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Abstract—In order to accurately reflect the cost estimates
of lift-force Wave Energy Converters (WECs), a parametric
cost model is developed. The definition, establishment and
description of the parametric cost model is the purpose
of the present article. The parameters of the cost model
include the costs of developing and consenting, of the
wave energy converter, of the balance of plant, of the
installation and commissioning, and of decommissioning.
To carry out the initial techno-economic analysis, the
widely used parameters Capital Expenditures (CAPEX) and
Operational Expenditures (OPEX) will be utilised and an
economic modelling framework is suggested to carry out
the assessment. For this purpose, the parametric cost model
will be incorporated in the Danish COE Calculation Tool,
which is a transparent and simple Excel-based software,
free-to-download, that since 2014 has assisted many users
in estimating the cost of energy of a wave energy device
when operating at different locations. A description of
the added capabilities and updates of the Tool will also
be described in the article. Lastly, an example of the
application of the Tool to three different configurations of
the LiftWEC concept, where the parametric cost model is
used, is presented.

Index Terms—CAPEX, OPEX, wave energy, lift-force
based wave energy converters, LIfWEC, economic mod-
elling, the COE Calculation Tool.

I. INTRODUCTION

AVE energy is a very promising renewable en-
ergy source. The resource is very large and its
power output is more predictable and less variable
than that of wind and solar. Wave energy is making
continuous progress towards commercialisation, how-
ever and in comparison to wind energy — where the
Danish 3-blade wind turbine has been largely accepted
and commercialised — the wave energy sector is charac-
terised by a large number of different technologies and
working principles proposed to harness the energy in
the waves. This is maybe one of the main differences
between the developments of wave and offshore wind
[1].
In this context, the development of a new type of
Wave Energy Converter (WEC) based on a new work-
ing principle has received funding from the European
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Union’s Horizon 2020 research and innovation pro-
gramme [2]. During the project the working principle
and the economic and technical feasibility of lift-based
wave energy converters will be investigated, and, if
possible, bring forward one or more lift-based WEC
concepts from TRL 1 to TRL 3/4.

Some limitations in the design space have been
defined to develop the LiftWEC concepts. The primary
coupling mechanism to extract energy from the waves
is through lift-forces generated by one or more hydro-
foils (as shown in Fig. 1) that rotate in a single direction
about one or more horizontal axes aligned orthogonal
to the mean direction of wave propagation [3]. And the
energy extracted is to be converted to electricity to be
supplied at grid-scale through an underwater seabed
cable .

Fig. 1. Example of a Continuous Rotational Hydrofoil Concept [3].

Under this project scope, the authors of this article
are working on estimating the costs of the different
LiftWEC configurations and thereby, evaluating the
economic viability of the concepts. As a first step, a
publicly available cost database has been compiled [4].
It defines the main cost centres of a WEC and gath-
ers typical structural and operation and maintenance
costs of WECs (e.g. development and consenting costs,
balance of plant costs, installation and commissioning
costs, etc.). The cost database is to be updated con-
tinuously and ultimately, it should provide a sound
overview of actual data representative for the wave
energy sector.

After reviewing different economic models typically
used in the wave energy sector and for offshore wind
energy, a parametric cost-model that fulfils the purpose
of the techno-economic analysis is proposed in this
work. Then, the COE Calculation Tool is presented
and it is also extended and updated to accommodate
the main cost-centres identified in the parametric cost
model. The applicability of the parametric cost model
and the COE Calculation Tool is illustrated through a
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user case where three different configurations of the
LiftWEC concept are presented.

II. METHODOLOGY

The proposed methodology to define and apply a
parametric cost model for the techno-economic assess-
ment of a wave energy device is presented in this
section. The first step is to review the typical cost
models utilised by the wave and the offshore wind
energy sector. Then, a parametric cost model that takes
into account all relevant cost centres is suggested.
Afterwards, the COE Calculation Tool is presented,
which allows to compute the parametric cost model for
a specific device at a specific development site. Finally,
the necessary updates to the Tool to accommodate
for the parametric cost model and to improve it are
addressed.

A. Parametric cost model

Many different cost models are found in the litera-
ture to compute the economic modelling of a renewable
energy project [5]-[11]. They are all based on the
knowledge of the capital (CAPEX) and operational
(OPEX) expenditures of a given project, its annual
energy output and a factor that takes into account the
change of the value of a cash flow throughout the
project lifetime. Based on [7] a further parametrisation
step is performed in this work in order to evaluate
the different Lift WEC concepts within the LiftWEC
project [12].

From [7], the LCoE of a wave energy project is
calculated using the following relation:

CAPEX + ZN OPEX(t)

o (1+r)t
LCOE — e (1)

t=1 ([A+r)t
where N stands for the project lifetime, CAPEX
stands for capital expenditure, OPE X (t) stands for the
operational expenditure at year ¢, AEP(t) stands for
the annual energy production at year ¢ and r stands
for the discount rate.

The CAPEX value is further developed in order to
consider the different factors that influence the cost,
utlimately enabling the differentiation and comparison
of different Lift WEC concepts. The CAPEX value is
divided according to the different cost centres defined
in [4]:

CAPEX = CD&C+CWEC+CBOP+CI'ILSt+ODeCO7n (2)

where Cpgc stands for Development and consenting
costs, Cwgc stands for WEC (Wave enerqy converter)
structure and prime mover costs, Cg,p stands for Balance
of plant costs, Crps stands for Installation and commis-
sioning costs and Cpecom stands for Decommissioning
costs.

For the LiftWEC project, the development and con-
senting costs will most likely be independent of the
concept investigated as each concept will be devel-
oped simultaneously. Environmental studies, resource

monitoring and certification will need to be performed
whichever concept is chosen.

The wave energy converter (WEC) cost will differ
from each concept. This cost can be expanded further:

K M
Cwec = Z cim; + Z Control; 3)

i=1 j=1

where ¢; is the cost of material 7, m; is the mass of ma-
terial 4, K is the total number of materials constituting
the WEC, M is the total number of control systems
and Control; is the cost associated with the type j of
control (instrumentation and control).

The balance of plant costs includes the Power Take-
Off (PTO) costs (Cpr0), the station keeping costs (Cyx)
and the electrical connections costs (Cgj.con). It can be
expressed as:

Cgor = Cpro + Csk + CEi.con 4)

The Cpro will vary depending on the PTO chosen
and the Csi will vary depending on the foundation
type or the mooring type if a floating solution is cho-
sen. C'sx can also be taken as the sum of all materials
multiplied by their cost and that way being integrated
in the first term of Equation (3). Cg.con is assumed to
be the same whichever concept is investigated.

According to [4], the decommissioning costs can be
expressed as a fraction of CAPEX and also as a fraction
of the installation and commissioning costs, resulting
into:

Crnst = 0.13CAPEX (5)
Checom = 0.1CAPEX (6)

The decommissioning costs as a function of the
installation and commissioning costs are then:

CDECO’H’L = 0-77CInst (7)

Hence, Equation (1) can be rewritten:

OD&C + C(PTO + OElcon + 1-77017Lst
N AEP()
t=1"(1+r)"
Efil cim; + Z;VI , Control;
+ N ABP()
Zt 1 (1+4r)t

LCoFE =

N OPEX(t)
t=1 (1+r)t
ZN AEP(t) ®)
t=1 (1+4r)?

B. The COE Calculation Tool

The COE Calculation Tool was developed in 2014
as a simple and transparent software to evaluate the
economic feasibility of wave energy converters [13].
Commissioned by Energinet (the Danish Transmission
System Operator) and developed by Consulting En-
gineer Julia F. Chozas and the Department of Civil
Engineering at Aalborg University (now Department of
the Built Environment), it has always been conceived
as an open-access tool, which can eventually help in
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Fig. 2. Front-end of the COE Calculation Tool - numbers shown do not represent any WEC and are for illustration purposes only. Yellow
cells indicate default values and green cells user-input values

the development of wave energy by contributing to relevant locations for wave energy deployments.
open talks with key stakeholders, investors, politicians, « It includes the unique feature of scaling the WEC
academia and the general public. The tool has been according to locations.
largely used in Denmark and abroad, reaching more « It focuses on input values rather on the outputs:
than 5000 number of downloads since its release. it is conceived as an exercise for developers.
Overall, the COE Calculation tool has the following » The Tool comes together with a detailed user guide
characteristics: where all the assumptions, as well as input and
output values are explained in detail. A quick-start
o It is an open-access economic calculation tool that user guide is also available [13].
can be freely-downloaded from the Internet [13].
o It uses broadly-known software: Excel. 1) Main Features of the COE Calculation Tool: The
o It includes default values for efficiencies and  spreadsheet is based on a reference machine (i.e. a
prices. wave energy converter), which provides the core in-
o It is simple and transparent: it promotes the un-  formation of all calculations. This reference machine
derstanding of the calculation steps and results. can be freely set (as shown on the left hand side of
o It focuses on power production values instead of  Fig. 2). All input data such as main dimensions, weight,
on installed capacity. minimum and maximum operative wave heights, rated

o It can evaluate the COE/LCOE in a range of power, conversion system type and efficiency, and val-
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ues for the different cost and materials shall be based
on the same machine.

Power production data from the converter may de-
rive from laboratory testing, numerical modelling or
from sea trials. Input values for the power production
can be in the form of mean absorbed power in a
number of sea states (normally applicable in laboratory
testing), in the form of a power matrix, or as a single
value (i.e. the annual energy production). This latter
option has been included in the ongoing update of the
Tool.

When energy production is provided as the wave
absorption efficiency of the WEC in a number (usually
5) of wave standard sea conditions, the WEC’s per-
formance in the wave states are extrapolated into 96
wave states; thus, creating a power matrix of the WEC
in terms of absorbed power. This eventually provides
a smoother foundation for scaling.

When energy production is provided in the form
of a power matrix, the user shall indicate whether
the power matrix corresponds to energy absorbed or
electricity generation. If data refers to energy absorbed,
the Tool calculates the corresponding electricity pro-
duction. The worksheet includes default values for
PTO and generator efficiencies. Users can either use
these default values or enter their own. The user shall
also indicate the location where the power matrix refers
to (as shown in Fig. 2, these input data are inserted on
the left-hand side of the Tool).

Then, the annual energy production of the single
machine is calculated by multiplying the power matrix
(either given by the user or derived by the Tool) by the
scatter diagram of the selected location, which can be
either chosen from the Tool’s database or directly input
by the user in the form of a scatter diagram.

If the user lacks both a power matrix of the WEC
and the wave absorption efficiency, it can choose to
provide the AEP as a single value. In this case and only
for information purposes, it is desired to also input
the mean wave power (in units kW /m) at the location
where the AEP has been estimated at.

On the economic side of the Tool, a number of
referenced costs on structure materials, PTO systems,
power electronics, O&M activities, site lease, warranty
and insurance, are included in the Tool (Fig. 2, right-
hand side). These have been recently updated through
an extensive work looking into current and projected
typical costs found by the wave energy sector [4]. It
is however recommended that these default values are
only used on projects at an early development stage
when cost data is scarce.

Then, the output of the COE Calculation Tool is a
brief economic assessment of the single machine that
includes project estimates of CapEx, OpEx, LCoE, Net
Present Value (NPV) and revenue (for a given feed-
in tariff, FIT) of the converter at a specific location
(Fig. 2, left-hand side). The LCoE is given for three
discount rates. Two of them are default values (r=0%
and r=4%, the latter value has been recommended for
Danish projects) and the third can be set-up by the user.

Output results also include the estimated AEP, ca-
pacity factor, maximum output power and wave-to-

wire efficiency of the WEC. The uncertainties asso-
ciated to the output results are also shown, which
vary depending on the WEC development stage. Also,
a graph illustrating WEC’s absorbed power for the
different wave heights and wave periods at the chosen
deployment location is presented (Fig. 2, top right-
hand side of the Tool). An output A4-page sheet has
been incorporated in the Tool, which shall enable a
clear overview of output results and eventual compar-
ison of WECs or designs of the same concept.

To a large extent, the main motivation of further
developing a common and accepted COE Calculation
Tool is to make economic calculations transparent and
comparable among various WECs or different WEC
stages. While calculations to estimate the cost of energy
of a WEC are already carried out by most device
developers, they are often based on assumptions and
methods that are not clearly specified, making results
somehow incomparable and non-transparent. More-
over, the complexity of calculations can vary a lot.
Overall, the COE calculation tool aims at examining
the economic feasibility of wave energy projects in a
transparent, homogeneous, simple and comparable ap-
proach. With this purpose in mind, in the next section
a User Case is presented aiming at exemplifying the
use of the COE Calculation Tool for three different
possible configurations of the LiftWEC concept, and
their subsequent comparison.

III. USER CASE

Three different Lift WEC concepts are introduced in
this section and a preliminary economic assessment of
each of them is performed using the parametric cost
model presented in Section II-A.

In all concepts the hydrofoils are identical. Their
profile is a NACA 0012 with a chord length of 3 m
as depicted in Fig. 3. A hydrofoil span of 30 m is
considered. More details on the structural design con-
siderations can be found in [14], [15]. Each LiftWEC
concept is designed with two hydrofoils, and the total
mass of the two hydrofoils is 142 tonnes.

The main structure is identical in all concepts. It
namely consists of the hydrofoils, a centrally rotating
shaft that drives the power take-off mechanism, and
two lateral supports, at the end of the shaft, that
connect the shaft to the hydrofoils. The total mass of
this main structure is 260 tonnes.

c=3m

Fig. 3. Cross-section of the hydrofoils for the Lift WEC concepts (from
[14]).

In all cases, the deployment location is the same.
The coordinates at the chosen location are 47.84° N,
4.83° W corresponding to somewhere off the North
Atlantic coast of France close to Quimper. The water
depth at the deployment location is 50 m, distance to
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shore about 10 km and the wave resource is estimated
at 40 kW/m.

The main characteristics that are identical for all
concepts are detailed in Table I. We note that the
dimensions presented in the table are for illustrative
purposes only, and that these dimensions might be
refined in subsequent stages of the design process.

TABLE 1
COMMON CHARACTERISTICS FOR ALL LIFTWEC
CONCEPTS
Characteristic Unit
Radius of the rotor 3 m
Hydrofoil span 30 m
Number of hydrofoils 2 -

Material Offshore steel -
Water depth 50 m

Mass of the main structure 260 tonnes

A. LiftWEC concept 1

In the first concept the rotor is connected at both
ends to a bracket substructure with bearings. The
bracket structure is fixed to the seabed by means of
a monopile structure as shown in Fig. 4. The monopile
is a hollow structure of 53 m height where one third
of its height is embedded in the seabed. The main
characteristics of the concept are described in Table II.

TABLE 1II
CHARACTERISTICS FOR LIFTWEC CONCEPT 1

Characteristic Unit

Station keeping type
Station keeping mass 734

Monopile -
tonnes

TABLE III
CHARACTERISTICS FOR LIFTWEC CONCEPT 2

Characteristic Unit

Station keeping type  v-frame -

Station keeping mass 500 tonnes

Fig. 5. Illustration of concept 2 where the rotor is fixed to the seabed
at both ends by means of a v-frame structure (from [14]).

C. LiftWEC concept 3

For the third concept, the rotor is attached at both
ends to a bracket substructure, which is supported by
a floater as shown in Fig. 6. The floater consists of three
hollow cylinders connected by solid rods. The main
characteristics of the concept are described in Table IV.

TABLE IV
CHARACTERISTICS FOR LIFTWEC CONCEPT
3

Characteristic Unit

Station keeping type  Floater -

Station keeping mass 276 tonnes

Fig. 4. Illustration of concept 1 where the rotor is fixed to the seabed
by means of a monopile (from [14]).

B. LiftWEC concept 2

In the second concept the rotor is fixed at both ends
to the seabed by means of a v-frame structure as shown
in Fig. 5. The v-frame is composed of solid bar of 1 m
in diameter. The main characteristics of the concept are
described in Table III.

Fig. 6. Illustration of concept 3 where the whole structure is floating
and moored to the seabed (from [14]).

D. Economic comparison

Since the active part of the three concepts is identical,
it is fair to assume that all concepts will yield the same
AEP. In principle, concept 3 could lead to higher en-
ergy production since it is not fixed to the seabed and
has the possibility of weather vanning to optimize the
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orientation of the device with regards to the incoming
waves. For the purpose of this work, the AEP is fixed
to a common value for all concepts.

In the same way, the following cost centres of CAPEX
can be assumed to be the same: WEC structure and prime
mover costs (Cw gc), corresponding to 260 tons of steel
at 3400 EUR/ton according to [16], [17]; costs related to
the PTO (Cpro), estimated for a 500 kW rated power
mechanical PTO at 1000 EUR/kW according to [18];
costs of the generator, including power electronics and
basic control and instrumentation (E].Vil Control;), es-
timated for a 500 kW system at 230 EUR/kW according
to [19]; and the electrical connection costs, estimated
for establishing, including the installation, of a 10 km
electrical infrastructure at 150 EUR/m according to
[20]. Development and consenting costs are also assumed
to be the same for the three concepts. Literature shows
that they can typically be estimated as a fixed per-
centage of CAPEX [4]. Since CAPEX vary largely for
the three concepts, Cpg.c has been assumed as 6% of
CAPEX of Concept 2. Lastly, and to consider for the
unknown, 5% contingencies are considered for total
CAPEX. Table V summarises these costs.

The costs that are concept specific are the costs re-
lated to the station keeping of the system (monopile in
Concept 1, v-frame in Concept 2 and floating structure
in Concept 3), the installation costs and the decom-
missioning costs. In all cases the station keeping is
made of steel, which is assumed to have the same value
as presented above of 3,400 EUR/ton. The installation
and commissioning costs are divided into two cate-
gories. The first one relates to the pre-assembly and
transport of the WEC to site, which is assumed to be
the same for the three concepts (100,000 EUR). The
second category considers the installation on site. In
this exercise, the costs of installing on site of Concepts
1 and 2 is considered the same and are estimated to
be of 300,000 EUR; whereas Concept 3 is expected to
have a lower installation on site cost and is therefore
estimated to be of 100,000 EUR.

It is acknowledged that the installation procedure of
Concepts 1 and 2 will differ significantly. Concept 1
involves the installation of a steel monopile at 50 m
water depth. For this, conventional hydraulic impact
hammers could be utilised [21], whereas Concept 2
implies the installation of a v-frame with four anchor-
ing points, which involves the use of anchors, such as
suction piles, driven piles, gravity base or any other
anchoring technology suitable for the installation site
[22]. However, in terms of costs it is estimated that both
installation procedures will be more expensive than a
installing a floating structure as in Concept 3.

As addressed in section II-A Decommissioning costs
are proportional to Installation costs, and hence concept
specific. Table VI summarises the concept specific costs,
which can also be visualised in Fig. 7.

The Operational Expenditures (OPEX) are divided
into two categories: the costs of the site lease and
insurance, which can be assumed to be the same for
the three concepts, and the operation and maintenance
costs. These are concept dependent and vary depend-
ing on whether it is a floating or a submerged structure.

25001 = Concept 1

Concept 2

B Concept 3
2000

15004

Cost [KEUR]

1000+

5004

Total installation

0,
Station keeping Decommissioning

Fig. 7. Differences in station keeping costs, total installation costs
and decommissioning cost for the three concepts evaluated.

Ultimately, during the LiftWEC project, O&M costs
will be provided by another work package within the
project consortium. As the coupling between the two
tools (i.e. the O&M Tool and the COE Calculation
Tool) has not been performed yet, a preliminary lit-
erature review has been carried out looking into the
different annual estimates of OPEX for gravity-based
tidal energy converters [23]; and estimates are on
the same order of magnitude than expected OPEX for
tidal energy converters mounted on a monopile [24].
Accordingly, annual OPEX of 200,000 EUR/year have
been estimated for Concepts 1 and 2. For Concept 3,
annual OPEX are estimated at 100,000 EUR/year based
on annual OPEX estimates for a floating WEC [25].
In the three cases, estimates are considered conserva-
tive. Table VII summarises total CAPEX, annual OPEX
and total OPEX throughout the whole project lifetime
(estimated at 25 years) and at a discount rate of 5%
for the three concepts and Fig. 8 helps visualising the
difference in CAPEX and OPEX costs between the three
concepts.

70001 Em Concept 1
Concept 2
I Concept 3

6000
5000+
> I I l

CAPEX OPEX

Cost [KEUR]

N w &
o o o
o o o
o o o

o

Fig. 8. CAPEX and OPEX values for the three concepts evaluated.

IV. DISCUSSION OF RESULTS AND FURTHER WORK

CAPEX comparison for the three concepts indicates
that the largest portion of CAPEX is due to the station
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TABLE V
COMMON CAPITAL EXPENDITURES (CAPEX) FOR THE THREE
CONCEPTS
Cost center Unit
Development and consenting costs 426,000 EUR
WEC structure and prime mover 884,000 EUR
PTO system 500,000 EUR
Power electronics, control and instrumentation 115,000 EUR
Electrical Connection 1,500,000 EUR

TABLE VI
CONCEPT SPECIFIC CAPITAL EXPENDITURES (CAPEX)

Cost center Concept 1  Concept2  Concept 3  Unit
Station keeping 2,495,600 1,700,000 938,400 EUR
Total installation 400,000 400,000 200,000 EUR
Decommissioning 308,000 308,000 154,000 EUR

keeping costs (for Concepts 1 and 2) or the electrical
connection costs (for Concept 3), as illustrated in Fig. 9.

PTO, 13%

] Station

B Electrical keeping, 54%

Connections,
33%

Fig. 9. Concept 1 distribution of costs for the cost center Balance of
Plant.

Cost estimates related to the electrical infrastructure
(including installation) account for 1.5 MEUR. This
cost is rather indicative and aimed at fulfilling the
purpose of the exercise. It is expected that if a single
device is to be installed offshore, a test site where all
necessary infrastructure is in place will be chosen. The
installation of the electrical connection is economically-
feasible once a bigger project, like a wave farm, is built.

Therefore, it can be argued that the largest cost-
centre for each of the three concepts is the station
keeping part (i.e. accounting for 2.5 MEUR, 1.7 MEUR
and 0.9 MEUR, respectively). The main reason for these
high costs, specially in Concept 1 and 2, is the amount
of material used for it (i.e. 734 tonnes, 500 tonnes and
276 tonnes, respectively) and the type of material used
(offshore steel) with a unit price of 3400 EUR/ton. It
shall also be noted that no material nor costs optimisa-
tion has been included in this study. The possibilities
of building the structure in another materials such as
offshore concrete shall be evaluated in further work.

OPEX also differ a lot depending on the station
keeping type. OPEX for the floating concept (Concept

3) have been estimated as half the OPEX of the two
submerged concepts (Concept 1 and 2); which for the
25-year lifetime of the project accounts for a differ-
ence of 1.4 MEUR (discounted values). More precise
Operation & Maintenance values are needed to better
evaluate the OPEX related to submerged structures.
Overall, it is important to bear in mind that there
is some uncertainty behind all the calculations. At this
development stage of the Lift WEC concepts (Phase 1 of
Model Validation and TRL 2 of Professional Desk Stud-
ies), the uncertainty is evaluated at -30% to 40% [26].

V. CONCLUSION

A parametric cost model was defined within the
LiftWEC project in order to evaluate the economic
viability of the concept development from TRL 1 to
TRL 3/4. The whole idea is to use the parametric cost
model, presented in this work, to assist in the decision
making in the development process to optimise the
LiftWEC concept in terms of costs. This process was
illustrated in this work for three different preliminary
concepts of the Lift WEC. The main difference among
those three concepts was the station keeping prop-
erties: the first consisted of a monopile, the second
a v-frame structure and the last one was a floating
structure. It is important to note that no optimisation
in terms of material and costs has been performed
so far; the concepts presented were only used as an
example to showcase the parametric cost model and
the COE Calculation Tool used to obtain CAPEX and
OPEX values for the different concepts. Nevertheless,
the parametric cost model as embedded within the
COE Calculation Tool was shown to be a valuable
economic model to quantify the difference in costs
among concepts and to show where the higher costs
of each concept are born.
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TABLE VII
TOTAL CAPITAL EXPENDITURES (CAPEX) AND OPERATIONAL EXPENDITURES (OPEX) FOR EACH CONCEPT

Cost center Concept 1  Concept 2 Concept 3 Unit
Total CAPEX with 5% contingencies 6,960,000 6,125,000 4,950,000 EUR
Annual OPEX 200,000 200,000 100,000 EUR/year
Total OPEX over a 25-year lifetime, 5% discount rate 2,800,000 2,800,000 1,400,000 EUR
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