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ABSTRACT. The intermittency and variability of various renewable energy resources, such as
wind power and photovoltaic solar energy, can be overcome with the use of these resources in
conjunction with energy storage devices. The energy storage as hydraulic power, so before
energy conversion, can guarantee high efficiency to the storage process. This study aims to
identify the technical and economical feasibility of using wind power and PV modules in
conjunction with a reversible hydroelectric power plant installed in Aparados da Serra, in the
south of the Serra Geral, a geological structure in southern Brazil that allows topographical
height differences of approximately 600 meters. In this work, specifically, a hydro power plant
installed at Linha Sete with 610 kW and 400 meters height. This study explores the feasibility of
this pumped storage plant operating in conjunction with existing wind turbines and PV modules
installed on the surface of reservoirs. The work is based on simulations and optimization
performed with well-known software Homer. The results indicate that a group of 10 to 50 2 MW
wind turbines may have capacity factor increased from usual 0.34 to values between 0.50 and
0.60. The results also relate the power capacity and costs per kW installed for PV modules to be
feasible. This work also indicates useful conclusions in the design process and implementation
of the hybrid system under study.

KEYWORDS. Wind energy, wind diesel hybrid systems, Weibull shape parameter, southern
Brazil, computational simulation, software Homer.



1. INTRODUCTION

Brazil is blessed with one of the largest water resource systems and one of the largest
hydroelectric potential in the world. Thus, Brazil has in its territory some of the largest
hydroelectric power plants and a lot of water reservoirs with large bodies of water artificially
formed. As a result, Brazil is one of the few countries worldwide that have an energy system
which is largely based on hydropower. As it is a non intermittent source of energy, a wide base
made with hydropower favors the use of renewables.

The current time of crisis in the global scenario, for various reasons, contributes to the
increasing encouragement of the use of renewable energy. Among the different alternatives,
recent years have seen a considerable increase in the use of wind turbines and photovoltaic
modules. Both for wind energy and photovoltaics, as for other alternatives for power
generation, a greater number of new plants will result in higher production of equipment and a
trend of reduction in installation costs as well as in operation and maintenance costs.

In this scenario, it is almost obvious consider installing photovoltaic modules on the water
surface of reservoirs formed by hydroelectric plants. The PV modules will not shadow useful
areas and, covering the surface flooded by the reservoirs, they will contribute to the reduction
of water loss by evaporation. Thus, it will be possible to generate photovoltaic energy and to
have a larger amount of water to hydroelectric power generation. The panels can be installed
on floating structures modulated with a given power, possibly produced in series.

The association between hydroelectric power plants and photovoltaic power plants might
seem strange in the past when photovoltaic plants with reasonable values of power did not
exist. But hydropower is "constant" and “more available” while photovoltaics is "intermittent"
by weather issues and "less available" by its own characteristics. It is precisely the constancy of
hydroelectric power plants (and notoriously large hydropower with large storage capacity) that
enables greater investment in photovoltaic farms.

A prime example is the hydroelectric power plant in Longyangxia Dam, on the Yellow River, in
northwest China. The hydro power plant was installed in 1992, with 1,280 MW of installed
capacity and four machines with 320 MW each. A few years ago a project for a PV hydro hybrid
system was started culminating in the installation of 320 MW in 2013, a first phase covering 9
km?, and a further 530 MW in 2015, covering another 15 km?. The PV hydro hybrid system and
the photovoltaic power plant now constitute the world's largest.

The design operation of photovoltaic hydro hybrid systems of this kind can also be decisively
influenced by the possible energetic complementarity between hydro and solar energy
availability. [1]-[2]-[3] The greater availability of solar energy can occur in periods of low water
availability as well as less availability of solar energy can coincide with increased water
availability. The use of stored water in the reservoir can be managed in order to increase this
effect of energetic complementary.

This chapter presents a feasibility study for implementation of a pumped storage
hydroelectric power plant (or reversible hydroelectric power plant) operating with wind
turbines and photovoltaic modules. The study is based on results obtained with the well known
software Homer. The next section describes the reversible power plant planned at a place called
“Linha Sete”, in southern Brazil, and also describes how this plant will be simulated with Homer.
Subsequent sections describe the components of the hybrid system under study, the results and
discussions and finally the conclusions.

This chapter presents the results of an exploratory study related to a study of the operation
of a pumped storage plant with a set of wind turbines in operation in southern Brazil, in the city
of Osério, in a place with wind potential known and currently being explored. The project that
resulted in this chapter have also resulted in an paper [4] reporting conclusions already



obtained on the operation of this pumped storage plant.

2. THE LINHA SETE PUMPED STORAGE POWER PLANT

The hydraulic system considered in this work was identified in an earlier work of the research
group [5]. It is a set of areas and storage volumes that allow the implementation of two
reservoirs in a region in southern Brazil where there are strong topographical height differences.
Fig. 1 shows the upper and lower reservoirs and their watersheds. The content of Fig. 1 was
prepared from a region that appears on Google Maps and is located according to Ref. [6].

The reservoirs have been sized for a storage volume of 1,510,000 cubic meters. The lower
reservoir has a maximum quota at 290 meters and the upper reservoir at 840 meters. The total
height is 655 meters, whereas the machine room is placed 105 meters below the maximum
level of the lower reservoir. Simulations have limited accuracy, since the variations in height
resulting from operation of the pumped storage system are not simulated by Homer, as
discussed below and presented by Canales and Beluco [7].

The natural flow available to the lower reservoir was determined by Canales et al. [4] and is
equal to 0.539 m3/s. This flow will be available for generation in addition to the flow rates
obtained with the management of reversible plant, starting from the moment that the lower
reservoir is full. Based on the Tennant method describer by Benetti et al. [8], 10% of the annual
average flow was adopted as residual flow. Fig. 2 shows the stream flow rate available to
turbine each month, already considering the residual flow.

3. COMPONENTS OF THE PV WIND HYDRO HYBRID SYSTEM

The hybrid system will consist of the pumped storage hydro power plant described in the
previous section, operating in conjunction with wind turbines and photovoltaic modules with
diesel generators support. The operation of the pumped hydro and wind turbines has been the
subject of a recent article [4] pointing that the operation of the two reservoirs, even demanding
higher initial costs, leads to lower environmental impacts.

Wind farms in Osério, in southern Brazil, were considered in this study. The three wind farms
contain 75 turbines model Enercon E-70 E4, providing a total power of 75 MW operated at a
capacity factor of about 34%. Based on Braciani [9], the average cost per installed kilowatt in
wind farms in Brazil is around USDS 2,156.50/kW. By using this value, the initial cost of each E-
70 turbine was set at USDS 4,313,000 in Homer.

Fig. 3 shows the wind data used for simulations with Homer. The monthly average wind
speed in Osorio at 100m above ground was extracted from Silva [10]. These data were used to
obtain a synthetic series of hourly wind speed data to the operation site of the wind turbines of
the wind parks at Osorio. Fig. 3 shows two graphs. At first, the average wind speed for each
month, the deviations around these averages and maximum and minimum values are shown.
This graph shows the typical variability of the wind. The second graph, with strong variation in
color, enhances the variability of the wind over days and months.

The photovoltaic modules will be installed on floating structures, as recently proposed by
Ferrer-Gisbert et al. [11] and Redon-Santafé et al. [12]. The basic model for the floating
structure considered in this study has dimensions suitable for 50 kW of PV modules. The total
area of the water surfaces formed with the two dams is small but sufficient for several tens of
structures having these dimensions. Fig. 4 shows the incident solar radiation data used in the
simulations and obtained automatically by Homer in a NASA database.

Fig. 4 also shows two graphs. At first, the average incident solar radiation on a horizontal
plane for each month, the deviations around these averages and maximum and minimum values
are shown. The maximum insolation occurs in January, while the minimum occurs in June. In the



second graph, it is evident the variation of sunlight available throughout the hours of the day,
with the lowest values available in the first and the last hour of the day, and the available peak
near midday. Also evident is the change in hours of the day throughout the year.

The cost of the PV modules was considered as USDS 4,380 per kW and it is compatible with
usual costs found for example by Feldman et al. [13]. The installation of floating structures, as
suggested by Ferrer-Gisbert et al. [11] and Redon-Santafé et al. [12], raise the cost by 30%. The
lifetime of the PV system is considered to be 12.5 years, the replacement cost of the PV system
at the end of the useful life is 80% of the initial cost and annual cost of operation and
maintenance is 5% of the installation cost. The reflectance of the water surface was considered
to be 10% at the installation site. Erro! Fonte de referéncia ndao encontrada. shows parameters
of the PV modules.

Diesel generator sets were considered as support in the simulations, for the times when the
availability of renewable energy is not enough to meet the energy demand. The average cost
per installed kilowatt for a thermoelectric plant in Brazil was set at USDS 1,073.50/kW,
according to Braciani [9]. Several generator sizes were considered, with the technical minimum
load ratio set at 30%, according to Kaldellis et al. for heavy oil and diesel engines.

A connection to the grid was included, allowing the purchase of energy when there is not
enough energy production to meet the consumers, and the sale of energy, when there is excess
energy. The connection to the grid considered in the simulations has dimensions comparable to
the possible installed powers of the diesel generator sets, allowing eventually the optimization
process chooses one over the other.

4. SIMULATIONS WITH HOMER

Homer [15] is a software for optimization of hybrid energy systems. It was originally developed
by National Renewable Energy Laboratory (NREL) and a version called “Legacy’ is now available
for universal access. Homer simulates a system for power generation over the time period of 25
years at standard intervals of 60 minutes. [16]-[17] The Homer software performs simulations of
hybrid systems aiming to build optimization spaces according to different sensitivity variables,
allowing a complete characterization of performance.

The Homer software simulates hydroelectric power plants operating as “run of the river”
power plants. The simulation of hydro electric power plant with storage capacity and hydro
electric for operation as a reversible plant can be performed as explained by Canales and Beluco
[7]. The dc bus must contain only the hydroelectric power plant and a battery, adjusted to
simulate a pumped storage power plant. The operation of the two reservoirs is simulated with
the battery, while the supply of electricity to be transferred to the hybrid system is simulated by
the hydroelectric plant. The converter has a single direction of operation.

Simulations with the system of Fig. 6 were performed. The optimization variables considered
were the following: 0, 10, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85 and 90 wind
turbines; 0 MW, 10 MW, 20 MW, 30 MW, 40 MW, 50 MW and 60 MW for the installed power of
the diesel gen set; 0 and 1 battery modeled as pumped storage plant; 0 and 722 kW for the
converter capacity. The sensitivity inputs were the following: 100 MWh/d, 200 MWh/d, 300
MWh/d, 400 MWh/d and 500 MWh/d for AC load; USDS 1/L, USDS 2/L, USDS 3/L, USDS 4/L and
USDS 5/L for the cost of diesel oil; 6 m/s, 8 m/s, 100 m/s and 12 m/s for the wind speed.
Simulations with the system of Fig. 6 were repeated with all these variables and a fixed value of
10 MW for the installed capacity of photovoltaic plant.

Simulations with the system of Fig. 7, with the PV modules assembled on floating structures
installed over the flooded surface of the reservoir, were performed. The optimization variables
considered were the following: 0, 10, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85 and 90



wind turbines; 0 MW, 1,200 MW, 2,400 MW, 4,800 MW, 9,600 MW and 19,200 MW for the
installed power of the diesel gen set; 0 kW, 100 kW, 200 kW, 400 kW and 800 kW for the
capacity of PV modules; 0 and 1 battery modeled as pumped storage plant; 0 and 722 kW for
the converter capacity. The sensitivity inputs were the following: 100 MWh/d, 200 MWh/d, 300
MWh/d, 400 MWh/d and 500 MWh/d for AC load; USDS 0.50/L, USDS 0.70/L, USDS 0.90/L and
USDS 1.10/L for the cost of diesel oil; 6 m/s, 8 m/s, 10 m/s and 12 m/s for the wind speed; 0.0%,
2.5%, 5.0% and 10.0% for the maximum capacity shortage.

A constraint of 95% of energy supplies must be obtained from renewable resources limits the
grid purchases. The values for AC load are adopted to determine the dimensions of the main
components of the hybrid system. PV costs multipliers were chosen to assess the impact of
floating structures, adding 30% to the costs, and to evaluate possible cost reductions obtained
through some kind of financial or economic incentives on the price of PV modules.

5. RESULTS AND DISCUSSION

Fig. 8 to Fig. 11 show the results obtained with the first stage of the simulation, while Fig. 12 to
Fig. 15 show the results obtained with the second phase. A very important result is that Homer
did not indicate any optimal solutions in the different optimization spaces shown in these
figures (and even others not shown) that contained PV modules. However, in several cases, as
discussed below, some combinations containing photovoltaic modules were discarded by very
small differences in relation to optimal solutions.

Fig. 8 and Fig. 9 show the optimization space obtained for the system of Fig. 6, respectively
showing diesel price as a function of the local typical load and showing diesel price as a function
of wind speed. The value currently practiced for diesel oil and the average wind speed for the
area indicate that the optimal solution includes wind turbines and the pumped storage plant, in
addition to supporting diesel generators. This system, considered as a starting point for this
study was the subject of a recent article [4].

Fig. 10 shows the simulation results of this system with a photovoltaic plant with capacity of
10 MW. The optimal result indicates an energy cost of USDS 0.469 per kWh operating with 20
wind turbines and diesel support system with 30 MW. The seventh system in this list operate
without wind turbines and a higher cost, equal to USDS 0.609 per kWh, with a variation of the
charge state of the reservoirs shown in Fig. 11. The behavior of the curve, with energy at the
beginning of the period identical to the energy in the end, indicates an acceptable performance.

Fig. 12 and Fig. 13 show the optimization space obtained for the system of Fig. 6, respectively
showing diesel price as a function of the local typical load and showing diesel price as a function
of wind speed. The lower load consumers, compared with the preceding figures, have given rise
to areas on the bottom left of these optimization spaces, corresponding to combinations not
including wind turbines. A lot of points of these optimization spaces show optimal results that
led to discard combinations including PV modules for very small differences.

The complete output provided by Homer for each feasible option allows estimating and
optimizing the capacity of pumped storage system for recovering rejected renewable energy.
This can also be used for calculating the effective capacity factor of the wind farm with and
without the pumped storage capacity. According to the simulation results and based on the
wind resource inputs of this case study, the maximum capacity factor of the wind turbines
reported by Homer is 35.6%, including excess electricity. The Osorio Wind Park, used as model
for creating the wind turbines of this work, reports on its website a capacity factor equal to
32.3%. These values are within the range of values reported by Boccard [19], who gathered
global results reported by transmission system operators or available in academic literature
related to wind farm capacity factors.



Based on the results simulations, Fig. 16 presents the estimated duration curves for rejected
power. As explained by Kaldellis et al. [20], large amounts of rejected energy also mean severe
financial losses that discourage future investments in renewable energy projects. Without the
pumped storage plant, the extremely variable wind profile would require more turbines at the
wind farm along with a diesel generator of greater capacity, thus increasing the generation cost.
As shown in Fig. 16 a, a system without storage capacity would reject power about 80% of the
time, with 25% of the time rejecting more than 50MW. Conversely, with pumped storage
capacity and using the same 50% of the wind farm capacity as benchmark, Fig. 16 b and Fig. 16 c
show that this energy storage technology improves the wind energy absorption, limiting the
occurrence of this value to less than 10% of the time and reducing the cost of energy for the
system. In Homer, the cost of energy is the average cost per kWh of useful electrical energy
produced by the system, which in this case is just the energy used to serve the primary AC Load
(no grid sales, DC or deferrable loads are considered in the example).

Fig. 14 shows results presented in Fig. 12 and corresponding to the consumer load equal to
200 kWh per day and diesel sold at USDS 0.90 per liter. The first system of this list is what
defines the green color at the corresponding point in the optimization space shown in Fig. 12.
This first system presents cost of energy equal to USDS 0.407 per kWh, very close to the third
system in the list that includes PV modules and provides energy at cost of USDS 0.408 per kWh.
This system includes 100 kW in PV modules, the pumped storage plant, twenty wind turbines
and diesel support system with 19.2 MW.

Most systems in this list have small monthly variations of the state of charge of the reservoirs
over a year. The tenth system, however, in the list shown in Fig. 14, presents a more
pronounced change in the state of charge of the reservoirs. This system includes 100 kW in PV
modules, the pumped storage plant and diesel support system without wind turbines. Fig. 15
details this change in the state of charge, indicating minimum values during the month of June.
A further reduction in the past few months show that the energy available at the end of the year
will be less than the energy in the beginning of the year, indicating an unsustainable situation.

6. FINAL REMARKS

This chapter presented the results of an exploratory study to design a photovoltaic wind hydro
hybrid system with storage capacity. The optimal combinations obtained from the simulations
did not suggest the inclusion of PV modules, mainly due to its high initial cost and the high cost
of energy. Among the non-optimal solutions, it is possible to find solutions including PV modules
and that show performance comparable to optimal solutions. Thus, this study suggested a
hybrid system constituted by 100 kW in photovoltaic modules, 20 wind turbines and a diesel
support system with 19,200 kW, also with the pumped storage plant, providing energy at a cost
of USDS 0.408 per kWh. This study also suggested a system with 10,000 kW in photovoltaic
modules and a diesel support system with 30,000 kW, without wind turbines and with the
pumped storage plant, providing energy at a cost of USDS 0.609 per kWh.
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Fig. 1. Upper and lower reservoirs in “Linha Sete” and their watersheds.

Hydro Resource

1,000

&00

Stream Flow(L/s)

il

Jan Feb Mar Apr May Jun  Jul Aug Sep

Fig. 2. Monthly average stream flow rate available to the turbine at power house, already

considering the residual flow.

Ot

Mo

I

Dec



a0 Scaled data Monthly Averages
- -

25 max
Ezu daily high
5 .- | | mean
< 10 L ] LT . daily low
E ] T TH U TH I THH HIHIAOH min
< T . r|/T T T T/ T T T|T 7T

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann
Month
Scaled data ms
24 q m I | | T 1 | lr 30
II || |‘ III |“| I I | || I h Il” l||| 1 IIIII IIII : 24
=18 III |" I, ir " II| | ]I |||III ||| || |['L |‘. i |||1 ||¢ 18
§ LI -IH ML i *| .z\“ A e

12 1 1 II I Ill Byt |‘

5 'r,|.|’ I||"|. .'." \||F.. a4 F Il ﬁ 'vq dw OB Ll 8
2 . 1 "|'I| |"'||l| ...|'|. ||"||1'l p|||' 'p 1 it ) | 'I. |" H.. |
H |||| | | { ||||| | |||ﬂ| ||I I': | | ||||

|:| | i !' ll :I :I il ” I‘ I
Jﬂl‘l Fet:- r.1ﬂr Apr r.1ﬂ',r Jun Jul Aug Sep Oct Nu-.r Dec
Day of Year
Fig. 3. Wind resource input for the case study.

14 Scaled data Monthly Averages

1.2 max

1.0 T daily high

0.a T J— mean

E.i- + JT_ I ) daity low

A min

0.2 5 I e e 1

0.0

Jan Feb Mar Apr May Jun  Jul Aug Sep Oct MNov Dec  Ann
Month
KWim=

24 Scaled data 140

18 1.12
& o 1l 8 i |||| AT 0.84
Q 4 1 " "|""H |||||| [l '|F' ||| r ! ”' c
% 12 h || ' r'iv | | | h I ) ] m I|||| # lLII 0.56
5 "', l,"", ,|,‘|,',r.',""".' ' ..|"..|'"' 1 |"'.1..".t.' iR ,.,.| L ” 0.28
. | ! 0.00

=

Jan Feb  Mar Apr May Jun Jul Aug Sep Oct
Day of Year

Now  Dec

Fig. 4. Incident solar radiation on a horizontal plane for the reservoirs location, obtained with

software Homer, considered in this study.



Scaled data Monthly Averages

35,000

< 30,000 T
£ 25,000
< 20,000
%15,&&&-
£ 10,0001

5,000

Jan Feb Mar Apr May Jun  Jul Aug Sep Oct MNov Dec Ann
Month

Fig. 5. Scaled monthly averages of load profile considered in this study.

max
daity high
mean
daihy low
min



E quipment to conzider
Aot 29| e

Enercon E-FOE4 | RS Tepical Load Hydro
380 Mwhed

3 MW peak

s—rfe— Ble—Je—r 3|

Gen Set Corverter SyziRes

AL DC
Resources Other

ﬁ% Wind resource d"f Economics
S Hydro resource »Q' Spztern control

é. Diezel 3 | Emissians
(5| Constraints

Fig. 6. Wind hydro hybrid system with water storage capacity.

Equiprnent to consider Add/Remove, .

,
el fx
RS Typical Load Hydra
380 kwhed

A 31 M peak
Enercon E-FOE4

4—

Convwerker Syz3Res
Gen Set

AL DC
Resources Other

E Solar rezource @ Economics
ﬁ Wind resource Q’ Swztermn control
ﬁ Hydro resounce i“ Emizsions
M Diezel Constraints

Fig. 7. PV wind hydro hybrid system with water storage capacity considered in this study.



System Types

[ HycroninliGEN1 Battery
-V\ﬂndIGEM Battery
Fized
a Inverter Efficiency = 100 %
Rectifier Efficiency =100 %
ORWind = 25 %
)
%
[
B3
=%
=
2
115 bl
100,000 200,000 300,000 400,000 500,000

RS Typical Load (kwh/d)

Fig. 8. Results for the optimization space obtained for diesel price as a function of local typical
load for the system of Fig. 6.

System Types
[ HycronvindGEN1 Battery
B inciGEN Battery

Fized
PY Capital Multiplier =1

Diesel Price ($1L)

a
Wind Speed {m/s)

Fig. 9. Results for the optimization space obtained for diesel price as a function of wind speed
for the system of Fig. 6.



Sensitivity varizbles

Sensitivity Results  Optimization Results |

‘wind Speed [ms) | B 'l Diesel Price [$/L]| 1 | P Capital Multip\ierl'l ‘I Max. Annual Capacity Shortage [%] |25 -

Double click on a system below for simulation results

" Categorized % Overall Export I Details

| PV E-70 | Hydro | GEM1 | Sys3Res | Conv. Initial Cperating Total COE | Ren. |Capacity| Diesel GEN1 |Batt. Lf.
’I‘J\lﬁl | (W) | W) | W) | (kW]| Captal Cost ($AT) NPC |(5-"kWh] Frac. | Shortage (8] | (hrs) | fm) |
LTI EE 00 200 &0 30000 1 722 $169275.. 45142392 $697.0546.. 0469 071 000 29307.. 5540 200
LT 10000 20 610 30000 722 $169004.. 45721328 $6934250.. 0473 070 000 297%.. 5603
LTI EE 00 00 e10 30000 1 722 S126145.. 54844576 S7552080.. 0515 052 000 37150.. 6972 200
LT 10000 10 610 30000 722 $125875.. 55463012 §7620313. 0520 051 000 37619.. 7.0
FLTICEE o 20 s 40000 1 722 S180010.. 56638740 $8296515.. 0566 067 000 36767.. 5540 200
LT 10000 20 610 40000 722 $179740.. 57329376 $837.3034.. 0571 067 000 37.254.. 5603
;I :}g 10000 610 30000 722 $82745000 70896736 $8959249.. 0612 015 000 50452.. B760
LT EE 10000 10 81D 40000 1 722 $136880.. 69374504 $9326001.. 0636 D43 000 46443 6972 200
LT 10000 10 610 40000 722 5136610 700865392 $94D4353. 0642 047 000 46959 7.034
LTI EE 000 20 610 50000 1 722 $190744.. 68435848 $9756987.. 0666 063 000 44528.. 5540 200
¥ odad 10000 20 610 50000 T2 5190475.. 65256416 $984.3406.. 0672 063 000 45092.. 5603
¥ TIoeE o 610 40000 1 722 $93750000 88076128 $1.103576. 0753 013 000 G0.897.. 8760 200
F Tio 10000 610 40000 722 $93480000 88235496 $1.1067119.. 0755 013 000 61.115.. B76D
LTI EME 000 100 610 50000 1722 S147E15..  B4327584 $1114845. 0761 044 000 56163.. 6972 200
F AT 0000 10 610 50000 T2 §147344.. 85158576 $1124107.. 0767 043 000 56747.. 7.0
W TIthEE 10000 610 50000 1 722 S104485.. 106524840 $1326316.. 0905 012 000 72619.. B760 200
T 10000 610 50000 722 $104215. 106632520 $1327.855.. 0806 012 000 72785.. 8760
Fig. 10. Optimization results constituting the optimization space shown in Fig. 12.
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Fig. 11. Annual change in state of charge of the reservoirs for a hybrid system shown in Fig. 10
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Fig. 12. Results for the optimization space obtained for diesel price as a function of local typical
load, for the system of Fig. 7 with different values for diesel price and consumers load.
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Fig. 13. Results for the optimization space obtained for diesel price as a function of wind speed,
for the system of Fig. 7 with different values for diesel price and consumers load.



Sensilivity variables

Sensilivity Fesults  Optimization Resulks |

RS Typical Load [Kwh/d) | 200.00C * | Diesel Price [$.-"L]|U.9 'l PVEapitaIMuItipIierl'l 'l Hydro Capital [$) | 270.00C * | Max Annual Capacity Shortage [X]IU 'l

Double click on a system below for simulation results. ' Categorized ¢ Overal Export... I Details...
P | E-FD Hydro | GEM1 | Sypz3Res| Conw. Initial Operating Total COE | Ren. |Capacity| Diesel GEM1 |Batt. LF.
[k [khwé] [k [kh] Capital Cost [$vr) WPC [$/kwh]| Frac. |Shortage (W] [hig] [wr)
20 E10 1 722 $99.870.000  21.024.730 $341.0220.. 0407 000 18717 4783 200
20 1 722 $99.600000 21.050198 0.407 0.00 4783 200
1 31 0.00
ot 1 $100,100.... 21,085,378 . 4785 200
,l\ﬁ [‘_‘3 $99.600,000 21,374,802 $344767.2.. 0412 4,853
f,l\ﬁ CB 100 20 E10 149.. $100,100,... 21,380,880 $345.337.0.. 0412 4,849
,l\ C{) 20 149.. $93,060,000 21,919,086 $3504701.. 0413 4964
f,l\ CB 100 20 19. $99.560,000 21,920,844 $350990.3.. 0419 4959
ﬁ CB E10 149.. 1 722 $13610000 349186596 $4141246. 0495 8760 200
F Tixa 100 610 19.. 1722 $14110000 34308654 $4145036. 0455 8760 200
ﬁ CB E10 149.. 722 $13340000 35337504 $4186583. 0500 8,760
L d ﬁ CB 100 E10 149.. 722 $13840000 35325988 $4130263. 0500 8,760
CB = 149. 1 T2 $13.340000 3BEIENZ $4227738. 060G 2760 20.0
&5 CB 100 19. 1 722 $13.840000 35683404 $4231258. 0505 8760 200
CB 19. $12,800,000 35951532 $425161.2.. 0508 8,760
’ ) 100 19 $13.300,000 35938632 $4255133 0.508 8.760
Fig. 14. Optimization results constituting the optimization space shown in Fig. 12.
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Fig. 15. Annual change in state of charge of the reservoirs for a hybrid system shown in Fig. 12
with COE equal to USDS 0.495 per kWh..



a) b) c)
Diesel Price: UssS1/L Diesel Price: USS5/L Diesel Price: Uss1/L
Wind farm capacity: 100.0 MW Wind farm capacity: 90.0 MW Wind farm capacity: 80.0 MW
Size of AC diesel generator:  50.0 MW Size of AC diesel generator: 0 MW Size of AC diesel generator:  40.0 MW
Hydropower capacity: 0 MW Hydropower capacity: 46.1 MW Hydropower capacity: 46.1 MW
Cost of Energy: USS$0.561/kWh Cost of Energy: USS$0.192/kWh Cost of Energy: USS$0.181/kWh
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Fig.

16. Rejected power duration curves for an average daily load = 500MWh/d.




