65E−12 2.73E−11 4.43E−12 2.22E−12 2.22E−12 4.43E−12 4.43E−12
Chronic hazard quotient 1.33E−05 3.39E−06 3.76E−06 3.63E−06 4.84E−06 3.34E−06 3.79E−06
Acute hazard index 1.16E−04 5.87E−05 6.95E−05 6.01E−05 7.09E−05 4.27E−05 3.83E−05

System pressure (bar) 1.29 1.20 1.20 1.20 1.20 1.20 1.20
Reformer temperature (◦C) 800 788.34 821.82 773.68 743.60 899.78 900.00
Fuel utilization 0.9 0.89 0.79 0.88 0.90 0.77 0.90
Air preheating (◦C) 650 900.00 626.61 890.73 896.82 887.02 829.84
Diesel intake (kmol h−1) 0.00621 0.00358 0.00484 0.00358 0.00368 0.00443 0.00391
SOFC air stoichiometric ratio 7.6 3.11 3.01 3.03 4.49 3.00 3.41

Cell voltage (V) 0.69 1.03 0.9 1.03 1.01 1.02 1.00
Cell current density (A m−2) 6103.8 216.5 1967.7 216.5 264.1 200.2 339.5

hazard quotients and acute hazard indexes are far below
unity and cancer risk is far below 10−6 (considered as the
safety limit [19]). This fact means that no level of danger is
posed by SOFC-based APUs in the receptor points in which
concentrations were computed. It should be noted that the
grid of 47 receptors that was considered covers uniformly
the wide territory of SoCAB but does not guarantee to detect
the point with maximum risk.

All the designs that minimize PEI and health impacts (HIs)
have a very high efficiency, but the opposite is not true. The
design that maximizes efficiency, in fact, minimizes PEI but
not HIs. This is probably due to the different optimal re-
former temperatures and it is a consequence of the fact that
this problem is non-convex and has multiple solutions (same
efficiency but different decision variables). As expected, the
designs with high efficiency have also very high cost. In order
for the fuel cell to be more efficient, in fact, it has to operate
in a region of high voltage[20] and so low current density.
Lower current density means that higher cell area is required
with the consequence of higher cost. So the lower operating
cost (lower fuel consumption) is not enough to compensate
the higher fuel cell cost. However, the efficiency is defined
as overall efficiency and not just efficiency of the cell. That
is why the design that minimizes chronic health effects can
have high-cell voltage (so high-cell efficiency and highest
c

ade-
o has
a ting
c PEI
a

Is
( the
i ealth
i ffects
m o be
c

The greater contribution to the total PEI comes from the
Aquatic Toxicity Potential, primarily due to the emissions of
carbon dioxide and NOx. Health effects, instead, are a conse-
quence of the emission of NOx, ammonia, carbon monoxide
and formaldehyde (which is the only emitted species with
carcinogenic effect).

All the decision variables have a certain range of variation
inside the bounds with the exception of the system pressure.
All the optimum designs, in fact, predict a system pressure
equal to the lower bound (1.2 bar). This means that even if
system pressure is the most influential variable, increasing it
goes against the objectives to be achieved. Higher system effi-
ciency is promoted by high fuel utilization in the fuel cell and
high-air preheating. However, increasing the air temperature
has a negative effect on costs. The formation of components
with carcinogenic effects is inhibited at low-reforming tem-
perature, while the formation of components with chronic
and acute effects is inhibited at high-reforming temperature:
it is necessary to find a trade-off between these two behaviors.

From the payoff table, it is possible to retrieve the ap-
proximate bounds of each objective. These are presented in
Table 5.

3.3. Optimal trade-off surfaces

s to
c d is

T
B

E
C
T
C
C
A

ost) but efficiency 0.52.
The design that minimizes cost, instead, has a tr

ff in environmental and health impacts. This design
very low-manufacturing cost but quite a high-opera

ost due to a higher fuel intake. This explains the high
nd HIs.

The design with minimum PEI does not minimize H
with the exception of the chronic effects). This shows
mportance of considering environmental impacts and h
mpacts separately. Carcinogenic, chronic and acute e

inimization results in different solutions so they need t
onsidered as independent objectives.
First issue before applying the constraint method i
hoose the objective that is remaining as objective an

able 5
ounds of the objectives

Max Min

fficiency 0.65 0.47
ost ($) 24744 12038
otal PEI out 0.0790 0.0585
arcinogenic effect 4.43E−12 2.22E−12
hronic effect 4.84E−06 3.34E−06
cute effect 7.09E−05 3.83E−05
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not converted into an inequality constraint[6]. For a convex
problem, any objective can act as the main objective. How-
ever, for non-convex problem this choice is not trivial. In
the payoff table exercise, we found that we can get multiple
solutions to the same problem (e.g. same efficiency with dif-
ferent designs). Therefore, efficiency was initially chosen as
the main objective. Managing a non-convex constraint is in
fact numerically difficult and may lead to convergence prob-
lems. After several tests, it came out that the constraint on
cancer risk was particularly difficult to be satisfied. There-
fore, it was decided that the minimization of cancer risk had
to be the objective of the optimization.

Hundred samples of the parametric right-hand side of the
constraints were generated and the set of optimizations was
run from four different starting points. This way we got the
convergence of 52 optimizations problems, totaling 58 opti-
mal designs (adding the 6 design of the pay off table). This
number is not very high but sensitivity analysis showed that
it is enough for the first cut analysis of the trade-off surfaces.

The values of the objectives at the optimal designs were
smoothed using an “inverse distance” smoother with sam-
pling proportion 0.5 and exponent 3. This operation was done
with the help of the software SigmaPlot[21]. The values of
the smoothing parameters were chosen accordingly to other
studies performed in the past on the same problem[15].

of
t con-
t lem,
t only
v

r x-
p (red
c signs
i ible
t the

F Costs
(
2

Fig. 3. Contour plot of Pareto trade-off designs for SOFC based APU. Costs
(x-axis) refer to one single APU, while the total output PEI (y-axis) and
chronic hazard quotient (contours) refer to 2700 vehicles.

same time, but you are trading off with cost values. There is
a good region of operation in terms of these three objectives
close to the lower left corner, where costs and total PEI are at
their minimum and efficiency is around 0.60–0.62 (the base
case was 0.374). The designs in the up-right part of this graph
are bad in terms of these three objectives, but since they are
in the Pareto set they necessarily have to be optimal for some
other objective.

Fig. 3 shows the trade-offs between costs (x-axis), envi-
ronmental impact (y-axis) and chronic effects (contours). The
upper-right corner, which seemed to be not optimal inFig. 2,
is actually a region of minimum chronic hazard quotient. The
designs close to the lower left corner, which were identified
as good operating region inFig. 2, have also very low chronic
hazard quotient. However these designs do not perform well
in terms of cancer risk and acute effects (Fig. 4).

F Costs
( e
h

The contour plots inFigs. 2–4give a representation
he trade-off solutions in the Pareto set. Although these
our plots provide several insights into the current prob
hey are far from a complete representation as we can
isualize three objectives at a time.

Fig. 2 shows the trade-offs between costs (x-axis), envi-
onmental impact (y-axis) and efficiency (contours). As e
ected, the designs in the region with highest efficiency
ontour) have also the highest cost but they are good de
n terms of environmental impact. Therefore, it is poss
o have high efficiency and low-environmental impact at

ig. 2. Contour plot of Pareto trade-off designs for SOFC based APU.
x-axis) refer to one single APU, while the total output PEI (y-axis) refers to
700 vehicles.
ig. 4. Contour plot of Pareto trade-off designs for SOFC based APU.
x-axis) refer to one single APU, while the total output PEI (y-axis) and acut
azard index (contours) refer to 2700 vehicles.
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Table 6
Qualitatively similar design groups

Base case High efficiency designs Low health effects designs

A B C D E

Efficiency 0.37 0.60 0.60 0.65 0.55 0.58
Cost ($) 13919 13337 14568 22336 12409 15709
Total PEI out (s−1) 0.10161 0.06277 0.06050 0.05850 0.06867 0.06481
Carcinogenic risk 6.65E−12 4.43E−12 4.43E−12 2.73E−11 4.43E−12 4.43E−12
Chronic hazard quotient 1.33E−05 3.33E−06 3.39E−06 3.39E−06 3.40E−06 3.59E−06
Acute hazard index 1.16E−04 5.85E−05 4.57E−05 5.87E−05 4.04E−05 4.25E−05

System pressure (bar) 1.30 1.20 1.20 1.20 1.20 1.20
Reformer temperature (◦C) 800.00 811.99 857.10 788.34 900.00 880.41
Fuel utilization 0.90 0.90 0.90 0.89 0.88 0.89
Air preheating (◦C) 650.00 738.22 725.73 900.00 798.21 754.19
Diesel intake (kmol h−1) 6.21E−03 3.85E−03 3.71E−03 3.58E−03 4.22E−03 3.98E−03
SOFC air stoichiometric ratio 7.60 3.00 3.29 3.11 3.00 3.14

Fig. 4 shows the trade-offs between costs (x-axis), envi-
ronmental impact (y-axis) and acute effects (contours). The
most relevant information that can be retrieved from this con-
tour plots is that it is possible to operate with very low acute
effects (dark blue contour) at the entire range of costs, but
the environmental impact will never be minimum for these
designs. If the objective is to operate at low-health effects
(carcinogenic, chronic, and acute simultaneously), it is pos-
sible to do it at low cost but moderate environmental impact
and efficiency.

The fact thatFigs. 3 and 4are tremendously different is
another proof of the independence between the various health
impacts and the necessity of considering them as different
objectives.

It has to be noticed that since the surface is highly non-
convex, it is easy for the optimizer to reach a relative optimum
instead of the global one. This problem has been faced also
during the calculation of the payoff table and calls for further
improvement towards a global optimizer.

Table 6summarizes, in comparison with the base case, the
different groups with similar objective values that have been
identified. As it was already noticed, each of these groups
represents a region of good operation depending, on which
objective is considered particularly important.

High-efficiency designs are possible to obtain with wide
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The second group that has been identified has the common
characteristic of low-health impacts (Table 5designs D–E).
Chronic and acute effects are around their minimum, while
carcinogenic effect is about 34% lower than the base case.
The drawbacks are in terms of efficiency and environmental
impact, but the values are always better than the base case
(efficiency is at least 0.13 more and output PEI at least 33%
less). These performances are obtained mainly thanks to high-
reformer temperature (close to the upper bound of 900◦C),
which seems to be in our model the key parameter to decrease
the health effects (at least chronic and acute effects, since the
value of cancer risk is almost flat). Stoichiometric ratio is
about 50% lower and air preheating temperature about 15%
higher than the base case design. Design D has lower cost but
higher environmental impact than design E.

4. Conclusions

In this paper, the results of the multi-objective optimiza-
tion of an auxiliary power unit system considering South
California Air Basin in 2010 as case study have been pre-
sented and discussed. An MOP is any decision problem in
which more than one objective needs to be achieved simul-
taneously. In this case, the goals are maximum efficiency,
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m ects
( ingle
d timal
t

n as
c rob-
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b stop
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me-
t tical
a mper-
a ichio-
m tion
ange of design variable values (Table 5designs A–B–C)
hese designs guarantee also minimum potential env
ental impact. However, in order to obtain the highest

iency value (65%), one has to pay a steep penalty in t
f cost (US$ 22336). Maximum efficiency, which is intend
s overall and not just cell efficiency, is achieved thro

ow-diesel intake and high-fuel utilization (low-fuel utiliz
ion would be optimal just for the cell efficiency). Moreov
he air preheating temperature is high (880–900◦C), while
he reformer temperature is moderately low (around 780◦C).
ir-preheating temperature seems to be in our model th
arameter to achieve maximum efficiency (design C).

rade-off is in terms of costs, since higher temperature
uires higher exchange area. The cathode air stoichiom
atio is about 50% lower than the base case.
inimum environmental impact, minimum cost and m
um health impact, which involve three independent eff

carcinogenic, chronic and acute). The solution is not a s
esign but a set of alternatives, which represents the op

rade-offs between the objectives.
South California Air Basin (SoCAB) has been chose

ase study mainly because of the well-known pollution p
em and the relatively abundance of data. 2700 APUs
een assumed to be working simultaneously in the truck
reas of this region.

First step towards the optimization is finding the para
ers of the system that affect the objectives most. A statis
nalysis based on PRCCs showed that diesel intake, te
ture of the reformer, system pressure, cathode air sto
etric ratio, air preheating temperature and fuel utiliza
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in the fuel cell are the most influent parameters and so the
most suitable decision variable for the optimization.

The optimum values of each objective has been computed
and saved in the so-called payoff table. From that table, the
approximate bounds of each objective are retrieved. This is
necessary in order to find the optimal trade-off surfaces using
MINSOOP algorithm.

The analysis of the trade-off surfaces shows that high effi-
ciency (above 60%) can be achieved at any range of cost and
with minimum environmental impact. However, in order to
obtain the highest efficiency value (65%), one has to pay a
steep penalty in terms of cost (about US$ 22000). If the main
objective is to operate at low-health effects (carcinogenic,
chronic, and acute simultaneously), it is possible to do it at
low cost but moderate environmental impact and efficiency. It
has to be noticed that all the values for the health effects that
have been computed, even at their maximum, are far below
the safety limits. This means that no level of hazard is posed
by this kind of devices in the points in which concentration
of pollutants were calculated.
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