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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Over the past decades, different types of energy converters have been invented because wave energy is a renewable energy source 
with high potential for extraction of considerable clean energy. Many numerical and experimental tests have been conducted to 
calculate the power generation of ocean waves, and these tests have demonstrated the significance of this energy. In this paper, the 
hydrodynamic performance of a new energy converter called "Searaser" has been evaluated using numerical simulation to study 
different aspects of this energy converter. Since previous studies have found ocean wave energy converters excellent for 
implementation in the Caspian Sea, the aim of this study is to investigate its performance for that sea, so this study presents a 
numerical simulation of Searaser inside an experimental wave tank using commercial software Flow-3D. To model the motion of 
the energy converter, Reynolds Averaged Navier-Stokes was coupled with a volume-of-fluid (VOF) model to generate three-
dimensional numerical linear propagating waves for solving the fluid field. Grid independency was also carried out to determine 
the best mesh numbers for the original simulations. Finally, the Searaser hydrodynamic performance was numerically calculated 
for different wave heights, and some of the most important parameters of point absorbers were captured, including output flow rate 
in different seasons, extractable wave power, and output power. Accordingly, the obtained results indicate that the output flow rate 
and the power generation are significantly increased by incremental changes in wave height, and using this type of converter device 
has potential for practical and profitable use in industrial applications. 
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1. Introduction 

Energy consumption is increasing every year because of population growth. Since sources of fossil fuels are limited 
and are not considered to be clean energy, many countries have decided to generate more power from renewable 
energy such as that from ocean waves. Wave energy offers several benefits in comparison with other renewable 
energies, e.g., it is widely available, predictable, and represents higher energy densities that could produce more power 
with lower cost. Since many numerical techniques have been used to evaluate performance of different engineering 
applications like turbomachinery [1–5] and heat transfer [6–10], and these methods have demonstrated good 
agreement between numerical and experimental result, a numerical approach has been employed in this paper to 
simulate the motion of a novel energy convertor called "Searaser" for use in the Caspian Sea [11].  

So far, many numerical and experimental studies [12–15] of energy converters have been conducted, and some of 
them are briefly reviewed here. Generally, there are different types of wave-energy converter (WEC) systems, and 
WEC can be categorized into four groups: oscillating water column, overtopping device, attenuator, and point absorber 
[16]. Operation of the first type, the oscillating water column (OWC), is based on air compression and decompression. 
Recently, some theoretical optimization studies for spare buoys have been carried out [17, 18]. The best-known 
turbines for OWCs are Wells and Impulse turbines [19]. Falco et al. [20, 21] presented the comparison between a 
Wells turbine to a new bi-radial Impulse turbine. The second group, overtopping devices, utilize wave velocity for 
filling a reservoir located in a higher level than the ocean surface, then the water descends through low-head turbines 
to produce electricity. Some familiar examples of overtopping devices are the Wave Dragon [22], SSG [23] and the 
WaveCat [24]. The third group, attenuators, use floating buoys parallel to the wave direction connected to one another. 
Pelamis is a snake-like device that consists of cylindrical bodies connected together [25]. The last group, point 
absorbers, convert energy using buoys that capture the heaving motions of wave, the vertical motion of waves is used 
to compress gas or liquid that drives a power generator and produce electricity. Point absorbers can be further divided 
into single-body or multiple-body devices. Single-body point absorbers move through a fixed seabed and multiple-
body devices generate electricity by motion of two bodies [26]. Recently, many researchers are interested in 
minimizing the energy consumption and cost [27–30], which can be done some financial calculation for point 
absorbers as well. Although many studies have been conducted on these devices, using numerical simulation to 
measure hydro-acoustic of energy converters is preferred to avoid dangers to ocean animals. So far, many studies have 
used numerical technique to calculate the noise for a variety of engineering applications [31–34]. 

In 2013, a new OWEC named "Searaser" was invented [35]. It consists of a cylinder attached to a piston, which is 
forced upwards by the buoyancy force since it is floating on the water surface when the ocean waves approach the 
device. Afterward, the gravity force of body overcomes other forces such as dynamic forces and wall friction after 
passing waves, and it causes to move buoy downward gradually (see Fig. 1). This device employs the periodic motion 
of waves to pump the ocean water to higher level (on-shore) in order to store it in large ponds and generate electricity 
with a turbine and generator on demand. Searaser has many notable advantages which some of them are mentioned 
here. It offers some exceptional benefits compared with similar types on the market:  
 
 First, the price of components decreases because the components producing the electricity (turbine and generator) 

are separated from the Searasers, an advantage because generating electricity on the ocean surface requires special 
components to deal with corrosion; 

 Second, electricity produced by Searaser is obviously considered to be clean energy since there are no climate gas 
emissions involved (at least not after construction and installation);  

 As another benefit, it has a simpler design and uses cheaper components than other wave energy converters, making 
this invention somewhat special;  

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.07.101&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
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 Another advantage is that the output water from this device can be transferred to an area designated for offshore 
wind turbines and thereby help in creating a more effective area.  

 
In this study, the performance of Searaser in a wave tank was studied by solving Navier-Stokes equations using 

a commercial computational fluid dynamics (CFD) software package (Flow-3D), appropriate for numerical modelling 
of WEC, to solve the governing equations. Following this, the performance of a Searaser with geometric dimensions 
based on the data extracted from the patent was numerically evaluated for varied wave heights. Ultimately, the results 
demonstrate that power generation obviously increases by incrementing increases in wave heights. 
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Fig. 1. Schematic of different components of a Searaser. 

Nomenclature 

  angular velocity, rad/s 

GV  velocity of mass center, m/s 

F  total force, N 

m mass of the rigid body, kg 

GT  total torque about G, N∙m 

[J] moment of inertia tensor about G in a body proportional referenced system, kg∙m2 

aF  gravitational force 

hF  hydraulic force due to the pressure field and the wall shear forces on the moving body 

cF  net control force of the network that can be used for controlling and confining the rigid body motion 

ntF  non-inertial force when the rigid body moves in a non-inertial space system 

4 Author name / Energy Procedia 00 (2018) 000–000 

   fluid density (water in this case), kg/m3 

u  velocity of fluid, m/s 
Vf volume fraction 
Af area fractio 
p pressure, Pa 
  viscous stress tensor, Pa 
G  gravity, m/s2 
F fluid fraction 
A outlet area of flow from the Searaser, m2 
Q outlet volume flow rate, m3/s 

.
P  output power, W 
Hs wave height, m 
T wave period, s 
ρ water density, kg/m3 
g gravity, m/s2 
P extractable power, W/m 

2. Governing equations 

Flow-3D uses a unique technique named FAVOR to describe geometric objects in a computational domain, which is 
based on the concept of area fraction (AF) and volume fraction (VF) in a rectangular structured mesh. The VF is defined 
as the ratio of open volume to the total volume in a cell whereas three AF’s (AFR, AFB, AFT) are defined for three cell 
faces respectively in the direction of increasing cell-index as the ratio of the open area to the total area. This FAVOR 
technique works well with complex geometries by introducing the effects of AF and VF into the conservation equations 
of fluid flow. This technique has led to the successful development of a general moving object (GMO) capability which 
in principle permits the modelling of any type of rigid body motion (six degree of freedom, fixed axis and fixed point) on 
a fixed-mesh. This particular simulation is the application of this GMO model to a fixed axis dynamically coupled motion 
of WRASPA and Searaser. Solver calculates AF and VF at each time step, which describes object’s motion through a 
fixed-rectangular mesh. Hydraulic, gravitational, and control forces and torques are calculated and equations of motion for 
the rigid body are solved explicitly for translational and rotational velocities of moving objects under a coupled motion. 

2.1 Equations of movement (rigid body) 

In general, each motion of a rigid body can be divided into translational and rotational movements. The velocity of 
each single moving point is equal to the optional base point velocity plus the velocity that is originated from the 
rotation of the body around the base point. For movement in 6 degrees of freedom, the general moving object (GMO) 
model considers the mass center of the body (G) as the base point. The equations for 6 degree of freedom movement 
are divided into two separate following equations [36]: 

dt
VdmF G  (1) 

)]([][ 
 J

dt
dJTG

 (2) 

 
Total force and total torque are calculated as the summation of some different components as follow: 

 

intchg FFFFFF    (3) 
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2. Governing equations 

Flow-3D uses a unique technique named FAVOR to describe geometric objects in a computational domain, which is 
based on the concept of area fraction (AF) and volume fraction (VF) in a rectangular structured mesh. The VF is defined 
as the ratio of open volume to the total volume in a cell whereas three AF’s (AFR, AFB, AFT) are defined for three cell 
faces respectively in the direction of increasing cell-index as the ratio of the open area to the total area. This FAVOR 
technique works well with complex geometries by introducing the effects of AF and VF into the conservation equations 
of fluid flow. This technique has led to the successful development of a general moving object (GMO) capability which 
in principle permits the modelling of any type of rigid body motion (six degree of freedom, fixed axis and fixed point) on 
a fixed-mesh. This particular simulation is the application of this GMO model to a fixed axis dynamically coupled motion 
of WRASPA and Searaser. Solver calculates AF and VF at each time step, which describes object’s motion through a 
fixed-rectangular mesh. Hydraulic, gravitational, and control forces and torques are calculated and equations of motion for 
the rigid body are solved explicitly for translational and rotational velocities of moving objects under a coupled motion. 

2.1 Equations of movement (rigid body) 

In general, each motion of a rigid body can be divided into translational and rotational movements. The velocity of 
each single moving point is equal to the optional base point velocity plus the velocity that is originated from the 
rotation of the body around the base point. For movement in 6 degrees of freedom, the general moving object (GMO) 
model considers the mass center of the body (G) as the base point. The equations for 6 degree of freedom movement 
are divided into two separate following equations [36]: 
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Total force and total torque are calculated as the summation of some different components as follow: 
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In this case there is no ntF , so GT ,  gT , hT , cT and ntT are the total torque, gravitational torque, hydraulic torque, 
control torque and non-inertial torque, respectively, around the mass center of the rigid body. The continuity and 
momentum equations for a moving body and the relative transport are given by: 
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For coupling of the GMO’s motion, Eq. (1) and Eq. (2) should be solved at each time step, the situation of all the objects 

recorded, and the volume fraction updated using the FAVOR technique. 

3. Grid independency 

Grid examination is usually essential in choosing a sufficiently-sized grid, so four grids were generated with 298320, 
504186, 723451, and 904450 cells (Block 1) to simulate a 3D Searaser experiencing a moving wave with a height of 1.25 
m. The number of grid elements was increased in mesh blocks to improve the accuracy of the solution. In Fig. 2, the 
volume flow rate at the outlet was measured at various times, and when comparing the curves, it was obvious that the grid 
with 504186 cells was suitable for the present study, so this grid was chosen for all simulations in this study. 

 

 
Fig. 2. Comparison of outlet volume flow rate for a wave amplitude 1.25 m. 

In Table 1, run time is shown for different cell sizes for time average of 17.5 s.  
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 Table 1. Run time for different mesh sizes. 

Mesh Total cells Smallest cell size (Block 1), m Run time for tavg = 17.5 sec. 

1 963210 0.006 1 day 7 hr 

2 1516695 0.004 2 days 8 hr 

3 1952904 0.002 3 days 

4. Results and discussion 

In this section the results of modelling Searaser is illustrated. In order for better understanding, pressure contour of 
Searaser in the wave tank was plotted in Fig. 3 for different times including 0 s, 42.5 s, 44 s and 45 s. Additionally, this 
figure indicates the movement of ocean wave, outlet and inlet valve at different times. 

 

 (a) (b) 
 

 
 (c) (d) 

Fig. 3. Pressure contour of wave motion at different times: (a) 0 s; (b) 42.5 s; (c) 44 s; (d) 45 s. 

In Fig. 4, based on Eq. (8), the output power of Searaser for four wave heights was calculated in different times:  
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As can be seen clearly in this figure, the output power is extremely dependent on the wave height. This plot shows that 
the device produces no output power in 4.5 s (wave period) because the upper buoy exhibits no any movement when there 
is no ocean wave. This cycle is repeated periodically for each wave height, obviously an undesirable result when the 
purpose is to produce electricity continuously. 

 
Fig. 4. Output power of Searaser for four wave heights. 

The summary of wave height in Caspian Sea is reported in Table 3. The maximum output power from this device for 
different wave heights are listed in Table 4. This list shows that the maximum output power in winter and the minimum 
output power in summer are 0.8 kW and 0.02 kW, respectively. In comparison with other wave energy converters of this 
type, such as L10 and Upsala, while the output power of Searaser is lower [28], it has less manufacturing costs and can be 
replicated in large numbers for increasing output power at a chosen area. In Fig. 5, output power versus Hs is depicted, and 
its equation is similar to that of the extractable power [38] (Eq. (12)) since the power varies quadratically in both. Eq. (9) 
can be used [28].  
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 Table 2. Different wave heights for the south of Caspian Sea [39]. 

Season  Mean, m 95th, m 

Summer 0.5 1.25 

Winter 0.94 2.34 

 Table 3. Extractable and output power for Searaser. 

Wave height, m Maximum extractable 
power, kW/m 

Maximum output power, 
kW 

0.5 0.54 0.02 

0.94 1.9 0.1 

1.25 3.37 0.17 

2.34 11.79 0.8 
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Fig. 5. Curve of output power versus Hs. 

5. Conclusion 

Recently, many studies have proven that ocean wave energy convertors offer the most appropriate systems for 
harvesting the Caspian Sea wave energy, so this study presents a numerical simulation of Searaser inside a wave tank 
using commercial flow software Flow-3D. To simulate this energy converter, Reynolds Averaged Navier-Stokes 
equations were coupled with a volume-of-fluid (VOF) model to generate 3D numerical linear propagating waves as 
well as to solve for fluid flow. The hydrodynamic performance of Searaser was numerically calculated for different 
Caspian Sea wave heights. Moreover, the most important parameters of point absorbers, including output flow rate in 
different seasons, extractable wave power, and output power, were captured. The results indicate that the output flow 
rate and the power generation increase significantly with increased increments of wave heights, and using this device 
has the potential to provide practical and profitable systems for industrial applications. 
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