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Abstract

Large flat land surfaces, where direct normal irradiance (DNI) is high enough for concentrating solar power (CSP), are scarce in
Europe. Floating offshore solar power plants in the Mediterranean Sea could increase the European solar power resources
significantly. In this paper a solar collector platform design is investigated, where individual platform segments are supported by
several air chambers, which are formed by cylindrical flexible membrane skirts. This paper is focused on the optical performance
of the collector platform which is simulated in a dynamic model. Two types of concentrators are considered: (1) Parabolic
Trough Collectors and (2) Pneumatic Pre-Stressed Solar Concentrators. From experimental data gained from a 4x4 m physical
model, we have obtained the general characteristics of the platform. Using wave data of the Mediterranean Sea, the motion of the
platform in different sea states is calculated. The dependency of the concentrator system on the angle of incident, which is in this
case also a function of the platform motion due to ocean waves, is obtained from ray tracing. Solar irradiance is derived from
satellite data and also included in the model. Combining all these data in one dynamic model, the achievable optical performance
of a floating offshore solar power plant is calculated as a function of time and location.
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1. Introduction

Concentrating Solar Power (CSP) requires large flat areas with high direct normal irradiance (DNI). This type of
landscape is scarce in Europe. If the ocean surface in the Mediterranean Sea could be used for solar power
generation, Europe’s solar power resources could be increased significantly. Building solar power plants offshore
offers two technical advantages. First sun-tracking around a vertical axis can be implemented easily. This simplifies
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(a) (b)

Fig. 1. (a) Conceptual design with four solar fields (b) Physical model of one solar field

the requirements for the concentrator systems and avoids shading between collector rows. By revolving the entire
platform around a vertical axis, a tracking system for each collector row is not required. Secondly unlimited cooling
water is available, which can increase the efficiency of the thermodynamic cycle. These two advantages could lead
to a cost reduction compared to land based systems and counterbalance the extra costs for going offshore. As a
challenge the platform has to withstand wave and wind forces, which lead to platform motion. Especially when CSP
is used on a floating platform, the motion has to be as small as possible in order to maintain focus of the
concentrators. Even small deflections of the platform would lead to a misalignment of the mirrors to the sun [1].

To keep electricity production costs competitive, the platform design itself has to be cost efficient. For the
conceptual design, which is investigated in this paper, this is achieved by building the collector fields as a
lightweight structure on several air chambers, which are formed by cylindrical flexible membrane skirts. The air
cushions provide the required buoyancy and decrease the wave excitation of the platform. Weights are fixed to the
bottom end of the skirts to stabilize the membranes and guarantee for air tightness. The collector fields are connected
to a power island, on which the steam turbine, condenser, auxiliary equipment and optional heat storage are located.
Fig. 1 (a) shows a design drawing of the platform concept.

In this paper a model is presented, which calculates the optical efficiency of this platform design for a given
location and time.

2. Model setup

The goal of the presented model is the combination of different data sets and mathematical models to calculate
the achievable power output. The platform motion at different sea states is described by experimental data, the
environmental conditions at the Mediterranean Sea is gained from satellite data and a wave atlas. The optical
behavior of the concentrator systems under the influence of platform motion is investigated by ray tracing.

2.1. Environmental conditions

The weather conditions at the installation site of a solar power plant are crucial for the power output. For the
performance of an offshore solar power plant two parameters are very important: Solar irradiation and the sea state.
Until now CSP plants were only designed for onshore usage. Therefore detailed direct solar irradiance (DNI) data is
only available for onshore locations. Feasible DNI data for the Mediterranean Sea in this project are derived from
the surface solar irradiance dataset from [2]. This dataset is based on the International Satellite Cloud Climatology
Project (ISCCP) and contains daily mean values of global horizontal irradiance (GHI) for the entire world in a 0.5



2464 C. Diendortfer et al. / Energy Procedia 49 (2014) 2462 — 2471

(Czech Republic

S Alstria o

Romania

'wmam
3 =il

Tunisle

| |
1000 1500 2000

Fig. 2. Direct normal irradiance in kWh/m’a for the Mediterranean region

degree resolution for the time period from 1991 until 1993. More details about this data set and the method of
deriving GHI from the satellite data can be found in [3, 4, 5]. To get a better temporal resolution, hourly GHI values
are derived from the daily GHI values. This is done by using the model presented in [6]. The model calculates the
relationship between hourly and daily GHI as a function of day length, which is a function of location and time. The
model is not an exact process, but it will work best for clear days, and those are the days that will produce most
power output.

GHI is the sum of direct and diffuse irradiance. Only direct irradiance can be concentrated. Therefore DNI has to
be calculated from the GHI values. This is done by using the Direct Insolation Simulation Code (DISC) [7]. The
DISC model calculates the ideal clear sky irradiance for a given location at a given time and compares it with the
measured values. From this comparison DISC can estimate the atmospheric conditions at the measurement site and
calculates the DNI values using empirical formulas.

By combining these data and methods a data set is created, which contains hourly DNI values for the
Mediterranean region in a 0.5 degree resolution for a three year time period (1991 — 1993). Fig. 2 shows the mean
annual direct normal irradiation for the region of interest, derived from the created data set. One can see in Fig. 2
that the annual direct normal irradiation at offshore regions is higher than at most European land regions. The annual
direct normal irradiation of this data set was compared with data from HelioClim-3 [8], which can be found at [9].
The results match well for the region of interest.

The time variable sea state is another important factor for the performance of an offshore solar power plant.
Using wave data, which can be found in [10], the most probable sea states in the Mediterranean Sea can be derived.
In Fig. 3 one can see the data which was derived from the wave atlas. Fig. 3 (a) is a wave scatter diagram and shows
the frequency occurrence of sea states, which are defined by the significant wave height A, and mean wave period
T,.. In Fig. 3 (b) the frequency of occurrence of different wave directions is presented. 80% of the sea states have a
H; smaller than 2 m and a 7,, smaller than 6 s. The main wave direction is between 90° and 135°. In this paper
results for a sea state with H; = 2 m and T,, = 6 s, which should model typical operating conditions, and for a sea
state with H; =4 m and 7,, = 8 s are presented. H; =4 m and T,, = 8 s equate to storm conditions and only 3% of the
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Fig. 3. (a) Wave scatter diagram for Mediterranean Sea (b) Frequency of occurrence of wave directions in percent

sea states are worse than the one mentioned. DNI will be very low under storm conditions and therefore the
efficiency of the platform under these conditions will not have an impact to the overall performance. Nevertheless
this sea state is calculated with the developed model to investigate the platform’s behavior under severe conditions.

2.2. Platform motion

The main dimensions of the platform have been designed by a mathematical model, which is based on methods
described in [11] and calculates the average and the maximum response of a platform design to typical
Mediterranean Sea states. Several designs of different dimensions were created and investigated by this model. It
was learned that the skirt diameter is the most important design parameter. A physical model of the most promising
design, shown in Fig. 1 (b), was built and tested at Vienna Model Basin. Three sets of measurements for 0°, 22.5°
and 45° wave heading were performed. Each set contains 10 regular wave frequency measurements. From the
regular wave measurements the response amplitude operators (RAOs) [12] of the platform were gained. The RAOs
are basically the frequency responses of the platform and characterize the platform motion in ocean waves. The
RAOs are complex numbers, which describe the ratio between ocean wave amplitude and the platform response
amplitude and the phase shift between the wave and the response signal.

RAOs for the six degrees of freedom and three deformation modes of the platform were gained from the
measurements. Only the rotational degrees of freedom are considered in the model, as the translational degrees of
freedom have no influence on the power plant performance. Fig. 4 shows the definition of the three rotational
degrees of freedom and the deformation modes. X-direction is defined parallel to the absorber tube axis.
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Fig. 4. Rotational degrees of freedom and deformation modes
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To calculate the platform motion under ocean wave influence, a random wave signal is generated. First a
JONSWAP energy density spectrum S(f) [13] as a function of wave frequency f for desired H and T,, is calculated.
Fig. 5 (a) shows an example of the rotational RAOs and a wave spectrum S(f) with a mean wave period of 6 s. One
can see in Fig.5 that the RAOs are small at the frequency where the wave spectrum has its energy peak. This will
result in a very low platform response. The energy density spectrum is converted to a wave height spectrum H(f) by
equation (1) [12] where Af'is the bandwidth of the discretization.

H(/)=2-{2-5())-&f (M

As the phase angles between the motion in the rotational degrees of freedom and deformation modes are
important, random phase angles 6 are generated for each Fourier component of the time signal. By adding the phase
angles to H(f) a random wave signal is defined, which has the desired spectral parameters. The phase angles are
added according to equation (2).

H(/)=H(/)-¢* 2

The complex height spectrum H(f) of the wave signal is multiplied with the RAOs to obtain the complex
response height spectra Hg(f). For each degree of freedom and deformation mode a response height spectrum is
calculated. From the complex response height spectra the platform motion in the time domain can be derived by
equation (3).

H(f,)
n(t=, = cosQRrft+0,,) 3)

In equation (3) n(t) is the platform deflection for the considered degree of freedom or deformation mode at the
time ¢, f, is the frequency, and 6, is the response phase angle of the Fourier component n. Fig. 5 (b) presents an
example of the model process. It is a cutout of a pitch motion signal of the platform and the corresponding water
elevation. The motion of the degrees of freedoms and deformation modes are superposed to get the total platform
motion.
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Fig. 5. (a) Rotational RAOs and wave spectrum (T,, = 6s) (b) Water elevation and pitch motion



C. Diendorfer et al. / Energy Procedia 49 (2014) 2462 — 2471

2.3. Concentrator system

The efficiency of solar concentrators depends highly on the correct alignment of the concentrators to the sun.
Usually the misalignment is small and results from manufacturing and installation imprecision. On an offshore
power plant additional misalignment results from platform motion. Currently two types of concentrators are
considered to be installed on an offshore platform: Conventional Parabolic Trough Concentrators (PTC) and
Pneumatic Pre-stressed Concentrators (PPC). Pneumatic Pre-stressed Concentrators are air filled tubes with two
chambers, which are divided by a mirror foil. By setting the correct pressure ratio between the two chambers, the
mirror foil gets a circular shape and concentrates the incoming sun light to the absorber tube. PPCs are a light
weight construction, which is a major advantage for offshore platforms. On the other hand side the efficiency of
PPCs is slightly smaller than for PTC, which results from the circular mirror shape instead of a parabolic. As
reference design for PTC system the EuroTrough collector [14] is selected. The geometry for the PPC system is
based on the design presented in [15] and scaled to an aperture width of 5.77 m, for better comparability with the
PTC system.

For both systems the optical efficiency #,, is calculated. The optical efficiency includes reflection losses of the
mirror, transmission losses of the absorber glass envelope, the absorbance of the receiver, end losses and geometry
errors. All used values can be found in [16]. For PPC additionally transmission losses from the upper transparent
foil are included. As some of these losses depend on the angle of incident, the platform motion is already partially
included in the optical efficiency. The main influence of platform motion is included in the cosine loss and the
intercept factor. For a horizontal land based system with vertical tracking, the cosine loss only depends on the solar
elevation angle. For a floating offshore platform the cosine loss results from the superposition of the solar elevation
angle and the platform’s pitch angle. The intercept factor y is defined as

,Y — nreceiver (4)
ntotal

Where Neceiver 1S the number of rays hitting the absorber and nyy, is the number of rays reflected by the mirror. Fig. 6
shows the dependency of the intercept factor on the transversal angle of incident for several PTC and PPC
geometries. The design, which is displayed with the bold red line, is used in the presented model. The ray tracing
model which was used to calculate the intercept factors is described in [1].

Intercept Factor

Transversal Angle of Incident in deg Transversal Angle of Incident in deg
(2) (b)
Fig. 6. Dependency of the Intercept factor for (a) PTC and (b) PPC designs to the transversal angle of incident. [1]
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2.4. Efficiency calculation

To calculate the platform’s efficiency for a specific date and location, the sun’s path for this time period and
location is calculated using formulas found in [6]. By combining the platform motion with the concentrator model
and the sun position, the efficiency of the platform can be calculated. The platform is discretized into 10x10
elements. For each time step the normal vector of each element is calculated and transformed from a local
coordinate system to a global South-East-Upwards coordinate system. The transformation from the local coordinate
system to the global coordinate system is done by the usage of Euler angles. Euler angles work well in the current
case, as the deflection from the neutral position is small. In Fig. 7 the discretized platform and the normal vectors for
one time step are shown. Red areas are deflected upwards and blue areas are deflected downwards from the neutral
position.

From the sun’s elevation angle o, and azimuth angle v, a vector pointing towards the sun can be calculated for
each time step using equation (5).

cosa, cosy,
n, =| —cosa, siny, (5)

s

sina,

The angle between the element’s normal vector and the sun vector ng equals the angle of incident ®; in the
concentrator model. The angle of incident is calculated for each platform element. For the calculation of the
intercept factor the transversal angle of incident has to be used. It is calculated in a local coordinate system, in which
the absorber axis defines the x-direction and the normal vector of the platform element defines the z-direction. The
y-direction is derived from the cross product of the x and y axis. The solar radiation per square meter aperture area
qaps, Which is absorbed from the absorber tube, is calculated according to equation (6).

qabs = DNI'COS@S 'IAM'nopt e (6)
In equation (6) DNI is the direct normal irradiance in W/m?® and IAM is the Incident Angle Modifier. As all

discrete elements of the platform have the same size, the average radiation for the entire platform is calculated for
each time step. Then the average irradiation at the absorber per hour is calculated, which is the output of the model.

100

150 150

Fig. 7. Discretized platform and normal vectors. Red areas are deflected upwards, blue areas are deflected downwards from neutral position
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3. Results

The results presented in this paper are calculated for June, 21* at a location in the Mediterranean Sea south of
Malaga, Spain for wave spectra with the parameters H; = 2 m, T,, = 6 s (typical operating conditions) and H, = 4 m,
T, = 8 s (storm conditions). All time values presented are in local time and not in solar time. The wave heading is
varied from 0° (North) to 90° (East) in 22.5° steps. Due to the symmetry of the square platform, this covers all
possible wave directions.

The wave direction has an influence on the platform efficiency, as the platform rotates around a vertical axis over
the day in order to follow the sun. For wave directions of 0° and 180° the main motion of the platform at solar noon
would be a pitch motion. When the platform is pitched towards the sun, the cosine and end losses are decreased.
When the platform is pitched in the other direction, cosine and end losses are increased. As the average position of
the platform is horizontal, a pitch motion has no influence on the performance. For wave directions of 90° and 270°
the platform would fulfill a roll motion at solar noon. The roll motion has an influence on the transversal angle of
incident and therefore on the intercept factor. Misalignments in transversal direction sum up independently of their
direction.

Fig. 8 shows the efficiency of the two investigated concentrator designs for operating and storm conditions. The
efficiency is defined as the ratio between the actual amount of energy absorbed by the collector tubes and the solar
energy arriving at the mirrors. By multiplying the efficiency with the DNI values, the energy which is transferred to
the heat transfer fluid in the absorber tubes can be calculated. For comparison with the floating platform an ideal
platform is calculated, which does not fulfill any motions due to wave excitation. It only rotates around a vertical
axis to track the sun. This platform is called “land based” system in Fig. 8.
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Fig. 8. Efficiencies of a PTC and a PPC platform located south of Malaga, Spain on June, 21* for different wave directions
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The platform is designed in a way, that responses to typical waves during operating conditions are as small as
possible. Therefore platform motions due to wave excitation have almost no influence on the overall performance of
the system. Under storm conditions the performance of the floating systems is slightly lower than that of the land
based system. Under operating conditions the influence of the wave heading is almost not visible. The influence of
the wave direction can be seen for stormy conditions, but as DNI is usually low during stormy weather the influence
of the wave direction can be neglected in further investigations.

4. Conclusion

In this paper the influence of sea wave excitation on the performance of floating offshore solar power plants is
investigated. The avoidance of platform motion is essential for an economic platform design, as the efficiency of
solar concentrators decreases significantly for even small misalignments [1]. Therefore a platform design was
developed, which reduces the platform response to wave excitation to a minimum. It is demonstrated that wave
motion and direction have theoretically an influence on the performance, but as the effect is very small for the
presented design, we conclude that it can be neglected in further investigations. The performance is a function of the
time depending sea state. In typical operating conditions platform motion due to wave excitation has an insignificant
influence on the performance, which gives proof of an appropriate platform design. In rougher sea states the
influence increases, but as DNI usually decreases in stormy weather conditions, the performance loss compared to
land based systems will be small. From the analysis presented in this paper it can be concluded that from a technical
point of view floating offshore solar power plants may be a feasible contribution to Europe’s power supply. The
floating stability of the presented platform design has been validated both numerically and experimentally and the
performance impact for going offshore is small.

As the conceptual design of the platform is now validated, further investigations seem appropriate. In the next
steps detailed questions concerning the designs of the power island and of the platforms will be analyzed. Capex,
operation and maintenance are key factors. For the concentration system PPC is prioritized, as it promises automatic
alignment, low cost and better protection against saline environment. Concerning Capex, first detailed calculations
based on the finite element method yielded that there is a justified hope that the area weight of PPC concentrator
platforms can be kept below 50kg/m2.
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