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Title: An AHP/ANP-based multi-criteria decision approach for the selection of solar thermal
power plant investment projects

Abstract

In this paper the Analytic Hierarchy Process and the Analytic Network Process are applied to
help the managing board of an important Spanish solar power investment company to decide

whether to invest in a particular solar thermal power plant project and, if so, to determine the
order of priority of the projects in the company’s portfolio.

Project management goes through a long process, from obtaining the required construction
permits and authorizations, negotiating with different stakeholders, complying with complex
legal regulations, to solving the technical problems associated with plant construction and
distribution of the energy generated. The whole process involves high engineering costs.

The decision approach proposed in this paper consists of three phases. In the first two phases,
the managing board must decide whether to accept or reject a project according to a set of
criteria previously identified by the technical team. The third phase consists of establishing a
priority order among the projects that have proven to be economically profitable based on
project risk levels and execution time delays.

This work analyzes the criteria that should be taken into account to accept or reject proposals
for investment, as well as the risks used to prioritize some projects over others.

Keywords: Analytic Hierarchy Process, Analytic Network Process, Solar thermal power
projects.
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1. Introduction

Solar thermal power plants have undergone considerable technological and industrial
development in recent years. These power plants use the sun's radiation to heat fluids and
produce electricity. This is done using a device that concentrates direct solar radiation onto a
receiver. Depending on the sunlight concentration system used the main four technologies
available on the market can be classified as [1-3] a) parabolic trough collector, b) linear
Fresnel collector, c) central receiver system with dish collector, and d) solar power tower
receiver system with heliostats. A fifth system is the solar updraft tower, also called solar
chimney plants, but this technology is under research and development and therefore it has
not been considered in the present work [4,5]. Since solar radiation is intermittent, this kind of
plant requires a thermal energy storage system [6]. [7] and [8] review the state of the art on
high temperature thermal energy storage systems for power generation. Despite the fact that
solar thermal power technology is at a stage of development, its potential future cost decline
and advances make it an attractive opportunity for investment companies [9].

Spain, along with the U.S. and MENA (Middle East and North Africa) countries, are
allocating more technical and economic resources to this new technology. According to the
Institute for Energy Diversification and Saving (IDAE)[10], a public organization dependent
on the Spanish Ministry of Industry, Tourism and Commerce, by the end of 2010 Spain had
an installed solar generating capacity of 632 MW (60% of the world’s total solar power
capacity), 1000 MW were under construction (approximately 86% of the world’s total solar
power under construction) and an additional capacity of 8475 MW was planned for in the
form of projects. At present, the majority of solar thermal electricity generation in Spain is
provided by parabolic trough power plants, each with an output of 50 MW [10].

The European legislation through Directive 2009/28/EC promotes the use of energy from
renewable sources. This Directive has set up a target of 20% for all energy generated in
Europe to come from renewable energy sources by 2020. In Spain, the Electric Power Act
54/1997 deregulated the generation and sale of electricity, but set the market rates. Act
54/1997 also established a special economic regime to govern the generation of electricity
from renewable sources. In the years following the publication of this law, the government
approved significant incentives for the development of renewable energies, particularly solar
photovoltaic plants and wind power. However, as specified in Royal Decree 9/2013, during
the last decade the Spanish electricity system has generated a very high tariff deficit. Between
the years 2004-2012 the revenues of the electric system rose by 122%, while costs increased
by 197%. The incentives for renewables have greatly contributed to this situation [11]. The
current Spanish government has agreed to deep cuts in production incentives for renewable
energy, which will hit green power producers hard, especially small companies. Additionally,
the economic crisis does not allow sharp increases in electric tariffs to consumers. This
situation does not affect existing thermal solar power plants already in operation, but will
negatively affect the construction of new plants. The legal uncertainty, perceived in this work
as a major risk, is affecting investments in the renewable energy sector in Spain. The
Government is currently studying new proposals that will promote the sector as well as help
control the imbalance between revenues and costs.

Institutional support for solar-thermal power technology has fostered the growth of a strong
Spanish electrical industry that includes companies with power projects that have been
awarded or are under construction as well as new manufacturing companies that produce solar
thermal-related components (parabolic reflectors, heliostats, tower receivers, absorber tubes,
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among others). These companies have received requests for the installation of solar thermal
systems not only in Spain but also in other countries. And this trend to open up to
international markets has increased due to the economic crisis.

According to [12] and [10] the investment cost of a 50 MW parabolic trough power plant can
range from 5.08 to 6.93 MEUR/MW, depending on whether the solar plant includes a storage
system or not. The investment cost of a 17 MW solar tower power plant is about 150 million
euros, considering current technology and depending on the characteristics of the plant.
Engineering and contingency costs represent between 10% and 8% of the total investment
cost, respectively. Therefore, when a company dedicated to the construction and operation of
solar thermal plants receives a proposal to invest in a new plant, project feasibility is carefully
analyzed before deciding whether to implement the project. This is because the data required
to conduct preliminary studies, particularly if the plant is to be built in a foreign country, is
difficult to obtain and the cost of project feasibility studies is very high; additionally it is
highly likely that many of these projects will be rejected.

The present paper analyzes the problem for the managing board of an important solar power
investment company to establish a priority order among different solar thermal power plant
projects. The company in this case study is a medium-size company traditionally devoted to
the installation and maintenance of power systems for power supply companies, but which
has recently entered the market of power generation through the development, maintenance,
and operation of renewable energy power plants.

The development of a solar thermal power plant project, from the very first stage of selecting
the plant site and land survey, to the last stage of implementation and starting-up of the plant,
follows a long process which includes obtaining the required construction permits and
authorizations (Figure 1), negotiating with the different stakeholders (land owners, local and
government authorities, power supply companies), complying with complex legal regulations,
as well as solving the technical problems related to the construction of the plant and the
distribution of the energy generated. This management process to obtain the required plant
construction and execution permits and project execution makes projects that can be highly
profitable at the exploitation stage also be very risky due to unexpected project execution
delays or even project cancellation.

Figure 1-Phases for the implementation of a solar thermal power plant. Source: own
elaboration

This paper presents a decision-making approach based on the Analytic Hierarchy Process
(AHP) and the Analytic Network Process (ANP) [13,14], which may help the managing board
of an electric power company to decide whether to invest in a particular solar thermal power
plant project and, if so, to determine a priority order among a portfolio of feasible projects.

AHP and ANP are multiple criteria decision making (MCDM) techniques. MCDM is a set of
concepts, methods and techniques developed to help decision makers to make complex
decisions in a systematic and structured way. There are two categories of MCDM problems:
multiple criteria discrete alternative problems and multiple criteria optimization problems.
There are several proposed methods for solving discrete alternative problems. Among the
better known models are those based on Multiple Attribute Utility Theory (MAUT) [15],
Analytic Hierarchy Process (AHP) [13,16] and Analytic Network Process (ANP) [14,17],
Outranking Methods such as ELECTRE [18] or PROMETHEE [19] or the Technique for
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Order Preference by Similarity to Ideal Solution (TOPSIS) [20]. A more detailed description
of these methods can be found in [21-23]. [24] made a thorough bibliometric analysis on the
development of MCDM techniques for the period 1992-2007, which is an update of a similar
previous analysis. These authors concluded that the MCDM field has made great progress in
both theoretical and practical applications. The growth of publications related to AHP stands
out from the other techniques mentioned. Selection of the mathematical model based on
discrete MCDM is not easy. According to [25] there is no best model. All MCDM techniques
have their advantages and drawbacks, as summarized in [26]. Their use depends on the
context.

The reasons for using an AHP/ANP-based decision analysis approach in the present work are:
(i) they allow decision makers to analyze complex decision-making problems using a
systematic approach that breaks down the main problem into simpler and affordable
subproblems, (ii) if there are interdependencies among groups of elements (criteria and
alternatives) ANP should be used, (iii) the detailed analysis of priorities and
interdependencies between clusters’ elements forces the DM to carefully reflect on his/her
project priority approach and on the decision-making problem itself, which results in a better
knowledge of the problem and a more reliable final decision.

In this work, the proposed process consists of three phases: in the first phase, the managing
board will decide whether to accept or reject a given investment project based on a set of
general criteria, which are relatively easy to assess and inexpensive to obtain. The projects
that pass the first phase go through a second phase in which the projects are accepted or
rejected using a second set of criteria that require a greater level of information and are more
expensive to obtain. Project feasibility and risk analysis are performed in this phase. The
economically unfeasible projects are rejected and the projects, which are economically
profitable, are assessed using risk analysis. In this phase, only projects with acceptable
feasibility and risk values are accepted. The accepted projects form the project portfolio of the
company. In the third phase, the company has a portfolio of solar thermal power plant
projects that are economically feasible. The objective of this phase is to solve the following
decision-making problem: “Given a number of solar thermal power investment projects that
are known to be profitable for the company, establish project priority based on project risk
levels and execution time delays.”

The rest of the paper is organized as follows. Section 2 introduces the Analytic Hierarchy
Process and the Analytic Network Process. Section 3 describes the decision-making process
and Section 4 presents the main conclusions derived from this research and future works.

2. Overview of AHP and ANP.
The Analytic Hierarchy Process (AHP) and the Analytic Network Process (ANP) are theories
of relative measurement of intangible criteria [27] proposed by Saaty [13,14,16,17]. Saaty
proposes the use of ratio scales to rate the decision maker’s preferences, known as Saaty’s
Fundamental Scale (Table 1, from [16]) . The main steps to solve an MCDM problem using
AHP are the following (see scheme in Figure 2):

Table 1.- Saaty’s fundamental scale.

Figure 2.- AHP method scheme
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1) The decision-making problem is structured as a hierarchy and is broken down into several
levels. The top level of the hierarchy is the main goal of the decision problem. The lower
levels are the tangible and/or intangible criteria and subcriteria that contribute to the goal. The
bottom level is formed by the alternatives to evaluate in terms of the criteria.

2) The criteria weights are obtained.
2.1) The n criteria in the same level are compared using Saaty’s 1-to-9 scale. For each level a
pairwise comparison matrix A is obtained based on the decision maker’s judgements a; ;.

1 ap - ain
a 1 .. a
A= .21 . ?Tl ) where aj; = 1/al-j l,] =1,..,n (1)
An1 Qnz " 1

2.2) The Consistency Ratio (CR) of matrix A is used to check judgement inconsistencies.

CR=CI/RI, where CI:% and A,,,4, 1S the maximal eigenvalue of A.

The Random Index (RI) is an experimental value which depends of n. Table 2 from [16]
shows the RI values. If CR is less than a threshold value then the matrix can be considered as
having an acceptable consistency, and the derived priorities from the comparison matrix are
meaningful. In [16] the following thresholds values are proposed: 0.05, 0.08 and 0.1 for n=3,
n=4 and n > 5 respectively. If CR exceeds the threshold value then the judgments in matrix A
should be reviewed.

Table 2.- Rl values

2.3) The local priorities vector P = (py,p2, .., Pi, -, Pn) 1S Obtained from the pairwise
comparison matrix A. There are several methods to calculate the priorities (see [28] for a
review), but the original Saaty‘s proposal suggested to calculate the principal right
eigenvector of the pairwise matrix A (equation 1). These priorities are local priorities because
they are the priorities of elements in the same level of the hierarchy.

2.4) The local priorities are synthesized across all criteria in order to determine the global
priority of all criteria, g;,i = 1, ...,nf, where nfis the number of criteria and subcriteria in
the hierarchy, multiplying its local priority by the global priority of the element. The local and
global priority of the main goal is 1. The sum of the global priorities of all bottom-level
criteria is 1.

3) The assessment of alternatives for each criterion is obtained. There are several ways of
obtaining a value depending on the nature and number of alternatives. If the number of
alternatives is large (greater than 9) Ratings are generally used. If the number of alternatives
is small (like in this work) Saaty proposes the use of pairwise comparisons, like the procedure
used for criteria prioritization, obtaining a matrix A for each lower level criterion, and
calculating the priorities of the alternatives for each criterion.

4) The decision matrix is built using the priorities of the bottom-level criteria and alternatives.

5) The alternative priorities and criteria priorities are aggregated using a MCDM method. The
weighted sum model is most widely approach in AHP.
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AHP is conceptually easy to use; however, its strict hierarchical structure cannot handle the
complexities of many real world problems. As a solution, Saaty proposed the ANP model, a
general form of AHP. ANP represents a decision-making problem as a network of criteria and
alternatives (all called elements), grouped into clusters. All the elements in the network can be
related in any possible way, i.e. a network can incorporate feedback and interdependence
relationships within and between clusters. This provides a more accurate modeling of
complex settings. The influence of the elements in the network on other elements in that
network can be represented in a supermatrix. This new concept consists of a two-dimensional
element-by-element matrix which adjusts the relative importance weights in individual
pairwise comparison matrices to build a new overall supermatrix with the eigenvectors of the
adjusted relative importance weights. According to Saaty [14], the ANP model comprises the
steps shown in Figure 3.

Figure 3.- ANP steps scheme.

1) Given a decision problem with x,, x,, ..., xy elements, the first step consists of building a
model grouping the elements into ¢y, ¢, ..., ¢ clusters.
Let x; the i element of the model, which belongs to cluster ¢, withi = 1,...,N, c =
1,...,G.
Let x“e the elements of cluster c, , {x{ : ¢ = c,}. Let nc, the number of elements of
cluster c,.

2) Identify the elements’ relationships, ask the DM, and obtain the (NxN) Elements’
Relationships matrix, = [r; ;] = [nfjf"cb] rfjf"cb € {0,1} where c,, ¢, = 1...G and
i,j=1..N:

o 7.7 =0 indicates that the element x;* has no influence on the element x;*, and in
the graphical model there isn’t an edge between xf “and x]-cb.

. rff'cb = 1 indicates that the element x;* has some influence on the element xjcb, and in
the graphical model there is an arc from x;* to x;*.

3) Obtain the (GxG) Clusters’ Relationships matrix, R = [fca,cb] - Tepc, = 10,1} where
CaCp =1..G
e 7, c, = 0 indicates that any element of cluster ¢, has influence on any element of

cluster cp.
foey =0 2V ij ij=1,. ,N:1 P =0
e 7, c, = 1indicates that some element of cluster c, has influence on some (at least
one) elements of cluster c¢,.

A . CaCh __
rca,cbzl -»3i,ji,j=1,..,N: Y =1

4) Use usual AHP pairwise matrices (Eq. 1) to compare the influence of the elements
belonging to each cluster on any element, and derive a priority vector, and obtain the

(NxN) Unweigthed Supermatrix, U = [ufjcb] with w4 € [0,1], ¢5,¢p = 1, ..,G and

i,j =1,..,N, where uic";'cbis the influence of element i, which belongs to cluster c,, on
element j, which belong to cluster c;,.

ufjc” = 0 indicates that element i which belongs to cluster ¢, has no influence on
element j which belongs to cluster c,.
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5)

6)

7)

8)

Ca’Cb — CaCh __
U= 0 & i =
e u;“® =1 indicates that element i which belongs to cluster ¢, is the unique element of

L]
cluster ¢, which has influence on element j which belongs to cluster c;,.

Ca,Ch

ij :1 :vkii’k:]‘"'N:xkExCa—)T"fa:'Cb:O

/]

e Given acluster, c,, and an element j that belongs to cluster c;,, xjcb, the sum of the
unweighted values of the elements which belong to ¢, that have influence on x; is 1.
If any element of ¢, has influence on x; then the sum is 0.

Given cg, x;”
N

2 (u,i“f”) e {0,1}

k=1

C,
k:xpex @

Columns sum, ¥, (w; ;), indicates how many clusters have influence on the column
element. Identify the components and elements of the network and their relationships.
Conduct pairwise comparisons on the clusters, obtaining U = [ﬁca_cb] the (GxG) Cluster
Weights matrix, with @i. ., € [0,1], cq,¢p = 1, ...,G, where 4., is the influence of
cluster ¢, on cluster cy,.
ﬁca ¢, = 0, shows that any element of cluster ¢, has influence on any element of cluster

an—l(uca'cb) = 1.

Calculate W = [ o Cb] the (NxN) Welgthed Supermatrix , with w b 10,11, cqr cp =
Ca, Cb A
i,j Cap *

wl}‘cb is the weighted influence of element i, which belongs to cluster c,, on element j,
which belongs to cluster cj,.

1,...Gand i,j = 1,...,N, where Wij =u,

Ca Cb

€10,1]

Mz

l=1

Calculate Q = [qC“ Cb] the (NxN) Normalized and Weigthed Supermatrix, with ¢, €

€a,Cp
Ca,Ch Wij

[0,1],cqcp =1,..,Gand i,j = 1,...,N, where q; " = W

ij
q;+"" is the normalized weighted influence of element i, which belongs to cluster c,, on

element j, which belongs to cluster c,,.
3 (qu C”) = 1. Q is a left-stochastic matrix

Raise the weighted supermatrix to limiting powers until the weights converge and remain
stable (limit supermatrix), = lim,_,. Q*. [; is the final priority of element x; . If x; is an
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alternative, [; is the rating of the alternative. If x; is a criterion, [; is the weight of the
criterion.

Different authors apply AHP/ANP to energy decision making problems. AHP has been
applied to evaluate bioenergy developments regarding their regional sustainability in Scotland
[29]; to evaluate the competing solar thermal collection technologies applicable to electricity
generation in India [3]; to prioritize barriers to energy efficiency in the small scale industry
clusters in India [30]; to evaluate the renewable energy policy goals in Taiwan [31]. ANP has
been used for the determination of the appropriate energy policy and evaluations of power
plants in Turkey [32-34]. for evaluating alternative technologies for generating electricity
from municipal solid waste in India [35]. Other authors use AHP combined with other
methods. [36] use AHP combined with geographical information systems (GIS) to evaluate
land suitability for wind farm sitting.. (28) Use fuzzy ANP to select a suitable location for
developing a wind farm [37]. [26] use fuzzy AHP-TOPSIS for evaluation and selection of
thermal power plant location. [38] use AHP for the selection of space heating systems for an
industrial building.[39] use AHP to determine the weights of the criteria in order to assess the
different portfolios of electricity generation technologies according to multiple stakeholder
perspectives. These authors combine AHP with goal programming (GP) and technology
forecasting of hydropower generation and storage technologies. [40] makes a comparative
analysis between Axiomatic Design and fuzzy AHP applied to the selection of renewable
energy alternative for Turkey. [41] use an integrated fuzzy VIKOR and AHP approach to
determine the best renewable energy alternative for Istambul.

3. The decision making process and the AHP/ANP modeling approach

A model was developed based on the AHP/ANP multicriteria techniques (Analytic Hierarchy
Process/ Analytic Network Process), proposed by Thomas Saaty, University of Pittsburgh,
and described in the previous section. The decision-making process used in [42] and [43] has
been adapted to our case study.

The goal of the decision problem is "Selecting Solar Thermal Power Plant projects from the
project portfolio of the company." Due to the high engineering cost of this type of projects,
the DM expressed the need for using a decision-making support tool which allowed him to
reject an unfeasible project before having invested heavily in it. After several meetings with
the DM we concluded that the selection should exclude technically and economically
unfeasible projects, and establish a priority order among feasible projects based on risk
minimization. The decision process was structured into three levels (Figure 4).

Figure 4.- Decision process proposed

These three levels can be briefly described as:

Level 1. Each new proposal submitted to the company is analyzed using a set of criteria called
Level 1 criteria. Level 1 criteria only require the DM to have a basic knowledge of the
project and this level involves relatively low engineering cost. In this level a hierarchy
model (AHP) can be used for project Acceptance or Rejection.

Level 2. The proposals that have been accepted in Level 1 are analyzed using a new set of
criteria, called Level 2 criteria. These new criteria require the DM to have a broader and
deeper knowledge of the project as they are used to conduct project feasibility analysis.
Again the alternatives of the decision problem are project Acceptance or Rejection.

9
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Level 3. Accepted projects pass to Level 3, which means investing money in project

execution. In this level, each project is compared with the other Level-2 accepted
projects of the company’s project portfolio. In this level, all projects are economically
profitable for the company and the DM has to determine their priority order to minimize
project investment risks. In Level 3 the alternatives are the different projects that were
accepted in Level 2 and still have not passed Level 3. In this level, each proposal is
analyzed in more detail and the projects are compared using another set of criteria called
Level 3 criteria. For this level we propose the use of two decision models: an AHP-
based hierarchy model and an ANP-based network model. Like in the other two levels
the decision process will take into consideration the DM preferences, based on the data
available and the DM’s experience.

3.1.- Decision model: Level 1

In this level an AHP-based hierarchy model was used to decide if it is worth analyzing a solar
thermal power plant project, i.e. if it is profitable to invest in a preliminary study of the
project.

After several meetings with the MD we identified the following set of criteria, grouped as
Risks, Costs and Opportunities.

L1-1 RISKS

- L1C11. Country risk. It assesses the risk of political and economic instability and level
of corruption in the country.

- L1C12. Changes in energy policy. It assesses the risk of changes in the national energy
policy that may affect the reliability of the economic feasibility of a project.

- L1C13. Changes in policy premiums. Many countries have premiums and tax benefits
that encourage investment in renewable energy. Premium changes can jeopardize project
investment profitability when compared to forecasts. This criterion assesses the risk of
changes in premium policies which may cause premium reductions during the useful life
of the plant.

- L1C14. Water supply. Water is essential for the operation of the plant. Water supply is a
complex issue and factors such as specific regulations, water supply conditions and water
flow rate in the area where the plant is to be built should be known in advance.

- L1C15. Financing. Funding is an essential factor. This criterion takes into consideration
any funding or additional financial support of the project, such as state aid for investment
or additional financial guarantees and the risks of not having any financial support.

- L1C16. Effective solar radiation. Solar radiation is a fundamental parameter for an
efficient performance of the plant. Essential data include the amount and stability of solar
radiation in the area. This criterion assesses the risk of inacceptable deviations in
estimated average solar radiation due to external factors, such as random climate
variations or pollution.

L1-2 COSTS
- L1C21 Investment. Cost estimates for the feasibility analysis of the project in the
following levels.

L1-3 OPPORTUNITIES

10
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- L1C31 Experience and degree of knowledge. Available previous reports, either from
your own company or from other enterprises, about similar projects executed in the
country or by the same promoter.

- L1C32 Market diversification. Potential opportunity to enter a new market so that
investments are not only made in a single country.

- L1C33 Future synergies. Opportunities for development of future projects as a result of
this project.

- L1C34 Hampering competition. Opportunity to stop, outperform or overtake
competitors.

Figure 5 shows the resulting hierarchy model.

Figure 5.- Hierarchy model used in Level 1.
3.2.- Decision model: Level 2

The projects accepted in Level 1 are those in which it is worth spending more resources for
further analysis, according to the DM. However, as the engineering costs are high, the DM
decided to include an intermediate step before investing a large amount of money in a project
that might not be feasible. Therefore, a new set of criteria was used to analyze each project in
more detail and decide whether to continue investing in the project or to reject it. Again the
decision alternatives are "Accept” or "Reject" the project.

After two further meetings the DM proposed the following criteria:

= L2-1RISKS

- L2C1. Proximity to power line. To maximize plant efficiency and minimize
implementation risks proximity to the electric substation is a positive factor.

- L2C2. Natural gas supply. In these plants natural gas consumption is about 10%,
therefore it is necessary to secure natural gas supply in the plant site.

- L2C3. Land price. This type of plants requires a large area. Thus land prices have a
significant impact on investment. This criterion assesses land prices in the area where the
plant will be built.

- L2C4. Technology availability. As the market for the supply of essential plant
components is small it may be necessary to purchase or order such equipment before signing
the contract.

- L2C5. Intensity of natural disasters. The construction of plants in sites with high risk
of natural disasters can increase investment and operational costs. The plant must be installed
in safe places with low risk of natural disasters.

- L2C6. Easy access. This criterion assesses the existence of roads for an easy and safe
access to the facilities.

Figure 6 shows the resulting hierarchy model.

Figure 6.- Hierarchy model used in Level 2

3.3.- Level 3

11
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The projects that passed Level 2 constitute the project portfolio of the company. In Level 3
the problem formulated by the DM is "to establish a priority order among those projects that
have proved to be technically and economically feasible.” In this level, new criteria are
identified for the assessment of project risks. The decision alternatives are the different
projects of the portfolio.

After several working meetings, the DM identified the following risk criteria based on his
experience.

»= L301 POLITICAL Risks

- L3C11. Licenses and permits. Depending on the country, the competent bodies shall grant
administrative authorization. This criterion assesses the risks of refusal or delays in the
administrative licensing process.

- L3C12. Changes in energy policy. Risks of changes in legislation may affect tax premiums.

= 1302 MACROECONOMIC Risks

- L3C21. Energy price variations. Risk of variations in energy prices throughout the life of
the plant.

- L3C22. Changes in the price of money. Influence of inflation rates on the cash-flow
obtained in the project over the useful life of the plant.

- L3C23. Changes in power demand. Risk of changes in energy demand that can affect the
estimates of plant operation.

- L3C24. Bank financing. Risk of having to implement the phases of the project without the
required funding.

= |L303 TIME DELAY Risks

- L3C3L1. Delays in plant operation. The power supply company must verify that the
conditions for grid connection are met. Demands for project changes, and the time it can take
the investment company to obtain the permits, may cause delays in the execution of the
project.

- L3C32. Delays in grid connection. Risk of delay in connecting the cable to the supply point
provided by the power supply company. If the cable passes through properties belonging to
third parties appropriate authorization is required and this may cause project delays.

= L304 TECHNICAL Risks

- L3CA41. Effective solar radiation. The impacts of all the other climatic parameters on the
project can be calculated on the basis of the amount of effective solar radiation falling in the
area. The parameters affecting solar radiation are: temperature, wind speed, humidity, vapor
pressure, rainfall, etc. Solar radiation is calculated considering quantity, quality and hours of
sunlight. This criterion assesses the risk of deviations in the estimates of solar radiation
provided in the economic study.

- L3C42. Quantity of available water. It is essential to ensure supply of water needed for plant
operation. This criterion assesses the risk of unstable water supply with respect to the
estimates given in the economic analysis.

= L305 ECONOMIC Risks

- L3C51. Commissioning. Risk of higher grid connection cost and installation of an
interconnection line. It is necessary to sign agreements with neighboring land owners.

- L3C52. Remediation. Risk of higher remediation cost due to floods, earthquakes or other
geotechnical problems.

- L3C53. Maintenance. Risk of higher maintenance costs, both preventive and corrective.

12
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Initially, as in the previous levels, we suggested the use of a hierarchy model (AHP).
However, when the DM began to answer the questions for project prioritization, he
considered that the influences between elements of the problem (criteria and alternatives)
were evident. Thus the model evolved into a network model (ANP). In the following section
both models are described to allow for comparison of results.

3.3.1.- The hierarchy model (AHP)

At the top of the hierarchy lies the goal of the decision problem. In this case, the goal is
“Establishing a priority order among the solar thermal power plant projects of a company’s
portfolio based on project risk analysis.” Because of the method used to establish priorities
among the elements of the problem (criteria and alternatives), the goal was “Maximizing
risks™ because it was more intuitive for the DM to answer the questions about prioritization
worded as follows: Which risk is more important? Which alternative has a higher risk? At the
end of the process the project alternative with “the lowest" priority will be the best option, as
it means the least risky project, which is the real goal of the decision process.

The criteria/risks have been structured in two levels and grouped by type of risk into Political,
Technical, Economic, Time Delay and Macroeconomic. The last level of the hierarchy is
formed by the project alternatives, i.e. the potential projects on which the expert makes the
decision. (Figure 7)

Figure 7.- Hierarchy Model used in Level 3
3.3.2.- The Network model (ANP)

The ANP technique builds a network model of the problem structured into clusters containing
elements that are related to/influence each other. The DM determines the influence
relationships between model elements based on his knowledge of the problem. This is one of
the most critical stages of the ANP approach because of the difficulty in identifying the
criteria that will influence others and the relative intensity of influence. The DM experts were
asked about the influence of every criterion on the other criteria. They considered that in this
ANP model all criteria exert some influence on the alternatives and vice versa.

In order to obtain the relationships among criteria the DM completed a questionnaire like the
questionnaire shown in Table 3.

Table 3.- Questions of the Questionnaire that identify relative influences among criteria

The ANP relationships are shown in Table 4: Influence matrix. Thus, 1 in position r; ; in the
matrix means that the element in row i has influence on the element of column j (see ANP
step 2 in Section 2).

Table 4.- Influence Matrix.

The next step of the ANP model consists of establishing influence intensity among the
elements of the network model. To do this, it must be taken into account that the DM experts
have considered that the criteria exert some influence on the alternatives and vice versa. This
fact influences the results because if some alternatives changed, all the influences in which
these alternatives participate would change.

13
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4.- Case study
4.1.- Application of the Level 1 model

After building the hierarchy model, a questionnaire is developed as illustrated in Table 5 for
the prioritization of the criteria and assessment of the alternatives. The questionnaire was used
to analyze four projects. The weights obtained are shown in Table 6 and the scores of the
alternatives for each project are shown in Table 7. The questionnaire was designed with the
help of Superdecisons-Q software (http://sdq.webs.upv.es) to capture the model generated in
Superdecisions.

Table 5.- Illustration of the questionnaire used in Level 1.
Table 6.- Level 1 Criteria Weights.
Table 7.- Scores of the alternatives for four projects in Level 1

The more important criteria for the DM are L1C11 (Country risk) and L1C15 (Financing
Risk), with a total weight of nearly half of the total weight. According to the DM, it is
essential for a project that the country has a stable economic and political situation to go on
with the study; otherwise, the other conditions have to be excellent in order to accept the
project. On the other hand, Financing is a key point for project success; therefore, a project
with financing risks is very likely to be rejected.

Criteria L1C21 (Investment) and L1C13 (Changes in policy premiums) occupy the third and
fourth place in importance. Note that the DM gives more weight to risks than to opportunities
and a project with high risks will be rejected in this first level of the decision process.
Although these four criteria account for most of the importance, there may be a
"compensating” effect by which apparently less important criteria greatly affect the final
decision.

The four projects analyzed passed Level 1 because the alternative “Accept” was far better
rated than the alternative “Reject”. The DM considered that a specific project should be
accepted only if the priority of the alternative "Accept" is greater than 70%

4.2.- Application of the model of Level 2

The model of Level 2 was applied to four projects using questionnaires similar to those of
Level 1. The weights and ratings are shown in Tables 8 and 9. Again the four projects
analyzed passed this level because their priority is greater than 70%

Table 8.- Level 2 criteria weights.
Table 9.- Alternative Values for Level 2 projects

L2C5 (Intensity of natural disasters) is the most important risk, with almost half of the total
weight. In this level, it is important to carefully study the characteristics of the site where the
plant is to be built. Therefore, you must visit the site, obtain all available data on the risk of
experiencing natural disasters (earthquakes, floods, wind ...) and quantify the likelihood of
experiencing natural disasters over the useful life of the plant.

Criterion L2C4 (Technology availability) is the second most important criterion for the DM.
Before starting the construction of the plant you should have all the equipment and
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components needed for the construction of the plant. Certain components are scarce in the
market and require a long manufacturing process, like the turbomachine for energy
transformation, therefore, delivery times for non-standard components should be agreed upon
with the manufacturer.

The risk of not being close to the electricity or natural gas supply system has a small weight,
and can be solved by increasing investment. If the site is far from the power evacuation line,
the installation cost will be higher than estimated. The other criteria have less relative
importance and their risk can be offset by increasing investment.

4.3.- Application of the Level 3 model. The hierarchy model

Using a questionnaire similar to those used in Levels 1 and 2, the priorities listed in Table 10
and Figure 8 were obtained.

Table 10.- Level 3 criteria priorities . AHP Model.

The best project is the least risky project; in our case study is Project A as weight values
indicate the level of risk of a project.

4.4.- Application of the Level 3 model. The network model.

In this model, the DM sets the intensities of the influences identified above. The first step
consists of assigning priorities to related elements in order to build the unweighted
supermatrix. To this end, each criterion is analyzed in terms of which other criteria exert some
kind of influence upon it; then the corresponding pairwise comparison matrices of each
criteria group are generated in order to obtain the corresponding eigenvectors.

Following notation given in Section 2 the procedure is: let’s suppose that some or all the
elements (criteria or alternatives) x* of cluster ¢, influence one element xj" of cluster cy,.
To determine which elements (among those that have some kind of influence) of ¢, have
more influence on element x;™, a reciprocal pairwise comparison matrix is built with the
elements of c;. In order to fill in each component of the matrix n(n-1)/2 questions (n being the
number of elements of ¢, that influence x;™) have to be answered. This procedure is repeated
for each cluster whose elements exert some influence on element x;™. In this way, for each
column of the u; ; elements of the unweighted supermatrix we can identify blocks
corresponding to each of the clusters that exert some kind of influence on that element and
whose values form the eigenvector that represents the relative influence of the elements of
each cluster on element x;™.

For this end an extensive questionnaire was developed using SuperDecisions-Q, with
questions like those illustrated in Table 11.

Although the questionnaire contains many questions, they are easily answered by a DM with
experience and knowledge of the decision problem. Additionally, some of the information
already provided by the DM to fill the AHP model is used again here, more specifically, the
priority order among the five sets of Level-1 hierarchy criteria, called "clusters™ in ANP
(Political, Technical, Economic, Time Delay and Macroeconomic) and prioritization of the
alternatives (A, B, C and D) for each criterion.
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Table 11.- lllustration of the Questionnaire used in Level 3 for the ANP model.

The data were processed with SuperDecisions software obtaining the Unweighted supermatrix
(Tables 12).

Table 12.- Unweighted supermatrix. ANP Model.

Due to the fact that in the case study different elements from different clusters have influences
on one element the unweighted matrix is non-stochastic by columns. Thus, according to [14],
all clusters that exert any kind of influence upon each group have to be prioritized using the
corresponding cluster pairwise comparison matrices. The value corresponding to the priority
associated with a certain cluster weights the priorities of the elements of the cluster on which
it acts (in the unweighted supermatrix), and thus the weighted supermatrix can be generated.
Table 13 shows the Cluster Weights Matrix.

Table 13.- Cluster Weights matrix. ANP Model.

By raising the weighted supermatrix to successive powers the limit matrix is obtained. The
results of the model are shown in Table 14 and Figure 8.

Table 14.- Criteria influence in the ANP Model.

Therefore, according to the ANP model, Alternative A should be the first option because it
has the lowest risk. On the other hand, the analysis of the criteria shows that “Water supply”
and “Licenses and Permits” have the highest scores, consequently they have the highest risk
level.

4.5.- Comparison of results in Level 3.
Figure 8.- Comparison of outcomes in Level 3

The results (Figure 8) show that the project with the lowest risk, according to the DM, is
Project A. However the order of projects B and C differs in the hierarchy and network
models. Since the DM identified influence relationships that appear in the network model but
do not appear in the hierarchy model, the DM selected the solution obtained in the ANP
model.

The weights of the criteria in the Hierarchy (AHP) and Network (ANP) models are compared
in Table 15:

Table 15.— Comparison of Weights in AHP and ANP.

In AHP criteria priority is directly assigned by the decision maker, regardless of the projects
to be evaluated, while in ANP criteria priority is adjusted based on the influences between the
different elements as perceived by the DM. For example, in this case study, the decision
maker considers Risk L3C12 Changes in energy policy to be extremely important. In the AHP
model, the decision maker rated this risk as second in importance with a weight of 21.82%.
However, in the ANP model, this risk presents similar rating values in the four projects.
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Therefore in this particular example this criterion loses influence and moves down to the sixth
place with a value of 6.23%.

The comparison analysis of the two models allowed the DM to reflect on the application of
the model to future project portfolios. Initially, the DM believed that, once identified, the
same decision criteria (risks) and weights could be applied to the analysis of future portfolios,
having only to assess the new projects for each criterion. However, the analysis of this case
study has shown that the only aspect that can be used for the analysis of future portfolios is
the relative influence among criteria. Therefore, in each decision problem the DM will have to
prioritize the influences of the criteria-alternatives and alternatives-criteria.

4.6.- Sensitivity Analysis
4.6.1 Sensitivity Analysis: Levels 1 and 2

In AHP, the most common sensitivity analysis consists of successively changing the weight of
each criterion and observing how each of these changes affects the aggregate priority of the
alternatives.

In the case study we used this type of sensitivity analysis and the results did not change
significantly. All alternatives are stable for changes up to 10%. As an illustration, Figure 9
shows the result of modifying the weight of the Level-2 criterion with the highest weight
(L2C5) when it is changed from 0 to 1 in 6 steps. Superdecisions software has been used to
help with the calculus. X-axis shows the weight of the criterion and Y-axis shows the
priorities of the alternatives. The vertical dotted line on the X-axis indicates the position of the
weight calculated from the DM judgments. In that position, the abscissa indicates the priority
of the two alternatives. The two lines of the graph show how the priorities of the alternatives
"Accept" and "Reject” vary when changing the weight of the criterion. It can be observed that
the priorities do not intersect, which indicates that they are stable to changes in the weight of
the criterion

The outcomes are logical given the large difference in the evaluations obtained by the
alternative Accept against Reject project A.

Figure 9.- Sensitivity analysis of L2C5 Intensity of natural disasters for Project A

4.6.2. - Sensitivity Analysis: Level 3 Hierarchy Model
The sensitivity analysis used in the AHP model is similar to the analysis used in levels 1 and 2
because it is also a hierarchy model. As an illustration, the analysis of the most important
criterion, L3C42 (Quantity of available water), is shown in Figure 10, where alternative A is
represented in red, B in blue, C in black and D in green. The dotted line indicates the weight
of the criterion. Varying the position of the dotted line by 10% compared to its initial position
does not alter the result. The other criteria did not show significant variations.

Figure 10.- Sensitivity analysis of L3C42 (Quantity of available water) with SuperDecisions
4.6.3. - Sensitivity Analysis: Level 3 Network Model

The procedure was as follows: first we identified the criterion with the highest weight and
then we observed on one hand, the elements that have most influence on it and, on the other
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hand, those criteria on which this criterion exerts some influence. The following paragraphs
describe the behavior of the network model when increasing or decreasing the weight of the
elements that influence or are influenced by this criterion.

In the case study, this sensitivity analysis was performed on the criteria with the highest
weights. By way of example, we explain all the steps followed on criterion L3C42 (Figure
11). In the weighted matrix the column corresponding to this criterion shows the elements that
have most influence on it, namely Alternatives and Criteria L3C53 and L3C54. In the row of
criterion L3C42 are the criteria influenced by this criterion. Criterion L3C42 has influence on
the alternatives and criteria L3C31 and L3C54.

Figure 11.- Influence analysis of criterion L3C42 (Quantity of available water) in the
weighted supermatrix. ANP Model

First, we analyzed the behavior of the elements (criteria and alternatives) that influence
L3C42. As an illustration, Figure 12 shows how the priority of the alternatives changes when
we modify the influence of Alternative A on criterion L3C42 (Position A-L3C42 in the
weighted supermatrix) from 0-1 in 6 steps. The X-axis shows the value of the influence and
the Y-axis shows the priorities of the alternatives. The vertical dotted line on the X-axis
indicates the position of the influence calculated from the DM judgments (value 0.025 in the
weighted supermatrix). In that position, the abscissa shows the priority of the four
alternatives. In this figure, we can observe that when the influence of A on L3C42 is 0.3
(approximately) the priorities of the first ranked alternative change. Something similar
happens for the other influences of the alternatives on the criterion. Figure 13 shows how the
priority of the alternatives changes when we change the influence of criterion L3C53 on
criterion L3C42 (Position L3C53-L3C42 in the weighted supermatrix). We can see that the
lines of the graph do not intersect. This means that the ranking of the alternatives does not
change when the influence value of criterion L3 changes from 0 to 1.

Figure 12.- Sensitivity analysis: A influences L3C42 with SuperDecisions

Figure 13.- Sensitivity analysis: L3C53 influences L3C42 with SuperDecisions

Secondly, we analyzed the behavior of the elements (criteria and alternatives) influenced by
L3C42. As an illustration, Figure 14 shows how the priority of the alternatives changes when
we modify the influence of criterion L3C42 on Alternative A (position L3C42-A in the
weighted supermatrix) from 0-1 in 6 steps. The vertical dotted line on the X-axis indicates the
position of the influence calculated from the DM judgments (value 0.457 in the weighted
supermatrix). In that position, the abscissa shows the priority of the four alternatives. In this
figure, we can observe that the priorities of the alternatives do not intersect. Something
similar happens for the other influences of the criterion on the other elements.

Figure 14.- Sensitivity analysis: L3C42 influences A with SuperDecisions

Thus, according to this sensitivity analysis, we can say that criterion L3C42 is stable and the
prioritization of the alternatives does not depend on small variations (= 10%) in the influences
calculated in the weighted supermatrix.
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5.- Conclusions

This work has reviewed the current state of the art of solar thermal power plant projects.
Project analysis was performed for an investment company that has a portfolio of thermal
power plant projects. Due to the high engineering cost of project analysis from the early
stages of development we proposed a decision analysis divided in three levels. In this way,
the Managing Board can reject unfeasible projects before investing heavily in them. The
decision models proposed are based on the Analytic Hierarchy Process (AHP) and the
Analytic Network Process (ANP). The models have been applied to a case study. Sensitivity
analysis was performed to assess the robustness of model outcomes to changes in parameter
values. In levels 1 and 2 the projects are analyzed individually and the alternatives are
“Accept” or “Reject” a project. In level 3, the feasible projects of the portfolio are prioritized
based on risk criteria. In this level we used a hierarchy model and a network model, and
finally recommended the network model.

The use of ANP better reflects the complexity of the problem. The DM has been able to
compare the outcomes of the different models and evaluate their advantages and
disadvantages. In our study, projects B and C can be considered of similar priority. The DM
then should compare these results with the economic profitability analysis of the projects to
finally decide whether to select project B or C, provided the company can invest only in two
projects and not in three.

The decision maker found these techniques very useful because they helped him to make a
deep reflection on the problem, as well as determine the criteria influencing the projects,
analyze the influences among criteria and set priorities using the models proposed here. The
DM had to answer some questionnaires that, though at first seemed difficult, were relatively
simple and easy to answer. This procedure improves the current decision making process,
providing more rigor and scientific robustness.

The method proposed in this work contributes conceptually and methodologically to better
understand the complex process of decision making. The technicians who perform these
studies have a tool which helps them to make their decision traceable, so that they can analyze
different scenarios by changing the weights of the criteria. AHP and ANP do not replace the
Decision Maker's preferences, but help to manage them and help the decision-maker reflect
on them and analyze the outcomes.

The use of this technique takes no longer than the time currently employed by the technicians

of the Company. However, it involves a change in the way of facing the whole process, as it
necessarily requires some training and adaptation
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1. Introduction

Solar thermal power plants have undergone considerable technological and industrial
development in recent years. These power plants use the sun's radiation to heat fluids and
produce electricity. This is done using a device that concentrates direct solar radiation onto a
receiver. Depending on the sunlight concentration system used the main four technologies
available on the market can be classified as [1-3] a) parabolic trough collector, b) linear
Fresnel collector, c) central receiver system with dish collector, and d) solar power tower
receiver system with heliostats. A fifth system is the solar updraft tower, also called solar
chimney plants, but this technology is under research and development and therefore it has
not been considered in the present work [4,5]. Since solar radiation is intermittent, this kind of
plant requires a thermal energy storage system [6]. [7] and [8] review the state of the art on
high temperature thermal energy storage systems for power generation. Despite the fact that
solar thermal power technology is at a stage of development, its potential future cost decline
and advances make it an attractive opportunity for investment companies [9].

Spain, along with the U.S. and MENA (Middle East and North Africa) countries, are
allocating more technical and economic resources to this new technology. According to the
Institute for Energy Diversification and Saving (IDAE)[10], a public organization dependent
on the Spanish Ministry of Industry, Tourism and Commerce, by the end of 2010 Spain had
an installed solar generating capacity of 632 MW (60% of the world’s total solar power
capacity), 1000 MW were under construction (approximately 86% of the world’s total solar
power under construction) and an additional capacity of 8475 MW was planned for in the
form of projects. At present, the majority of solar thermal electricity generation in Spain is
provided by parabolic trough power plants, each with an output of 50 MW [10].

The European legislation through Directive 2009/28/EC promotes the use of energy from
renewable sources. This Directive has set up a target of 20% for all energy generated in
Europe to come from renewable energy sources by 2020. In Spain, the Electric Power Act
54/1997 deregulated the generation and sale of electricity, but set the market rates. Act
54/1997 also established a special economic regime to govern the generation of electricity
from renewable sources. In the years following the publication of this law, the government
approved significant incentives for the development of renewable energies, particularly solar
photovoltaic plants and wind power. However, as specified in Royal Decree 9/2013, during
the last decade the Spanish electricity system has generated a very high tariff deficit. Between
the years 2004-2012 the revenues of the electric system rose by 122%, while costs increased
by 197%. The incentives for renewables have greatly contributed to this situation [11]. The
current Spanish government has agreed to deep cuts in production incentives for renewable
energy, which will hit green power producers hard, especially small companies. Additionally,
the economic crisis does not allow sharp increases in electric tariffs to consumers. This
situation does not affect existing thermal solar power plants already in operation, but will
negatively affect the construction of new plants. The legal uncertainty, perceived in this work
as a major risk, is affecting investments in the renewable energy sector in Spain. The
Government is currently studying new proposals that will promote the sector as well as help
control the imbalance between revenues and costs.

Institutional support for solar-thermal power technology has fostered the growth of a strong
Spanish electrical industry that includes companies with power projects that have been
awarded or are under construction as well as new manufacturing companies that produce solar
thermal-related components (parabolic reflectors, heliostats, tower receivers, absorber tubes,



among others). These companies have received requests for the installation of solar thermal
systems not only in Spain but also in other countries. And this trend to open up to
international markets has increased due to the economic crisis.

According to [12] and [10] the investment cost of a 50 MW parabolic trough power plant can
range from 5.08 to 6.93 MEUR/MW, depending on whether the solar plant includes a storage
system or not. The investment cost of a 17 MW solar tower power plant is about 150 million
euros, considering current technology and depending on the characteristics of the plant.
Engineering and contingency costs represent between 10% and 8% of the total investment
cost, respectively. Therefore, when a company dedicated to the construction and operation of
solar thermal plants receives a proposal to invest in a new plant, project feasibility is carefully
analyzed before deciding whether to implement the project. This is because the data required
to conduct preliminary studies, particularly if the plant is to be built in a foreign country, is
difficult to obtain and the cost of project feasibility studies is very high; additionally it is
highly likely that many of these projects will be rejected.

The present paper analyzes the problem for the managing board of an important solar power
investment company to establish a priority order among different solar thermal power plant
projects. The company in this case study is a medium-size company traditionally devoted to
the installation and maintenance of power systems for power supply companies, but which
has recently entered the market of power generation through the development, maintenance,
and operation of renewable energy power plants.

The development of a solar thermal power plant project, from the very first stage of selecting
the plant site and land survey, to the last stage of implementation and starting-up of the plant,
follows a long process which includes obtaining the required construction permits and
authorizations (Figure 1), negotiating with the different stakeholders (land owners, local and
government authorities, power supply companies), complying with complex legal regulations,
as well as solving the technical problems related to the construction of the plant and the
distribution of the energy generated. This management process to obtain the required plant
construction and execution permits and project execution makes projects that can be highly
profitable at the exploitation stage also be very risky due to unexpected project execution
delays or even project cancellation.

Figure 1-Phases for the implementation of a solar thermal power plant. Source: own
elaboration

This paper presents a decision-making approach based on the Analytic Hierarchy Process
(AHP) and the Analytic Network Process (ANP) [13,14], which may help the managing board
of an electric power company to decide whether to invest in a particular solar thermal power
plant project and, if so, to determine a priority order among a portfolio of feasible projects.

AHP and ANP are multiple criteria decision making (MCDM) techniques. MCDM is a set of
concepts, methods and techniques developed to help decision makers to make complex
decisions in a systematic and structured way. There are two categories of MCDM problems:
multiple criteria discrete alternative problems and multiple criteria optimization problems.
There are several proposed methods for solving discrete alternative problems. Among the
better known models are those based on Multiple Attribute Utility Theory (MAUT) [15],
Analytic Hierarchy Process (AHP) [13,16] and Analytic Network Process (ANP) [14,17],
Outranking Methods such as ELECTRE [18] or PROMETHEE [19] or the Technique for
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Order Preference by Similarity to Ideal Solution (TOPSIS) [20]. A more detailed description
of these methods can be found in [21-23]. [24] made a thorough bibliometric analysis on the
development of MCDM techniques for the period 1992-2007, which is an update of a similar
previous analysis. These authors concluded that the MCDM field has made great progress in
both theoretical and practical applications. The growth of publications related to AHP stands
out from the other techniques mentioned. Selection of the mathematical model based on
discrete MCDM is not easy. According to [25] there is no best model. All MCDM techniques
have their advantages and drawbacks, as summarized in [26]. Their use depends on the
context.

The reasons for using an AHP/ANP-based decision analysis approach in the present work are:
(i) they allow decision makers to analyze complex decision-making problems using a
systematic approach that breaks down the main problem into simpler and affordable
subproblems, (ii) if there are interdependencies among groups of elements (criteria and
alternatives) ANP should be used, (iii) the detailed analysis of priorities and
interdependencies between clusters’ elements forces the DM to carefully reflect on his/her
project priority approach and on the decision-making problem itself, which results in a better
knowledge of the problem and a more reliable final decision.

In this work, the proposed process consists of three phases: in the first phase, the managing
board will decide whether to accept or reject a given investment project based on a set of
general criteria, which are relatively easy to assess and inexpensive to obtain. The projects
that pass the first phase go through a second phase in which the projects are accepted or
rejected using a second set of criteria that require a greater level of information and are more
expensive to obtain. Project feasibility and risk analysis are performed in this phase. The
economically unfeasible projects are rejected and the projects, which are economically
profitable, are assessed using risk analysis. In this phase, only projects with acceptable
feasibility and risk values are accepted. The accepted projects form the project portfolio of the
company. In the third phase, the company has a portfolio of solar thermal power plant
projects that are economically feasible. The objective of this phase is to solve the following
decision-making problem: “Given a number of solar thermal power investment projects that
are known to be profitable for the company, establish project priority based on project risk
levels and execution time delays.”

The rest of the paper is organized as follows. Section 2 introduces the Analytic Hierarchy
Process and the Analytic Network Process. Section 3 describes the decision-making process
and Section 4 presents the main conclusions derived from this research and future works.

2. Overview of AHP and ANP.

The Analytic Hierarchy Process (AHP) and the Analytic Network Process (ANP) are theories
of relative measurement of intangible criteria [27] proposed by Saaty [13,14,16,17]. Saaty
proposes the use of ratio scales to rate the decision maker’s preferences, known as Saaty’s
Fundamental Scale (Table 1, from [16]). The main steps to solve an MCDM problem using
AHP are the following (see scheme in Figure 2):

Table 1.- Saaty’s fundamental scale.

Figure 2.- AHP method scheme



1) The decision-making problem is structured as a hierarchy and is broken down into several
levels. The top level of the hierarchy is the main goal of the decision problem. The lower
levels are the tangible and/or intangible criteria and subcriteria that contribute to the goal. The
bottom level is formed by the alternatives to evaluate in terms of the criteria.

2) The criteria weights are obtained.
2.1) The n criteria in the same level are compared using Saaty’s 1-to-9 scale. For each level a
pairwise comparison matrix A is obtained based on the decision maker’s judgements a; ;.

1 ap - ain
a 1 .. a
A= .21 . ?Tl ) where aj; = 1/al-j l,] =1,..,n (1)
An1 Qnz " 1

2.2) The Consistency Ratio (CR) of matrix A is used to check judgement inconsistencies.

CR=CI/RI, where CI:% and A,,,4, 1S the maximal eigenvalue of A.

The Random Index (RI) is an experimental value which depends of n. Table 2 from [16]
shows the RI values. If CR is less than a threshold value then the matrix can be considered as
having an acceptable consistency, and the derived priorities from the comparison matrix are
meaningful. In [16] the following thresholds values are proposed: 0.05, 0.08 and 0.1 for n=3,
n=4 and n > 5 respectively. If CR exceeds the threshold value then the judgments in matrix A
should be reviewed.

Table 2.- Rl values

2.3) The local priorities vector P = (py,p2, .., Pi, -, Pn) 1S Obtained from the pairwise
comparison matrix A. There are several methods to calculate the priorities (see [28] for a
review), but the original Saaty‘s proposal suggested to calculate the principal right
eigenvector of the pairwise matrix A (equation 1). These priorities are local priorities because
they are the priorities of elements in the same level of the hierarchy.

2.4) The local priorities are synthesized across all criteria in order to determine the global
priority of all criteria, g;,i = 1, ...,nf, where nfis the number of criteria and subcriteria in
the hierarchy, multiplying its local priority by the global priority of the element. The local and
global priority of the main goal is 1. The sum of the global priorities of all bottom-level
criteria is 1.

3) The assessment of alternatives for each criterion is obtained. There are several ways of
obtaining a value depending on the nature and number of alternatives. If the number of
alternatives is large (greater than 9) Ratings are generally used. If the number of alternatives
is small (like in this work) Saaty proposes the use of pairwise comparisons, like the procedure
used for criteria prioritization, obtaining a matrix A for each lower level criterion, and
calculating the priorities of the alternatives for each criterion.

4) The decision matrix is built using the priorities of the bottom-level criteria and alternatives.

5) The alternative priorities and criteria priorities are aggregated using a MCDM method. The
weighted sum model is most widely approach in AHP.



AHP is conceptually easy to use; however, its strict hierarchical structure cannot handle the
complexities of many real world problems. As a solution, Saaty proposed the ANP model, a
general form of AHP. ANP represents a decision-making problem as a network of criteria and
alternatives (all called elements), grouped into clusters. All the elements in the network can be
related in any possible way, i.e. a network can incorporate feedback and interdependence
relationships within and between clusters. This provides a more accurate modeling of
complex settings. The influence of the elements in the network on other elements in that
network can be represented in a supermatrix. This new concept consists of a two-dimensional
element-by-element matrix which adjusts the relative importance weights in individual
pairwise comparison matrices to build a new overall supermatrix with the eigenvectors of the
adjusted relative importance weights. According to Saaty [14], the ANP model comprises the
steps shown in Figure 3.

Figure 3.- ANP steps scheme.

1) Given a decision problem with x,, x,, ..., xy elements, the first step consists of building a
model grouping the elements into c¢;, ¢, ..., ¢ clusters.
Let x; the i element of the model, which belongs to cluster ¢, withi = 1,...,N, c =
1,...,G.
Let x“e the elements of cluster c, , {x{ : ¢ = c,}. Let nc, the number of elements of
cluster c,.

2) Identify the elements’ relationships, ask the DM, and obtain the (NxN) Elements’
Relationships matrix, = [r; ;] = [nfjf"cb] rfjf"cb € {0,1} where c,, ¢, = 1...G and
i,j=1..N:

o 7.7 =0 indicates that the element x;* has no influence on the element x;*, and in
the graphical model there isn’t an edge between xf “and x]-cb.

. rff'cb = 1 indicates that the element x;* has some influence on the element xjcb, and in

the graphical model there is an arc from x;* to x;*.
3) Obtain the (GxG) Clusters’ Relationships matrix, R = [fca,cb] - Tepc, = 10,1} where
CaCp =1..G
e 7, c, = 0 indicates that any element of cluster ¢, has influence on any element of

cluster cp.
foey =0 2V ij ij=1,. ,N:1 P =0
e 7, c, = 1indicates that some element of cluster c, has influence on some (at least
one) elements of cluster c¢,.

A . CaCh __
rca,cbzl -»3i,ji,j=1,..,N: Y =1

4) Use usual AHP pairwise matrices (Eq. 1) to compare the influence of the elements
belonging to each cluster on any element, and derive a priority vector, and obtain the

(NxN) Unweigthed Supermatrix, U = [ufjcb] with w4 € [0,1], ¢5,¢p = 1, ..,G and

i,j =1,..,N, where uic";'cbis the influence of element i, which belongs to cluster c,, on
element j, which belong to cluster c;,.

;‘}'C” = 0 indicates that element i which belongs to cluster ¢, has no influence on
element j which belongs to cluster c,.

u



Ca’Cb —_ CaCp __
U= 0 & i =
o uic‘]*.'c” = 1 indicates that element i which belongs to cluster c, is the unique element of

cluster ¢, which has influence on element j which belongs to cluster c;,.

Ca,Ch

ij :1 :vkii’k:]‘"'N:xkExCa—)T"fa:'Cb:O

/]

e Given acluster, c,, and an element j that belongs to cluster c;,, xjcb, the sum of the

unweighted values of the elements which belong to ¢, that have influence on x; is 1.
If any element of ¢, has influence on x; then the sum is 0.

Given cg, x;”
N

2 (u,i“f”) e {0,1}

k=1

C,
k:xpex @

Columns sum, ¥, (w; ;), indicates how many clusters have influence on the column
element. Identify the components and elements of the network and their relationships.
5) Conduct pairwise comparisons on the clusters, obtaining U = [ﬁca_cb] the (GxG) Cluster
Weights matrix, with @i. ., € [0,1], cq,¢p = 1, ...,G, where 4., is the influence of
cluster ¢, on cluster cy,.
ﬁca ¢, = 0, shows that any element of cluster ¢, has influence on any element of cluster

° an—l(uca'cb) = 1.

6) Calculate W = [ o Cb] the (NxN) Welgthed Supermatrix , with w b 10,11, cqr cp =

L. CaCb ~
1’ ...,G and l;] - ) "')N1 Where Wl,] - ul] uCaICb )

. wl.c}."c” is the weighted influence of element i, which belongs to cluster c,, on element j,
which belongs to cluster cj,.

Ca Cb

Mz

€10,1]

l=1

7) Calculate Q = [qC“ Cb] the (NxN) Normalized and Weigthed Supermatrix, with ql.c‘;.'cb €
Ca‘Cb
[01], ¢ cp =1,..,Gand i,j = 1,..,N, where ¢4 = W‘+acb
.. Zi(wi; )
. ql;‘ » is the normalized weighted influence of element i, which belongs to cluster c,, on
element j, which belongs to cluster c,,.

° X (qf? Cb) = 1. Q is a left-stochastic matrix

8) Raise the weighted supermatrix to limiting powers until the weights converge and remain
stable (limit supermatrix), = lim,_,. Q*. [; is the final priority of element x; . If x; is an



alternative, [; is the rating of the alternative. If x; is a criterion, [; is the weight of the
criterion.

Different authors apply AHP/ANP to energy decision making problems. AHP has been
applied to evaluate bioenergy developments regarding their regional sustainability in Scotland
[29]; to evaluate the competing solar thermal collection technologies applicable to electricity
generation in India [3]; to prioritize barriers to energy efficiency in the small scale industry
clusters in India [30]; to evaluate the renewable energy policy goals in Taiwan [31]. ANP has
been used for the determination of the appropriate energy policy and evaluations of power
plants in Turkey [32-34]. for evaluating alternative technologies for generating electricity
from municipal solid waste in India [35]. Other authors use AHP combined with other
methods. [36] use AHP combined with geographical information systems (GIS) to evaluate
land suitability for wind farm sitting.. (28) Use fuzzy ANP to select a suitable location for
developing a wind farm [37]. [26] use fuzzy AHP-TOPSIS for evaluation and selection of
thermal power plant location. [38] use AHP for the selection of space heating systems for an
industrial building.[39] use AHP to determine the weights of the criteria in order to assess the
different portfolios of electricity generation technologies according to multiple stakeholder
perspectives. These authors combine AHP with goal programming (GP) and technology
forecasting of hydropower generation and storage technologies. [40] makes a comparative
analysis between Axiomatic Design and fuzzy AHP applied to the selection of renewable
energy alternative for Turkey. [41] use an integrated fuzzy VIKOR and AHP approach to
determine the best renewable energy alternative for Istambul.

3. The decision making process and the AHP/ANP modeling approach

A model was developed based on the AHP/ANP multicriteria techniques (Analytic Hierarchy
Process/ Analytic Network Process), proposed by Thomas Saaty, University of Pittsburgh,
and described in the previous section. The decision-making process used in [42] and [43] has
been adapted to our case study.

The goal of the decision problem is "Selecting Solar Thermal Power Plant projects from the
project portfolio of the company." Due to the high engineering cost of this type of projects,
the DM expressed the need for using a decision-making support tool which allowed him to
reject an unfeasible project before having invested heavily in it. After several meetings with
the DM we concluded that the selection should exclude technically and economically
unfeasible projects, and establish a priority order among feasible projects based on risk
minimization. The decision process was structured into three levels (Figure 4).

Figure 4.- Decision process proposed

These three levels can be briefly described as:

Level 1. Each new proposal submitted to the company is analyzed using a set of criteria called
Level 1 criteria. Level 1 criteria only require the DM to have a basic knowledge of the
project and this level involves relatively low engineering cost. In this level a hierarchy
model (AHP) can be used for project Acceptance or Rejection.

Level 2. The proposals that have been accepted in Level 1 are analyzed using a new set of
criteria, called Level 2 criteria. These new criteria require the DM to have a broader and
deeper knowledge of the project as they are used to conduct project feasibility analysis.
Again the alternatives of the decision problem are project Acceptance or Rejection.
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Level 3. Accepted projects pass to Level 3, which means investing money in project

execution. In this level, each project is compared with the other Level-2 accepted
projects of the company’s project portfolio. In this level, all projects are economically
profitable for the company and the DM has to determine their priority order to minimize
project investment risks. In Level 3 the alternatives are the different projects that were
accepted in Level 2 and still have not passed Level 3. In this level, each proposal is
analyzed in more detail and the projects are compared using another set of criteria called
Level 3 criteria. For this level we propose the use of two decision models: an AHP-
based hierarchy model and an ANP-based network model. Like in the other two levels
the decision process will take into consideration the DM preferences, based on the data
available and the DM’s experience.

3.1.- Decision model: Level 1

In this level an AHP-based hierarchy model was used to decide if it is worth analyzing a solar
thermal power plant project, i.e. if it is profitable to invest in a preliminary study of the
project.

After several meetings with the MD we identified the following set of criteria, grouped as
Risks, Costs and Opportunities.

L1-1 RISKS

- L1C11. Country risk. It assesses the risk of political and economic instability and level
of corruption in the country.

- L1C12. Changes in energy policy. It assesses the risk of changes in the national energy
policy that may affect the reliability of the economic feasibility of a project.

- L1C13. Changes in policy premiums. Many countries have premiums and tax benefits
that encourage investment in renewable energy. Premium changes can jeopardize project
investment profitability when compared to forecasts. This criterion assesses the risk of
changes in premium policies which may cause premium reductions during the useful life
of the plant.

- L1C14. Water supply. Water is essential for the operation of the plant. Water supply is a
complex issue and factors such as specific regulations, water supply conditions and water
flow rate in the area where the plant is to be built should be known in advance.

- L1C15. Financing. Funding is an essential factor. This criterion takes into consideration
any funding or additional financial support of the project, such as state aid for investment
or additional financial guarantees and the risks of not having any financial support.

- L1C16. Effective solar radiation. Solar radiation is a fundamental parameter for an
efficient performance of the plant. Essential data include the amount and stability of solar
radiation in the area. This criterion assesses the risk of inacceptable deviations in
estimated average solar radiation due to external factors, such as random climate
variations or pollution.

L1-2 COSTS
- L1C21 Investment. Cost estimates for the feasibility analysis of the project in the
following levels.

L1-3 OPPORTUNITIES
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- L1C31 Experience and degree of knowledge. Available previous reports, either from
your own company or from other enterprises, about similar projects executed in the
country or by the same promoter.

- L1C32 Market diversification. Potential opportunity to enter a new market so that
investments are not only made in a single country.

- L1C33 Future synergies. Opportunities for development of future projects as a result of
this project.

- L1C34 Hampering competition. Opportunity to stop, outperform or overtake
competitors.

Figure 5 shows the resulting hierarchy model.

Figure 5.- Hierarchy model used in Level 1.
3.2.- Decision model: Level 2

The projects accepted in Level 1 are those in which it is worth spending more resources for
further analysis, according to the DM. However, as the engineering costs are high, the DM
decided to include an intermediate step before investing a large amount of money in a project
that might not be feasible. Therefore, a new set of criteria was used to analyze each project in
more detail and decide whether to continue investing in the project or to reject it. Again the
decision alternatives are "Accept” or "Reject" the project.

After two further meetings the DM proposed the following criteria:

= L2-1RISKS

- L2C1. Proximity to power line. To maximize plant efficiency and minimize
implementation risks proximity to the electric substation is a positive factor.

- L2C2. Natural gas supply. In these plants natural gas consumption is about 10%,
therefore it is necessary to secure natural gas supply in the plant site.

- L2C3. Land price. This type of plants requires a large area. Thus land prices have a
significant impact on investment. This criterion assesses land prices in the area where the
plant will be built.

- L2C4. Technology availability. As the market for the supply of essential plant
components is small it may be necessary to purchase or order such equipment before signing
the contract.

- L2C5. Intensity of natural disasters. The construction of plants in sites with high risk
of natural disasters can increase investment and operational costs. The plant must be installed
in safe places with low risk of natural disasters.

- L2C6. Easy access. This criterion assesses the existence of roads for an easy and safe
access to the facilities.

Figure 6 shows the resulting hierarchy model.

Figure 6.- Hierarchy model used in Level 2

3.3.- Level 3
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The projects that passed Level 2 constitute the project portfolio of the company. In Level 3
the problem formulated by the DM is "to establish a priority order among those projects that
have proved to be technically and economically feasible.” In this level, new criteria are
identified for the assessment of project risks. The decision alternatives are the different
projects of the portfolio.

After several working meetings, the DM identified the following risk criteria based on his
experience.

»= L301 POLITICAL Risks

- L3C11. Licenses and permits. Depending on the country, the competent bodies shall grant
administrative authorization. This criterion assesses the risks of refusal or delays in the
administrative licensing process.

- L3C12. Changes in energy policy. Risks of changes in legislation may affect tax premiums.

= 1302 MACROECONOMIC Risks

- L3C21. Energy price variations. Risk of variations in energy prices throughout the life of
the plant.

- L3C22. Changes in the price of money. Influence of inflation rates on the cash-flow
obtained in the project over the useful life of the plant.

- L3C23. Changes in power demand. Risk of changes in energy demand that can affect the
estimates of plant operation.

- L3C24. Bank financing. Risk of having to implement the phases of the project without the
required funding.

= |L303 TIME DELAY Risks

- L3C3L1. Delays in plant operation. The power supply company must verify that the
conditions for grid connection are met. Demands for project changes, and the time it can take
the investment company to obtain the permits, may cause delays in the execution of the
project.

- L3C32. Delays in grid connection. Risk of delay in connecting the cable to the supply point
provided by the power supply company. If the cable passes through properties belonging to
third parties appropriate authorization is required and this may cause project delays.

= L304 TECHNICAL Risks

- L3CA41. Effective solar radiation. The impacts of all the other climatic parameters on the
project can be calculated on the basis of the amount of effective solar radiation falling in the
area. The parameters affecting solar radiation are: temperature, wind speed, humidity, vapor
pressure, rainfall, etc. Solar radiation is calculated considering quantity, quality and hours of
sunlight. This criterion assesses the risk of deviations in the estimates of solar radiation
provided in the economic study.

- L3C42. Quantity of available water. It is essential to ensure supply of water needed for plant
operation. This criterion assesses the risk of unstable water supply with respect to the
estimates given in the economic analysis.

= L305 ECONOMIC Risks

- L3C51. Commissioning. Risk of higher grid connection cost and installation of an
interconnection line. It is necessary to sign agreements with neighboring land owners.

- L3C52. Remediation. Risk of higher remediation cost due to floods, earthquakes or other
geotechnical problems.

- L3C53. Maintenance. Risk of higher maintenance costs, both preventive and corrective.
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Initially, as in the previous levels, we suggested the use of a hierarchy model (AHP).
However, when the DM began to answer the questions for project prioritization, he
considered that the influences between elements of the problem (criteria and alternatives)
were evident. Thus the model evolved into a network model (ANP). In the following section
both models are described to allow for comparison of results.

3.3.1.- The hierarchy model (AHP)

At the top of the hierarchy lies the goal of the decision problem. In this case, the goal is
“Establishing a priority order among the solar thermal power plant projects of a company’s
portfolio based on project risk analysis.” Because of the method used to establish priorities
among the elements of the problem (criteria and alternatives), the goal was “Maximizing
risks™ because it was more intuitive for the DM to answer the questions about prioritization
worded as follows: Which risk is more important? Which alternative has a higher risk? At the
end of the process the project alternative with “the lowest" priority will be the best option, as
it means the least risky project, which is the real goal of the decision process.

The criteria/risks have been structured in two levels and grouped by type of risk into Political,
Technical, Economic, Time Delay and Macroeconomic. The last level of the hierarchy is
formed by the project alternatives, i.e. the potential projects on which the expert makes the
decision. (Figure 7)

Figure 7.- Hierarchy Model used in Level 3
3.3.2.- The Network model (ANP)

The ANP technique builds a network model of the problem structured into clusters containing
elements that are related to/influence each other. The DM determines the influence
relationships between model elements based on his knowledge of the problem. This is one of
the most critical stages of the ANP approach because of the difficulty in identifying the
criteria that will influence others and the relative intensity of influence. The DM experts were
asked about the influence of every criterion on the other criteria. They considered that in this
ANP model all criteria exert some influence on the alternatives and vice versa.

In order to obtain the relationships among criteria the DM completed a questionnaire like the
questionnaire shown in Table 3.

Table 3.- Questions of the Questionnaire that identify relative influences among criteria

The ANP relationships are shown in Table 4: Influence matrix. Thus, 1 in position r; ; in the
matrix means that the element in row i has influence on the element of column j (see ANP
step 2 in Section 2).

Table 4.- Influence Matrix.

The next step of the ANP model consists of establishing influence intensity among the
elements of the network model. To do this, it must be taken into account that the DM experts
have considered that the criteria exert some influence on the alternatives and vice versa. This
fact influences the results because if some alternatives changed, all the influences in which
these alternatives participate would change.
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4.- Case study
4.1.- Application of the Level 1 model

After building the hierarchy model, a questionnaire is developed as illustrated in Table 5 for
the prioritization of the criteria and assessment of the alternatives. The questionnaire was used
to analyze four projects. The weights obtained are shown in Table 6 and the scores of the
alternatives for each project are shown in Table 7. The questionnaire was designed with the
help of Superdecisons-Q software (http://sdq.webs.upv.es) to capture the model generated in
Superdecisions.

Table 5.- Illustration of the questionnaire used in Level 1.
Table 6.- Level 1 Criteria Weights.
Table 7.- Scores of the alternatives for four projects in Level 1

The more important criteria for the DM are L1C11 (Country risk) and L1C15 (Financing
Risk), with a total weight of nearly half of the total weight. According to the DM, it is
essential for a project that the country has a stable economic and political situation to go on
with the study; otherwise, the other conditions have to be excellent in order to accept the
project. On the other hand, Financing is a key point for project success; therefore, a project
with financing risks is very likely to be rejected.

Criteria L1C21 (Investment) and L1C13 (Changes in policy premiums) occupy the third and
fourth place in importance. Note that the DM gives more weight to risks than to opportunities
and a project with high risks will be rejected in this first level of the decision process.
Although these four criteria account for most of the importance, there may be a
"compensating” effect by which apparently less important criteria greatly affect the final
decision.

The four projects analyzed passed Level 1 because the alternative “Accept” was far better
rated than the alternative “Reject”. The DM considered that a specific project should be
accepted only if the priority of the alternative "Accept"” is greater than 70%

4.2.- Application of the model of Level 2

The model of Level 2 was applied to four projects using questionnaires similar to those of
Level 1. The weights and ratings are shown in Tables 8 and 9. Again the four projects
analyzed passed this level because their priority is greater than 70%

Table 8.- Level 2 criteria weights.
Table 9.- Alternative Values for Level 2 projects

L2C5 (Intensity of natural disasters) is the most important risk, with almost half of the total
weight. In this level, it is important to carefully study the characteristics of the site where the
plant is to be built. Therefore, you must visit the site, obtain all available data on the risk of
experiencing natural disasters (earthquakes, floods, wind ...) and quantify the likelihood of
experiencing natural disasters over the useful life of the plant.

Criterion L2C4 (Technology availability) is the second most important criterion for the DM.
Before starting the construction of the plant you should have all the equipment and
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components needed for the construction of the plant. Certain components are scarce in the
market and require a long manufacturing process, like the turbomachine for energy
transformation, therefore, delivery times for non-standard components should be agreed upon
with the manufacturer.

The risk of not being close to the electricity or natural gas supply system has a small weight,
and can be solved by increasing investment. If the site is far from the power evacuation line,
the installation cost will be higher than estimated. The other criteria have less relative
importance and their risk can be offset by increasing investment.

4.3.- Application of the Level 3 model. The hierarchy model

Using a questionnaire similar to those used in Levels 1 and 2, the priorities listed in Table 10
and Figure 8 were obtained.

Table 10.- Level 3 criteria priorities . AHP Model.

The best project is the least risky project; in our case study is Project A as weight values
indicate the level of risk of a project.

4.4.- Application of the Level 3 model. The network model.

In this model, the DM sets the intensities of the influences identified above. The first step
consists of assigning priorities to related elements in order to build the unweighted
supermatrix. To this end, each criterion is analyzed in terms of which other criteria exert some
kind of influence upon it; then the corresponding pairwise comparison matrices of each
criteria group are generated in order to obtain the corresponding eigenvectors.

Following notation given in Section 2 the procedure is: let’s suppose that some or all the
elements (criteria or alternatives) x* of cluster ¢, influence one element xj" of cluster cy,.
To determine which elements (among those that have some kind of influence) of ¢, have
more influence on element x;™, a reciprocal pairwise comparison matrix is built with the
elements of c;. In order to fill in each component of the matrix n(n-1)/2 questions (n being the
number of elements of ¢, that influence x;™) have to be answered. This procedure is repeated
for each cluster whose elements exert some influence on element x;™. In this way, for each
column of the u; ; elements of the unweighted supermatrix we can identify blocks
corresponding to each of the clusters that exert some kind of influence on that element and
whose values form the eigenvector that represents the relative influence of the elements of
each cluster on element x;™.

For this end an extensive questionnaire was developed using SuperDecisions-Q, with
questions like those illustrated in Table 11.

Although the questionnaire contains many questions, they are easily answered by a DM with
experience and knowledge of the decision problem. Additionally, some of the information
already provided by the DM to fill the AHP model is used again here, more specifically, the
priority order among the five sets of Level-1 hierarchy criteria, called "clusters™ in ANP
(Political, Technical, Economic, Time Delay and Macroeconomic) and prioritization of the
alternatives (A, B, C and D) for each criterion.
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Table 11.- lllustration of the Questionnaire used in Level 3 for the ANP model.

The data were processed with SuperDecisions software obtaining the Unweighted supermatrix
(Tables 12).

Table 12.- Unweighted supermatrix. ANP Model.

Due to the fact that in the case study different elements from different clusters have influences
on one element the unweighted matrix is non-stochastic by columns. Thus, according to [14],
all clusters that exert any kind of influence upon each group have to be prioritized using the
corresponding cluster pairwise comparison matrices. The value corresponding to the priority
associated with a certain cluster weights the priorities of the elements of the cluster on which
it acts (in the unweighted supermatrix), and thus the weighted supermatrix can be generated.
Table 13 shows the Cluster Weights Matrix.

Table 13.- Cluster Weights matrix. ANP Model.

By raising the weighted supermatrix to successive powers the limit matrix is obtained. The
results of the model are shown in Table 14 and Figure 8.

Table 14.- Criteria influence in the ANP Model.

Therefore, according to the ANP model, Alternative A should be the first option because it
has the lowest risk. On the other hand, the analysis of the criteria shows that “Water supply”
and “Licenses and Permits” have the highest scores, consequently they have the highest risk
level.

4.5.- Comparison of results in Level 3.
Figure 8.- Comparison of outcomes in Level 3

The results (Figure 8) show that the project with the lowest risk, according to the DM, is
Project A. However the order of projects B and C differs in the hierarchy and network
models. Since the DM identified influence relationships that appear in the network model but
do not appear in the hierarchy model, the DM selected the solution obtained in the ANP
model.

The weights of the criteria in the Hierarchy (AHP) and Network (ANP) models are compared
in Table 15:

Table 15.— Comparison of Weights in AHP and ANP.

In AHP criteria priority is directly assigned by the decision maker, regardless of the projects
to be evaluated, while in ANP criteria priority is adjusted based on the influences between the
different elements as perceived by the DM. For example, in this case study, the decision
maker considers Risk L3C12 Changes in energy policy to be extremely important. In the AHP
model, the decision maker rated this risk as second in importance with a weight of 21.82%.
However, in the ANP model, this risk presents similar rating values in the four projects.
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Therefore in this particular example this criterion loses influence and moves down to the sixth
place with a value of 6.23%.

The comparison analysis of the two models allowed the DM to reflect on the application of
the model to future project portfolios. Initially, the DM believed that, once identified, the
same decision criteria (risks) and weights could be applied to the analysis of future portfolios,
having only to assess the new projects for each criterion. However, the analysis of this case
study has shown that the only aspect that can be used for the analysis of future portfolios is
the relative influence among criteria. Therefore, in each decision problem the DM will have to
prioritize the influences of the criteria-alternatives and alternatives-criteria.

4.6.- Sensitivity Analysis
4.6.1 Sensitivity Analysis: Levels 1 and 2

In AHP, the most common sensitivity analysis consists of successively changing the weight of
each criterion and observing how each of these changes affects the aggregate priority of the
alternatives.

In the case study we used this type of sensitivity analysis and the results did not change
significantly. All alternatives are stable for changes up to 10%. As an illustration, Figure 9
shows the result of modifying the weight of the Level-2 criterion with the highest weight
(L2C5) when it is changed from 0 to 1 in 6 steps. Superdecisions software has been used to
help with the calculus. X-axis shows the weight of the criterion and Y-axis shows the
priorities of the alternatives. The vertical dotted line on the X-axis indicates the position of the
weight calculated from the DM judgments. In that position, the abscissa indicates the priority
of the two alternatives. The two lines of the graph show how the priorities of the alternatives
"Accept" and "Reject" vary when changing the weight of the criterion. It can be observed that
the priorities do not intersect, which indicates that they are stable to changes in the weight of
the criterion

The outcomes are logical given the large difference in the evaluations obtained by the
alternative Accept against Reject project A.

Figure 9.- Sensitivity analysis of L2C5 Intensity of natural disasters for Project A

4.6.2. - Sensitivity Analysis: Level 3 Hierarchy Model
The sensitivity analysis used in the AHP model is similar to the analysis used in levels 1 and 2
because it is also a hierarchy model. As an illustration, the analysis of the most important
criterion, L3C42 (Quantity of available water), is shown in Figure 10, where alternative A is
represented in red, B in blue, C in black and D in green. The dotted line indicates the weight
of the criterion. Varying the position of the dotted line by 10% compared to its initial position
does not alter the result. The other criteria did not show significant variations.

Figure 10.- Sensitivity analysis of L3C42 (Quantity of available water) with SuperDecisions
4.6.3. - Sensitivity Analysis: Level 3 Network Model

The procedure was as follows: first we identified the criterion with the highest weight and
then we observed on one hand, the elements that have most influence on it and, on the other
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hand, those criteria on which this criterion exerts some influence. The following paragraphs
describe the behavior of the network model when increasing or decreasing the weight of the
elements that influence or are influenced by this criterion.

In the case study, this sensitivity analysis was performed on the criteria with the highest
weights. By way of example, we explain all the steps followed on criterion L3C42 (Figure
11). In the weighted matrix the column corresponding to this criterion shows the elements that
have most influence on it, namely Alternatives and Criteria L3C53 and L3C54. In the row of
criterion L3C42 are the criteria influenced by this criterion. Criterion L3C42 has influence on
the alternatives and criteria L3C31 and L3C54.

Figure 11.- Influence analysis of criterion L3C42 (Quantity of available water) in the
weighted supermatrix. ANP Model

First, we analyzed the behavior of the elements (criteria and alternatives) that influence
L3C42. As an illustration, Figure 12 shows how the priority of the alternatives changes when
we modify the influence of Alternative A on criterion L3C42 (Position A-L3C42 in the
weighted supermatrix) from 0-1 in 6 steps. The X-axis shows the value of the influence and
the Y-axis shows the priorities of the alternatives. The vertical dotted line on the X-axis
indicates the position of the influence calculated from the DM judgments (value 0.025 in the
weighted supermatrix). In that position, the abscissa shows the priority of the four
alternatives. In this figure, we can observe that when the influence of A on L3C42 is 0.3
(approximately) the priorities of the first ranked alternative change. Something similar
happens for the other influences of the alternatives on the criterion. Figure 13 shows how the
priority of the alternatives changes when we change the influence of criterion L3C53 on
criterion L3C42 (Position L3C53-L3C42 in the weighted supermatrix). We can see that the
lines of the graph do not intersect. This means that the ranking of the alternatives does not
change when the influence value of criterion L3 changes from 0 to 1.

Figure 12.- Sensitivity analysis: A influences L3C42 with SuperDecisions

Figure 13.- Sensitivity analysis: L3C53 influences L3C42 with SuperDecisions

Secondly, we analyzed the behavior of the elements (criteria and alternatives) influenced by
L3C42. As an illustration, Figure 14 shows how the priority of the alternatives changes when
we modify the influence of criterion L3C42 on Alternative A (position L3C42-A in the
weighted supermatrix) from 0-1 in 6 steps. The vertical dotted line on the X-axis indicates the
position of the influence calculated from the DM judgments (value 0.457 in the weighted
supermatrix). In that position, the abscissa shows the priority of the four alternatives. In this
figure, we can observe that the priorities of the alternatives do not intersect. Something
similar happens for the other influences of the criterion on the other elements.

Figure 14.- Sensitivity analysis: L3C42 influences A with SuperDecisions

Thus, according to this sensitivity analysis, we can say that criterion L3C42 is stable and the
prioritization of the alternatives does not depend on small variations (= 10%) in the influences
calculated in the weighted supermatrix.
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5.- Conclusions

This work has reviewed the current state of the art of solar thermal power plant projects.
Project analysis was performed for an investment company that has a portfolio of thermal
power plant projects. Due to the high engineering cost of project analysis from the early
stages of development we proposed a decision analysis divided in three levels. In this way,
the Managing Board can reject unfeasible projects before investing heavily in them. The
decision models proposed are based on the Analytic Hierarchy Process (AHP) and the
Analytic Network Process (ANP). The models have been applied to a case study. Sensitivity
analysis was performed to assess the robustness of model outcomes to changes in parameter
values. In levels 1 and 2 the projects are analyzed individually and the alternatives are
“Accept” or “Reject” a project. In level 3, the feasible projects of the portfolio are prioritized
based on risk criteria. In this level we used a hierarchy model and a network model, and
finally recommended the network model.

The use of ANP better reflects the complexity of the problem. The DM has been able to
compare the outcomes of the different models and evaluate their advantages and
disadvantages. In our study, projects B and C can be considered of similar priority. The DM
then should compare these results with the economic profitability analysis of the projects to
finally decide whether to select project B or C, provided the company can invest only in two
projects and not in three.

The decision maker found these techniques very useful because they helped him to make a
deep reflection on the problem, as well as determine the criteria influencing the projects,
analyze the influences among criteria and set priorities using the models proposed here. The
DM had to answer some questionnaires that, though at first seemed difficult, were relatively
simple and easy to answer. This procedure improves the current decision making process,
providing more rigor and scientific robustness.

The method proposed in this work contributes conceptually and methodologically to better
understand the complex process of decision making. The technicians who perform these
studies have a tool which helps them to make their decision traceable, so that they can analyze
different scenarios by changing the weights of the criteria. AHP and ANP do not replace the
Decision Maker's preferences, but help to manage them and help the decision-maker reflect
on them and analyze the outcomes.

The use of this technique takes no longer than the time currently employed by the technicians

of the Company. However, it involves a change in the way of facing the whole process, as it
necessarily requires some training and adaptation

Acknowledgements : The translation of this paper has been funded by the Universitat
Politécnica de Valéncia
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L3C52 0 0 0 0 0 0 0 0 0 0 0.25000 0 0 0.33333 | 0.00261 | 0.00261 | 0.00261 | 0.00261
L3C53 0 0 0 0 0 0 0 0 0 ]0.06252 0 0 0 0 0.00827 | 0.00827 | 0.00827 | 0.00827
L3C54 0 0 0 0 0 0 0 0 0 10.43748 0 0 ]0.50000 0 0.00348 | 0.00348 | 0.00348 | 0.00348
A [0.13056)0.12500]0.09726|0.04769|0.08333 | 0.01106 | 0.06555 |0.12052{0.12500]0.024890.05418{0.12500) 0.12500( 0.08333 0 0 0 0
B 10.29675{0.125000.05698]0.09588|0.08333| 0.02350 | 0.02938 |0.04263|0.12500{0.079410.155800.12500|0.12500| 0.08333 0 0 0 0
C  [0.05277]0.12500{0.03697)0.16827{0.08333| 0.11300 | 0.01382 |0.11772{0.12500]0.13886]0.02385(0.12500|0.12500 0.08333 0 0 0 0
D ]0.01992|0.12500|0.14213(0.02149|0.08333| 0.05244 | 0.14125 [0.05246]0.12500]0.25683]0.01617|0.12500(0.12500| 0.08333 0 0 0 0

Figure 11.- Influence analysis of criterion L3C42 (Quantity of available water) in the weighted supermatrix. ANP Model
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Tables (in word)

Intensity of importance

Definition

Equal importance/preference

Weak

Moderate importance/preference

Moderate plus

Strong importance/preference

Strong plus

Very strong or demonstrated importance/preference

Very, very strong

OO |N|O|OIA|IWIN -

Extreme importance/preference

Table 1.- Saaty’s fundamental scale.




5

6

7

8

10

11

12

RI

0.52

0.89

1.11

1.25

1.35

1.40

1.45

1.49

1.51

1.54

Table 2.- Rl values




Mark with a cross which of the following criteria affect the political risk:

permits:

Licenses and

L3C12

Changes in energy policy

L3C21

Energy price variations

L3C22

Changes in the price of money

L3C23

Changes in power demand

L3C24

Bank financing

]

L3C31

Delays in plant operation

L3C32

Delays in the connection to the grid.

L3C41

Effective solar radiation

L3C42

Quantity of available water

L3C51

Commissioning

|

L3C52

Remediation

L3C53

Maintenance

L3C54

Labor and operation costs

Table 3.- Questions of the Questionnaire that identify relative influences among criteria
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[4%0 15

1
1

1
1
1
1

TTO€7

1
1

L3C11
L3C12
L3C21
L3C22
L3C23
L3C24
L3C31
L3C32
L3C41
L3C42
L3C51
L3C52
L3C53
L3C54
Project A | 1

ProjectB | 1

ProjectC | 1

ProjectD | 1

Table 4.- Influence Matrix.



Compare the following sets of criteria according to their relative importance. Which set do
you consider more important for Accepting or Rejecting a project?
[ ] Risks
[ ] Opportunities
[] They are of equal importance
If one set is more important than the other, to what extent?

(I

[ |Moderate importance over the other set

[]
EStrong importance over the other set

[]

IfVery strong importance over the other set
[]

[ JExtremely more important

[..]

Compare the following Risk criteria according to their relative importance. Which risk is
more important for Accepting or Rejecting a project?

[ ] L1C11 Political instability of the country

[ ] L1C12 Changes in energy policy

[_] They are of equal importance

If one risk is more important than the other, to what extent?

L]
HModerate importance over the other set

[]
EStrong importance over the other set
I;

[ ]Very strong importance over the other set

[]
Iﬁ‘Extremely more important

[..]

For criterion L1C11Risk: Political instability of the country, which alternative is more
appropriate for a given project?

[ ] ACCEPT

[ ]REJECT

[] Equal importance

If one alternative is more appropriate, to what extent?

i

[ |Moderate
IQJ

[ ]Strong

I;

[ ]Very strong

[
Extremely

Table 5.- lllustration of the questionnaire used in Level 1.




TOTAL CLUSTER
CRITERIA WEIGHTS | WEIGHTS
L1C11 Political instability of the country 32.023%
L1C12 Changes in energy policy 7.078%
&2 | L1C13 Changes in policy premiums 13.494%
2 78.54%
o | L1C14 Water supply 3.945%
L1C15 Financing 16.147%
L1C16 Effective solar radiation 5.850%
%
é L1C21 Costs 14.884% 14.89%
o | L1C31 Experience and degree of knowledge 4.042%
§ L1C32 Market diversification 1.200%
2 6.58%
g | L1C33 Future synergies 0.934%
Q.
O | Lic34 Hampering competition 0.404%

Table 6.- Level 1 criteria weights.




LEVEL 1 ALTERNATIVES

PRJA PRJB PRJC PRJD
ACCEPT 81.619% | 80.273% | 80.273% | 79.202%
REJECT 18.381% | 19.727/% | 19.727% | 20.798%

Table 7.- Values of the alternatives for four projects in Level 1




CRITERIA WEIGHTS
L2C1 Proximity to power line 14.744%
L2C2 Natural gas supply 13.271%
E L2C3 Land price 3.429%
é) L2C4 Technology availability 21.207%
L2C5 Intensity of natural disasters | 42.562%
L2C6 Easy access 4.787%

Table 8.- Level 2 criteria weights




LEVEL 2 ALTERNATIVES

PRJA PRJB PRJC PRJD
ACCEPT 80.999% | 81.819% | 81.706% | 74.195%
REJECT 19.001% | 18.181% | 18.294% | 25.805%

Table 9.- Alternative Values for Level 2 projects




CLUSTER LOCAL TOTAL
CRITERIA CLUSTERS WEIGHTS CRITERIA WEIGHTS WEIGHTS
L3C11 0.1667 0.0437
L301 POLITICAL RISKS 0.2619 [3C12 0.8333 02183
L3C21 0.5713 0.0719
L302 MACROECONOMIC 0.1259 L3C22 0.1107 0.0139
RISKS L3C23 0.0388 0.0049
L3C24 0.2792 0.0351
L3C31 0.1667 0.0094
L303 TIME DELAY RISKS 0.0056 [3C32 0.8333 0.0468
L3C41 0.1250 0.0653
L304 TECHNICAL RISKS 0.5220 [3C42 0.8750 0.4568
L3C51 0.6086 0.0207
L3C52 0.1333 0.0045
L305 ECONOMIC RISKS 0.0341 [3C53 0.0711 0.0024
L3C54 0.1871 0.0064

Table 10.- Level 3 criteria priorities. AHP Model.




Which of the following MACROECONOMIC risks affects most or influences the risk
Changes in energy policy?

[]Changes in power demand

[|Bank financing

[ |Equally

If one is more influential, to which extent?

[ JSomewhat more

[]
Moderately more
[

I%Strongly more
L]

[[_IExtremely more

[.]

Which of the following POLITICAL Risks is HIGHER in the Alternative project A?
[ ] Licenses and Permits

[] Changes in energy policy
[ ] Equally
If one is MORE RISKY, to which extent?

HSomewhat more
L]

[ JModerately more
[ JStrongly more
L]

[ |Extremely more

Table 11.- lllustration of the Questionnaire used in Level 3 for the ANP model.



L3C11 |[L3C12| L3C21 | L3C22 | L3C23 | L3C24 | L3C31 | L3C32 [L3C41| L3C42 | L3C51 [L3C52|L3C53(L3C54| A B C D
L3C11 O 0 0 0 0 0 1 1 0 0 0 0 0 0 0.83333|0.83333| 0.875 | 0.875
L3C12| O 0 1 1 1 1 0 0 0 0 1 0 0 0 10.16667|0.16667| 0.125 | 0.125
L3C21 O 0 0 ]0.12503|0.75041|0.29256] O 0 0 0 0 0 0 0 0.55085|0.24838(0.17283|0.62919
L3C22| O 0 |0.69552| 0 |0.17135/|0.64064| O 0 0 0 0 0 0 0 ]0.11809/0.09457|0.10261| 0.1208
L3C23] O 0.8750.22905| 0 0 0.0668 0 0 0 0 0 0 0 0 0.05066|0.03929|0.04023| 0.0396
L3C24| O 0.125 |0.07543|0.87497(0.07825| O 0 0 1 0 0 0 0 0 10.2804|0.61776|0.68433(0.21041
L3C31] 05 0 0 0 0 1 0 1 0 0 ]0.16667| O 0 0 (0875|0875 | 09 |0.875
L3C32| 05 0 0 0 0 0 1 0 0 0 ]0.83333] 0 0 0 [0125|0.125| 0.1 |0.125
L3C41 O 0 0 0 0 ]0.12503| O 0 0 0 0 0 0 0 (0.12503|0.16667|0.09999(0.09999
L3C42] O 0 0 0 0 10.87497 1 0 0 0 0 0 0 1 ]0.87497(0.83333]0.90001|0.90001
L3C51] O 0 0 0 0 0 0 0 0 0 0 1 0 0 |0.57822|0.57822|0.57822(0.57822
L3C52| O 0 0 0 0 0 0 0 0 0 1 0 0 1 10.07675/0.07675|0.07675(0.07675
L3C53] O 0 0 0 0 0 0 0 0 |0.12503] O 0 0 0 0.24282|0.24282(0.24282|0.24282
L3C5%| O 0 0 0 0 0 0 0 0 |0.87497| O 0 1 0 0.10221|0.10221(0.10221|0.10221
A ]0.26111| 0.25 |0.29178|0.14307| 0.25 |0.05528|0.26221|0.36155| 0.25 |0.04978|0.21674| 0.25 | 0.25 | 0.25 0 0 0 0
B |0.59349| 0.25 |0.17093|0.28763| 0.25 [0.11751|0.11751|0.1279 | 0.25 |0.15882|0.62319| 0.25 | 0.25 | 0.25 0 0 0 0
C ]0.10554| 0.25 | 0.1109 [0.50482| 0.25 |0.56501(0.05529|0.35317| 0.25 |0.27773|0.09539| 0.25 | 0.25 | 0.25 0 0 0 0
D |0.03985| 0.25 [0.42639|0.06447| 0.25 |0.2622 |0.56499|0.15738| 0.25 |0.51367|0.06468| 0.25 | 0.25 | 0.25 0 0 0 0

Table 12.- Unweighted supermatrix. ANP Model.




L301 | L302 | L303 | L304 | L305 | ALTERNATIVES
L301 0333 | 0.2 0.2
L302 0 0.2 0.25 | 0.333 0.261904
L303 0333 | 0.2 0.25 0.2 0.125859
L304 0.2 0.25 0.2 0.056134
L305 0333 | 0.2 0.522049
ALTERNATIVES 0.2 025 | 0333 | 0.2 0.034054

Table 13.- Cluster Weights matrix. ANP Model.




L3C42 0.259
L3C11 0.135
L3C54 0.125
L3C31 0.087
L3C32 0.065
L3C12 0.062
L3C52 0.051
L3C24 0.048
L3C51 0.034
L3C21 0.033
L3C23 0.033
L3C41 0.027
L3C22 0.021
L3C53 0.020

Table 14.- Criteria influence in the ANP Model.



AHP ANP

L3C42 | Quantity of available | 45.678% | 25.921% | Quantity of available | L3C42
water water

L3C12 | Changes in energy 21.825% | 13.523% | Licenses and permits | L3C11
policy

L3C21 | Energy price 7.190% | 12.462% | Labor and plant L3C54
variations operation

L3C41 | Effective solar 6.527% | 8.686% | Delays in plant L3C31
radiation operation

L3C32 | Delays in grid 4.678% | 6.525% | Delays in grid L3C32
connection connection

L3C11 | Licenses and permits 4.365% | 6.236% | Changes in energy L3C12

policy

L3C24 | Bank financing 3.514% | 5.100% | Remediation L3C52

L3C51 | Commissioning 2.073% | 4.834% | Bank financing L3C24

L3C22 | Changes in the price 1.394% | 3.356% | Commissioning L3C51
of money

L3C31 | Delays in plant 0.936% | 3.274% | Energy price L3C21
operation variations

L3C54 | Labor and plant 0.637% | 3.258% | Changes in power L3C23
operation demand

L3C23 | Changes in power 0.488% | 2.740% | Effective solar L3C41
demand radiation

L3C52 | Remediation 0.454% | 2.126% | Changes in the price | L3C22

of money
L3C53 | Maintenance 0.242% | 1.959% | Maintenance L3C53

Table 15.— Comparison of Weights in AHP and ANP




