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Abstract

The popularity of public private partnership (PPP) projects has grown all over the world, especially in
developing countries. The success of PPP projects heavily depends on how effectively risk assessments are
performed. Failure Mode and Effects Analysis (FMEA) enables risk assessment by considering the impact,
the probability, and the detection rate of risk events. However, it is very difficult to predict a single value for
these variables. The objective of this research is to integrate FMEA and Monte Carlo simulation, and to use
this model to perform risk assessment and prioritization of risks in PPP projects. The proposed model was
applied to a real wind power generation investment located in the Aegean region of Turkey. The top three
important risk events are “unfavorable wind speed”, “fluctuation in exchange rates”, and “interest rate
volatility”. The model perfumed to the satisfaction of experts. The primary contributions of this research
include (1) a method that allows the identification of the risk events in PPP projects; (2) a model that performs
risk assessment and prioritization of risk events in PPP projects; (3) an integrated FMEA and Monte Carlo
simulation model that performs stochastic risk assessment in PPP projects. Both public agencies and private
consortia should benefit from the proposed model.
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1. Introduction Private Partnerships (PPP) especially in developing
countries [5]. PPP is a project delivery system
where a public agency and a private consortium
make a long-term cooperation agreement to provide
public facilities [6]. Compared to typical project
delivery systems, in PPP projects, the private
consortium provides financing, which makes PPP
rather different, which in turn creates different risks
that have to be managed effectively to achieve
success in the project.

The Society of Risk Analysis [7] defines risk
assessment as a systematic process to figure out the
nature of the risk and to express the risk with the

Risk is defined as “an uncertain event or condition
that, if it occurs, has a positive or negative effect on
at least one project objective such as time, cost,
span, or quality” [1]. The construction industry
carries a higher degree of risks compared to other
industries due to its complex and dynamic nature
[2]. Risks may have adverse effects on the
performance of construction projects [3]. Hence,
the success of construction projects heavily
depends on how effectively risks are managed [4].
Quite a few projects are undertaken by using Public
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available knowledge. Risk assessment is mainly
about quantification of uncertainty and its possible
impacts on project success. The risk assessment of
construction projects has captured the attention of
researchers in the past few decades. Researchers
benefit from different risk analysis techniques such
as Decision Tree Analysis [8-10], Analytic
Network Process (ANP) [11-18], Analytic
Hierarchy Process (AHP) [19-22], Risk Matrix [23-
25], Monte Carlo Simulation [26-31] and fuzzy risk
rating [32] in order to estimate risk in a project.
There are also some studies that assess risk in PPP
projects. For instance, Li and Zou [20] proposed a
fuzzy analytical hierarchy process (AHP)-based
risk assessment model for PPP projects. Sarvari et
al. [23] developed a risk matrix-based model to rank
risk in PPP projects in Malaysia. Valipour et al. [14]
prioritized important risk factors in freeway PPP
projects by using a fuzzy analytic network process
(ANP).

Failure Mode and Effects Analysis (FMEA) is
an alternative assessment method that determines
possible failures, examines the reasons, and
assesses the impacts of the failure with the objective
of minimizing these impacts [33]. FMEA was
initially used to identify potential failures in
products, processes and services [34]. In addition,
various researchers have assessed project risks by
using FMEA [33, 35-38]. For instance, Ahmadi et
al. [35] performed risk assessment and
prioritization in highway construction projects by
using fuzzy FMEA.

FMEA performs risk prioritization by
calculating a Risk Priority Number (RPN). This
value is calculated by multiplying the impact, the
probability of occurrence, and the detection rate of
the risk event and reflects the overall risk level of
the associated risk event. These three factors that
define RPN are rated using a 10-point scale. A risk
event that has a higher RPN is more critical
compared to other risk events. In contrast to other
risk analysis techniques, FMEA enables risk
prioritization by considering the detection rate of a
risk event. Carbone and Tippett [34] defined
detection rate as “the ability to detect the risk event

with enough time to plan for a contingency and act
upon the risk”. Although this technique can be
useful for project risk assessment and prioritization,
it has some limitations. The major shortcoming of
this technique is to assign a single value to the
impact and probability of the risk event. Most of the
time, it is very difficult to predict a single value for
these variables. In addition, using a single value is
not realistic as these values vary depending on
different conditions. To overcome this limitation,
probability distribution functions can be used rather
than using single values for the factors. This can be
achieved by developing a new model where FMEA
and Monte Carlo Simulation techniques are
integrated. The objective of this research is to
explore whether an integrated FMEA and Monte
Carlo Simulation approach can be used to perform
risk assessment and prioritization of risks in PPP
projects. The applicability of the proposed approach
is investigated in the context of wind power PPP
investments. In this study, a generic approach is
presented for risk assessment and then it is applied
to a real case.

2. Proposed generic model

The generic model proposed in this study for the
risk assessment and prioritization of PPP projects
involves the steps illustrated in Fig. 1. The first step
in the proposed model is the identification of the
risk events associated with a particular PPP by
means of an extensive literature review, a careful
examination of PPP project documents, and semi-
structure interviews with experts.
= The literature review includes all studies related
to PPP projects and the identification of possible
risk events in these projects.
= The examination of PPP project documents
involves looking into frequently used
contractual agreements between public agencies
and private consortia, feasibility studies, and
virtual models with the hope of identifying
additional risk events to those identified in the
literature review.
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» To draw the final list of risk events, semi-
structured interviews are conducted with
experts including both researchers and
practitioners with direct involvement in PPP
projects. The initial list of possible risk events,
which was created after the literature review and
the examination of PPP project documents is
circulated to the interviewees with a request to
check and finalize this list by adding or
removing possible risk events. The selection
criteria for researchers include (1) at least two
publications related to risk assessment of PPP
investments and (2) at least one research project
related to PPP investments. The selection
criteria for practitioners include (1) at least ten
years of experience in PPP investments and (2)
having been involved in at least two PPP
projects.

The next step is to set up the probability
distributions of the risk scores. The idea in the
proposed model is to develop a probability
distribution for each risk score rather than assigning
determinate values to the impact of each risk event.
FMEA identifies a Risk Priority Number (RPN) by
multiplying impact (1), probability of occurrence
(P), and detection rate (D) (Eg. 1).

RPN=1xPxD @

The risk score (R) is calculated for each risk
event by multiplying the impact (I) and the
probability (P) of a risk event (Eq. 2).

R=1xP (2

Therefore, RPN is found as the product of the
risk score (R) and detection rate (D) (Eq. 3).

RPN=R xD ©)

Brainstorming sessions are recommended with
a representative sample of practitioners to extract
information about the impact of the risk events on
project performance and to estimate the probability
distribution of each risk event. It should be noted
that risk events impact several performance
indicators (such as time, cost, and quality) of the
project. Therefore, the performance criteria should
be communicated to the participants before the

brainstorming session, so that the probability
distributions of risk scores are assigned
accordingly.

As per Equation 3, there are two variables (R
and D) that affect RPN. After setting up the
probability distribution for each risk score (R), the
detection rates for each risk event are identified by
using a questionnaire survey administered to the
same sample of experts who participated in the
brainstorming sessions. To reduce the spread of the
detection rates (D), the Delphi technique is to be
used with at least two successive rounds. Ametepey
et al. [39] define Delphi as a survey conducted in
two or more rounds and affords the participants the
latitude to modify their original assessments in
successive rounds based on the average results of
the preceding rounds. A high degree of consensus
can be reached among experts when this technique
is used.

Once the detection rates and the probability
distribution of each risk score are determined,
Monte Carlo Simulation is performed to calculate
the RPN of each risk event. When a user enters the
probability distributions for the risk events, Monte
Carlo Simulation provides the user with a range of
possible outcomes. Monte Carlo Simulation can be
performed by using standalone software or an add-
in to Microsoft Excel. In this research, @RISK was
chosen as it is widely used in practice.

Once RPN distributions are determined for the
risk events by performing Monte Carlo simulation,
the critical RPN value must be determined. It
should be noted that there is no RPN value that can
be universally considered critical, i.e., that can be
used for all projects. The critical RPN is project-
specific, and depends on several factors such as
project type, risk scores, RPN values. For example,
the critical RPN can be determined by first
calculating the expected value obtained from the
RPN distribution of each risk event and then by
considering the average of these expected values
across all risk events (Eq. 4).

" E
Critical RPN:% 4
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where: E; is the expected value of the i risk event,
and n represents the total number if risk events in a
particular PPP project.

The last step in the proposed model is the
assessment and prioritization of risk events. This
step involves a factor denoted by Z that shows the
probability of a risk event’s RPN being smaller or
greater than the critical RPN. This factor (Z) can
actually be found for each risk event by calculating
the area under the RPN probability distribution
curve to the right of the critical RPN value.

Zi=P; (RPN, > RPNcritical) (5)

where Z; is the probability of the i risk event to
have an RPN that is greater than the critical RPN.
The assessment of the risk events is carried out by
comparing a risk event’s RPN against the critical
RPN. If arisk event has a Z value greater than zero,
this risk event is considered a critical risk event,
otherwise it is a non-critical risk event. It should
also be noted that the Z values of each risk event
can also be found by using the Monte Carlo
simulation software.

The prioritization of the critical risk events is
performed by ranking them according to their
expected RPN values. The risk event with a greater
expected RPN is more critical than a risk event that
has a smaller expected RPN. The generic model
proposed here was used to assess and prioritize risk
events in a real PPP wind power investment as
described in detail in the following section.

3. Case study

The proposed model was applied to a real wind
power investment located in the Aegean region of
Turkey. The project was tendered on a PPP basis
and had a 7 MW capacity.

As seen in Table 1, seventeen risk events were
identified by performing a literature review of
related studies, by examining the PPP agreement
and all related documents, and by conducting semi-
structured interviews with 20 experts, the selection
criteria of which was presented in the preceding
section.

Table 1. Risk events for PPP wind power investments

Risk Event Description

Risk Event 1 Unfavorable wind speed

Risk Event 2 Fluctuation in market
demand

Risk Event 3 Changes in tariff rates

Risk Event 4 Design deficiency

. Poor performance of

Risk Event 5 contractor

Risk Event 6 Poor performance of
operator

Risk Event 7 Change in tax regulations

Risk Event 8 Interest rate volatility

Risk Event 9 Fluctuation in inflation rates

Risk Event 10 Fluctuation in exchange rates

Risk Event 11 (L:Jon:g;;?orﬁtsnle geotechnical
Risk Event 12
Risk Event 13
Risk Event 14

Risk Event 15

Unavailability of resources
Change in government
Public opposition to project
Delay in approval/permits

Adverse impact of political
pressure

Risk Event 16

Risk Event 17 Changes in laws

Later a brainstorming session was organized
with 12 experts in order to determine the probability
distributions of the risk scores for each risk event.
Choosing appropriate experts was important for
realistic results; in addition to the selection criteria
discussed in the preceding section, it was made sure
that none of the experts were directly involved in
the wind power generation project considered in the
case study, hence minimizing possible prejudice or
bias.

The participants of this brainstorming session
were informed about the characteristics of the case
study (such as total capacity, location, duration of
operation period, etc.) and were given a list of the
risk events associated with this project. For each
risk score, the best, worst and expected values, and
the probability distributions were assigned as a
result of group discussion until they reached a
consensus. A sample of risk events and their
associated probability distributions used to
calculate their risk scores are presented in Fig. 2.
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Fig. 2. Probability distributions of the risk scores of a sample of risk events

To determine the detection rate of each risk
event, a questionnaire survey was administered to
the same 20 experts who previously finalized the
list of possible risk events. The respondents used a
10-point Likert scale, where “1” denotes that the
risk event can be easily detected, and “10” denotes
that it is impossible to detect this risk event. Two
Delphi rounds were administered to elicit the
detection rates of the risk events. After the second
round, the mode of respondents’ ratings was found
acceptable as reasonable convergence was
achieved. The detection rates are shown in Table 2.

After the probability distributions of risk scores
and detection rates were entered to the simulation
tool @RISK as an input variable, Monte Carlo
simulation was performed to calculate the possible
RPN values and to determine the probability
distributions of RPN values for each risk event (Fig.
3). With the help of the RPN probability
distributions, the expected RPN was found for each
risk event (Table 3), and then the critical RPN was
calculated as 217 by taking the average of all
expected values using Eq. (4).
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Table 2. Detection Rates for the risk events

Risk event Detection rate
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Fig. 3. Probability distributions of the RPN values of a sample of risk events



87

Akcay

Table 3. Expected RPN values for risk events

Table 4. Z values for each risk event

Risk event Expected RPN value
Unfavorable wind speed 450.0
(I;Ietrjr?;l;ztlon in market 3200
Changes in tariff rates 200.0
Design deficiency 1125
Conpetormance of
(F;Fc:grra%errformance of 1375
Change in tax regulations 2925
Interest rate volatility 385.0
Fluctuation in inflation rates 350.0
Fluctuation in exchange rates 420.0
Unfay_orable geotechnical 295
conditions

Unavailable resources 50.0
Change in government 141.3
Public opposition to project 62.0
Delay in approval/permits 92.0
/;(:\S/Sel:?g impact of political 180.0
Changes in laws 360.0

Risk Event Z value

Unfavorable wind speed 1
Fluctuation in market demand 1
Changes in tariff rates 0.17
Design deficiency 0
Poor performance of contractor
Poor performance of operator
Change in tax regulations

Interest rate volatility

Fluctuation in inflation rates
Fluctuation in exchange rates
Unfavorable geotechnical conditions
Unavailable resources

Change in government

Public opposition to project

Delay in approval/permits

Adverse impact of political pressure

P O O O O O © P + +» B+» O o

Changes in laws

This calculation was repeated for all risk events,
and the Z values for all risk events were tabulated
(Table 4). The risk events with a Z value greater
than zero were critical risk events and are shown in
italics in Table 4. The prioritization of the critical
risk events was performed by ranking their
expected RPNs from highest to lowest, as shown in
Table 5.

4, Discussion of results

According to Table 5, the most significant risk
event in the case considered in this study is
“unfavorable wind speed”. Although the Turkish
Government requires that the private consortium
measure the wind speed by setting up an
anemometer at the planned location of the
investment at least one year before the start of the
agreement [40], most of the time, the actual wind
speeds do not match a one-year record of
measurements.

Table 5. Prioritization of critical risk events
Critical Risk Event Expected RPN Value

Unfavorable wind speed 450
Fluctuation in exchange rates 420
Interest rate volatility 385
Changes in laws 360
Fluctuation in inflation rates 350
Fluctuation in market

demand 320
Changes in tax regulations 293
Changes in tariff rates 200

Indeed, it is very difficult, almost impossible, to
forecast wind speeds, and their large fluctuations.
In addition to its undetectability, wind speed has a
major effect on the amount of energy produced, and
as a result, on the revenue generated by the
investment. As this risk event is uncontrollable risk
event, the aim of the risk response strategy is to
minimize severity of this risk event. For this
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purpose, the period for record of measurements can
be increased. When the measurement period
increases, the accuracy of wind speed estimation
also increases.

The second most significant risk event is
“fluctuations in exchange rates”. The substantial
portion of the equipment and materials used in wind
power investments are imported, and consequently
their costs are directly affected by fluctuations in
exchange rates [41]. As a result, fluctuations in
exchange rates directly affect the profitability of the
investment. It is worth noting that this risk event
depends largely on the economic conditions in the
country [42].

The third most significant risk event is “interest
rate volatility”. Interest rate volatility has major
effects on the rate of return and the potential profit
generated by the project [43]. Since most wind
power generation investments are performed by
using bank credits, there is a strong correlation
between the interest rate and total project cost.
Similar to fluctuation in exchange rates, volatility
in interest rates depends on the economic conditions
of the country. It is reasonable to assume that if the
proposed model had been applied to a case study in
a more developed country with a more stable
economy, “fluctuation in exchange rates” and
“interest rate volatility” would not have ranked at
the top of the list of critical risk events as they were
in Turkey. To mitigate these risk events, different
financial techniques can be used. For instance,
“fluctuation in exchange rates” can be allocated
using matching principle.

The least significant risk event is “unfavorable
geotechnical conditions”. As the wind speed is
measured by setting up an anemometer at the
planned location of the investment, the geological
condition of the location is not difficult to explore.
As a result, the detection rate of this risk event is
smaller compared to the other risk events.

As stated earlier, one of the most important
shortcomings of traditional FMEA is to assign a
single value to each variable in RPN calculations.
To address this drawback, a great deal of effort has
been given. Most of the studies have proposed new
models to overcome this challenge combining

FMEA and fuzzy logic [33, 35]. As possibilistic
approach is used for each variable in fuzzy logic, it
doesn’t take into account the numerical
compensation between the impact and the
probability of a risk event [44]. However, in the
proposed approach, instead of determining the the
impact and the probability of a risk event
separately, probability distributions were assigned
for the risk score of each risk event.

A meeting was arranged with the 20 experts
who participated in the interviews and
brainstorming sessions to discuss the performance
of the proposed model in the case study. The
participants were asked their opinions about the
results. They found the ranking of the risk events
reasonable. They pointed out that the detection rate
is an important factor in ranking the criticalness of
risk events and they supported the fact that the
proposed model does indeed consider the detection
rate prominently in prioritizing the risk events. To
highlight this issue, they stated that if the risk events
had been prioritized by using only their expected
risk scores, “unfavorable wind speed” would not
have been the most significant risk event, whereas
based on their experiences, they were unanimous in
their opinion that “unfavorable wind speed” is the
most critical risk event in PPP wind power
generation investments. In addition, they stated that
the proposed model which includes probabilistic
assessments of the risk scores, is more realistic
compared to the traditional FMEA method that uses
deterministic values.

5. Conclusions

This paper presents an integrated FMEA and Monte
Carlo Simulation model that can be used to assess
the risk events that affect PPP wind power
generation investments. One should be able to
identify and prioritize the critical risk events before
entering into such an agreement. This can be done
by using the proposed model. First, the initial list
of risk events is identified by performing an
extensive literature review, by examining
frequently used PPP documents, and by conducting
semi-structured interviews with experts to finalize
this list. Second, a brainstorming session is
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arranged to determine the probability distribution of
each risk score. Third, a questionnaire survey is
administered to experts to rate the detection rate of
each risk event. Fourth, Monte Carlo simulation is
performed to identify the probability distributions
of RPN values and to calculate the expected RPN
for each risk event. Fifth, the probability factor Z of
each risk event is calculated by using the event’s
probability distribution and expected RPN. Sixth,
risk events are assessed, and critical risk events are
identified by using these Z values. Finally, the
critical risk events are prioritized according to their
expected RPN.

To demonstrate the applicability of the model, a
real PPP wind power generation project undertaken
in Turkey was used as a case study. The risk
rankings presented in Table 4 show that “changes
in laws”, “unfavorable wind speed”, “fluctuation in
inflation rates”, “fluctuation in exchange rates”,
“fluctuation in market demand”, “interest rate
volatility”, “changes in tax regulations”, and
“changes in tariff rates” are critical risk events.
Furthermore, the top three important risk events are
“unfavorable wind speed”, “fluctuation in exchange
rates”, and “interest rate volatility”. The proposed
model sheds light on the risk assessment process
and may be conducive to successful projects.

The practical and theoretical contributions of
this study include:
= The proposed model helps public agencies and

private consortia to identify the risk events in

PPP projects.
= The proposed model can guide public agencies

and private consortia in risk assessment and

prioritization of risk events in PPP projects.
= The proposed model is the first study in the
literature that integrates FMEA and Monte

Carlo simulation to perform risk assessment in

PPP projects.

It is worth noting that the proposed model can
be used for other types of PPP projects by adjusting
the risk events and by duplicating the steps used in
the development of the proposed model.

It should be noted that the subjectivity involved
in setting up the probability distributions for the risk
scores and estimating the detection rates of the risk

events is a limitation of the proposed model. Future
studies can be conducted to reduce the subjectivity
of these variables. In addition, it is possible to
experiment with alternative methodologies in
future work to determine the critical value of RPN.
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