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Figure 7: Internal view of the sketch and of the small-scale prototype of mechanical motion converter.
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Figure 8: External left-side of the sketch and of the small-scale prototype of mechanical motion converter.
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Figure 9: External view of WEC for offshore application.
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Figure 10: Working principle of the WEC for offshore application.
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3 Omnshore-nearshore case study

The main features of the wave and wind energy generators used in Eqn. |1 and |2| for the first case study are
shown in Table[5] Although these models are manufactured by the same company, the results can be considered
generic because wind turbine power output is roughly the same for a given class of turbines, since its main
features are stated by the IEC 61400 standards.

Table 5: Rated power and main dimension of the generators employed for the onshore-nearshore case study
[50].

Generator Rated size [kW] | Main dimension
Wave converter prototype 100 10 m

MHI Vestas V164 10,000 21,124 m?
MHI Vestas V174 9500 23,779 m?
Vestas V164 8000 21,124 m?
Senvion 6.2M126 6150 12,469 m?
REpower 5M 5075 12,469 m?
Vestas V90 3000 6362 m?
Vestas V112 3000 9852 m?
Vestas V80 2000 5027 m?

The formula to calculate the minimum feed-in tariff FIT,,;, used for the simulations in the case study 1 is
shown in Eq.

(Cinw UCRF + Cogm) P
- , ()
where Cjy, is the unit investment (or capital) cost [€/kW], UCRF is the Uniform Capital Recovery Factor of
the investment [year—!], Cogas is the unit annual O&M cost [€/(kW year)], P is the rated size of the generator
[kW], and FE is the annual electricity production. According to Eq. a project is economically doable when
the FIT available on the energy market is higher than FIT,,;,, i.e. in this case the selected technology gives
annual revenue. Differently, the revenue from the electricity production would be lower than the main expected
cost items.
The main parameters used to characterize the Vietnamese economic context in Eq. [4] are shown in Table [6]
while the average energy potentials from wave and wind in Vietnam coasts are shown in Figure[I1]and Figure
respectively [30].

FITym =

Table 6: Main parameters used for the economic analysis in the onshore case study [34] [51].

Parameter Value
Wave converter unit investment cost 3500 USD/kW
Offshore wind turbine unit investment cost | 2870 USD/kW
Wave converter O&M unit cost 35 USD/(kW y)
Offshore wind turbine O&M unit cost 158 USD/(kW )
Wave converter technical life 25 years
Offshore wind turbine technical life 30 years
Real interest rate 3.998
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Figure 11: Spatial patterns of the monthly averaged wave energy potential from December to November [kW /m].
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Figure 12: Spatial patterns of the monthly averaged wind power density from December to November [W/m?].
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4 Offshore case study

For the solution of this case study, the terms in Eq. were expressed employing the costs for the initial
investment (¢iny, W Cinw, PV, and Ciny wr) and the annual O&M costs (coesn,sw, Coesm,pv, and cosm, wr) Per
unit power, as well as expressing the electricity production from each source, as shown in Eqn. [5] [6] and
The total rated power from each source is expressed through the parameters Psy, Ppy, and Py for sea wave
converters, photovoltaic modules, and wind turbines, respectively.

Z Cinvt = Cinv,sw UCRFsw Psw + cinv,pv UCRFpy Ppy + cino,wr UCRFwr Pwr , (5)
> Cowmi = cown.sw Psw + coen.pv Pryv + coenrwr Pwr - (6)
ZEtZEsw—FEpv—FEWT . (7)

Furthermore, considering a unique size value for each RES technology, the cumulated installed power can be
expressed as the product of the rated power (Psw, rated; PPV, rateds a0d Pwr rateq) times the number of devices
of each technology (nsw, npy, and nyr), as in Eqn.

Psw = nsw Psw,rated
Ppy = npyv Ppv,rated (8)
Pyt =nwr Pwr rated -

The same approach can be applied to the electricity output, evaluating the production from each source as
the product between the number of devices and the electricity output of a single device for each technology.

The last missing terms to solve Eq. [3|are the annual electricity production from each RES technology. Since
this is an energy planning study, a more detailed approach was applied, with respect to the first case study.

About sea waves, to evaluate the electricity output of a single converter, Eq. [I] was further detailed describing
the average wave energy flux through the significant height H; and the energy period T, of waves, assuming to
be in deep water conditions [52]. Both parameters were calculated from the spectrum analysis of the measured
waves [53,54], as in Eq. [9]

9 12
_ psw g
Esw = wsw fisw —g—— ZHSQJ T, ; Aty , (9)
j=1

where psw = 1025 kg/m? is the seawater density, g = 9.81 m/s? is the gravity acceleration, and At; represents
the number of hours in each month.

The electricity production from photovoltaic modules was evaluated according to Eq. where Spy is the
surface of the photovoltaic modules, 77py is the average value of its efficiency, and Hg; is the monthly average

value of the daily solar radiation [55].

12
Epv = Spv pv »_ Haj At; . (10)
j=1

Wind potential is often modeled through a statistical distribution function based on measurements that are
extended to the whole operating life of the system. This kind of expression represents the probability that
a specific value of wind speed v occurs during the measuring period, like a year or a month [54]. Although
the Weibull distribution is the most reliable and employed function for wind speed statistical analysis [56], the
IEC 61400-1 standard [57] suggests the adoption of a Rayleigh distribution (Eq. for a preliminary energy

evaluation, that can be derived from the Weibull distribution setting the shape parameter equal to 2.

fr() = 275 cap [— (K)T . (11)

where ) is the scale factor [58]. The average wind speed (v), which is frequently available in the literature [59],
is defined as the first-order moment of the probability density function, as in Eq.

(v) = /fR(v) vdv= ? A (12)

Furthermore, it is necessary to correct the wind speed measured values since this quantity depends on the
altitude, converting the measures to the hub height of the selected wind turbine model. This operation is usually
performed in the literature using a power law or a logarithm law converting the values measured at a reference
quote 2, (usually 10 m) to the height z where the wind turbine hub [57], introducing constant terms to take
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Table 7: Main features of the wind turbine selected for the offshore case study [62].

Parameter Value
Model Vestas V117
Rated power 4,200 kW
Rotor diameter 117.0 m
Hub height 91.5 m
Cut-in speed 3.0 m/s
Nominal speed 12.0 m/s
Cut-off speed 25.0 m/s

Table 8: Main parameters for the offshore case study [34], 51}, 63].

Quantity Wind energy | Solar energy | Wave energy
Investment cost [$/kW] 2870 1980 3348
O&M cost [$/kW] 158 18 35
Rated power kW] 5000 10.8 80
Useful life [years] 30 20 25
UCREF [-] 0.058 0.074 0.064

into account the orography of the territory [60]. For the present study, the logarithmic law shown in Eq.
was employed, using the coefficient zy = 0.0002 m related to open sea conditions.

(13)

The set of Eqn. —[13] allow converting the average wind speed into the wind speed distribution function.
To assess the average electricity production of a single wind turbine, in lieu of Eq. [2] the power curve usually
available on manufacturers’ datasheets was utilized, according to Eq. where At; is the time horizon over
which the Rayleigh distribution is evaluated, and ¢ (v) is the function giving the power output of the wind
turbine. Although wind turbines electricity production directly depends on air density [61], a constant value
related to the standard conditions was utilized in this study.

12
Ewr = ZAtj /fR,j(U) P(v) do . (14)
j=1
A commercial turbine was selected to evaluate the offshore wind power, having the main features reported
in Table|7| [62]. The other parameters used for the present case study are shown in Table
The optimization algorithm illustrated in Eqn. —[14] was solved with the following additional conditions
(constraints):

e Since wind turbines can be installed on two different points, the number of wind turbines is given by ngw
= na + np;

e Since the photovoltaic modules are integrated into the WEC systems, ngw = npy = nc.

Furthermore, the variables were subject to the following additional constraints already explained in the main
text of the paper:
na, np, Nc are integer
a—toll < Bwr + Egy + Epv < o 4 toll

Ewr; + Esw,; + Epv,j < Eg;

Esw + Epy >
Ewr + Esw + Epyv — 6

(15)

5 Discussion

The simulations described in the present paper suggest that wave energy, as well as offshore wind energy, can be
abundant in selected locations in Vietnam but it is not economically profitable to invest in these technologies
with the current FIT. Since some offshore wind farms are already in operation or in construction phase in
this country, the Authors investigated the available literature on these projects to validate the results of the
present paper. Data were gathered on four projects, with two out of four being terminated when the available
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FIT was equal to 7.80 cUSD/kWh [64] while the latter were announced after the issue of Decision n. 39 (FIT
equal to 9.80 cUSD/kWh) [65]. Investigation on the investments occurred in previous years shows that, even
with a lower FIT, investments were more profitable, while the inflation made non-attractive the higher FIT,
as shown in Table [9] Since the declared performance of the two operating projects appear as optimistic, two
additional scenarios were investigated, hypothesizing realistically 3000 and 3500 equivalent operating hours [66].
It is possible to see that the two operating projects with the declared performance were highly attractive, with
a Pay-back Period lower than 9 years. In the Simulation scenario 1, only one project has a Pay-back Period
higher than 10.5 years, while in Simulation scenario 2 two investments out of four still show good values of
Pay-back Period (lower than 10.5). These economic performance somehow confirm the poor results obtained
in the present paper, since the potential profit is low and also subject to the uncertainties related to the wind
energy availability, although Vietnam has a good wind potential.

Table 9: Economic feasibility of actual projects in offshore wind energy in Vietnam.

WIND FARM PhuQuy | Bac Lieu | PV Power - IMPSA | PhuCuong
Year 2012 2016 n.a. 2020
Rated power [MW] 6 99.2 600 600
Investment cost [MUSD] 14.27 222.26 2350 2000
Unit investment [USD/kW] 2378.7 2240.5 3916.7 3333.3
DECLARED PERFORMANCE
Equivalent hours [h/year/ 4,200 3,225.81 n.a. n.a.
Electricity production [MWh] 25,200 320,000 n.a. n.a.
Revenue [MUSD /year] 1.97 24.96 n.q. n.a.
Pay-back Period [years/ 7.26 8.90 n.q. n.a.
SIMULATION 1: 3500 equivalent hours
Equivalent hours [h/year/ 3500 3500 3500 3500
Electricity production [MWh/ 21,000 347,200 2,100,000 2,100,000
Revenue [MUSD /year] 1.6 27.1 205.8 205.8
Pay-back Period [years] 8.71 8.21 11.42 9.72
SIMULATION 2: 3000 equivalent hours
Equivalent hours [h/year/ 3000 3000 3000 3000
Electricity production [MWh/ 18,000 297,600 1,800,000 1,800,000
Revenue [MUSD /year] 14 23.2 176.4 176.4
Pay-back Period [years] 10.17 9.57 13.32 11.34
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