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SELECTING APPROPRIATE PHOTOVOLTAIC MODULES
FOR ONBOARD VEHICLE DESIGN

Mahmoud Abdelhamid, Clemson University; Ala Qattawi, University of California, Merced; Rajendra Singh, Clemson University;
Imtiaz Haque, Clemson University

Abstract

In this paper, the authors present an overview of the avail-
able commercial photovoltaic (PV) module options for pow-
ering onboard vehicle applications. The authors used two
decision-making methodologies to determine the evaluation
factors and the decision-making criteria necessary for as-
sessing the suitability of a particular PV module type. In
both the analytical hierarchy process (AHP) and the fuzzy
axiomatic design (AD), the authors used at the input stage
quality function deployment (QFD) to determine customer
requirements for a vehicle with PV module capabilities.
This approach is innovative in that evaluation depended
upon data collected from PV manufacturers’ datasheets.
This approach is novel in that: 1) the AHP and fuzzy AD
processes were used as decision-making methodologies to
select the optimum PV module type to power a vehicle; 2)
the QFD and AHP hybrid approaches were compared with
the QFD and fuzzy AD hybrid approaches; and, 3) commer-
cial PV market data, not from experts, were used for com-
parison, as in traditional research. A benchmark of both
approaches determined differing results if the evaluation
was conducted with both methods using identical data with
different natures (i.e., precise versus fuzzy). Results showed
that for onboard vehicle applications, the most suitable PV
module option was mono-crystalline silicon and the least
suitable option was cadmium telluride.

Introduction

Gasoline-powered internal combustion engines have been
the mainstay of the automobile industry for over a century.
For example, the U.S. transportation sector consumed ap-
proximately 71% of the total petroleum used in 2013 [1].
Unfortunately, this technology is now a fundamental hin-
drance to global economic growth and is entirely inadequate
for meeting the long-term energy needs of a growing world
economy. The world’s population will reach nearly 9 billion
in 2040 [2], with a concurrent increase in the number of
individuals who can afford vehicles. This population growth
will in turn lead to an increase in energy demands, a prob-

lem further complicated by the expected increase in petrole-
um products combined with large and unpredictable fluctua-
tions in availability. Perhaps the greatest adverse effect to
the earth’s climate is the total energy-related CO, vehicular
emissions released in that each vehicle emits roughly 5.1
metric tons of CO, annually [3].

Switching from the present transportation system to one
that uses sustainable, renewable, and clean energy sources
will ensure U.S. energy independence with a corresponding
low environmental impact. Solar-generated electricity is a
prominent candidate for replacing current U.S. energy sup-
plies because of its clean nature, abundance, and supply of
inexhaustible and cost-free sunlight. Solar electricity could
be generated by photovoltaic (PV) cells, which is a special-
ized semiconductor diode (PN-Junction) that converts elec-
tromagnetic radiation near the visible range into direct cur-
rent (DC) electricity. The PV module is a packaged assem-
bly of individual PV cells. The cost of PV modules has de-
clined significantly over the past 20 years, from $5.7 per
watt in the early nineties to approximately $0.65 per watt
currently [4]. The cost of solar electricity will be competi-
tive with other sources of energy by 2020 [5]. As such, the
cumulative installed solar PV capacity is firmly moving to
the terawatt scale and is a prominent candidate for solving
21%-century energy challenges [6-10]. The continuous in-
creases in PV cell efficiencies [11], improving manufactur-
ing and inspection technologies to make defect-free PV
modules [12], and reductions in cost are making PVs partic-
ularly useful in powering the next generation of individual
transportation solutions. The PV modules can provide ener-
gy to the vehicle either via onboard or off-board applica-
tions. In off-board applications, the PV is the source of en-
ergy for the charging station. In onboard applications, the
PV modules are vehicle mounted either to assist in propul-
sion or to run a specific vehicle application. Applications
for onboard PV modules have been the subject of much
research. The approaches vary in terms of the configuration
and the specifications of the system [13-17].

Thus far, however, no research has been undertaken to
determine the decision-making methodology for selecting
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the best commercial PV module type for onboard vehicle
applications. The objective of this paper was to provide an
overview of different commercial PV module options to
power vehicle applications, and that of the decision-making
criteria for selecting the optimum PV module types for
onboard vehicle applications. In this study, two decision-
making methodologies were evaluated: the analytical hierar-
chy process (AHP) [18] and the fuzzy axiomatic design
(AD) [19], [20]. In both approaches, the quality function
deployment (QFD) [21] was incorporated as the input stage
in order to capture customer requirements for vehicle appli-
cations with PV module capabilities. The novel use of each
of these approaches will benchmark each of the others in
order to minimize subjectivity, which usually is the most
difficult challenge.

Background of AHP, Fuzzy AD, and
QFD

AHP and fuzzy AD are multi-criteria decision-making
(MCDM) methods used to evaluate multiple and conflicting
criteria. Selecting the best PV module for vehicle applica-
tions shares the common MCDM problem characteristics
[22] in that the conflicting objective or attribute criteria, and
the incommensurable unit of measurements, require choos-
ing a solution from a list of alternatives. The AHP allows
decision makers to structure the decision-making case in
attribute hierarchies. These establish a relationship between
objective function and criteria in the first hierarchy level
and between the criteria and alternatives in the second. The
AHP is superior in that it combines both qualitative and
quantitative approaches. In the qualitative sense, it breaks
down an unstructured problem into a systematic decision
hierarchy, followed by a quantitative ranking using numeri-
cal ranks and weights in which a pairwise comparison deter-
mines the local and the global priority weights in order to
obtain a ranking of proposed alternatives. Some of the most
recent applications of AHP rank various renewable and non-
renewable electricity production technologies [23]: selecting
the most appropriate package of solar home systems for
rural electrification [24]; selecting the solar-thermal power
plant investment projects [25]; and evaluating different
power plants [26]. As part of this study, the authors used
AHP to rank the different micro-crack non-destructive in-
spection tools for automated PV production stages [27].

Designers can use the AD approach to create a theoretical
foundation based on logical and rational thought processes
to reduce the random search and trial-and-error processes,
and then determine the best design among those proposed
designs [19]. The most important concept in AD is the exist-
ence of the design axioms [19], [20]. The first axiom, which

is the independence axiom, maintains the independence of
functional requirements (FRs). The second axiom is the
information axiom, which involves minimizing the infor-
mation content. The FR is the minimum set of independent
requirements that the design must satisfy. The first axiom
states that a design solution should not allow one FR to af-
fect the other FRs. The second axiom provides the theoreti-
cal basis for design optimization by providing a quantitative
measure of the merits of a given design. The design with the
least information content is the best choice. The AD was
applied to a fuzzy environment in which there were fuzzy
data instead of precise data. Some of the applications of
fuzzy AD to decision-making problems were selected from
renewable energy alternatives [28]: evaluation energy poli-
cies [29]; ergonomic compatibility evaluation of advanced
manufacturing technology [30]; and, the best green supplier
manufacturing companies [31].

The QFD [21] is a method that the designer may use to
develop a new product or service by learning about custom-
er needs, which in QFD is known as the voice of the cus-
tomer (VOC). The aim of QFD is to incorporate the VOC
into the engineering characteristics of a specific product or a
service. The planners can then prioritize each product or
service attribute in order to set the levels necessary for
achieving these characteristics. The QFD tool has been used
for many applications [32]. Some authors have used QFD
with the AHP tool for various situations [33]. In this study,
the authors implemented a QFD and AHP combination as a
decision-making tool for selecting materials for automobile
bodies [34] and for developing a knowledge-based system
to design an automotive production line [35].

Kahraman et al. [36] undertook a comparative study of
fuzzy AHP and fuzzy AD and used this approach for select-
ing the best renewable energy sources, both of which were
used in a fuzzy environment with all evaluations based on
expert linguistic terms or fuzzy numbers. The proposed ap-
proach in this current study goes beyond that work. Unlike
conventional fuzzy studies, i) the AHP and fuzzy AD were
used for the PV module selection for onboard vehicle appli-
cation; ii) the pairwise comparison in the AHP depends on
data collected from PV manufacturers’ datasheets and not
numbers from experts, as in typical fuzzy AHP; iii) the
fuzzy data applied to AD were from the same dataset, which
the authors collected from PV manufacturers; and, iv) the
authors conducted a comparative study of the two approach-
es after adding the QFD as the input stage. There are many
other MCDM models, all of which have their strengths,
weaknesses, and areas of application, and none of which is
truly superior [37]. Thus far, no MCMD has been applied to
this current problem and the proposed approaches will fill
this gap in the literature. In this study, the AHP and the
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fuzzy AD were chosen as the proposed decision-making
methodologies for the following reasons: a) it allowed se-
lection of the optimum PV module type for onboard vehicle
use, which is an MCMD problem with conflicting objec-
tives; b) it used precise data for a robust pairwise compari-
son of the AHP decision tool; ¢) the fuzzy AD approach was
used to conduct evaluations in fuzzy environments in order
to capture the entire commercial PV market data; d) the
QFD can be incorporated into the input stage for both ap-
proaches reflecting the VOC and reducing the subjectivity
of traditional methods; and, e¢) the authors used the data
from PV manufacturers’ datasheets in the proposed evalua-
tion, thus reducing subjectivity and permitting benchmark-
ing of both approaches using data that are both precise and
fuzzy.

Methodology

PV Module Types

Though more than 25 PV cell types exist [11], not all are
available for commercial use. They are also unsuitable for
vehicle applications because of cost, availability of raw ma-
terials, reliability, stability, and lifetime limitations. Here,
the authors outline the different commercial PV technolo-
gies, emphasizing the strengths and challenges of each PV
module type. This overview is essential for decision-making
as it highlights the possible search space for the MCDM
tools. The current commercial PV modules are bulk silicon
(wafer-based) or thin films and could be deposited on rigid
or flexible substrates. The total global PV module produc-
tion in 2013 was 40 GW, of which the silicon bulk PV mod-
ules (mono-crystalline silicon, Mono-Si, and multi-
crystalline silicon, Multi-Si) shipped was 89.58% of the
total, and thin films (cadmium telluride, CdTe, copper indi-
um gallium selenide, CIGS, and amorphous silicon a-Si)
solar cells comprised the remaining 10.42% [38]. Mono-Si
and Multi-Si PV modules are advantageous in that they use
silicon, the second most abundant element in the earth’s
crust. Silicon is also a well-researched and well-understood
element in the periodic table, due to its use in the semicon-
ductor industry at around $350 billion.

One of the authors in this study predicted the dominance
of silicon as a PV material in 1980 [39]; then restated this
prediction in 2009 [40], that the abundance of this raw ma-
terial is a key requirement for terrestrial PV. CdTe PV mod-
ules have the inherent disadvantage of using Cd, which is
toxic, and being combined with a limited supply of Te [7].
To handle CdTe module toxicity, some companies recycle
this material, but reclamation is both difficult and expen-
sive. CIGS PV modules are much safer than CdTe because

of the miniscule amounts of cadmium sulfide. The most
critical drawback of CIGS modules is the very limited sup-
ply and expense of indium, which constitutes the primary
element of this module [7]. The advantages of an a-Si PV
module, in addition to the abundance of silicon, is that the
manufacturing techniques and tools used to deposit a-Si and
related materials are similar to liquid crystal display (LCD)
manufacturing. Additionally, a-Si PV modules also have the
advantage of operating well in both hot and cloudy climates
and being compatible with building-integrated PVs. The
disordered structure of a-Si initially degrades a-Si PV mod-
ule efficiency, which stabilizes at some point. The efficien-
cy of stabilized commercial single-junction a-Si PV mod-
ules is much lower than the single-junction CdTe and CIGS
PV modules. However, the performance of commercial dou-
ble-junction a-Si PV modules is comparable with CdTe and
CIGS PV modules.

In this study, the top five commercial PV types were ana-
lyzed. Other PV module types—such as multi-junction cells
and single-junction gallium arsenide (GaAs) cells, organic
photovoltaic (OPV) cells, dye-sensitized solar cells (DSSC),
and quantum dot cells—were excluded from this study for
the following reasons: Although GaAs is the most efficient
PV type, it is also the most expensive, and mainly used in
space applications. The relatively low efficiencies of OPVs,
DSSCs, and quantum dot cells make them particularly poor
candidates for the large-scale PV generation of electricity.
Specifically, DSSCs do not exceed 7 cm?, which makes it
very difficult to build large-area modules because of the
large amount of energy lost during connection [8]. OPV is
unreliable with a cell lifetime of only 3 to 4 years [41], com-
pared to other PV types, which have a 20-30 year lifespan.
In this study, six evaluation criteria were proposed based on
QFD, and used for benchmarking and evaluating PV mod-
ules for vehicle applications, as below:

i) Power density, which is defined as PV module
power generated per area (W/m?) at standard test
conditions (STC). Limited vehicle surface areas
make higher density modules preferable. This fac-
tor is related to PV module efficiency, which is the
PV wattage generated per area divided by 1000 W/
m”at STC.

(i)  Specific weight, which is the PV module wattage
generated per weight (W/kg). A high specific
weight is required, since the installation of PV
modules adds extra weight of an automobile body
and increases the vehicle curb weight, thereby af-
fecting vehicle performance.

(iii)) Power temperature coefficient (PC) is measured as
-% per °C, which is related to PV module reliabil-
ity. Temperature increases reduce the performance
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of all PV module types. A module with a lower PC
factor is more reliable.

(iv)  Flexible substrates are used with thin-film technol-
ogy, making the installation of PV modules on the
vehicle body easier.

(v)  Health and safety considerations using silicon ob-
viates any supply chain difficulties. Unlike silicon,
Cd-based CdTe PV modules present environmental
and human hazards. For that, the CdTe module
could be banned in the future in a few countries
and is not even a preferred choice worldwide [42].

(vi)  The lifecycle cost (LCC) of electricity is defined as
the total cost of the PV system per total energy
generated through the PV system in the lifecycle of
the unit (¢ per kWh). Given this constraint, the
installation surface area on the vehicle is deter-
mined as follows, where LCC is calculated using
Equations (1) and (2) [43], [44]:

[PV Module + installation+land+

Cost Energy storage + maintenance] (1)

LCC($/kWh) = Total energy generated

The total energy generated over a system’s lifetime can be
calculated using Equation (2):

Totalenergygenerated=Ix7x PRXLT x A (2)

where, I is the irradiation (kWh/mZ/yr), which is the average
energy flux from the sun and depends on the installation
location; # is the lifetime average module efficiency (%);
PR is the performance ratio LT is the system lifetime in a
year; and A is the total module area (mz).

In order to evaluate adequately the PV options, the con-
straints of geographical location, mounting configuration,
and a tracking/orientation option should be identical in any
comparison. In addition, the structural design of the solar
panels should fulfill many load demands since the solar
panels may be subject to strong wind, snow, and many other
effects. Aly and Bitsuamlak [45], [46] evaluated wind-
induced pressure on solar panels, which are beyond the
scope of this paper. In order to evaluate the different PV
module types, the authors collected the required perfor-
mance specifications for each PV module that reflect each
of the proposed evaluation factors using datasheets from
many PV manufacturers (see Figures 1 and 2). The data
gathered from 27 PV manufacturers (eight Multi-Si, eight
Mono-Si, three a-Si, three CdTe, and five CIGS) reflect the
current PV market. Based on Figures 1 and 2, the results for
power density, specific weight, and PC factors are tabulated
in Table 1.

Table 1 data are from manufacturers and reflect the mini-
mum and maximum values, and the average values for each
PV type. The flexibility and health/safety concerns were
non-numerical values. The bulk silicon PV types are rigid,
and the thin-film PVs deposited on rigid or flexible sub-
strates depend on packaging. The results, in regards to LCC
of electricity (see Table 2), were calculated with the follow-
ing assumptions: the cost of land was not factored in, since
the PV modules were mounted on the vehicle’s body. In
addition, the installation, maintenance, and energy storage
costs were assumed to be similar for all PV module types.
The current prices of commercial PV modules (excluding
tax) in $/W for the bulk silicon solar modules were 0.55,
0.657, and 0.92, while thin-film solar modules were slightly
lower at 0.49, 0.583, and 0.87 for low, average and, high
scenarios, respectively [47]. These prices were set by the
manufacturers, with Chinese-made PV modules being the
least expensive.
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PV Module Type (PV manufacturers)

Figure 1. Power Density and Efficiency Factors of the
Commercial PV Module Types

The cost of a PV module per energy generated was calcu-
lated using three scenarios: best, intermediate, and worst-
case. The calculation was based on Equations (1) and (2),
and the assumed parameters were I=1800 kWh/m?/yr, based
on U.S. location; PR=0.75; and, n=30 years [48]. Further-
more, # was based on degradation over the system’s lifetime
by 0.5% (relative to the initial efficiency) per year [48]. The
initial PV efficiency was considered equal to the average
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PV efficiency in Table 1. Sample LCC calculations are
shown in Table 2 with respect to Multi-Si PV modules; the
LCC values for all other PV types was done in a similar

manner and tabulated in Table 1.
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Figure 2. Specific Weight and PC Factors of the Commercial

The QFD and AHP Approaches

The incorporation of the QFD and AHP approaches can
be done through a three-step process in order to overcome
the well-known dependence of AHP on subjective pairwise
comparisons. A knowledge-based database was used in the
pairwise comparison, where the comparison of each criteri-
on was based upon manufacturer datasheets. To make the
pairwise comparison more robust, the authors compared the
average values from different manufacturers of each PV
module type in Table 1. Finally, the QFD approach was
incorporated as an input stage to the AHP to assign weights
per vehicle customer preference. Figure 3 shows the pro-
posed QFD/AHP combined procedure. The QFD structure
is shown in Table 3. There are five QFD components. The
first are the engineering requirements specified by the How
window, which are the PV FRs.

Next is the customer need (VOC) represented by the vehi-
cle requirements and specified by the What window. Third
are the weights for customer needs, shown as an importance
percentage of specific vehicle requirements, with the total
importance weights for all VOC requirements equaling
100%. Fourth are the combined How’s and What’s using a
relation matrix of three scores (1, 3, and 9), where a score of
1 is the lowest between the specific column in the How win-
dow and the specific row in the What window; a score of 3
is the mean medium impact; and a score of 9 is a strong

PV Module Types .
impact.
Table 1. Performance Data from PV Manufacturers’ Datasheets and LCC Results
Power Density . . PC Life cycle cost (LCC) of
PVTMOdlﬂe (W/m?) Specific Weight (W/kg) (-%/°C) electricity(¢/kWh)
ype
Min. Max Avg. Min. Max Avg. Min. Max Avg. Min. Max Avg.
Multi-Si 137.2 159.8 149.9 10.5 143 12.2 0.42 0.452 | 0.4368 1.570 | 2.625 1.875
Mono-Si 146.1 211.6 167.5 11.1 18.5 14.4 0.3 0.44 0.411 1.557 | 2.603 1.859
a-Si 59.4 68.2 63.7 34 4.9 4.1 0.268 0.2 0.226 1.394 | 2477 1.660
CdTe 97.2 115.3 107.9 5.8 6.7 6.3 0.25 0.25 0.25 1.389 | 2.465 1.652
CIGS 84.1 128.9 117.1 6.9 8.6 7.8 0.31 0.39 0.355 1.389 | 2.465 1.652
Table 2. LCC Calculations with Respect to Multi-Si PV Modules
PV Module
Moqule Moqule Average Cost PV Module PV Module Total Cost PV
prce price Power PV Average initial Average energy per Total
PV Module Type ($/W) after 7 % . . Lifetime
(excluded sales tax Density Module | efficiency (%) efficienc generated | Energy
) [47] SW) (W/m?) ($/m?) [Figure 1] %) Y (KWh) | (¢/KWh)
[Table 1] 7
Low LCC Scenario 0.550 0.589 149.900 88.216 14.900 13.877 5620 1.570
Average LCC Scenario 0.657 0.703 149.900 105.378 14.900 13.877 5620 1.875
High LCC Scenario 0.920 0.984 149.900 147.562 14.900 13.877 5620 2.625
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Table 3. Proposed QFD Structure

0

Selection of criteria |

U

Set weight of criteria
using QFD

v

Pairwise comparison

Collecting data from
PV manufacturers

=

Determine EVs’
VvOoC

between alternatives per
each criterion using
AHP

U

Rank alternatives

Figure 3. Steps for Applying QFD with AHP

For instance, a score of 35 is assigned a label of “Eco-
friendly”, as a high-valued customer would need for those
EVs. EV customer requirements have a strong impact on
environmental, health, and safety concerns. Corresponding-
ly, the rest of the relationship matrix can be completed. Alt-
hough these values cause decision inconsistency, this can be
reduced by establishing many customer-oriented question-
naires and by incorporating a team of engineering, market-
ing, and research professionals. Finally, there is the outcome
at the bottom of the QFD matrix of the relative evaluations
(weights). In the present approach, the QFD output corre-
lates the PV module FRs with vehicle requirements. The

Functional Requirement
FR) | ~ “ai
—_ g = = = 2
S 2 E 1 g 5
= 5 = =) = = —
- = §7 o 2 =
o | = = = 5 §
= gz | EV Customer Needs 8 o A= = E 24
2 g 5 b= = E: B e
= S o 3] < B Iy -
3 z Z g 3 z g g
~ O = 73 e = = O
20 3 High Range 3 3
30 2 Help Save Money 9 3 3 9
35 1 Eco-Friendly 9
15 4 Aesthetic (Good looking) 9
Evaluation 450 150 150 315 135 270
Relative Evaluation (%) 30.6 10.2 10.2 214 92 18.4
Selection of goal returned relative evaluations (weights) are the relative im-
G portance of all PV module requirements and are the input
for the AHP stage. The evaluation was calculated using
Selection of alternatives Equation (3) [21]:

Evaluation = Z 05,-,3,-,- 3)
where, i = number of rows (from 1 to 4); j = number of col-
umns (from 1 to 6); a is the importance; £ is score in specif-
ic How’s.

The evaluation in the first column (power density) was
calculated as = 20x9+30x9= 450. The relative evaluation
was calculated as the specific evaluation divided by the sum
of all evaluations equal to 450/1470 = 0.306 (30.6%). The
last step in this approach entails using AHP to rank alterna-
tives. Figure 4 shows the construction of the problem as a
top-level hierarchy, as the objective function of the prob-
lem. The second level represents the criteria for evaluations,
which is the same How’s window in the QFD stage. The
third hierarchy level has the alternatives, which are the five
PV module candidates.

The proposed AHP model evaluates the alternatives dif-
ferent from traditional AHPs [18]. First, the authors created
the relationship between the objective function and each
criterion in the first hierarchy, giving related weights for
each criterion, which is the output of the QFD stage. Se-
cond, the pairwise comparison matrix A in a traditional
AHP in the second hierarchy was obtained based on the
decision-maker’s judgments, aij, from a scale of 1 to 9 us-
ing Equation (4) [18]. In the proposed methodology, the
decision matrix was based on averaging the values from
actual manufacturer datasheets in Table 1. Table 4 shows
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examples of comparisons of PV alternatives, with respect to
power density criteria. The comparison between Mono-Si
and Poly-Si yielded a value of 1.117.

Objective
|

CdTe

Figure 4. Hierarchical Problem Construction

Table 4. Pairwise Comparison Matrix Related to Power
Density

Mono-Si | Multi-Si a-Si CdTe CIGS

Mono-Si 1.0 1.117 2.629 1.43 1.552

Multi-Si | 0.89526 1.0 2.353 1.28 1.389

a-Si 0.38037 | 0.42499 1.0 0.544 0.590

CdTe 0.6993 0.78125 1.8382 1.0 1.085
CIGS 0.64433 0.71994 1.6949 | 0.92166 1.0
1 ap ap,
a 1 ... a
A= " @
a 1

where, ajj= 1/a;,1,j=1,...,n

The average power densities from datasheets, listed in Ta-
ble 1 for Mono-Si and Poly-Si, were equal to 167.5 and
149.9 W/m?, respectively. By dividing these two numbers,
the value of 1.117 was obtained (see Table 4). All compari-
sons were performed in this manner. Although time con-
suming, the results were very accurate, as no personal expe-
riences of the designers were used. The consistency index
(C.1.) was calculated using Equation (5) [49].

CI: ﬂmax _n (5)
n—1

Consistency index (C.1.) = 0.00

where, A, is the maximal eigenvalue of the comparison
matrix and n is the number of the attribute in the square
matrix.

In this case, n=5, as shown in Table 4, since the authors
used only actual manufacturer datasheets, and the calculated
Amax= 5.00, and the C.I. = 0.00, as shown in Table 4. In a
typical AHP, the conclusion about C.I can be drawn by
comparing it to the consistency ratio (CR) in order to check
the judgment inconsistencies using Equation (6) [49]:

CI
CR =—
RI (6)
where, RI is the random index, which is an experimental
value dependent on n.

In this case, n=5, then RI=1.11 (the full table of RI values
can be found in the study by Saaty [49]). In a typical AHP,
if the C.I. is less than or equal to 0.111, the decision maker
accepts the results; in the proposed methodology, however,
the C.I. was zero, which reflects the high accuracy of the
methodology used in this study. The final step was to rank
all of the alternatives, as shown in Figure 5. The results
show that Mono-Si PV modules rank first with a score of
22.9 out of 100 points, followed by multi-Si modules with a
score of 21.5 out of 100. The third-, fourth-, and fifth-
ranked PV modules were a-Si, CIGS, and CdTe, respective-
ly. The sensitivity analysis of the problem is shown in Fig-
ure 6. It clearly indicates that the problem has conflicting
objectives. For example, a-Si PV modules have the best
results in regards to the PC factor and the worst in both
power density and specific weight factors.

The Fuzzy AD Approach

In the second decision-making methodology, the fuzzy
AD approach combined with the QFD approach was pro-
posed. The method was based on independence axioms,
with information axioms as the decision-selection tool.

Figure 7 lists the steps applied to the fuzzy AD method.
The selection of the goal and alternatives were the same as
discussed in the AHP decision-making method. Although
the FRs were identical to the QFD stage, the first axiom was
satisfied. FRs were chosen in order to ensure independence
from one another. The system range was set by converting
the data in Table 1 to a triangular fuzzy number (TFN) in
Table 5. The maximum value was converted to a scale of
10, and the remaining values to a scale of 0-10. The benefits
are two-fold: It allows benchmarking the AHP/QFD meth-
od, since it uses the same data set; and it provides a robust
decision process because it captures the entire commercial
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PV market data, and not just the average value used in pair-
wise comparisons, as with the AHP method. Consequently,
decision makers have more freedom to determine which
specific PV type satisfies the design range.

22.9% Mono-Si

21.5 % Multi-Si

19.6% a-Si

19.1% CIGS

16.9% CdTe

Figure 5. Rank of Different PV Module Types for Vehicle
Application using a Combined AHP/QFD Approach
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Figure 6. Sensitivity Analysis of AHP/QFD Ranked Results
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Figure 7. The Proposed Approach for a Fuzzy AD Method

In Table 5, the flexibility is set to “0-1-1" if the module is
rigid and set to “1-5-10” if it depends upon packaging. For
health and safety concerns, value “0” is the best, indicating
few adverse environmental consequences. TFN can be de-
fined by a triplet (n;, ny, and n;3), shown in Figure 8. The
membership function y(x) is defined using Equation (7)
[50]. For the design ranges for every FR, a wider selection
was provided in order to choose the most appropriate alter-
native for each FR based on QFD. For the factors of power
density, specific weight, and flexibly, the highest values are
the best for the proposed application. While for all remain-
ing factors—PC, health and safety concerns, and LCC—the
opposite is true.

Table 5. System Range for an AD Approach

Criteria o iy Sv{’,:;ﬁf PC Cost Flexibility Hfé‘*(l):‘s E‘iastifﬁty

Tl;;/es Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg
Multi-Si 6.5 7.6 7.1 5.7 7.1 6.6 9.3 10.0 9.7 5.98 10.0 7.14 0.0 1.0 1.0 0.0 1.0 1.0
Mono-Si 6.9 10.0 79 6.0 10.0 7.8 6.6 9.7 9.1 5.93 9.92 7.08 0.0 1.0 1.0 0.0 1.0 1.0

a-Si 2.8 32 3.0 1.8 2.6 22 5.9 44 5.0 5.31 9.44 6.32 0.0 10.0 5.0 0.0 1.0 1.0
CdTe 4.6 5.4 5.1 3.1 3.6 3.4 5.5 5.5 55 5.29 9.39 6.29 0.0 10.0 5.0 7.0 10.0 10.0
CIGS 4.0 6.1 55 3.7 4.6 42 6.9 8.6 7.9 5.29 9.39 6.29 0.0 10.0 5.0 4.0 10.0 10.0
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Figure 9. Design Ranges for an AD Approach

The proposed design ranges in this study are shown in
Figure 9. The information content, /;, for the specific FR; is
defined in terms of probability per Shannon’s theory [51], in
Equation (8):

I = logz% (®)

where, the information, /, is in unit of bits; P is the probabil-
ity from the AD perspective; and, P; is the probability of
achieving a specific FR;.

The information content for the entire system was calcu-
lated using the Equation (9) [19], [20]:

. =

sys

I, = _ZIng F, 9)

i=1

M=

]
UN

where, m is the number of independent FRs.

If the I approach is infinity, the probability is zero and the
system will never function. If [ is zero, however, the proba-
bility is that the system will function perfectly (Axiom 2). In
the AD approach, the designer wishes a high probability of
success in terms of the design range (tolerance) and system
range, which reflects overall system capability. The infor-
mation content was calculated using Equation (10) [52]:

Area of common range (10)

P =
' Area of systemdesign

Here, the common range was the overlap between the
design and system ranges. For example, the information
content was calculated for the “FR3: PC” with respect to an
a-Si PV module as an alternative (see Figure 10), which
indicated the design ranges (see Figure 9) and system ranges
(Table 5). By solving the intersection, the following param-
eters were determined:

(X1, 1) = (4.7159, 0.5284)
(X2, 1) = (5.4946, 0.4505)

A =0.5559

common

p=— 090 (71

%x(5.9—4.4)x1

I, =log,(0.7412) =0.432

FR3: PC factor with respect to a-Si PV module
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Figure 10. FR3 (PC Factor) with Respect to a-Si PV Module
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The same procedure was repeated for each FR and each
alternative. The calculations for all FRs with respect to all
alternatives are tabulated in Table 6. In total, the Mono-Si
PV module was ranked first, as it contained the lowest in-
formation content followed by the CIGS and Multi-Si PV
modules, respectively. The a-Si and CdTe PV modules were
fourth and fifth, respectively. The green color in Table 6
indicates the best PV module option for a specific FR. The
green color indicates the lowest information content and the
best option for a specific FR.

Discussion and Conclusions

Two decision-making methodologies were proposed here
for determining the optimum commercially available PV
module type for use in vehicle design: (i) a QFD/AHP com-
bination and (ii) a QFD/Fuzzy AD combination. The novel
use of both approaches permitted a mutual benchmarking of
each with minimal subjectivity, which was the most difficult

challenge. In both approaches, the QFD was incorporated in
order to correlate the PV module FRs with vehicle require-
ments. Both were superior to current methods in that the
evaluations were dependent on data collected from PV man-
ufacturer datasheets, reflecting current PV market data,
which yielded a very robust methodology. The gathered
data were used in a pairwise comparison between various
alternatives in the AHP methodology and to derive TFN to
implement the system range for the fuzzy AD-based ap-
proach to capture the complete commercial PV market. The
results from the fuzzy AD approach agreed with the AHP
results; for both approaches, the most suitable PV was
Mono-Si and the least suitable was CdTe. The difference
was that, in the AHP approach, the Multi-Si PV modules
were ranked number 2; in the fuzzy AD approach, however,
the CIGS was ranked number 2. If the aesthetics are deemed
less important, as was assumed here, then the crystalline PV
was the most appropriate selection. A comparison of both
approaches is provided in Table 7.

Table 6. Information Content for Alternatives

Specific Lce Health and
PV Type Power Density pee PC of Flexibility Total
Weight .. Safety Concern
Electricity
Multi-Si 0.26 0.175 3.89 1.43 4.32 0.02 10.1
Mono-Si 0.12 0.08 1.76 14 4.32 0.02 7.7
a-Si 6.18 1.36 0.43 1.11 2.00 0.02 11.1
CdTe 1.01 0.84 1.15 1.06 2.00 5.05 11.1
CIGS 0.96 0.60 1.36 1.08 2.00 2.39 8.4
Table 7. Comparison between AHP/QFD with Fuzzy AD/QFD
Methodology AHP/QFD Fuzzy AD/QFD
Depends on all range obtained from PV man-
Approach Depends upon pairwise comparison based on average ufacture datasheets. Fuzzy data is from the

value obtained from many PV manufacturers datasheets

minimum, average, and maximum values in
all datasheets.

Way to minimize subjectivity

Each criterion is compared based on actual manufactur-
er datasheets and not anecdotal decisions.

To improve the pairwise comparison, many datasheets
are collected from different manufactures with the aver-
age for each criterion calculated for each alternative.
The QFD is used to weigh all criteria based on customer
need and incorporated into the AHP stage.

The FRs and the design range are derived in
the QFD stage.
System range is derived from manufacturer
datasheets in TFN form.

Strength

The inconsistent error is too low. Accurate data is need-
ed to improve the selection of the best PV module.

Robust decision-making tool works in a
fuzzy environment
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