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Abstract

The Swedish Nuclear Fuel and Waste Management Co (SKB) has been
commissioned by the nuclear reactor licensees in Sweden to estimate and
compile the future cost of the management and final disposal of spent nu-
clear fuel and radioactive waste, as well as the decommissioning of nuclear
power plants. External Economic Factors (EEF) represent aggregated vari-
ables that SKB uses to forecast real price- and productivity trends, since
these can lead to cost escalation due to inflationary effects. The method
comprises univariate time series analysis. The Swedish Radiation Safety
Authority and SKB has different views on the methodology, and there
is yet no uniform view on this matter. Therefore, this study attempts to
model future cost escalations.

In the first approach, different industries were investigated to explore
how future cost escalations are estimated in long-term projects. The find-
ings indicate that the Sweden is the sole country within the nuclear waste
management industry to apply such methods. None of the other industries
applied any cost escalations models relevant for SKB’s purpose.

In the second approach, a model developed by the National Institute of
Economic Research to compute the structural rate of growth of labour costs
and prices is implemented to estimate EEF1 and EEF2. Eight scenarios are
used with different assumed productivity growths. The findings show that
the total cost of the project with the EEF adjustment is 116 694 MSEK in the
pessimistic scenario, 101 866 MSEK in the base scenario and 97 392 MSEK
in the optimistic scenario. SKB estimates a total cost of 98 441 MSEK.

In the third approach, Monte Carlo simulations are performed using
a Geometric Brownian motion model to simulate the movements of EEF3
and EEF4 between 2016-2070. The results are intended to be used for fur-
ther analysis. Risk measurements such as value at risk (VaR) could poten-
tially be used as a basis for the nuclear waste fee. The 95 %-VaR in 2070 of
EEF3 and EEF4 resulted in 5.6 MSEK and 0.9 MSEK, respectively, imply-
ing a cost escalation from 50.7 MSEK and 1.1 MSEK to 56.3 MSEK and 2.0
MSEK for the respective EEF. This differs from SKB’s own estimates with
12 % and 41 % for EEF3 and EEF4, respectively.
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Sammanfattning

Svensk Kärnbränslehantering AB (SKB) har fått i uppdrag av reaktorlicen-
sinnehavarna i Sverige att beräkna och sammanställa de framtida kostna-
derna för hanteringen och slutförvaringen av använt kärnbränsle och ra-
dioaktivit avfall samt avvecklingen av kärnkraftverk. Externa Ekonomiska
Faktorer (EEF) representerar aggregerade variabler som SKB använder för
att prognostisera reala pris- och produktivitetsutvecklingar eftersom dessa
kan leda till kostnadspåslag på grund av inflationseffekter. Metoden som
tillämpas är univariat tidsserieanalys. Strålsäkerhetsmyndigheten och SKB
har olika syn på metodiken, och det finns ännu ingen enhetlig syn på den-
na fråga. Därför ämnar denna studie modellera framtida kostnadseskale-
ringar.

I den första metoden undersöks olika industrier för att utforska hur
framtida kostnadseskaleringar skattas i långsiktiga projekt. Resultaten pe-
kar på att Sverige är det enda landet inom kärnavfallshantering som tilläm-
par sådana metoder. Inga av de övriga industrierna tillämpar några för
SKB relevanta modeller för kostnadseskaleringar.

I den andra metoden tillämpas Konjunkturinstitutets modell för beräk-
ning av strukturell utveckling av arbetskostnader och priser i den svenska
ekonomin för att skatta EEF1 och EEF2. Åtta scenarion används med olika
antagna produktivitetsutvecklingar. Resultaten visar att den totala kostna-
den för projektet med EEF-justering är 116 694 MSEK i det pessimistiska
scenariot, 101 866 MSEK i basscenariot och 97 392 MSEK i det optimistiska
scenariot. SKB skattar en total kostnad om 98 441 MSEK.

I den tredje metoden genomförs Monte Carlo-simuleringar med en
Geometric Brownian motion-modell för att simulera prisförändringarna
för EEF3 och EEF4 mellan 2016–2070. Resultaten ämnas användas som un-
derlag för vidare analys. Riskmått såsom value at risk (VaR) kan potentiellt
användas som underlag för kärnavfallsavgiften. Den 95%-VaR år 2070 för
EEF3 och EEF4 resulterar i 5.6 MSEK respektive 0.9 MSEK, vilket innebär
en kostnadseskalering från 50.7 MSEK och 1.1 MSEK till 56.3 MSEK och
2.0 MSEK för respektive EEF. Detta skiljer sig från SKB:s egna skattningar
med 12 % och 41 % för EEF3 respektive EEF4.
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Chapter 1

Introduction

1.1 Background

Radioactive waste, or nuclear waste, is defined as waste containing ra-
dionuclides with radioactivity above levels specified by regulation and for
which no use is foreseen (Joyce, 2018). The regulation is established in ac-
cordance with national legislation (Ojovan and Lee, 2014). In Sweden, the
Swedish Radiation Safety Authority (Strålsäkerhetsmyndigheten or SSM)
has the role as the regulatory body and is responsible for such legislation.
Radioactive waste is not only produced within the nuclear industry, but
also in other activities such as defence, medicine and analytical processes
(Joyce, 2018).

Radioactive waste is classified according to the magnitude of its activ-
ity and the half-life of the radionuclides. The International Atomic Energy
Agency (IAEA) has divided the waste into five categories regarding its
activity levels: HLW (High-level waste), ILW (Intermediate-level waste),
LLW (Low-level waste), VLLW (Very-low-level waste) and EW (Exempt
waste) (Ojovan and Lee, 2014). As for the half-life, it is divided into long-
lived (LL) and short-lived (SL) radioactive waste, respectively (Lanaro et
al., 2015). In Sweden, the classification system is slightly more detailed,
and HLW comprises solely spent fuel (Lanaro et al., 2015). The concen-
trations of radionuclides in EW is so low that no further provisions for
radiation protection is needed, whereas HLW has such high levels of activ-
ity concentrations that it must be handled carefully with proper shield-
ing (Ojovan and Lee, 2014). Furthermore, long-lived radioactive waste
denotes waste with a significant amount of radionuclides with half-lives

1
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t1/2 > 31 years (Lanaro et al., 2015).
Although radioactive waste is produced in many different sectors, the

vast majority is produced within the nuclear industry. The total amount of
radioactive waste, except HLW, produced in the Swedish nuclear industry
until 2012 was 66 444 m3 (Lanaro et al., 2015), which can be compared to the
estimated total amount produced by non-nuclear radioactive waste of all
classes, which was less than 250 m3 at the end of 2012 (Lanaro et al., 2015).
Here, waste with very short half-life is not considered, as laboratories are
permitted to store the waste until it has decayed to such amounts that they
can be handled as conventional waste (Brewitz, 2015). In conclusion, the
volumes are very small compared to the radioactive waste produced by
nuclear activities.

HLW constitutes a minor part of the total volume of waste that is to be
disposed. In 2012, the total amount of HLW that had been produced in
Sweden was 5 577 tU (Lanaro et al., 2015). As aformetioned, all the HLW
in Sweden comes from the spent nuclear fuel. The radiotoxicity of spent
fuel will remain significantly above the levels of natural uranium for over
100 000 years (Chapman and Hooper, 2012; Wallenius, 2011). This can be
compared to the short-lived low- and intermediate level waste, for which
most of the radioactivity will disappear after 500 years (SKB, n.d.). Like
HLW, long-lived low- and intermediate level waste will require disposal
for at least 100 000 years (Elfwing et al., 2013). Nevertheless, the radioac-
tive levels are considerably lower, and thus less hazardous. There is no
doubt that such timescales implies difficulties regarding the management
of spent nuclear fuel and radioactive waste.

Various technical solutions for providing protection for the environ-
ment from nuclear waste have been proposed (Chapman and McCombie,
2003). As for the most challenging part, that is the spent fuel management,
there are two main fuel cycle policies, namely the open cycle and closed cy-
cle (Crossland, 2012). In the open cycle, spent fuel is considered to be HLW,
whereas in the closed cycle spent fuel is reprocessed, producing HLW. One
of the advantages of closed cycles is that the waste is reduced by for exam-
ple transmutation (Wallenius, 2011). Additionally, according to Wallenius
(2011), the time needed for the radiotoxic inventory to reach levels below
the levels of the uranium in the original feed stock can be reduced to less
than 1 000 years.

Sweden has adopted solely an open fuel cycle policy (IAEA, 2005),
which is also known as a once-through fuel cycle (Dyck and Crijns, 1998).
Therefore, the spent fuel will be handled as HLW and will require disposal
for over 100 000 years. However, whether an open or closed fuel cycle is
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adopted, a thorough safety assessment that covers the period of the in-
ventory’s radiotoxic level to decrease to acceptable levels is required. The
development of an appropriate concept for the disposal of HLW has been
widely discussed. One of the most widely-accepted concepts is the deep
geological disposal (DGR) (Joyce, 2018; Pang, Suárez and Becker, 2017).
This is also the disposal arrangement that has been accepted and is being
developed in Sweden.

The Nuclear Activities Act requires the nuclear reactor licensees to
present a programme (referred to as the Fud-program) for research, de-
velopment and demonstration of methods of the management and final
repository of nuclear waste every third year (SKB, 2016a). The licensees
have delegated the composition of the programme to the Swedish Nuclear
Fuel and Waste Management Co (SKB)(SKB, 2016a). SKB receives nuclear
waste to manage and dispose it from the licensees as well as a number
of other companies such as Studsvik Nuclear AB (SKB, 2016a), nowadays
known as Cyclife Sweden AB after the acquisition by EDF (EDF, 2016),
who is responsible for the treatment and storage of non-nuclear radioac-
tive waste before disposal. SKB has planed three final repositories:

• SKB’s Final Repository for short-Lived Radioactive Waste (SFR)

• SKB’s Final Repository for long-lived LILW (SFL)

• SKB’s Final Repository for spent nuclear fuel

The SFR construction has already been finished and is currently in opera-
tion. Aditionally, there are near-surface repositories for VLLW as well as
an interim storage facilities for long-lived waste (SKB, 2017). For the Spent
Fuel Repository, SKB has developed the so called KBS-3 method, which
comprises a multiple-barrier syste of copper canisters, Bentonite clay and
bedrock (King et al., 2001). It will be located on a depth between 300-700
m in the Swedish bedrock (SKB, 2014).

Furthermore, SKB is expected to estimate and compile the future costs
of the management of spent nuclear fuel and radioactive waste, as well as
the decommissioning of nuclear power plants (NPP) (SKB, 2014). For this
purpose, a financing system has been established. It includes a polluter
pays principle, and thus the licensees are responsible for all the costs. The
licensees pays a fee at a given rate per kWh of electricity delivered by the
nuclear power plants, as well as in a given amount of SEK for licensees that
no longer produces electricity (Kärnavfallsfonden, 2017). The payments
are deposited in the Nuclear Waste Fund (Kärnavfallsfonden), which is
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administered by the Legal, Financial and Administrative Services Agency
(Kammarkollegiet).

The cost estimation that SKB compiles serves as a basis for the nuclear
waste fee and is made every third year. A general schematic overview of
the financing system is presented in Figure 1.1. The fee basis is handed
over to SSM, who in turn proposes a suggestion for a fee based on this
information. However, according to the governments decision in August
2017, SSM’s responsibility and activities in the financial system were trans-
ferred to the Swedish National Debt Office (Riksgäldskontoret) on Septem-
ber 1 2018 (2017/18:141, 2018). Subsequently, the government sets the fee
based on these recommendations (SKB, 2017). In the cost estimations that

Figure 1.1: Schematic overview of the financing system.

SKB presents to SSM, reference scenarios are used with the assumptions
that the operating reactors today will be operating for 40 years or 50 years
according to SSM’s suggestions of changing the financing regulations, cor-
responding to 4 460 and 5 032 copper cannisters, respectively (SKB, 2017).
Therefore, the final spent fuel repository is dimensioned for 6 000 copper
cannisters, for which the reference cost calculation is based on. KBS-3 is
clearly the most costly part of the project (SKB, 2017), and thus the input
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variables such as material volumes and prices relevant for KBS-3 will have
significant impacts on the total cost estimation.

The nuclear waste project is very unique with respect to the time scale,
as the project’s time horizon is very long and extends 50-60 years into the
future, depending on how long the plants are assumed to be operated
(SKB, 2017). For instance, "Kalkyl 50", for which the reactors are assumed
to be operating 50 years, covers the costs until 2074. However, as many
costs arise so far in the future, the task of accurately estimating the future
trends of input variables is very complicated to accomplish. SKB (2009)
introduced a collective term called "External Economic Factors" or "EEF"
in Plan 2008. EEF’s refer to factors of macro-economical nature that SKB
has no control over. EEF’s represent aggregated variables and are used by
SKB to methodologically estimate the real price- and productivity trends
of these aggregates (Jakobsson, 2008). The eight EEF are defined as follows
(SKB, 2017):

EEF 1: Real payroll costs per unit produced in the services sector

EEF 2: Real payroll costs per unit produced in the construction industry

EEF 3: Real price for machinery

EEF 4: Real price for construction material

EEF 5: Real copper price

EEF 6: Real price of bentonite

EEF 7: Real energy price

EEF 8: Real exchange rate SEK/USD

For each and everyone of the EEF, statistical analysis is applied to forecast
the future real price trend. The method used is univariate time series anal-
ysis (Bergman, Brännlund and Sandberg, 2016). By forecasting the trends
and determining a mathematical model, the costs can be adjusted with re-
spect to estimated future escalation factors (SKB, 2017). According to the
latest cost calculations in SKB’s Plan 2016, the total costs were estimated to
101 374 MSEK, for which the EEF adjustment accounted for 3 088 MSEK

(SKB, 2016b).
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1.2 Problem formulation

Although the EEF method has been thoroughly prepared and developed
by economists (Bergman, Brännlund and Sandberg, 2016), the methodol-
ogy has been criticized by SSM. In the SSM (2009) proposal for the nuclear
waste fees 2010-2011, SSM scrutinized the methodology of the EEF after its
introduction. SSM hired the consultant firm WSP to summarize a report
about long-term forecasting and evaluation. According to the report, time
series analysis can be problematic when performing long-term forecasting,
as the further back in time the historical data used for the estimations ex-
tends to, the greater the uncertainties. Furthermore, since different defini-
tions give rise to different results (SSM, 2009). SSM became, partially based
on WSP’s report, doubtful about SKB’s methodology. SKB wrote a referral
on this matter, and later on, SSM used an additional external consultant,
the National Institute of Economic Research (NIER), who wrote a report to
provide assistance to SSM to answer the referral from SKB. Based on the re-
ports from WSP and NIER, SSM (Schoultz, Stoltz and Åström, 2011) came
to the conclusions that SKB’s methodology to estimate trends is inappro-
priate, that the data material had several flaws and that the trends overall
were being sub-estimated. Furthermore, the uncertainties due to the long
time horizon were not being considered in the uncertainty analysis.

This disagreement has remained ever since the introduction of the EEF,
and other external parties, for instance Hassler and Krusell (2015), have
been involved. However, despite consultations and discussions, there is
still no uniform view on how the EEF should be estimated. As the mat-
ter is of considerable importance, it is of essence that it is solved in an
effective and unbiased way. As has already been proven, the EEF method
seems to be an ineffective approach to handle the problem. Thus far, sev-
eral attempts have been made to reach a common ground regarding how
to implement the EEF-factors to no avail.

1.3 Purpose and aim

In the Swedish model where a once-through cycle has been adopted, the
radioactive waste will be radiotoxic for many generations to come. Hence,
its direct disposal must be managed carefully and with great responsibility.
The projects uniqueness concerning the time horizon as well as the large
cost of it in combination with the polluter pays principle means that a great
responsibility rests on the licensees shoulders. The cost estimates made by
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SKB must be as precise as possible in order to assure that the investments
made today will cover the costs in the future. It must therefore be done in
a non-biased way, and future cost escalations must be taken into consider-
ation and the results should reflect a plausible future scenario. The devel-
opment of the EEF methodology has been an effort to comply this. It has
been proven that different views on the forecasting methodology give rise
to further uncertainties. It is however in the nature of time series analysis,
that different approaches lead to different results. Since SKB and SSM has
yet not come to a common solution, Vattenfall is interested in investigat-
ing an alternative solution. Therefore, the purpose of this thesis is to find
out whether there are any alternative methods to the EEF methodology in
order to estimate the real price changes of exogenous input variables that
SKB does not have any control over and which will potentially contribute
to cost escalations.

1.4 Research question

In order to achieve the purpose of the thesis, the following two research
questions are stated:

• How do different industries, both nationally and internationally, es-
timate future cost escalations?

• What alternatives to the EEF methodology are there to estimate the
future real price changes of relevant input variables in the nuclear
waste programme?



Chapter 2

Literature Review

2.1 Previous research

2.1.1 Cost escalation

In order to get a better understanding of the purpose and concept of the
EEF’s, it is important to first get a good idea about the fundementals of
the concept "cost escalation". According to Hollmann and Dysert (2007),
escalation can be defined as "...changes in price levels driven by underly-
ing economic conditions". Escalation comprises changes in price-drivers
like productivity, technology and market conditions such as demand and
labour shortages (Hollmann and Dysert, 2007). It is different from infla-
tion since inflation is a general change in prices and the decrease in the
value of a currency. Escalation, on the other hand, is tied to more spe-
cific cost drivers, such as the inflation itself, material prices, labour costs
and productivity. According to Pickrell (1992), cost escalations within the
construction services can be divided in two components; inflation in the
general economy price levels, and changes in the prices within the con-
struction services relative to the general price levels. In other words, what
is studied here are relative price changes, since changes in the general price
level do not increase the real costs of the construction project. However,
changes in the cost-drivers, as those mentioned by Hollmann and Dysert
(2007), can result in vast cost escalation if not considered or wrongly es-
timated in the cost estimates. The main reason is that the cost-drivers’
changes relative to the general price levels can be > 1 (Morris and Willson,
2006; Pickrell, 1992), which results in an increase in the real costs of the

8
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construction project.
In order to investigate the price trends of the desired input variables,

relevant indices are used. For instance, as can be seen in Figure 2.1, the
Construction Costs Index (CCI) has increased significantly more than the
Consumer Price Index (CPI). For a long-term construction project, in prac-
tice, this would mean that if a cost emerges in the future, and the index
trends remain, the cost will be relatively higher than the general inflation.
The decrease in the value of the currency will not compensate for the in-

Figure 2.1: Indices between 1914-2017. Data retrieved from SCB (2018a)
and SCB (2018b).

crease in the construction prices comprised by CCI. Hence, within the con-
struction industry, escalation can constitute a significant part of the total
costs (Blair, Lye and Campbell, 1993; Dugan, Ewing and Thompson, 2016;
Morris and Willson, 2006). The described economic conditions cannot be
controlled by project managers or the construction companies due to the
macroeconomic nature of the variables. Clearly, any construction firm that
is able to predict cost escalations will have an advantage over its competi-
tors. However, it is not an easy task to make such forecasts. As the estima-
tors, in contrast to economists, have more knowledge about the project per
se and the input cost variables in general, it is of essence that they do work
together with the economists in order to find relevant price indices for the
project which can then be used to estimate future cost escalations (Holl-
mann and Dysert, 2007). Finally, it should be mentioned that the view on
how the effects of inflation should be considered in projects varies across
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the industry (Greiman, 2013). In projects with shorter time horizons, the ef-
fect of inflation tend to be minor, whereas in long-term projects (such as the
nuclear waste project), the inflation may have significant effects (Greiman,
2013). This could therefore also vary across different countries with dif-
ferent economies, as in countries with more stable economies, the risk of
significant inflationary effects is much lower than in countries with more
unstable economies.

2.1.2 External economic factors

The EEF were introduced in chapter 1, but will be discussed in this sec-
tion from a cost escalation point of view. Shane et al. (2009) describes that
external cost escalation factors "...are those factors over which the agen-
cy/owner has little or no direct control over their impact.". This is in line
with SKB’s own definition of the EEF. Figure 2.2 depicts the cost alloca-
tion according to the amount of costs that are attributed to the each EEF.
Clearly, EEF1-EEF4 accounts for the largest weight in terms of costs, in

Figure 2.2: Cost allocation for EEF1-EEF7 SKB (2016b).

other words, material prices, machinery and wage inflation are the most
significant ones. This is also consistent with previous research; for instance,
Arditi, Akan and Gurdamar (1985) concluded that inflationary pressures,
increases in material prices and workmen’s wages were among the most



CHAPTER 2. LITERATURE REVIEW 11

important influences on cost overruns. While EEF1-EEF4 may be regarded
as the most important EEF’s, their trends are also the most difficult to
estimate. This is mainly because EEF5-EEF7 are tied to specific prices
on specific products, as well as EEF8, which is tied to the exchange rate
SEK/USD. This makes these EEF’s well correlated with the specific price
trends. EEF1-EEF4, on the other hand, are aggregations of various goods
and services, or products and types of labour services, which makes it hard
to correlate the EEF’s with relevant price indices that correlates with the
aggregates (Bergman, Brännlund and Sandberg, 2016).

No matter the implications of the methodology that SKB has applied
to estimate future cost escalations, SKB has done what many researchers
advocates (Arditi, Akan and Gurdamar, 1985; Hollmann and Dysert, 2007;
Pickrell, 1992; Shane et al., 2009), namely to attempt to address relevant
escalation factors in the project and integrate them in the cost calculations
with the purpose of increasing the accuracy of the estimates.

2.2 Theoretical framework

2.2.1 Forecasting

There are numerous approaches to make forecasts. They can initially be di-
vided into two broad categories, namely qualitative and quantitative meth-
ods, respectively. Qualitative methods, also known as subjective meth-
ods (Chatfield, 1975), are forecasts based on the forecasters judgement and
opinion (Blair, Lye and Campbell, 1993; Shim, 2012; Touran and Lopez,
2006). The decisions making may be based purely on intuition and sub-
jective decision, as well as on more sophisticated methods (Blair, Lye and
Campbell, 1993), such as the Delphi method or sales-force polling (Shim,
2012). Quantitative methods on the other hand, are based on quantitative
information. Quantitative methods can be applied if the following three
conditions are fulfilled (Touran and Lopez, 2006):

• Historical information is available

• The information can be quantified as numerical data

• There is an assumption of continuity

According to Chatfield (1975), quantitative methods can be divided into
univariate and multivariate methods. These two categories are also known
as statistical and causal methods, respectively (Chatfield, 1975; Touran and
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Lopez, 2006). Univariate methods are completely based on previous obser-
vations, and uses the historical data to predict the future. For instance, the
forecast of a stock price would be entirely based on its previous prices dur-
ing a period that the data covers. Extrapolation of trends is characteristic
for univariate methods (Blair, Lye and Campbell, 1993). The principle of
multivariate or causal methods is that observations of the variable that is
to be forecasted (called the dependent variable) are used together with ob-
servation of other variables (called explanatory or independent variables)
which are closely related to the dependent variable, as the change of the
independent variables could to some extent be correlated with the depen-
dent variable. Thus, if proper information about the future trend of the
independent variable is available, it can be used to forecast the trend of the
dependent variable (Touran and Lopez, 2006).

2.2.2 The naïve model

In time series forecasting, the simplest and most cost-effective forecasting
model is the naïve model, which states that a forecasted economic variable
yt without trend will remain the same this period as the previous period
yt−1. If the variables have trend, the rate of change this period will be the
same as the previous. This can be expressed as:

yt = yt−1

or
∆yt = ∆yt−1

While the naïve model is not used in serious forecasting (Evans, 2003), it is
still used to compare forecasting results from more sophisticated methods.

2.2.3 Qualitative/subjective forecasting

Qualitative forecasting methods are often used for medium- and long-
range forecasting, and is less dependable on data than quantitative meth-
ods (Makridakis, 1998). It is often used for purposes such as formulating
strategy, the development of new products and technologies or the de-
velopment of long-range plans (Makridakis, 1998). According to Touran
and Lopez (2006), a forecaster’s intuition can often be proven to be more
reliable than mathematical methods. However, it is difficult to compute
confidence levels for such forecasts. Qualitative methods are often used
when there is insufficient historical data to make proper econometric fore-
casts.
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2.2.4 Box-Jenkins/ARIMA

The Autoregressive Integrated Moving Average (ARIMA) models, also
referred to as the Box-Jenkins models (Makridakis, 1998; Kim et al., 2017;
Touran and Lopez, 2006), are time-series analysis models used as tools
for forecasting. The methodology was made more comprehensible by
George Box and Gwilyn Jenkins who popularized it in the 1970’s, hence
the model’s name. Kim et al. (2017) tested ten different ARIMA models to
forecast the future uranium prices to estimate the nuclear fuel cycle cost.
The ARIMA models were then compared to the "escalation rate model",
which is the conventional engineering cost estimation method used in the
calculations of the nuclear fuel cycle cost.

The escalation rate model used to estimate the future uranium price
is calculated by factoring the escalation rate e with the uranium price of
the base point, and can be described by the following equation (Kim et al.,
2017):

UP (t) = UP (b)(1 + e)t−b (2.1)

where UP (t) is the uranium price at year t and UP (b) is the uranium price
at base year b. The study shows that the ARIMA model forecasting comes
closer to the future uranium price than that of the escalation rate model.
The forecasting is made only one year into the future. The results may
have been the opposite if the forecast was long-term (for instance 20 years
or more ahead). Furthermore, Touran and Lopez (2006) states that the
Box-Jenkins approach is best suited for short-term forecasts, that is daily,
weekly or monthly. This is in line with the conclusion of Blair, Lye and
Campbell (1993).

EEF1 and EEF2 are aggregates representing real unit labour costs. As
stated in the introduction section, SKB has used univariate time series anal-
ysis on all the EEF to forecast their future trends. BIS Shrapnel (2015) claims
that such methods are not the best methods for forecasting wages growth
in the utilities sector because econometric models that include lagged de-
pendent variables tend to miss turning points in the cycle.

Often, the forecasting situation is complicated enough that it cannot be
strictly said that one forecasting method is “the best” (Flores and White,
1988). In general, there is no forecasting method that is the best for all
data series. The answer is, as most of the time, that it depends. A forecast
can however be improved by combining a set of different forecasting ap-
proaches (Flores and White, 1988). Qualitative forecasting techniques are
often used in combination with quantitative methods (Makridakis, 1998).
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2.2.5 Artificial neural networks

Artificial neural networks (ANN) is a machine learning technique that has
been widely used and developed for forecasting. ANN are based on math-
ematical models that tries to model the way the human brain is believed to
work. In fact, it has been used to predicted cost escalations within construc-
tion projects (Fidvi et al., 2014) as well as in applications to predict future
prices of construction materials and other costs (Issa, 2000; Fachrurrazi et
al., 2017). Though ANN’s performance can be proven to be advantageous,
there are important disadvantages to consider. ANN’s are characterized
for their black-box nature, as there is no explicit manner to explain and
analyse the relationship between inputs and outputs (G. Zhang, Patuwo
and Hu, 1998; Tu, 1996). Also, ANN’s will likely encounter overfitting
problems. Additionally, ANN’s require large sets of data and are time con-
suming (G. Zhang, Patuwo and Hu, 1998; Tu, 1996).

2.2.6 Structural rate of growth of labour costs and prices

Every year, NIER presents an annual report called Lönebildningsrapporten
(Wage Formation Report in English), which analyses the economic condi-
tions for wage formation in Sweden. In the report from 2011 (Konjunk-
turinstitutet, 2011), NIER described its model for structural rate of growth
of labour costs and prices. This description is based on a research paper by
Markowski, Nilsson and Widén (2011). The model is based on the relation
between the growth rate of the productivity and prices in the economy. In
order to get a better understanding of the model, a brief description of the
components of the model is given here, and a more thorough description
of the model is given in section 3.2.

Value added

Consider a firm that produces wooden tables. In order to produce the ta-
bles, the firm will need to buy the goods needed to produce the tables, in
this case wood. Assuming that the situation is as shown in Table 2.1.

The term value added is defined as the value of a firm’s production
minus the value of the intermediate goods that are used in the production
(Blanchard, 2013). In the case of the hypothetical firm, the value added of
the firm would be $100 − $40 = $60. The value added can furthermore
be broken down into two components; the labour income and the capital
income (Blanchard, 2013; ECB, 2008), that is:
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Table 2.1: Simplification of the firm’s situation.

Revenues $100
Wood purchases -$40
Labour costs -$30
Profit $30

V alue added = labour income+ capital income

In the given example, the labour income would be the wages and the cap-
ital income the profit. In macroeconomics, the sum of the added value in
an economy is called the gross domestic product or GDP.

Value added deflator

According to the definition of the value added of a firm, we can express it
in an equation as (SCB, 2008):

QV aPV a = QPvPPv −QCvPCv (2.2)

Where Q stands for quantity and P for price. The indices V a, Pv and Cv

stands for value added, production value and consumption value, respec-
tively. Solving for PCv gives

PV a =
QPvPPv −QCvPCv

QV a
(2.3)

According to this expression, PCv measures the price of the total added
value per unit output, and is also known as the "Value added deflator".

2.2.7 Random walk data

In SKB (2014) the collected data for EEF2-EEF4 and EEF7 was identified to
follow a random walk (RW). Later, SKB (2017) applied additional station-
arity tests to conclude that none of the time series follow a RW. However,
SSM (2017) emphasizes that the fact that different stationarity tests give
different results indicates the uncertainty on whether the data is stationary
or follows a RW. NIER has on behalf of SSM performed stationarity tests
of all EEF’s and forecasts for EEF1-EEF4. NIER’s stationarity test revealed
that EEF3 is stationary whereas EEF2, EEF4 and EEF6 are non-stationary
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(SSM, 2017; Konjunkturinstitutet, 2017). For the other EEF’s there is no
conclusive determination on their stationarity.

2.2.8 Geometric Brownian motion

Brownian motion is named after the Scottish botanist Robert Brown for his
observations of irregular motion of pollen particles suspended in a liquid
in 1827 (Paul and Baschnagel, 2013). The motion was later theoretically ex-
plained by Albert Einsten and Marian Smoluchowski and is today a typical
problem in the theory of stochastic processes. Although the Brownian mo-
tion was initially used to describe physical motions, in the 1940’s Kiyosi
Itô introduced a variant of Brownian motion called Geometric Brownian
Motion (GBM), which later became an important model for the financial
market (Paul and Baschnagel, 2013). Since GBM is a stochastic process, it
is frequently used together with Monte Carlo simulation to simulate and
forecast stock price movements (Jaffar and Abidin, 2012; Khamis et al.,
2017; Reddy and Clinton, 2016; Alrabadi and Aljarayesh, 2015; Pažický,
2017). However, various research papers show that GBM has been used
to simulate and forecast price movements of commodities such as crops,
copper and oil (Samis and G. Davis, 2014; Jain et al., 2015; Boutouria and
Abid, 2010; Nwafor and Oyedele, 2017).

The GBM within a physical framework can be depicted as a particle
suspended in a fluid moving in a certain direction, referred to as the "drift".
Since the particle is in an environment containing the fluid’s molecules, it
will collide with these molecules along its pathway. These collisions will
cause displacements along the way in an unpredictable way, resulting in a
random movement or random walk of the particle along its pathway. Ana-
logically, the price of a stock can be described as deviating from a steady
state due to the random exchange that takes place in the stock market by
traders. In other words, the price of a stock with a certain expected return
will move along a predictable path, which is inflicted by the constant trad-
ing in the market, resulting in a stochastic movement along its pathway.

2.2.9 Monte Carlo simulation

As previously stated, GBM can be used to describe the price movement
of a stock, financial asset or any other commodity if it is assumed that
the movement follows a stochastic process. However, a single path would
simply describe one of an infinite number of possible paths. Therefore, it is
more practical to describe several possible paths if the results are to be anal-
ysed. This can be done by Monte Carlo simulation (MCS), also known as
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the Monte Carlo method, which was invented in the 1940’s in Los Alamos
National Laboratory (Sokolowski, 2010). Like the GBM, MCS originated
within physics in an effort to understand how an atomic physics model
would behave given a large number of uncertain input variables values
(Sokolowski, 2010). The input variables were for each simulation chosen
randomly, giving a more realistic statistical description of the model. A
proper definition of MCS is given by Weisstein (2018), stating that a Monte
Carlo Method is "Any method which solves a problem by generating suit-
able random numbers and observing that fraction of the numbers obeying
some property or properties.". MCS is preferable to deterministic simula-
tions when the input variables of a system are random. This is the case with
GBM as the process is stochastic and the input variable can be randomly
simulated with MCS.

2.3 Summary

In the actual forecasts of SKB’s EEF’s, autoregressive (AR) models have
been applied. It has however been discussed that such models are more
suitable for short-term forecasting, and has furthermore been criticised by
SSM. Other models such as ANN have been proven to give better results
than conventional econometric models. However, it would be inappro-
priate to implement a black-box method for the forecasting computation
of the nuclear waste programme, mainly because it is a project that is to
be scrutinized by the authorities and presenting a black-box is unreason-
ably. For this purpose, ANN will not be further investigated in this project.
Evans (2003) claims that the real growth and inflation forecasts made in
recent years have missed all the turning points in recent years, and have
consequently been no more accurate than the naïve model. In addition,
Evans (2003) states that predictions of the overall economy may for time
horizons beyond six months only be accurate in the absence of significant
changes in exogenous variables. It is therefore of interest to implement
NIER’s model and analyse the outcomes.

In addition to NIER’s model, the Monte Carlo method seems of interest
to simulate future price changes. The Geometric Brownian motion model
will be used in the simulations, as random walk data such as stock or com-
modity prices can be modelled by the motion.
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Method

3.1 Practices across different industries

A thorough literature review as well as a diligent communication with rel-
evant persons, companies and authorities both nationally and internation-
ally was established to acquire data to answer the first research question.
Due to the unique time perspective of the nuclear waste project, as well
as its finance system, it seemed obvious to start by exploring the practices
applied in other similar projects across the world. Thus, companies and
authorities responsible for nuclear waste projects were contacted and re-
ports reviewed to investigate whether any forecasts of future cost escala-
tions were performed in their cost estimations. Subsequently, other indus-
tries with projects with long horizons were investigated to find relevant
methods for such estimations.

3.2 NIER’s model

If Equation 2.3 is examined, it can be concluded that the value added defla-
tor (VA-deflator) increases if the prices of the production goods increases,
and decreases if the prices of the consumption goods increases. Addition-
ally, changes in the quantities can influence the VA-deflator. An increase
of the VA-deflator means an increase of the price of the goods or services
that the firm produces. This means that the possibilities of a labour income
increase increases. The model of the structural growth of labour costs and
prices implies that the economy is and will remain within the frame of a

18
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stable economic cycle in all aspects (Markowski, Nilsson and Widén, 2011).
This means that the following assumptions are made:

• The unemployment is balanced

• The demand is normal

• The inflation goal of 2 % is reliable and achieved

• The productivity is at its potential trend path

• The interest rate levels are normal

• The profits in business are in line with the internationally determined
yield requirements

It can therefore be concluded that a structural trend is a long-term concept,
as normal interest rate levels implicitly imply a general stable economic cy-
cle. This is in line with the Swedish Central Bank’s (Government Offices of
Sweden, 2018) monetary policy, which is operated to maintain an inflation
rate of 2 %.

In the model, wages are determined by the levels of the VA-deflator and
the productivity (Konjunkturinstitutet, 2011; Government Offices of Swe-
den, 2018). This can be demonstrated mathematically, and the wage for-
mation (Konjunkturinstitutet, 2004; Markowski, Nilsson and Widén, 2011)
will be used as a basis to show this. Analogous to the breakdown of the
value added, it can be expressed in an equation as:

pY = wL+ rK (3.1)

where pY is the value added, wL the labour income and rK the capital
income. Furthermore, p is the VA-deflator, Y the quantity of gross produc-
tion, w the labour costs per hour, L the number of working hours in the
production, r the yield per unit capital and K the firm’s capital stock. The
proportion of labour costs per hour, c, can be written as:

c =
wL

pY
(3.2)

In the model, it is assumed that the proportion c is constant. Solving Equa-
tion 3.2 for w then gives

w = cp
(Y
L

)
(3.3)
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The factor (Y
L ) is the quantity of gross production per number of working

hours. It therefore represents the productivity. Differentiating Equation 3.3
gives:

dw = dpc
Y

L
+ d
(Y
L

)
cp (3.4)

Subsequently, by dividing Equation 3.4 with equation Equation 3.3, the
following expression is obtained:

dw

w
=

dp

p
+

d
(
Y
L

)(
Y
L

) , (3.5)

which expresses the percentage change of each component in the equation.
It can thus be concluded that the rate of growth of the wages is equal to the
sum of the rate of growth of the VA-deflator and the productivity. Equa-
tion 3.5 can for simplicity’s sake be expressed as:

∆w = ∆p+ ∆(
Y

L
) (3.6)

Equation 3.1 shows that if the labour costs increase, the capital income
and thus the yield of the investments will decrease. If this would be the
case in Sweden, and the international yield requirements are higher, in-
vestors will stop investing in Sweden, which would lead to fewer invest-
ments and a lower employment rates (Konjunkturinstitutet, 2011). Thus,
a stable economy requires a balanced economic growth, which means that
the labour costs cannot exceed the payment ability of the firms. Hence,
in the model, the yield requirements are assumed to be on an interna-
tional level. Equation 3.5 shows that if this is the case, the labour costs
can in principal only increase if the productivity and/or the VA-deflator
increases. Due to the fundamental assumptions that the model is built on,
the model has been used by NIER as well as the government in order to
take a stand for a reasonable estimate of the labour income in a long-term
perspective (Konjunkturinstitutet, 2011; Markowski, Nilsson and Widén,
2011; Tomträtts- och arrendeutredningen, 2012).

3.2.1 Real unit labour costs

The NIER model provides an estimate of the labour costs in a long-term
perspective. Nevertheless, EEF1 and EEF2 represent the real payroll costs
adjusted for the units produced. In fact, the two EEF’s are unit labour
costs in the respective sector/industry divided by the inflation (CPI). The
inflation index used in this study is the fixed interest rate CPI (KPIF in
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Swedish), referred to as CPIF in this report. Furthermore, the computed
labour costs must be adjusted for the productivity in the respective indus-
try as well as CPIF. In this case, it would be done so by subtracting the es-
timated productivity rate of growth (Boumediene, 2015) as well as the rate
of growth of the CPIF from the structural rate of growth of labour costs to
retrieve the real unit labour costs (RULC) growth. The whole operation is
presented in the following equation:

∆RULC = ∆p+ ∆(
Y

L
)−∆CPIF−∆(

Y

L
)s (3.7)

According to the basis of the model, the CPIF, productivity and value
added growth should reflect the growth that would prevail in a long-term
perspective. Thus, it is assumed that this would correspond to the his-
torical geometric mean for time series extending as far back as possible.
Assuming a time series consisting of the data points a1, a2, ..., an−1, an, the
geometric mean ā is calculated using the formula:

ā = n

√√√√ n∏
i=1

ai (3.8)

3.2.2 Labour cost trend

The NIER model presented in the previous section is implemented to fore-
cast the labour cost trend during the course of the project’s lifetime. Con-
sider the forecast’s starting year t0 and the year that is to be forecasted t.
The computation of the forecast can then be performed using the following
equation:

EEFi(t) = EEFi(t0)(1 + ∆RULC)(t−t0), (3.9)

where i is 1 or 2. EEFi(t0), that is the value of the respective EEF at the
starting year t0 of the calculation, is set to 100. As can be noticed, this
equation is very similar to Equation 2.1. According to Equation 3.7, the
anticipated long term productivity growth within the particular industry,
that is either within the services sector or the construction industry, will
influence the RULC. These specific values can be determined using histor-
ical data as well as qualitative analysis and knowledge about the industries
relevant for the nuclear waste project. It goes without saying that SKB is
an appropriate candidate to perform such estimations. For the sake of sim-
plicity, in this report, eight different scenarios will be considered, each with
a different assumed values of productivity growth.
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3.2.3 Cost estimation

In order to verify the influence that the alternative EEF calculations will
have, using NIER’s model, a computation of the total costs of the nuclear
waste programme will be made. This will be done for the eight different
scenarios, and will be compared to the original cost estimate made by SKB
in plan 2016. The main motivation behind creating eight different scenarios
is to depict eight different situations that can take place in the future. In this
way, a more nuanced future is illustrated. These scenarios will be based
partly on historical values retrieved from Statistics Sweden (SCB). The cost
calculation is performed using the following formula:

Ci,adjusted(t) = Ci(t)
EEFi(t)

100
+ 1, (3.10)

where Ci,adjusted(t) is the total cost at time t, adjusted for the respective
EEF, Ci(t) is the output cost at time t. Finally, the total cost of the project is
calculated according to:

8∑
i=1

t∑
t=t0

Ci,adjusted(t) (3.11)

3.3 Simulation of future price changes

As mentioned in the literature review, several EEF’s could potentially fol-
low a random walk. Stock price movements can be described by a GBM,
and various research papers have applied GBM to describe the price move-
ments of commodities. GBM can therefore be implemented to describe the
movement of the EEF’s that follow a random walk, and together with the
Monte Carlo method, future price movements can be simulated. In this
section, the methodology of the simulation will be described. EEF3, EEF4,
EEF6 and EEF7 will be subject to MCS, as they have previously been shown
to follow a RW.

3.3.1 Return and volatility

A common method to calculate the return of a stock is to calculate the
percentage change of the stock between two time periods. Although this
will be exemplified with a stock’s return, this is valid for any other type of
investment or commodities, as the return is just a measure of the change of
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value between two time periods. Given the price of a stock st, the return
of the stock between t− 1 and t is given by:

st
st−1

− 1 (3.12)

However, within financial mathematics it is more common to use the log-
returns, which is calculated with the following equation:

rs = ln
( st
st−1

)
(3.13)

The log-return is preferred in finance because, for instance, each individual
return during a period can be summed to the return of the period as in the
following example:

monthly return =
∑

weekly return (3.14)

In addition, GBM assumes that the stock price is log-normally distributed
and that the logarithmic change of the stock price is a normally distributed
random variable (Glasserman and Rozovskii, 1988). Therefore, the data
that is to be used in the GBM model will first be tested to see if its re-
turns are actually normally distributed. For this purpose, the Shapiro-
Wilk test will be performed on the EEF data, which is recommended as
the best choice for normality test by some researchers (Ghasemi and Zahe-
diasl, 2012). The Shapiro-Wilk test tests the null hypothesis that the sample
data comes from a normally distributed population. If the p-value is less
than a chosen alpha level (significance level), the null hypothesis is rejected
and evidence has been obtained that the sample data does not come from
a normally distributed population. On the other hand, if the p-value ex-
ceeds the alpha level, the null hypothesis cannot be rejected. The null and
alternative hypothesis’ of the test are the following:

• H0: The distribution of the data is normal

• Ha: The distribution of the data is not normal

The volatility, measured as the standard deviation σs of the stock price
returns can be calculated using the following equation:

σs =

√√√√ 1

N − 1

N∑
i=1

(rs,i − r̄s)2 (3.15)

whereN is the number of stock price data points and r̄s the average return,
given by:

r̄s =

∑N
i rs,i
N

(3.16)
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3.3.2 GBM

In the literature review, it was mentioned that a particle moving in a fluid
can have a drift combined with a random movement inflicted by the sur-
rounding molecules. Likewise, a stochastic process St can have a motion
with drift coefficient µ and volatility σ. A stochastic differential equation
of such a Brownian Motion can then be expressed by (Paul and Baschnagel,
2013; Jaffar and Abidin, 2012):

dS(t) = µdt+ σdW (t) (3.17)

where W (t) is the Brownian Motion or Wiener Process. On the other hand,
the Geometric Brownian motion, which is an extension of the Brownian
motion, is described by the stochastic differential equation (Glasserman
and Rozovskii, 1988):

dS(t) = µS(t)dt+ σS(t)dW (t) (3.18)

The model can be applied to describe for instance stock price movements,
assuming that the stock price is a stochastic process. In this particular
case, the stochastic process S(t) would represent the stock price. As Equa-
tion 3.18 shows, the change in stock price consists of two terms; the first be-
ing a deterministic component which is the drift, and the second a stochas-
tic term:

dS(t)︸ ︷︷ ︸
Change in
stock price

= µS(t)dt︸ ︷︷ ︸
Drift term

+σS(t)dW (t)︸ ︷︷ ︸
Random

stochastic variable

The drift can also be defined as the expected growth over time of the stock
price. The exact value of the drift is unknown, but since the returns are
normally distributed as mentioned in subsection 3.3.1, historical data can
be used to determine the most probable return value, that is the expected
return. Hence, the drift parameter µ can be calculated using Equation 3.13.
The second term, that is the stochastic term, is in fact the effect that the
constant volatility of people randomly trading the stock over time has
on the expected growth. Like µ, the historical standard deviation can be
used under the assumption that the future standard deviation will remain
the same. Thus, the volatility parameter σ can be calculated with Equa-
tion 3.15. Now, Equation 3.18 can be rewritten to

dS(t)

S(t)
= µdt+ σdW (t), (3.19)
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and by applying Itô’s lemma (Jaffar and Abidin, 2012), the equation is
solved to:

dln(S(t)) = ln
( S(t)

S(0)

)
= (µ− 1

2
σ2)dt+ σdW (t) (3.20)

As can be seen, the drift term has now become(
µ− 1

2
σ2
)
dt,

which is the average of the historical returns eroded by the volatility at a
rate equal to half the variance over time. Taking the exponential of Equa-
tion 3.20 gives:

S(t) = S(0) exp
[(
µ− 1

2
σ2
)
t+ σdW (t)

]
(3.21)

Consequently, if Equation 3.21 is expressed in spot prices to simulate a
GBM where the current price depends on the previous period’s price,
given that the time is ∆t, the equation becomes:

S(t+ ∆t) = S(t) exp
[(
µ− 1

2
σ2
)
∆t+ σε∆t] (3.22)

where ε is a normal distributed random variable with a mean of zero and
a standard deviation of one. Since ε is normally distributed, the rate of
return will also be normally distributed. The EEF’s are aggregates that can
be regarded as indices, for which some represent underlying commodities
(such as EEF5 that represents real copper prices). Therefore, the model can
analogously be used to describe the motion of an EEF with the following
equation:

EEFi(t+ ∆t) = EEFi(t) exp
[(
µ− 1

2
σ2
)
∆t+ σε∆t

]
(3.23)

3.3.3 MCS

The collected time series data of the EEF’s can be used to apply Equa-
tion 3.23 to simulate the movement of the EEF. For instance, given that
a time series for EEF4 is retrieved for the period 1950-2015, this data can
be used to calculate µ and σ by applying Equation 3.16 and Equation 3.15,
respectively. The time interval is set to one year, meaning that ∆t = 1.
Additionnally, the random variable ε is generated by a random number
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generator making use of the fact that ε ∼ N (0, 1). Thus, for instance, if the
EEF4 for 2016 is to be simulated, the equation would become:

EEF4(2016) = EEF4(2015) exp
[(
µ− 1

2
σ2
)

+ σε
]

(3.24)

The same equation would apply for the subsequent year and so forth, until
the end year is reached. However, such a simulation would only generate
one possible path. Relying an analysis on a single path would be absurd
and uncertain. Thus, 1000 simulations will be run in this study, to obtain
1000 different possible paths that follows a GBM. The simulation will be
made in Python language, using the integrated development environment
PyCharm. The whole process of the simulation can be described by the
following steps:

1. Collect historical data of the EEF

2. Calculate the annual returns of the EEF by applying Equation 3.13

3. Calculate the average, variance and volatility of the annual returns
with Equation 3.15 and Equation 3.16

4. Apply Equation 3.23 for the desired period. The random variable ε
will be generated according to the property ε ∼ N (0, 1).

The resulting values of the future simulated prices are stored in arrays in
Python.

3.3.4 Value at risk

Value at risk (VaR) is a financial concept used to express the risk of an in-
vestment. VaR is a statistic measure that quantifies the level of risk of loss
for the investment. It can be applied to measure the risk within a firm
or portfolio within a specific period. In the context of a stock investment,
VaR can be used to determine the theoretical maximum possible loss with
a given level of confidence over a predetermined time frame. Thus, VaR is
used to answer questions such as "Given a confidence level of 95 %, what
is the maximum loss of the investment?". The answer given by VaR can be
interpreted as "There is a 95 % of confidence that the losses will not exceed
this value". This situation is illustrated by Figure 3.1. VaR is a measure of
risk that can be applied to the simulated prices given by the MCS. Thus,
VaR can be used to measure the risk of future fluctuations leading to cost
escalations in the nuclear waste programme. The risk measures could the-
oretically be used as a basis for the nuclear waste fee.
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Figure 3.1: Illustrative representation of 5 %-VaR, assuming a profit loss of
0.5 MSEK at the 5th quantile.

3.4 Data collection

The mathematical models presented previously will be used to answer the
second research question. The research will thus partly be performed using
a quantitative data collection method. The application of NIER’s model for
the computation of the structural rate of labour costs and prices required
data of the rate of growth of the productivity as well as the value added
deflator. The inflation and VA-deflator data was collected from SCB. The
productivity data was retrieved from NIER. The time series retrieved are
annual data for the period 1981-2015.

Equation 3.10 requires data of the annual output costs Ci(t) related to
the respective EEF, as well as data of the EEF value itself. The cost and EEF
forecast data was provided by SKB from the calculation basis of "Kalkyl 50"
alternative C in Plan 2016 for the period 2018-2074. In addition, historical
data for 1950-2015 of EEF1 and EEF2 is collected.

As for the Monte Carlo simulations, historical data for EEF3, EEF4,
EEF6 and EEF7 is needed. These data series covering the period 1950-2015
are provided by SKB as well, from the same source as the aforementioned
series. For more information regarding the data sources, see SKB (2016b).
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Results

4.1 International practices for back-end cost
estimations

In this section, the findings of international back-end cost estimation prac-
tices will be presented. Back-end practices in Belgium, Canada, France,
Germany, Japan and Switzerland as well as the European Repository De-
velopment Organisation (ERDO) are studied. There is a broad variation
regarding both the nuclear waste management policies (for instance im-
plementation of open or closed-cycles) and the costs. As the main purpose
of the study is to investigate whether any methods are applied to estimate
potential future cost escalations, focus has been on this issue.

4.1.1 Belgium

In Belgium, the organisation ONDRAF/NIRAS (in French: Organisme
national des déchets radioactifs et des matières fissiles enrichies; in Dutch:
Nationale instelling voor radioactief afval en verrijkte Splijtstoffen) is
the Belgian agency for radioactive waste and enriched fissile materials
(Synatom, 2016). Under Belgian law, the agency was established in 1980,
and in the back-end of the nuclear fuel cycle. ONDRAF is responsible for
the final management of all nuclear waste produced in Belgium (Synatom,
2016). A long-term fund (Le fonds à long terme, FLT), managed by ON-
DRAF, has been founded to secure the finance of the long-term man-
agement of radioactive waste. Furthermore, Belgium has has adopted a
polluter-pays-principle, and fees have been established and are paid by

28
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the licensees, in form payments each time the producer transfers waste to
ONDRAF. The fee is based on the volume and type of waste that is being
transferred (ONDRAF/NIRAS, 2018).Belgium has three classifications for
their spent nuclear waste (Lidskog and Andersson, 2002):

• Low level and short lived waste (A waste)

• Intermediate level or long lived low level waste (B waste)

• High level and long lived waste (C waste)

Belgium has opted a deep geological facility (DGF) solution for its B and C
waste. The DFG will be located under the Mol-Dessel Nuclear site in Boom
Clay or Ypresian clay (Lidskog and Andersson, 2002; Norris et al., 2017),
at a depth of 230 m (Norris et al., 2017). However, there is yet no decision
accepted at the federal level on whether the commercial spent fuel is to be
reprocessed and/or directly disposed, and for the moment it is assumed
that all of the spent fuel will be reprocessed (ONDRAF, 2018). As for the A
waste, it will be disposed in a surface disposal facility (SDF) in the Dessel
municipality (Kingdom of Belgium, 2015). Under 2012’s economic condi-
tions, the costs of the DGF and the SDF projects are estimated to be ap-
proximately 3.2 billion EUR and 1.25 billion EUR, respectively (Kingdom
of Belgium, 2015).

In the cost estimates for the long-term nuclear waste management, ON-
DRAF assumes a net discount rate based on the average value of ON-
DRAF’s annual net investment return, which is in the order of 3 % (ON-
DRAF, 2018). Additionally, an average inflation value of 2 % is assumed.
This inflation rate is also used to compare costs which have been estimated
different years. The cost estimates have been made based on "overnight
costs". For instance, for the 2013-2017 period, the costs were based on 2015
price levels, which means that no inflation rates have been taken into ac-
count. Thus, it can be concluded that Belgium does not estimate future
price trends (ONDRAF, 2018).

4.1.2 Canada

In Canada, the Nuclear Waste Management Organization (NWMO) was
established in 2002 under the Nuclear Fuel Waste Act (NFWA) (NWMO,
2003). Its main responsibility is to develop and implement a safe and long-
term management of spent nuclear fuel (NWMO, 2018). The spent fuel
that is produced in Canada is owned by the producers, and therefore, the
polluter pays principle is exercised (NWMO, 2003). Like Sweden, Canada
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has adopted a once-through cycle policy for its nuclear waste management
(Ramana, 2013), however, it is monitoring international research regarding
reprocessing solutions (NWMO, 2013; Ramana, 2013) as it thus far is con-
sidered economically unfavourable to implement such a policy (NWMO,
2013). The actual nuclear waste management plan that the NWMO is im-
plementing is called Adaptive Phased Management (APM), and involves
the construction of a DGR with the intention of safely disposing the spent
nuclear fuel there (NWMO, 2018). The DGR is assumed to be located at the
Bruce nuclear site near Kincardine, Ontario in the limestone of the Cobourg
Formation at a depth of 680 m below the surface (Corkum, Damjanac and
Lam, 2018; Heystee, 2018). The repository will be used to isolate LILW
(Heystee, 2018).

NWMO has estimated the total lifecycle cost for the APM for two dif-
ferent scenarios; a reference and an alternative scenario for which 3.6 and
7.2 million used fuel bundles are disposed, respectively (Heimlich, 2016).
In the reference case, the estimated cost is C$18.3 billion, whereas the alter-
nate is C$28.4 billion (Heimlich, 2016). The project costs are to be funded
by the waste producing companies according to the NFWA by yearly de-
positions to a trust fund. At the end of 2017, the fund’s balance was C$4.2
billion. According to (Heimlich, 2016), the total costs estimates are stated in
constant 2015 Canadian dollars. Canada does not consider future inflation
rates of input goods or wages.

4.1.3 France

In France, the radioactive waste management is handled by the agency An-
dra (L’Agence nationale pour la gestion des déchets radioactifs ), whose
role is defined by the 1991 Bataille Act with the purpose of conducting
research on a GDR, as well as the 2006 Planning Act on sustainable man-
agement of radioactive materials and waste (Andra, 2013b; Andra, 2013a).
France has established a closed-cycle and reprocesses their spent nuclear
fuel (Poirot-Delpech and Raineau, 2016; Butler, 2010; OECD and Nuclear
Energy Agency, 2006). However, after the reprocessing of the nuclear fuel,
the residuals have to be taken care of. France has chosen the long-term so-
lution of disposing its radioactive waste in disposal facilities, and has two
surface facilities for short-lived LILW and VLLW in l’Aube, as well as an
already closed surface facility for low-and intermediate-level waste at the
Centre de la Manche (Andra, 2013a; OECD and Nuclear Energy Agency,
2006). After many years of research, France began the project for a deep
geological waste repository which goes under the name "Cigeo" (Centre
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industriel de stockage géologique) project (Andra, 2013b). The purpose of
the DGR is to dispose HLW and long-lived ILW. The HLW is vitrified and
stored in an interim storage to later be disposed in the DGR (OECD and
Nuclear Energy Agency, 2006). The DGR will be located in the geological
structure in Callovo-Oxfordian claystone formation, at a depth of approxi-
mately 500 m (C.-L. Zhang, 2013).

The many aspects of the project, that is research, studies as well as the
future construction, operation and closure of Cigeo, are and will be funded
by the waste producers, which are mainly EDF, the CEA and Areva (Andra,
2013b; Andra, 2013a). During 2016, New Areva was created after restruc-
turing of the Areva group (Orano, 2018). Subsequently, in early 2018, New
Areva was subject to further restructuring which lead to the creation of the
two entities Framatome and Orano, where Orano participates in all nu-
clear energy activities such as mining, reprocessing, front- and back-end,
et cetera (Orano, 2018). In addition to this, the government subsidies An-
dra for several missions (Andra, 2013a). The costs for the disposal of HLW
and long-lived ILW was estimated to be between 13.5 and 16.5 billion EUR
in 2003 economic conditions (OECD, 2011; Andra, 2013a). The reference
cost of 14.1 billion EUR was chosen, and accounting for the inflation, the
cost was restimated to 16.5 billion EUR in 2012 economic conditions (An-
dra, 2013a). However, all the calculations have been made under fixed
economic conditions, and future price trends have not been accounted for.

4.1.4 Germany

Recently, numerous organisations within the nuclear waste industry in
Germany have undergone organisational restructuring due to the imple-
mentation of the "Act of the Organisational Restructuring in the Field of
Radioactive Waste Management" (Federal Office for the Safety of Nuclear
Waste Management, 2017). This resulted in migrations from several en-
tities to BGE (Bundesgesellschaft für Endlagerung), which is the federal
company for radioactive waste disposal in Germany (Federal Office for
the Safety of Nuclear Waste Management, 2017).

Germany has three repositories for radioactive waste with negligible
heat generation. The Asse II mine is a former salt mine that has been sub-
ject to nuclear waste regulation since 2009 and today LILW is disposed
there (Nieder-Westermann and Bollingerfehr, 2013). The Konrad repos-
itory, a former iron ore mine, was approved in 2007 as a nuclear waste
repository for LILW (Nieder-Westermann and Bollingerfehr, 2013). How-
ever, the investigations had been initiated already in 1976. The third repos-
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itory is the Morsleben mine, which is a former salt mine. LILW has been
stored here between 1971-1991 and 1994-1998 (Nieder-Westermann and
Bollingerfehr, 2013). Germany has abandoned the reprocessing of spent
nuclear fuel, and has thus an open fuel cycle (Spykman, 2018). The sole
German reprocessing plant located in Karlsruhe is currently being decom-
missioned (Federal Office for the Safety of Nuclear Waste Management,
2017). The current plan is to dispose spent nuclear fuel and HLW in a DGR
(Spykman, 2018).

The situation in Germany with respect to the financial aspects of
the long-term nuclear waste management differs from other countries,
as the prerequisite provisions of 23.6 billion EUR from four licensees
(EnBW, E.ON, RWE and Vattenfall) and public-services utility Stadtwerke
München were deposited to the German nuclear waste fund (Fonds zur Fi-
nanzierung der kerntechnischen Entsorgung) in July 2017 (Behrendt, 2017).
The latest cost estimate report made in 2015 (Federal Ministry for the Envi-
ronment, Nature Conservation, Building and Nuclear Safety, 2015) shows
that future cost escalations are not considered, and all estimates are made
in 2014 price levels.

4.1.5 Japan

The Nuclear Waste Management Organization of Japan (NUMO) is the or-
ganisation in Japan responsible for the disposal of radioactive waste pro-
duced by nuclear power in Japan. NUMO was established in October 2000
based on the "Specified Radioactive Waste Final Disposal Act" (NUMO,
2016), which was enacted on 31 May 2000 (Japan, 2011a). LLW originat-
ing from nuclear power activities has been disposed since 1992, whereas
HLW and transuranic waste has been disposed since the introduction of
the aforementioned act, and is managed by NUMO (NUMO, 2016; Japan,
2011a). Japan has adopted a closed fuel cycle strategy for the long-term
management of spent nuclear fuel. The spent fuel is recycled in the form
of reprocessed mixed-oxide fuel (OECD-NEA, 2013). The final disposal of
the HLW and spent nuclear fuel is to be disposed in a DGR. The selection
of the site and description process is expected to be completed by 2025
(OECD-NEA, 2013). The site depth is planned to be at least 300 m (JAEA,
2010).

As stated by the Framework for Nuclear Energy Policy, the waste pro-
ducers must finance the disposal of nuclear waste (Japan, 2011a). The fi-
nancial contributions to NUMO are administred and managed by the Ra-
dioactive Waste Management Fund and Research Center (NUMO, 2016;
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OECD-NEA, 2013). In March 2011, the total funds deposited by 10 elec-
tricity utilities were about 2 400 billion yen. The estimated total cost of the
HLW disposal programme is approximately 3 trillion yen, equivalent to 0.2
yen/kWh (Japan, 2011b). The total cost of the back end of the nuclear fuel
cycle is estimated to be 18.8 trillion yen (Katsuta and Suzuki, 2006), which
includes reprocessing, transport, disposal, storage, et cetera. The cost esti-
mations are however only taking overnight prices into consideration and
does not estimate future price trends.

4.1.6 Switzerland

According to the Swiss Nuclear Energy Act, the operators of the NPP’s
are responsible for the safe management of and disposal of nuclear waste,
which involves the requirement of the establishment of a decommission-
ing fund as well as a waste disposal fund (swissnuclear, 2011). NAGRA
(Nationalen Genossenschaft für die Lagerung radioaktiver Abfälle, or Na-
tional Cooperative for the Disposal of Radioactive Waste) is the organisa-
tion in Switzerland founded by the Swiss nuclear power plant operators
and the federal government in 1972 that performs research and prepara-
tory work for the disposal of radioactive waste (STENFO, 2016). swissnu-
clear compiles the cost studies of the waste disposal project. Switzerland
classifies nuclear waste as HLW, which includes spent fuel and vitrified
fission product solutions from reprocessed spent fuel, Alpha-toxic waste
(ATW), which is waste containing alpha emission exceeding 20,000 Bq/g
and LILW, which is all other radioactive waste (LLW Repository Ltd, 2016).
Switzerland has partly adopted an open nuclear fuel cycle, because some
of the spent fuel is reprocessed in the UK and in France (IAEA, 2005). A
DGR is being planned as the final solution for the disposal of the HLW.
NAGRA is carrying the investigations for the planning, construction and
operation of the DGR (Nagra, 2017). Currently, it is searching for a suitable
site for the repository, which will be several hundred meters deep. The
siting region is expected to be announced around 2020 (Nagra, 2015).

As abovementioned, the operators of the NPP’s are responsible of the
nuclear waste management and is also financially responsible of it accord-
ing to the polluter pays principle in the Act. By the end of 2017, the total
cost of the nuclear waste management (excluding the costs for disposal
of waste originated in medicine, industry and research) was estimated to
be 24.0 billion CHF. This cost is divided in decommissioning costs, dis-
posal costs and post-operational costs (swissnuclear, 2017; STENFO, 2016),
which are 3.7 billion CHF, 18.6 billion CHF and 1.7 billion, respectively
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(swissnuclear, 2017). 9.3 billion CHF are to be paid directly by the opera-
tors, and the rest (14.7 billion CHF) will be financed by two different funds;
a decommissioning fund and a disposal fund. The operators are expected
to pay 8.2 billion CHF to the funds, and the remaining 6.5 billion CHF will
be covered by the funds’ asset returns. As of the end of 2017, the operators
had deposited 7.7 billion CHF to the funds, meaning that only 0.5 billion
CHF were remaining to be deposited. Additionally, of the 9.3 billion CHF
of direct payments, 5.8 billion CHF had already been paid. In total, 4 bil-
lion CHF are left to be paid by the operators. In the cost study of 2011,
Swiss Nuclear states that "The cost studies are always carried out at the
monetary value of the year of the estimate." (swissnuclear, 2011), which
indicates that there are no future price trends considered at all.

4.1.7 ERDO-WG

The multinational working group (WG) European Repository Develop-
ment Organisation (ERDO) was established 2009. It originates from the
SAPIERR projects, whose common goal is to implement shared regional
storage facilities and geological repositories for radioactive waste that
can be used by European countries (European Commission, 2008). It is
financed by the European Commission with the purpose of having its
members working together towards a common solution for the disposal
of radioactive waste from the nuclear power production in the member
countries. The active members that have been involved in the ERDO-
WP activities are Austria, Bulgaria, Denmark, Ireland, Italy, Lithuania,
Netherlands, Poland, Slovakia and Slovenia (McCombie and Chapman,
2015). The ERDO project is managed by the Dutch national waste agencies
COVRA and the Arius Association. One of the incentives of develop-
ing such programme is that it is financially disadvantageous for a single
country with small amounts of radioactive waste, for instance a country
without nuclear power plants, to construct a DGR on its own.

The scenario used as a reference in the SAPIERR I project, that is the
expected radioactive waste in 2040, comprises spent fuel, vitrified HLW
and long-lived LILW from 14 european countries and is referred to as the
"large inventory situation" (European Commission, 2008). Additionally,
other scenarios such as constructing a single hard rock repository or sepa-
rate sediment repositories for HLW/SF and ILW are used. These scenarios
are based on the Swedish, Finnish and Swiss models. However, regarding
the costs of the different scenarios, there is no major difference. The largest
different between the most and least costly is about 2.8 billion EUR.
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The latest credentials concerning the financing of the project can be
found in the the working paper "SAPIERR II" (European Commission,
2008). The document states that the total cost of the project is estimated to
be 11.3 billion EUR. Using a discounting rate of 3.5 % up to 30 years, 3 %
up to 75 years or 2.5 % further on, reduces the cost to about 4 billion EUR.
It is important to consider the fact that, as abovementioned, the spend
profile is based on other countries’ models. Thus, there will be deviances
in terms of labour costs, management structures etcetera.

4.2 Practices in other industries

4.2.1 The Gotthard base tunnel

The Gotthard base tunnel, located in the central Alps Switzerland, is the
world’s longest and deepest traffic tunnel, with a length of 57 km and a
depth of 2 500 m (Loew et al., 2015; Simoni, 2014). The construction of
the two main tunnel tubes began in the year 2000 and were completed in
March 2011 (Loew et al., 2015). However, it officially opened in 2016 (Si-
moni, 2014). During the construction of the tunnel, there were unfavorable
deviations such as unforeseen zones with high rock pressure as well as fa-
vorable deviations such as zone that had been predicted to be critical that
behaved favorably (John, Matousek and Dallapiazza, 2016). However, the
favorable deviations did not compensate for the unfavorable ones, leading
to negative effects on the costs and time schedule. As the negative devi-
ations were unknown, they were not included in the risk analysis. Con-
sequently, the project suffered a significant cost escalation. The initial cost
estimates of the project were made in 1998 and were 7.7 billion CHF (about
7.8 billion USD) (Baumgärtner and Büchler, 2017). When finished, it was
revealed that the costs had nearly doubled to 12 billion USD (L. A. Davis,
2016).

Besides the emphasized deviations, there were other factors leading to
the cost escalation, not least inflationary effects (Baumgärtner and Büchler,
2017). Such effects were not considered in the financial planning of the
project. Accordingly, the megaproject that extended over a period of nearly
20 years did not include any forecast of cost escalations.

4.2.2 Ikano Bostad

Ikano Bostad is a Swedish housing company and is part of the Ikano
Group, more known for its home furnishing company Ikea. The time hori-
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zon of the longest projects of Ikano Bostad is about 10 years. This includes
the time from the purchase of land until the construction is finished. Ikano
Bostad does however not forecast any cost escalations. In the cost estima-
tions, only the CPI is considered. When land is purchased, it is indexed to
the price escalation in the area, meaning that if the prices escalate, so will
the land’s price. The major risks are found in the selling of residences. The
changes in the housing prices can imply losses for Ikano Bostad, as the cost
calculations are made at the beginning of the project and the housing mar-
ket cannot be predicted with a good precision, if at all, and Ikano Bostad
does not make such predictions.

4.2.3 The Swedish Pensions Agency

The Swedish pension model can be divided into three parts; the retire-
ment pension, the occupational pension and the private pension. It is nor-
mally depicted as a pyramid consisting of the three different parts (Lund-
bergh, 2017). The retirement pension is saved via the state pension system,
whereas the occupational pension is linked and paid by a particular em-
ployer. Additionally, a person can complement these with private pension
savings. The Swedish Pensions Agency (Pensionsmyndigheten) is respon-
sible for managing and paying out the national retirement pensions.

The financial position of the pension system is depicted in a model
represented by three simple scenarios portraying different possible future
outcomes. These are however not evaluated in probabilistic terms but
are rather based on simple assumptions regarding demographic trends,
changes in the mean income and the yield of the pension funds (Pension-
smyndigheten, 2018). There is a base scenario, an optimistic scenario and
a pessimistic scenario. Furthermore, there is a qualitative assumption re-
garding the future real wage growth, which extends to 2091. This growth
is based on the median value of the historical real wage growth, and in the
latest report the historical data spanned between 1960-2016 (Pensionsmyn-
digheten, 2018). These scenarios are not to be regarded as any forecasts,
but rather as projections or simulation experiments.

4.2.4 KPA Pension

Following the description of the Swedish pension system in the previous
section, KPA Pension is a company that manages the occupational pen-
sions. The forecasts and computations made at KPA Pension are made
using parameters from SKL (Sveriges kommuner och landsting or the
Swedish Association of Local Authorities and Regions in English). These
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parameters include expected future wage growth and inflation in the near-
est five years. Usually, the Swedish Central Bank’s inflation goal of 2.0 %
is used in the calculations.

4.2.5 Rymdstyrelsen

The Swedish National Space Agency (Rymdstyrelsen) is responsible for
national and international space activities, mainly related to research and
development. Rymdstyrelsen is also a member of the European Space
Agency. The satellite Odin was launched by Rymdstyrelsen in February
2001, whose operating cost is paid annually by the agency (Rymdstyrelsen,
2017).

In Rymdstyrelsen’s latest budget basis (Rymdstyrelsen, 2018), there is
no inflation nor deflation taken into account in the cost calculations. Fur-
thermore, the agencies longest projects are about 6-7 years long, which is
a very short period compared to the nuclear waste project’s. It is therefore
reasonable that inflationary effects may be of less importance for Rymd-
styrelsen.

4.2.6 The Swedish Transport Administration

The Swedish Transport Administration, Trafikverket, is a Swedish admin-
istrative authority that is responsible for the road, rail, sea and air transport
as well as for the construction and operation of state roads and railways
(Trafikverket, 2018). These type of infrastructure projects are immense and
requires long-term planning as well as budgeting, which is of interest for
the purpose of this study.

In the future cost planning of Trafikverket’s projects, the authority uses
an index adjustment of 2.0 % according to the Swedish Central Bank’s goal.
The costs are calculated in current prices. Normally, at the end of each
project, a comparison is made between the actual costs and the estimated
costs. A number of indices, such as the Road Investment Index for road
projects, are used to deflate specific cost items in order to compare the costs
with the same annual price basis. However, there are no additional future
inflation estimates associated to specific cost items.

4.3 EEF’s with NIER’s model

The collected data retrieved from SCB and NIER of the productivity, VA-
deflator and CPIF index for the period 1982-2017 was computed using
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Equation 3.8. However, NIER has forecasted that the VA-deflator will grow
1.5 % per year on average between 2016-2035 (Konjunkturinstitutet, 2012).
As this is the value that will apply in a long-term perspective, it will be
used in this study instead of the geometric average for the period 1982-
2015. Likewise, as mentioned in section 3.2, the Swedish Central Bank has
an inflation goal of 2 % and this figure will therefore be used in this study.
The resulting values are presented in Table 4.1. These values were then

Table 4.1: Geometric mean of collected data.

∆Y/L 2.18
∆p 1.5
∆CPIF 2.0

used as input parameters in Equation 3.7 in order to compute the real unit
labour cost. As aforementioned, eight different productivity values within
the services sector and construction industry were assumed partly based
on the historical figures retrieved from SCB. Together with the mean pa-
rameters, the RULC for EEF1 and EEF2 could be calculated for eight differ-
ent scenarios. All input values, including the resulting RULCs, are shown
in Table 4.2. The mean value of the productivity growth between 1982-

Table 4.2: Estimated value of input parameters and computed real unit
labour costs for the eight different scenarios.

Scenario 1 2 3 4 5 6 7 8
∆Y/L 2.18 2.18 2.18 2.18 2.18 2.18 2.18 2.18
∆p 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
∆CPIF 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
∆(Y/L)services 0 0.5 0 1.0 1.3 1.4 1.0 1.5
∆(Y/L)construct. 0 0 0.5 0.5 0.5 0.5 1.0 1.0
∆RULC1 1.68 1.18 1.68 0.68 0.38 0.28 0.68 0.18
∆RULC2 1.68 1.68 1.18 1.18 0.18 1.18 0.68 0.68

2017 in the construction industry and services sector is approximately 0.5
% and 1.3 %, respectively. Based on these values, the assumed productivity
values varied between 0 % - 1.5 %. Scenario 1, for which the productivity
in both the services sector and the construction industry were set to 0 %,
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can be interpreted as a worst-case scenario or pessimistic scenario, as this
would imply that in the long run there is no productivity growth. Scenario
5 can be regarded as the base scenario, as its values are based on the esti-
mated historical means. Scenario 8 can on the other hand be regarded as
an optimistic scenario, as it implies higher productivity growths in both
the construction industry and the services sector. Scenario 2-4 depicts sit-
uations somewhere in between the pessimistic scenario and the base sce-
nario, whereas scenario 6 and 7 depicts situations somewhere between the
base scenario and the optimistic scenario. A situation such as Scenario 1
is rather unrealistic, because within the nuclear waste project, there can be
expected productivity growth due to technological advancements as well
as learning curve effects throughout the project’s lifetime. The RULC val-
ues were later used as input parameters in Equation 3.9 to obtain in total
sixteen different EEF values for the payroll EEF’s.

The optimistic, base and pessimistic scenarios of EEF1 and EEF2 are
plotted in the graphs in Figure 4.1 and Figure 4.2, respectively.Along with
the calculated values of the EEF’s, SKB’s estimated curves are plotted in
the graphs for comparison purposes. As can be seen, 2016 is used as the
base year. To get a better time perspective on the forecast, the EEF’s have
been plotted along with the historical values retrieved from SKB. In these
forecasts, 2007 is set as the base year, in accordance with SKB’s own calcula-
tions. The graphs can be seen in Figure 4.3 and Figure 4.4. The remaining

Figure 4.1: Graph of EEF1 forecast.
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Figure 4.2: Graph of EEF2 forecast.

Figure 4.3: Graph of EEF1 forecast with historical values.

scenarios were plotted in graphs as well and are presented separately in
Appendix B. In these graphs, 2016 is used as base year as well.

Finally, by applying Equation 3.10 and Equation 3.11, the total esti-
mated cost of the project was computed for every scenarios. The cost
calculations were made using SKB’s own EEF forecasts for comparisons
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Figure 4.4: Graph of EEF2 forecast with historical values.

purpose. The results are presented in Table 4.3.

Table 4.3: Total costs for the eight scenarios and SKB’s calculated costs of
alternative C.

Scenario Total (MSEK)
1 116 694 - Pessimistic
2 111 892
3 113 098
4 104 115
5 101 866 - Base
6 101 156
7 101 042
8 97 392 - Optimistic
SKB 98 441
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4.4 Monte Carlo simulation

4.4.1 Distribution

The Shapiro-Wilk test was performed in Python for EEF3, EEF4, EEF6 and
EEF7. The alpha value was set to 0.05, implying that there is a 5 % proba-
bility of incorrectly rejecting the null hypothesis. The test rejected the null
hypothesis for EEF6 and EEF7, meaning that the log-return of EEF6 and
EEF7 are not normally distributed. On the other hand, the null hypothe-
sis could not be rejected for EEF3 and EEF4. Therefore, it can be assumed
that EEF3 and EEF4 follow a GBM. Thus, the simulations based on the
GBM model will be performed for EEF3 and EEF4. The results from the
Shapiro-Wilk test are presented in Table 4.4, and the graphs of the return
distribution of EEF3 and EEF4 are shown in Figure 4.5 and Figure 4.6.

Table 4.4: Results from the Shapiro-Wilk test.

EEF alpha p-value H0

3 0.05 0.53 Not rejected
4 0.05 0.27 Not rejected
6 0.05 2.38e-4 Rejected
7 0.05 1.4e-5 Rejected

4.4.2 Simulation

EEF3 and EEF4 were each subject to 1000 simulation runs. The Python
code is presented in Appendix A. The results can be observed in Figure 4.7
and Figure 4.8. Each curve (represented by a different colour) in the graphs
represents one simulation run, that is a path that follows a GBM. The y-axis
shows the value of the EEF, and as mentioned before, the starting value in
year 2016 is set to 100. As can be noticed, the spread between the curves
becomes larger over time. EEF3 has a slight downward trend, whereas
EEF4 has an upward trend.

To get a better idea about the about the likelihood of how high or low
the EEF values can become, the quantiles are analysed. In Table 4.5, various
quantiles are presented for EEF3 and EEF4 and the corresponding value at
the respective quantile at the end year of the simulation, that is in 2070.
The mean value value is also shown in the table. The results of EEF4’s 95
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Figure 4.5: Distribution of returns of EEF3 in a histogram. The y-axis shows
the relative frequency of the value in the data set.

Figure 4.6: Distribution of returns of EEF4 in a histogram. The y-axis shows
the relative frequency of the value in the data set.

% confidence level can be interpreted that there is a 5 % chance that the EEF
value will end up below 112.3, while there is is a 5 % chance that it will end
up above 188.5. The distribution of the end-year values of EEF3 and EEF4
along with the mean values and 95-quantile are presented in Figure 4.9 and
Figure 4.10.
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Figure 4.7: Plot of Monte Carlo simulation of EEF3.

Figure 4.8: Plot of Monte Carlo simulation of EEF4.

4.4.3 VaR

The absolute VaR can be determined by calculating the costs for the simu-
lated quantile values. Figure 4.9 shows that the 95th quantile for EEF3 is
111.0. The costs in 2070 are estimated by SKB to be 50.7 MSEK (2016 price
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Table 4.5: Quantiles and means of the simulated EEF’s year 2070.

Quantile EEF3 EEF4
5th 50.9 112.3
50th 75.2 146.5
70th 84.0 159.4
80th 90.8 167.3
95th 111.0 188.5
Mean 77.2 148.1

Figure 4.9: Histogram of EEF3 values in 2070, with 95-quantile value.

level). The 95th quantile escalated cost and absolute VaR will thus be:

CEEF3(2070) = 50.7
111.0

100
MSEK ≈ 56.3 MSEK

V aRabs = (56.3− 50.7)MSEK = 5.6 MSEK

The end-year VaR of EEF4 is calculated in the same way to 0.9 MSEK.
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Figure 4.10: Histogram of EEF4 values in 2070, with 95-quantile value.



Chapter 5

Discussion

5.1 International overview

The findings of the study noted that Sweden is the sole country within the
nuclear waste management industry among the studied countries to apply
forecasting methods to estimate price changes potentially contributing to
cost escalations. There is a variety between the studied countries regarding
the choice between an open and closed fuel cycle. No matter the case,
the common solution for all countries for the final disposal of HLW is the
implementation of DGR’s. Most of the countries intend to construct its
own DGR for its own waste production. However, this is disadvantageous
for certain countries such as the Netherlands or Ireland, who has minor
amounts of HLW from the nuclear energy industry or no nuclear power
plants at all. Through ERDO-WG, these countries plan and research for
a common DGR solution that will be beneficial for various reasons. The
nuclear waste programmes carried out in each country require investments
in the order of magnitude of the Swedish system or greater in some cases.
In addition, these projects are also anticipated to be implemented many
years from today, and the whole project including the operational phase
will be extended many years into the future, just as in Sweden. Therefore,
the issue of real price changes of input factors can be considered to be as
significant as in the Swedish project. Nevertheless, all the cost calculations
by the concerned countries are done with overnight prices. There are good
reasons to believe that it is not a coincidence why these countries have not
included such computations. No concrete evidence has been found in the
literature on the topic of applicable long-term forecasting in such projects,
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and there is no evidence on how reliable such forecasting methods could
be.

As for long-term forecasting, Evans (2002) claims that even if adequate
data is collected for the forecast, long-run trends may not follow previous
patterns. This would imply a major problem when trying to use statisti-
cal methods to predict future price trends. An example given by Evans
(2002) is that oil price data exists for a period of over 150 years, though,
a long-time series as such does not provide any significant hints about
the future price changes. Sweden seems to be the only country to take
upon the challenge to apply forecasting methods to estimate the future
trends of the EEF’s. In the end, neither time series analysis models nor
escalation rate models can forecast price fluctuations derived from unfore-
seeable events. This is also mentioned by Kim et al. (2017), who claims
that the influence on uranium prices originating from incidents such as
the Fukushima event in 2011 cannot be forecasted by the tested ARIMA
models. Blair, Lye and Campbell (1993) also emphasises that the analyt-
ical methods used in the forecasting of construction cost escalation only
works in short-term projects under stable conditions due to the lack of pre-
dictability of unpredictable events in the long-run, such as war or specific
government actions. The risk of such deviations will therefore remain in
any forecasting model, however sophisticated and precise they may be.

None of the other industries that were contacted and studied applies
such forecasts, even though for some of these companies and authorities,
such estimates could be beneficial. For instance, Ikano Bostad could benefit
from forecasts of the housing market. Though, the benefit would depend
on how reliable such estimates would turn out to be. Furthermore, imple-
menting sophisticated forecasting methods is expensive and time consum-
ing and, in the end, not precise and certain enough to compensate for the
disadvantages.

The estimated real wage growth parameter used by the Swedish Pen-
sion Agency in its calculations is rather simple. Using the median value
as a point forecast is slightly more robust compared to the naïve approach.
As it is just an input parameter in the Agency’s model, it may be sufficient.
However, it may be considered less suitable for long-term forecasting as an
index by itself. As mentioned in previous sections, such simple forecasting
models are inferior to more sophisticated models.
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5.2 The NIER model

The application of NIER’s model for structural rate of growth of labour
costs and prices resulted in a future portrayal of eight different scenar-
ios. The major of advantage of using NIER’s model is the robust economic
theory that it is based on. The application of the model to estimate the
future EEF trend is similar to the engineering cost estimation used in cal-
culations of nuclear fuel cycle costs (Kim et al., 2017). Kim et al. (2017)
discusses a major disadvantage of using an escalation rate model in the
case of uranium prices, which is that significant differences from the ac-
tual uranium price may be identified, as the model results in a constantly
increasing price. This is due to the nature of the equation that is used in
the model. It is also recognized in the NIER model results, which shows
an exponential increase in EEF1 and EEF2. It would be naïve to believe
that the future price trend would look exactly like the obtained results.
However, as any model, it has its assumptions, simplifications and weak-
nesses. If the model is to indicate a correct growth rate of the labour costs,
it requires that the estimates of the rate of growth of both the VA-deflator
and the productivity are correct (Jagrén et al., 2016). The estimates are
based on historical data in this study. Additionally, the model is based
on assumed economic conditions such as profits that are in line with the
international yield requirements. Obviously, there are no guarantees that
the future will progress under these conditions. Boumediene (2015), criti-
cizes the model due the the assumption of an achieved inflation goal of 2
%. Boumediene emphasizes the sensibility of the inflation with respect to
the employment conditions in business. If the wage agreements are based
on the inflation goal, minor misjudgments of the inflation levels can have
large effects on the employment conditions leading to slower employment
growth (Boumediene, 2015).

The purpose of the model is to describe the trend in the long-term,
which, according to the fundamentals of the model and the used data indi-
cate that the increase in labour costs will in fact grow faster that the infla-
tion. Furthermore, in the long-term, this trend will not be compensated by
the productivity growth within the project according to the assumed sce-
narios. This should however be scrutinized by SKB and more realistic and
well-motivated figures regarding the potential productivity growth within
the nuclear waste project should be presented. Such an evaluation would
probably be done using a combination of qualitative and quantitative fore-
casts, as described by Makridakis (1998).

An advantage with NIER’s model, the model is based on the value
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added of the company. Even though the real unit labour costs increase
with time, the company can still afford such payrolls, since the labour cost
according to the fundamentals of the model is simply a proportion of the
company’s revenue. On the other hand, using an econometric model, ob-
taining an upward trend as such has no implicit information on the com-
pany’s economic prospects. One conclusion that could be drawn, if the
trend is steep enough, is that the company may not afford such payrolls
in the future as the labour force may seem to become too expensive. In
such a situation, companies would stop hiring personnel. The demand
would thus decrease, and so would the labour costs, until a new equilib-
rium would be reached.

5.3 Monte Carlo simulation

Monte Carlo simulation was applied to EEF3 and EEF4 as these were found
to have normally distributed "log-returns" and follow a RW. The Shapiro-
Wilk test revealed that EEF6 and EEF7, even though earlier found to follow
a RW, do not have normally distributed returns. 1000 simulated paths for
EEF3 and EEF4 were successfully simulated, using a Geometric Brownian
motion model. The results can be used to analyse the likelihood of obtain-
ing certain values of the EEF in the future. The distribution of returns for
2070 were plotted and the quantiles and mean values calculated to present
the probability distribution of the simulated end-year values. The main
purpose of this approach is to obtain results that can serve as a basis for
further analysis. In this study, the risk measure VaR was implemented.
SKB’s estimated costs in 2070 for EEF3 and EEF4 cost items in 2016 years
price levels are 50.7 MSEK and 1.1 MSEK, respectively. The results showed
that the VaR in year 2070 for EEF3 and EEF4 are 5.6 MSEK and 0.9 MSEK,
respectively. This implies that there is a 95 % probability that the costs
for EEF3 and EEF4 will not exceed 56.3 and 2.0 MSEK, respectively. This
can be compared to the costs in 2070 estimated by SKB, which according
to SKB’s EEF forecasts, would imply a cost escalation to 49.9 MSEK for
EEF3 and 1.3 MSEK for EEF4. The difference between the estimated values
with the MCS and SKB’s forecasts is about 12 % for EEF3 and about 41 %
for EEF4. These simulations were made on a far longer time horizon than
that of aforementioned studies, both when it comes to stock price simu-
lations (Jaffar and Abidin, 2012; Khamis et al., 2017; Reddy and Clinton,
2016; Alrabadi and Aljarayesh, 2015; Pažický, 2017) as well as simulations
of commodities (Samis and G. Davis, 2014; Jain et al., 2015; Boutouria and
Abid, 2010; Nwafor and Oyedele, 2017). Nevertheless, Jain et al. (2015)
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found that their Monte Carlo simulation showed less accuracy for short
time modelling, mainly because of the presumed constant volatility and
drift parameters that the GBM model implies.

An important disadvantage with the GBM theory is the fact that the
volatility in the model is based on the historical average of a certain period,
and therefore assumed to remain constant in the future. The Heston model
is an extension of the GBM where the volatility is stochastic (Crisostomo,
2015). Assuming a constant volatility is rather unrealistic; in that sense, the
Heston model can be considered more realistic. Another stochastic model
is the Merton model, which is based on the GBM but adds a jump process
which creates discontinuities (Tankov and Voltchkova, 2009). Such discon-
tinuities can represent different types of economic events, such as market
crashes, which makes the model somewhat more realistic, as the GBM is
a continuous stochastic process. In reality, discontinuities do occur due to
unexpected events and macroeconomic factors. However, the implemen-
tation of the GBM can be regarded as an initial alternative computation
approach to the autoregressive models that have previously been used in
the nuclear waste programme cost calculations.



Chapter 6

Conclusions

This study set out to answer the two stated research questions, the first con-
cerning the practices of different industries with respect to future cost esca-
lation forecasts. The results from the research relating to the first research
question indicate that none of the investigated companies or authorities
apply such practices. With the exception of nuclear waste projects in other
countries, no other projects were found with time horizons close to the nu-
clear waste programme’s. Additionally, no previous research were found
regarding long-term forecasting of cost escalations in other projects. It was
found in the literature that the current practices used for forecasting by
SKB, that is time series forecasting models, are appropriate for short-term
forecasting and unreliable when it comes to long-term forecasting.

In addition to the investigations among other industries, this study in-
tended to answer the question "What alternatives to the EEF methodology
are there to estimate the future real price changes of relevant input vari-
ables in the nuclear waste programme?". The first method that was found
useful for this purpose was NIER’s model for the computation of struc-
tural rate of growth of labour costs and prices. This model could be ap-
plied to EEF1 and EEF2. The model is based on a number of assumptions
and economic theory. The input parameters for the computation of the
long-term real labour cost growth rate are the productivity in business, the
value added in business, the inflation (CPIF) and the productivity within
the construction industry or the services sector. The first three parameters
were set to 2.18 %, 1.5 % and 2.0 %, respectively. These values were based
on historical data (1982-2015) as well as long-term estimates determined
by NIER and the Swedish Central Bank. Eight different values were used
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for the last two parameters, consequently creating eight different scenarios.
The base scenario was based on the historical average between 1982-2017.
The other scenarios vary from a pessimistic scenario to an optimistic sce-
nario. The model was implemented to estimate the future growth of EEF1
and EEF2, and the results were used to calculate the future cost of the nu-
clear waste programme after the EEF adjustment. The results showed that
the cost would be 116 694 MSEK for the pessimistic scenario, 101 866 MSEK
for the base scenario and 97 392 MSEK for the optimistic scenario. This can
be compared to SKB’s own calculation using univariate time series analysis
for the forecast, resulting in a total cost of 98 441 MSEK.

The second method applied to answer the second research question
comprised the Geometric Brownian motion along with Monte Carlo simu-
lations to simulate future paths for EEF’s following a random walk. EEF3,
EEF4, EEF6 and EEF7 were found to follow a RW according to previous
research. However, EEF6 and EEF7 were found not to have normally dis-
tributed log-returns, which is a prerequisite for GBM. Thus, the simula-
tions were applied for EEF3 and EEF4. 1000 simulations were run, and the
results were used to calculate the VaR for 2070. The distribution of returns
for 2070 were retrieved, and the quantiles and mean value calculated. The
95th quantile was used to determine the 95 %-VaR in 2070, which was equal
to 5.6 MSEK for EEF3 and 0.9 MSEK for EEF4, implying a total cost of 56.3
MSEK and 2.0 MSEK for the respective EEF in 2070. This can be compared
to the cost escalations estimated by SKB for 2070, which are 49.9 MSEK and
1.3 MSEK for EEF3 and EEF4, respectively. The difference corresponds to
about 12 % for EEF3 and 41 % for EEF4. The purpose of the simulation
was to obtain results that can serve as a basis for further analysis, such as
VaR. The computed VaR can in the same way be computed for any year
between the simulated period 2016-2070.

6.1 Limitations and suggestions for future re-
search

Attempts were made to contact relevant persons at SKL to investigate how
the parameters such as wage growth and inflation were computed or es-
timated. Though, these attempts remained unsuccessful. Although, even
if some information would be retrieved, the time horizon may be against
the goal of the study. The forecasts in which these parameters are used
only extends five years into the future, which is too short for the purpose
of the study. Yet, it remains unknown whether the methodology used for
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the production of the parameters could have been exploited to produce pa-
rameters for longer time horizons. For future research, it could be useful
to investigate this matter further.

More countries and industries both nationally and internationally
could have been investigated. Yet again, for limitations of time, this was
not possible. In addition, several persons, companies and authorities that
were contacted could not provide the demanded information or did not
respond.

Concerning the NIER model calculations, evidently, the number of pos-
sible scenarios is infinite, even if only the change of two parameters are
considered. Even negative productivity growths are possible, however un-
likely it may seem. Though, in this study, intuitive plausible productivity
growth values have been considered. In addition, the figures are to some
extent based on the historical values of the productivity growth in the ser-
vices sector and construction industry, respectively. One of the reasons
for this is that more thorough investigations would be required to obtain
more realistic estimates of productivity growths. This would have been
time consuming and extends beyond the scope of the study. The main pur-
pose of the study is to present the methodology and method to make the
estimations. The figures can be adjusted afterwards without any impedi-
ments.

As was briefly discussed previously, one of the limitations of the GBM
is that it considers the volatility to remain constant. Therefore, a suggestion
for future research is the implementation of alternative stochastic models
to the GBM, such as the Merton Jump Diffusion Stochastic Process, or the
Heston Stochastic Volatility Process.

Finally, only EEF1 and EEF2 have been modified, as NIER’s model
could not be applied to other EEF’s. However, these two aggregates are
the largest in terms of costs and can be regarded as the most important. In
addition, EEF3 and EEF4 were subject to the Monte Carlo method. These
are the largest EEF’s in terms of costs after EEF1 and EEF2.
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Appendix A

Python code

For questions regarding the code, contact André Ramirez (ramir@kth.se).
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Appendix B

EEF forecasts

Figure B.1: Graph of EEF1 forecast of remaining scenarios.
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68 APPENDIX B. EEF FORECASTS

Figure B.2: Graph of EEF2 forecast of remaining scenarios.
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