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Abstract

This paper presents a novel framework to aid assessment and selection in certain
technology investments projects. Since most of the methods available for this
purpose consider factors that seem to focus almost exclusively on what creates
most net value to the buyer of a technology system, ignoring the external costs
associated with this system, the technique proposed here has been developed in
order to provide a tool for the integration of the environmental externalities in
the assessment and selection process. This tool uses the findings of Life Cycle
Assessments (LCAs) and especially the outcomes of the LCA Polygon approach
in order to consider for each possible alternative its environmental performance
together with any economic aspects, and to result into a single “score”, i.e. the
relative external cost. This value could be used as the exclusive basis for the
comparative appraisal of the candidates, or it could be easily integrated in most
of the existing decision methods. A relevant case study is also included in the
paper to illustrate the proposed framework. It is about the assessment of an
investment concerning five different vehicle technologies. The result of this
application can be easily incorporated in almost any common decision-making
model, which intends to take into consideration the externalities of its choice.
Keywords: investment assessment, technology selection, external cost,
environmental externalities, life-cycle assessment, LCA polygon, vehicle
technologies.

1 Introduction

In general, the assessment and selection of technology investments falls into
three general classes of problems: (a) accept-reject problems require an
assessment of whether an investment is worthwhile, (b) selection of the best
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project from a set of mutually exclusive projects is required when there are
several competing projects or options and only one of them can be built or
purchased, and (c) capital budgeting problems are concerned with the selection
of a set of projects when there is a budget constraint and many, not necessarily
competing, options [1]. The present paper is focused on the second of these
classes. Many precision-based methods for technology investments selection
have been developed. Most of them are based on traditional supplier selection
methods and purchasing decision models. In this context, contemporary
operations research offers a range of methods and techniques that may support
the decision-maker in many technology investments selection processes [2]. All
selection techniques are based on a number of criteria, tangible (technical or
economic) and intangible (analytical) [3]. However, almost all of the technology
investments assessment and selection techniques consider factors, no matter
tangible or intangible, which seem to focus almost exclusively on what creates
most net value to the investor or the buyer of technology [4]. In other words, the
environmental externalities associated with every choice, in most of the cases,
are not taken into consideration. The term externality means a third-party effect
associated with production or consumption. If the external effect generates costs
to a third party it is a negative externality [5, 6]. In this context, the present work
intends to provide a framework for the integration of these externalities in the
technology investment assessment and selection process. This is being achieved
by the use of the Life Cycle Assessment (LCA) Polygon framework in the
sections that follow. This framework has been developed for evaluating the
results of a Life Cycle Inventory Analysis using critical volume aggregation and
polygon-based interpretation [7]. Furthermore, an application of this framework
is also presented in order to provide useful information about it by highlighting
its principal advantages and weaknesses. This application concerns the
environmental assessment and selection of alternative vehicle technology
investments. The evaluated technologies are internal combustion engine vehicles
(ICEV), hybrid electric vehicles (HEV) and fuel-cell vehicles (FCEV) that use
methanol as energy carrier, fuel-cell vehicles (FCEV) using hydrogen as energy
carrier, and battery-powered electric vehicles (BPEV) that use electricity.

2 Literature review

In the literature several dimensions are mentioned that are important in the
investments assessment and selection process. These include net price, quality,
delivery, performance history, capacity, communication system, service,
geographical location, etc [8]. The problem is how to select manufacturers and
suppliers that perform optimally on the desired dimensions. The published
relevant selection decision models formulate answers to this multiple objective
problem. Some authors propose linear weighting models in which suppliers are
rated on several criteria and in which these ratings are combined into a single
score. Others propose mathematical programming formulations in which
quantifiable criteria are taken into account. Some approach the problem on an
item-by-item basis; others consider it a multiple item decision [9]. The vast
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majority of the decision models apply to the final choice phase of the selection
process. Decision models of this kind, which are usually based on several multi-
criteria, mathematical programming, and other advanced methodologies [10], are
mainly linear weighting models, mathematical programming models and the
total cost of ownership models. In linear weighting models weights are given to
the criteria, the biggest weight indicating the highest importance. Ratings on the
criteria are multiplied by their weights and summed in order to obtain a single
figure for each supplier. The supplier with the highest overall rating can then be
selected. A mathematical programming model allows the decision-maker to
formulate the decision problem in terms of a mathematical objective function
that subsequently needs to be maximized (e.g. maximize profit) or minimized
(e.g. minimize costs) by varying the values of the variables in the objective
function [2]. Total cost of ownership (TCO) models attempt to include all
quantifiable costs in the supplier choice that are incurred throughout the
purchased item's life cycle. Effective TCO valuation requires the use of activity-
based costing systems [8, 11]. TCO-based models have been developed not only
for the manufacturing sector but for the purchasing of a service as well [12],
while TCO is a term that is frequently used in Information Technology cost
management literature, although often with different meanings [13]. Other
decision models for the final choice-phase are artificial intelligence (Al) based
models and statistical models. Al-based models are based on computer-aided
systems that in one-way or another can be “trained” by historic data Statistical
models deal with the stochastic uncertainty related to the vendor choice.
Although stochastic uncertainty is present in most types of purchasing situations,
only very few supplier choice models really handle this problem. Apart from the
decision models that apply to the final choice-phase of the selection process,
there are also methods for problem definition and formulation of criteria, as well
as decision methods for pre-qualification of suitable vendors. Decision methods
for problem definition are methods that support the decision-maker in carefully
questioning the need for a decision and the alternatives that seem to be available,
while the aim of the decision methods for pre-qualification is mainly to sort
rather than rank the candidate investments (equipment and technologies) together
with their suppliers. Some of the methods for pre-qualification, which could be
used in the final choice as well, are categorical methods, cluster analysis, case-
based-reasoning systems and data envelopment analysis [2, 14].

Most of the models presented above may prove to be useful for ordinary
projects concerning technology investments assessment and selection. It must be
noted, though, that almost none of these tools takes into account, among other
selection criteria, environmental aspects. In other words, the selection process is
based, almost always, on criteria like net price, technical performance, capacity,
quality, delivery or service, while criteria arising from the environmental
performance of the candidates and the subsequent externalities associated with
their production and/or use are disregarded. Because of this fact, the relevant
literature has been, to our knowledge, extremely limited. For instance, in a recent
work, life cycle electricity and environmental impacts for computer tape drives
have been combined with TCO philosophy. However, the aim of this attempt
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was not to give a specific decision tool but just to make an estimate of the
different impacts of manufacturing versus use-phase impacts of this product [15].
On the contrary, the development of such a tool is the purpose of a similar work
[16] but, in order to apply the proposed there model one needs to know (for each
candidate under evaluation) the average external cost as well as the average
environmental impacts associated with this cost, which may be not so easy for
most of the cases. This weakness does not exist in the proposed in the following
sections framework.

3 Methodology overview

In the proposed here framework, the basis for making the comparison is the Life
Cycle Inventory Analysis of each product. This is very usual in environmental
decision-making [17, 18]. However, such analyses provide a large amount of
multi-dimensional data (inputs and outputs) that are difficult to comprehend and
to interpret. Therefore, Life Cycle Inventories need to be aggregated to be of
much use [19]. However, care should be taken when aggregating the inputs and
outputs in the product system, as adding up data always involves a procedure
that implies making value judgments on the relative importance of the impacts
and the criteria considered [20, 21]. Thus, there has been a debate going on for
many years, where several authors express their dissent of the one number
concept fearing that the transparency will be lost when an environmental impact
is described in one number, like in an index. On the other side, designers often
express their need for practical tools that may be used in their everyday life [22,
23]. In this context, an appropriate method has been developed as a tool to aid
the comparative appraisal of products according to their environmental
performance. This methodology (known as “polygon-based” one) has been
developed for the interpretation of LCA results [7].

A low-level aggregation describing the addition of single inventory inputs and
outputs defined in the same measuring units is the first step. After low-level
aggregation, which is incorporated in most Life Cycle Inventories, some of the
inventory inputs and outputs (such as energy consumption) are expressed by a
single value, while others (such as atmospheric emissions) are not and a further
aggregation is needed. This is high-level aggregation, which allows the
aggregation of inputs and outputs that are defined in different measuring units.
High-level aggregation involves conversion of data. In the polygon-based
method, the aggregation algorithm makes use of weights that reflect threshold
values of pollutants. Specifically, in order to add and to compare different air or
water pollutants, it is possible to calculate the so-called critical air or water mass
or volume. It denominates the mass or volume of air and water that would be
necessary to dilute the emission to such an extent that the concentration
permitted by the threshold value is just reached. To calculate this critical mass or
volume, the recorded emission (expressed in quantity terms) is divided by the
threshold value. If the obtained masses or volumes of the emitted pollutants are
added, this value can be used as a sum parameter for the air and water pollution.
This total critical mass or volume is given by the following equation:
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n p
CR=YLL (1)
;TLI.

where CR is the fotal critical mass or volume of air or water, p; is the amount of
pollutant i (for 1 = 1,..., n), and TL; is the threshold value of pollutant i (for
i=1,...,n).

Toxicological, ecological, medical or political criteria can play a role for the
determination of the threshold values (TL;). For instance, environmental
regulatory standards can be used for this purpose. However, they have received a
lot of criticism, as they often present a number of drawbacks. For these reasons,
their use is therefore often advised against [20, 24, 25].

Afterwards, the total critical masses or volumes, or any other impact that
results from a low-level or a high-level aggregation procedure of the inventory
inputs and outputs could be selected and used as ecological parameters “EP”. In
order to “transform” these ecological parameters to a single value, a further
aggregation is needed. This is achieved according to the procedure that follows.
Assuming that “r” products are under examination and comparison, and that the
eco-profile of each product consists of “m” ecological parameters, then for
every product under examination and for each one of its ecological parameters
EPjx G=1,...,m and k=1,...,1), arelative grade is calculated as follows:

EP, .
RGj,k :EP—’ forj=1,...,m and k=1,...,r )

J,max

where RG;y is the relative grade of the ecological parameter j for the product k,
EP;y is the ecological parameter j of the product k, and EPj . is the largest
ecological parameter j, i.e. EPj . > EPjy for k=1,....r

Afterwards, for every product k (k = 1,...,r) under examination, all its relative
grades RGjx (j = 1,...,m) are put in a radar diagram. In this chart type, each
category has its own value axis radiating from center point. In our case, each
relative grade RG;y has its own axis scaled from 0 to 1. Lines connect all the
values forming a polygon. In general, a radar diagram compares the aggregate
value of a number of data series. Therefore, it is evident that the product that
covers the most area represents the worst environmental performance. In other
words, the best product is this one, which has the lowest polygon area. The
environmental impacts of a product can therefore be expressed in a single index
number (the polygon area), which is unambiguously comparable to the index
number for substitute or competing products and materials. This is not the first
time that this kind of diagrams is used to illustrate environmental impact data. A
quite similar approach is this of target plots, which have been developed as an
overall assessment of a product design according to the Design for the
Environment concept [26].

Finally, for each candidate k (k=1,...,r) its relative external cost is calculated,
as follows:
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RC, =S,EC fork=1,...,r 3)

where RC} is the relative external cost of the candidate k, S; is the polygon area
of the candidate k, and EC is the average external cost of a typical product or
process in the industrial or economic sector of the candidates.

The relative external cost could be used as the exclusive basis for the
comparative appraisal of the candidates (in such a choice the best candidate is
this one which has the lowest relative external cost RCy), or it could be easily
integrated in most of the technology selection decision methods (like these ones
presented in the previous section). For instance, RCy can be considered, together
with other costs that incurred throughout the candidates’ life cycle and are
include in a TCO-based model, to adjust the unit price quoted. Likewise, it can
be used as one more criterion, among other criteria used, in a linear weighting
model, or as one more variable in any other similar method.

4 Case study

In the present case study, various technologies are analyzed for a typical mid-
size passenger car. In particular, the vehicle technologies under examination in
the present work are the following: (a) ICEV using methanol as energy carrier,
(b) HEV using methanol as energy carrier, (¢) FCEV using methanol as energy
carrier, (d) FCEV using hydrogen as energy carrier, and (e¢) BPEV, using
electricity as energy carrier. In our case, the primary energy source for both
methanol and hydrogen is cellulosic biomass. Regarding electricity, it is assumed
that the primary energy sources of the electric energy used by BPEV are
theoretical energy systems fully based on renewable sources. The main sources
of data that have been used to compare the average energy use and emission of
the vehicles studied is the relevant study of Johansson and Ahman, [27].
Specifically, the data used here are given in table 1 and concerns energy use and
emissions of nitrogen oxides (NOx), volatile organic compounds (VOC),
particulate matters (PM) and carbon dioxide (CO,).

Table 1: Ecological parameters for the vehicles studied
Unit ICEV HEV FCEV FCEV BPEV
methanol | hydrogen

Energy use kWh/10km 4 3 3,2 2,6 1,7
NOx g/km 0,06 0,04 0,04 0,03 0,04
VOC g/km 0,043 0,010 0,010 0,008 0,001
PM g/km 1,20 0,90 0,96 0,78 2,50

CO, g/km 12,0 9,0 0,6 0,78 1,5

Since the comparison basis in the present case consists of merely five
environmental impacts (energy use and emissions of NOx, VOC, PM and CO,),
it is not necessary to aggregate them. Thus the eqn (1) of the polygon-based
method is not being applied here, while the ecological parameters for each
vehicle technology are: (1) energy use, (2) NOx emissions, (3) VOC emissions,
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(4) PM emissions and (5) CO, emissions. Obviously, table 1 presents these
ecological parameters as well. Subsequently, applying the eqn (2), the relative
grades for each one of the ecological parameters of table 1 are calculated and
presented in table 2. In our case it is =5 (i.e. k=1,...,5) and m=5 (i.e. j=1,...,5).

Table 2: Relative grades of the ecological parameters of the examined
vehicles.
Unit ICEV HEV FCEV FCEV BPEV
methanol | hydrogen
Energy use % 100 75 80 65 42,5
NOx % 100 66,67 66,67 50 66,67
VOC % 100 23,26 23,26 18,6 2,33
PM % 48 36 38,4 31,2 100
CO, % 100 75 80 65 12,5

Then, putting the calculated grades in a radar diagram, the polygon for each
vehicle technology is formed. According to the area of each polygon, the five
vehicle technologies can be easily ranked and compared. Specifically, the
polygon area, as a percentage of the total area of the radar diagram, is 79,20% for
ICEV, 29,30% for HEV, 31,94% for FCEV (methanol), 20,27% for FCEV
(hydrogen) and 16,88% for BPEV. Finally, applying the eqn (3) and based on the
above polygon areas as well as on the average external cost which is 68 €/1000
pkm for passenger transport in Greece [28], the relative external cost (RCy) for
the five vehicles is calculated: 53,9 €/1000 pkm for ICEV, 19,9 €/1000 pkm for
HEV, 21,7 €/1000 pkm for FCEV (methanol), 13,8 €/1000 pkm for FCEV
(hydrogen), and 11,5 €/1000 pkm for BPEV. These values can be used in a
typical investment selection model as a criterion together with other ones
concerning the technical and commercial features of the candidates.
Alternatively, they can be used in TCO-based decision model as follows: given
that in Greece the load factor is 1,98 passengers per vehicle [28], the total annual
mileage per vehicle 13.000 km/yr and that the mean passenger vehicle age is
about 10,2 yr [29], the total environmental external cost occurred during the
useful life time of the five candidates is 14.151 € for ICEV, 5.225 € for HEV,
5.697 € for FCEV — methanol, 3.623 € for FCEV — hydrogen and 3.019 € for
BPEV. These values can be taken into consideration, together with all other costs
that incurred throughout the life cycle of the five vehicle technologies, to assist
the final choice, by modifying their price accordingly as it is shown in table 3.

Table 3: Acquisition, average external and total cost of the examined
vehicles.

Unit ICEV HEV FCEV FCEV BPEV
methanol | hydrogen
Acquisition Cost € 16.000 17.650 17.250 20.900 15.100
Av. External Cost € 14.151 5.225 5.697 3.623 3.019

Total Cost € 30.151 22.875 22.947 24.523 18.119
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5 Concluding remarks

Since almost all of the methods available for technology investments assessment
and selection consider factors that seem to focus almost exclusively on what
creates most net value to the buyer of a technology system, ignoring the external
costs associated with this system, the proposed here framework has been
developed in order to provide a tool for the integration of the environmental
externalities in the assessment and selection process. This tool is based on the
findings of Life Cycle Assessments and especially the LCA Polygon approach.
The strong points of the framework is that it is easy to understand and easy to
use. Moreover, it is not very data and effort consuming. Regarding the latter, the
required data for the application of the procedure is the environmental
performance of the candidates as well as information concerning the average
external cost in a particular area of a typical, similar to the candidates, product or
process. LCA findings can be used as a good source for the environmental
performance of the candidates, while the general literature can easily provide
information on the average external cost for a steadily growing number of
products and processes. Another positive point of the method is that the outcome
of the proposed here procedure could be considered, together with all other costs,
in a total cost of ownership model adjusting the price offered, or it could be
included in a linear weighting model as one of the criteria used. Aside from the
above, it can also be used as the exclusive base for the comparative appraisal of
the candidates. In such a case, this method allows a clear conclusion as it leads to
single value (the relative external cost), which is unambiguously comparable.

Regarding the drawbacks of the method, one could mention that at high-level
aggregation the related algorithm makes use of weights that reflect threshold
values of pollutants. Therefore, a common weakness in this kind of procedures is
that they are based on national emission levels and standards, which are really
only valid in the country in question. Moreover, policy standards and goals may
be of different dignity and therefore they are not a good indicator of what
emissions are the most severe. This is a valid critique if the goals have been
developed separately and for purposes other than weighting; if, however, goals
conflicts have been discussed explicitly in the policy making process, the
critique is less valid. Another weak point of proposed framework is that it
heavily depends on the quality of the information used. In certain cases,
uncertainties of this information may be considerable, because there are not
enough measured data while the available form various sources data are not
always consistent. There are numerous sources of uncertainty in this kind of
information. Some of the more important include old data, incomplete data,
missing data, data aggregation etc. It is evident that all these sources of
uncertainty may affect the outcome of the method.

An example of a comparative appraisal application is also presented in the
paper to illustrate the proposed framework. It is about the assessment of an
investment concerning five different vehicle technologies. The result of this
application is a single value for each candidate that can be easily incorporated in
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almost any common decision-making model, which intends to take into
consideration the externalities of its choice.
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