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Abstract—This paper aims the detailed study of a hybrid 

standalone hybrid photovoltaic (PV) – wind system with Lithium 

Iron Phosphate (LiFePO4) battery storage. More in context, it is 

projected to work in the remote rural areas of Luena, Angola, and 

Humla, Nepal, that lack the access to electricity but have great 

renewable energy resources, regarding solar generation and wind 

generation. In addition, a specific load was projected, basing on 

the needs of the people. A theoretical analysis of the performance 

of the system in those regions is made and then confronted with 

the experimental results. The experimental test was performed in 

Lisbon, under real conditions, and demonstrated that the working 

of the hybrid system depends almost exclusively of the 

performance of the PV panels, with the wind turbine having little 

influence. Finally, with the experimental results of efficiency 

determined, the values were interpolated for the whole year and 

the performance of the system was simulated, and compared with 

the theoretical analysis previously made. 

Keywords – Standalone hybrid photovoltaic-wind systems, Wind 

generation, Solar generation, Luena, Humla  

I.  INTRODUCTION  

Due to the depletion of fossil fuels reserves and the 

environmental pollution associated with it, the search for new 

forms of clean and renewable energy has increased over the last 

few years, to satisfy the current energy demand. In addition, and 

more in context of this work, wind and solar energy represent a 

suitable alternative, as they are renewable and environment 

friendly. Electricity generation by using photovoltaic (PV) and 

wind turbine systems has increased, using autonomous off-grid 

systems, helping supplying loads in rural areas, where the access 

to electricity is poor. This happens due to the great distance there 

is between these rural areas to the grid, which makes 

uneconomical to install utility lines. So, there has been a growth 

on the importance of these systems, whether separated or 

combined (hybrid systems), as they meet the socio-economic 

and environmental causes [1-3]. 

The objective of this work is to provide a solution to this 

problem, especially in the remote areas of Luena, Angola, and 

Humla, Nepal, by studying the energy production of an 

autonomous hybrid system, that successfully combines wind 

and solar characteristics. However, these systems based on 

renewable intermittent sources do not ensure long life term, due 

to their characteristics as they are weather dependent, making 

necessary, most of the times, energy storage. More specifically, 

this work performs that energy storage recurring to LiFePO4 

batteries which represent a cheaper and more energy efficient 

solution.  

In this thesis the projected autonomous hybrid standalone 

PV-wind system is composed by two 225W solar-PV panels, a 

wind turbine accoupled to a permanent magnet synchronous 

generator (PMSG) with a nominal power of 750 Wp and 4 pairs 

of poles which is then connected to a AC/DC rectifier and a 

DC/DC converter, 8 LiFePO4 batteries for energy storage, a 

battery management system (BMS) and an inverter which feeds 

an AC load, which contemplated a refrigerator, a television and 

an incandescent lightening with an average consumption of 1116 

Wh/day. The measures of the power flow of the system were 

performed using current and voltage transducers, connected to a 

DAQ, which acquires the signals and converts them to computer 

file. After performing a simulation of how the system might 

work theoretically, the system was tested to check the 

performance and to calculate its experimental efficiencies. 

Those values were interpolated for the whole year and used for 

the final simulation that studied the behavior of the system along 

the year.  

II. SYSTEM’S DESCRIPTION 

Firstly, it is important to look at the constitution of the 

system: combination of energy that comes from the PV panels 

and a VAWT, both connected to the control unit, in this case 

the BMS, which monitors the charge of the battery bank. Then, 

it is also connected to an DC/AC inverter which is linked to an 

AC load. Ideally, the PV panels and the wind turbine should be 

connected both to the control unit. However, the BMS used in 

the project can only be connected to one renewable energy 

source, leaving it with two options: connect the wind turbine in 

parallel with the PV panels or connecting it directly to the 

batteries. The choice ended up being the direct link between the 

batteries and the wind turbine. It is important to know that this 
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does not arm any danger to the system. The final configuration 

of the system can be seen in Figure 1. 

 
Figure 1 – Autonomous hybrid standalone PV-wind system’s diagram 

A. PV panels 

Taking in account solar energy, the PV panels are the first 

renewable energy source of the system to be considered. Most 

off-grid systems use them as their primary source, with 

numerous examples using PV panels alone.  

In the projected hybrid system, there are two polycrystalline 

PV panels connected in parallel. Considering its size, each panel 

has a dimension of 1665 x 991mm, it means, a panel area of 1,65 

m2. For each panel, the maximum power peak is 225 Wp. Being 

two panels, the maximum production would be of 450 Wp. For 

STC, the efficiency of the panel is 𝜂𝑃𝑉 = 13.6 %. However, a 

Maximum Power Point Tracker (MPPT) is not considered for 

this project, as it makes the cost of the system cheaper. So, 

considering the Normal Operating Cell Temperature (NOCT) 

standard conditions (NOCT conditions specify an ambient 

temperature of  θ = 20° 𝐶 ≡ T = 293.15 𝐾 , an irradiance of 

𝐺 = 800 𝑊/𝑚2 , a wind speed of 𝑣𝑤 = 1 𝑚/𝑠  with the PV 

model at a tilt angle of 45 ℃ ± 3 % ) to better choose the 

maximum power of the panels, it is possible to verify that, for 

one panel, the value is 165 Wp. Being two panels, the maximum 

production would be of 330 Wp. 

B. Wind turbine 

Now, taking in account wind energy, the other renewable 

energy source to be considered is the wind turbine. In addition, 

as the project focuses on microgeneration of energy, and due to 

where it was placed, the type of turbine used was a small 

VAWT. The design chosen to this study was the Lenz turbine.  

So, when one talks about the Lenz design it is important to 

verify some of its main empirical characteristic: starting with the 

blades, it is composed by 3 aerofoils, equally distanced from one 

another all connected through a tubular spindle. For this specific 

VAWT, each aerofoil as a height of 98 cm and the rotor diameter 

is 96 cm. It is also important to verify the section of air that is 

swept by the rotor. Once it is referent to a VAWT, the shape of 

the swept area is a rectangle, calculated by: 

𝑨 = 𝒉 ×  𝒅 (1) 

where the A is the swept area [m2], h is the aerofoil height [m] 

and d is the rotor diameter [m]. For the turbine in question, the 

total area swept by the rotor is approximately 0.94 m2. 

 

 

1) Output power and power coefficient 

The total power that is available in the wind can be given 
by the following formula: 

𝑷𝒂𝒗 =
𝟏

𝟐
𝝆𝑨𝒗𝒘

𝟑 (2) 

where 𝜌 is the air density [kg/m3] at normal sea level and at 

15℃, which takes the value of approximately 1.23 kg/m3 and vw 

the wind speed [m/s]. As possible to see from (2), the available 

power from the wind is strongly dependent on the wind (it is 

proportional to the cube of the wind speed). However, not all 

energy derived from the wind is truly enjoyed. The ratio of wind 

power used by the turbine and the total wind power is given by 

the power coefficient (Cp), which can also be called the turbine’s 

efficiency:  

𝑪𝒑 =
𝑷𝒐𝒘𝒆𝒓 𝒖𝒔𝒆𝒅 𝒃𝒚 𝒕𝒉𝒆 𝒘𝒊𝒏𝒅 𝒕𝒖𝒓𝒃𝒊𝒏𝒆 (𝑷𝑻)

𝑻𝒐𝒕𝒂𝒍 𝒑𝒐𝒘𝒆𝒓 𝒂𝒗𝒂𝒊𝒍𝒂𝒃𝒍𝒆 𝒊𝒏 𝒕𝒉𝒆 𝒘𝒊𝒏𝒅 (𝑷𝒂𝒗)
 (3) 

So, to produce energy, the wind turbine decelerates the wind. 

For it to be 100% efficient, the wind turbine would have to stop 

all the wind that passes through it, but that is impossible because 

the wind turbine would have to be opaque and couldn’t spin, not 

producing kinetic energy, not creating any energy at all. Basing 

on a previous literature  [4], one can state that the maximum 

value that can be considered for most VAWT, nowadays, is 

usually between 0.15-0.22. 

2) PMSG and DC/DC converter 

The PMSG used in the project was a small one which can be 

highlighted its 4 pairs of poles and its rated power of 𝑃𝑛 =
750 W. In addition, it was also considered the use of a DC/DC 

boost converter that, whenever at its input there is 3 V, the 

voltage is increased to 27.5 V.  

C. LiFePO4 batteries 

When one refers to the most expensive element of these 

types of systems, it is always the batteries. In addition, the initial 

cost of the whole pack remains high. The ones chosen for the 

project are a type of rechargeable batteries, more specifically 

Lithium-ion batteries that use LiFePO4 as cathodes. For the 

system it was used 8 batteries all connected in series, in which 

each one of them has 130 Ah capacity, with a nominal voltage 

of 𝑉𝑛 = 24𝑉. 

For a precise estimation of the battery’s SOC, it is possible 

to do it following the offline mode, more specifically the 

Coulomb counting method. In addition, this technique simply 

measures the current that flows in the battery and integrates it, 

as it is possible to verify from the Coulomb counting equation 

(4), indicating the remain capacity of the battery: 

𝑺𝑶𝑪𝒕 = 𝑺𝑶𝑪𝟎 − ∫
𝜼 ∙ 𝒊(𝒕)

𝑪𝒏
𝒅𝒕

𝒕

𝟎

 (4) 
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being SOC0 the initial SOC of the battery, 𝜂  the coulombic 

efficiency, Cn the estimated capacity of the battery and 𝑖(𝑡) the 

current that flows in the battery. As it is a simple method, many 

BMS use it for the calibration of the SOC [5] [6]. 

Regarding the balancing of the batteries, battery pack was 

previously balanced before this project. In addition, various 

tests were performed during the periods of charging and 

discharging of the cells to study their behavior, and was 

possible to verify that, when the battery pack is balanced, the 

results are obviously more promising, with clear energy gains. 

D. BMS 

To prevent the damage of the batteries, with problems 

associated with over-charging or over-discharging, a proper 

control of each battery cell in a battery pack is required. This 

BMS was mainly chosen for the balancing of the batteries and 

its precise SOC estimation. However, it only matches some of 

the requirements for the project, as it is primarily designed for 

only one source of energy source (mainly solar systems). So, 

for the insertion of the wind system, it was necessary to follow 

another path, it means, connecting the turbine directly to the 

batteries. The losses of the BMS can be considered less than       

2 %. 

E. Off-grid Inverter 

Since the project in question refers to an off-grid system 

with a specific AC load, the most appropriate choice for an 

inverter should be a pure sine wave inverter which can run 

motors more efficiently and has a low THD which makes the 

consumption of electronics with less interference and noise. 

The Livre Pure Sine Wave Inverter with a nominal power of 

𝑃𝑛 = 1500 𝑊 has the right characteristics for the project. 

For further calculation, the efficiency considered was 85 % 

(measured experimentally) [5]. 

F. AC Loads 

The AC loads considered for this project were: Refrigerator; 

Incandescent lamp and a cathode ray tube television (CTR TV) 

1) Refrigerator 

The “heaviest” load, it means, the one that consumes the 

most, is clearly the refrigerator. The load diagram of the 

refrigerator was obtained using the Fluke 1735 power logger, 

which can be seen in Figure 2. for the indicated conditions 

indicated works in two periods of 15 minutes with an average 

active power of around 61 W.  

 
Figure 2 – Load diagram of the refrigerator, for one hour 

 

2) Lightning  

The incandescent light considered was of 60 W. 

3) CTR TV 

The CTR TV considered has a power consumption of 42 W. 

To simulate a typical day, both in Angola and Nepal, it was 

considered: 

• The refrigerator is always on during the day but only 

works on two periods of 15 minutes per hour, which 

means 12 h/day – 732 Wh/day; 

• The light is switched on at the end of the afternoon, 

around 18 h, and switched off at the end of the night, 

around 23 h (this is an average for the entire year, as 

the sunshine hours are not equal for the different 

seasons of the year) – 300 Wh/day; 

• The TV is switched on at night only for 2 hours, from 

20 h to 22 h – 84 Wh/day.  

From the sum of all the energy consumption,            Figure 

3 is obtained, and it gives a total of 1116 Wh/day 

 
           Figure 3 – Total load diagram for one day 

III. CASE STUDIES (THEORETICAL ANALYSIS) 

Despite the efficiency of the renewable energy sources, it is 

also important to consider the efficiency of the other 

components. In addition, from Figure 1, it is possible to divide 

the total system in two sub-systems: The PV system and the 

wind system. So:  

𝜼𝑷𝑽𝒔𝒖𝒃−𝒔𝒚𝒔𝒕𝒆𝒎
= 𝜼𝑳𝒐𝒔𝒔𝒆𝒔 × 𝜼𝑩𝒂𝒕𝒕𝒆𝒓𝒊𝒆𝒔 × 𝜼𝑩𝑴𝑺 × 𝜼𝑰𝒏𝒗𝒆𝒓𝒕𝒆𝒓 (1) 

𝜼𝑾𝒊𝒏𝒅𝒔𝒖𝒃−𝒔𝒚𝒔𝒕𝒆𝒎
= 𝜼𝑳𝒐𝒔𝒔𝒆𝒔 × 𝜼𝑨𝑪/𝑫𝑪 𝒓𝒆𝒄𝒕𝒊𝒇𝒊𝒆𝒓 × 𝜼𝑫𝑪/𝑫𝑪 𝒄𝒐𝒏𝒗𝒆𝒓𝒕𝒆𝒓

× 𝜼𝑩𝒂𝒕𝒕𝒆𝒓𝒊𝒆𝒔 × 𝜼𝑩𝑴𝑺 × 𝜼𝑰𝒏𝒗𝒆𝒓𝒕𝒆𝒓 
(2) 

Considering: 

• 𝜂𝐿𝑜𝑠𝑠𝑒𝑠 = 0.97 – Losses on the cables, and in isolated 

systems they do not exceed 3 % of the total power [5]; 

• 𝜂𝐴𝐶/𝐷𝐶 𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟 = 0.81  – Considering a full wave 

bridge rectifier; 

• 𝜂𝐷𝐶/𝐷𝐶 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 1 – Considering no losses; 

• 𝜂𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 = 1 – Considering no losses; 

• 𝜂𝐵𝑀𝑆 = 0.98  – Considering that the losses do not 

exceed 2%; 

• 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 0.85. 

So: ηPVsub−system
≈ 81 % and 𝜂𝑊𝑖𝑛𝑑𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚

≈ 65 %. 

Consider the efficiency of the sources: 
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ηPV = 13.6 %, in STC conditions, and 𝐶𝑝 ≈ 15 % (which is 

the worst-case scenario mentioned in B1).  

It is important study the potential of energy generation of 

both renewable energy sources, as bigger the generation, lower 

is necessary for the system to resort on the batteries. In addition, 

as the batteries represent the major investment and suffer great 

wear through time, it is important for the system to depend on 

them as little as possible. For this segment the data was 

collected from average annual data from different databases 

(such as NASA [7] and PVGIS [8]). 

A. Luena, Angola 

Solar and wind data from Luena is presented in Table 1: 

Table 1 – Solar and wind data of the region of Luena, Angola 

Months 

Monthly average 

Irradiation at an 

optimum angle 

[Wh/m2/day] 

Monthly 

average wind 

speed [m/s] 

January 4860 3.11 

February 5020 3.49 

March 5520 3.15 

April 6260 3.93 

May 6960 3.86 

June 7050 4.09 

July 7180 4.51 

August 7330 4.66 

September 6820 5.42 

October 6100 4.08 

November 5020 3.78 

December 4670 3.60 

For the PV panels, the available energy was calculated 

knowing the area of the panels. As each one has 1.65 m2, and 

being two panels, the total area is of 3.3 m2. So: 

For the wind turbine, knowing its available power from 

equation (2) and considering the daily utilization of the turbine 

(values of wind speed are monthly averages so, the value taken 

in account of its utilization was 24 h/day, which means the wind 

blows during all day) its available energy is given by: 

Applying the efficiencies of each source, it is possible to 

obtain the total energy produced by each, which is seen in 

Figure 4. 

 

Figure 4 – Energy produced by the PV panels and the wind turbine in 

Luena, Angola (using theoretical parameters) 

Finally, to obtain the total energy delivered to the load by 

the hybrid system, using the efficiency of the systems, Figure 5 

is obtained. So, it is plausible to conclude that the energy that is 

delivered to the load by the hybrid system is enough to support 

the load through the entire year, having to making less use of 

the battery. 

 
Figure 5 – Energy delivered to the load by the hybrid system in 

Luena, Angola (using theoretical parameters) 

B. Humla, Nepal 

Solar and wind data from Humla is presented in Table 2. 

Table 2 – Solar and wind data of the region of Humla, Nepal 

Months 

Monthly average 

Irradiation at an 

optimum angle 

[Wh/m2/day] 

Monthly 

average wind 

speed [m/s] 

January 3150 5.20 

February 3660 5.25 

March 4900 5.05 

April 5110 4.87 

May 5430 5.09 

June 4810 4.50 

July 4580 3.88 

August 4630 3.65 

September 4430 3.95 

October 5870 5.03 

November 4910 5.19 

December 4190 5.22 

Following the same reasoning as before, it is easy to obtain 

the total energy produced by each source, thus getting Figure 6.  

 

Figure 6 – Energy produced by the PV panels and the wind turbine in 

Humla, Nepal (using theoretical parameters) 

Again, considering the efficiencies of the systems, it is 

possible to obtain the total energy delivered to the load by the 

hybrid system, which can be seen in Figure 7. It is possible to 

conclude that the energy that is delivered to the load by the 

hybrid system is enough to support it through the year. Unlike 

Luena, now there is a good compensation of the amount of 

𝑬𝒂𝒗𝑷𝑽 𝒑𝒂𝒏𝒆𝒍𝒔 = 𝑯𝒐𝒑𝒕 × 𝑨𝒑𝒂𝒏𝒆𝒍𝒔 (3) 

𝑬𝒂𝒗𝒘𝒊𝒏𝒅 𝒕𝒖𝒓𝒃𝒊𝒏𝒆
= 𝑷𝒂𝒗 × 𝟐𝟒 𝒉

𝒅𝒂𝒚⁄  (4) 
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energy derived from the wind turbine and the one from the PV 

panels.   

 
Figure 7 – Energy delivered to the load by the hybrid system in 

Humla, Nepal (using theoretical parameters) 

IV. EXPERIMENTAL RUN 

The experimental site where both renewable energy sources 

were placed was the terrace of the Electricity Pavilion 

(Pavilhão de Eletricidade), which matches the height of a third 

floor (a considerable height to perform the tests with greater 

irradiance values and wind speeds) and it is attached to the 

North Tower building at Instituto Superior Técnico: that 

proximity shades the panels around 15:00 and the wind does not 

reach the turbine from all the directions, thus representing 

downgrades to the test. Figure 8 shows both renewable energy 

sources and Figure 9 the other system components that are 

presented in the Energy laboratory, which is the basement of 

the Eletricity Pavilion, (50 m away from both sources).  

 

Figure 8 – Renewable energy sources a) PV panels (two on the right) 

b) VAWT 

 
Figure 9 – Photo of the system, which is placed in the Energy 

Laboratory: 1 – LiFePO4 battery pack, 2 – BMS, 3 – Inverter, 4 – 

Switch, 5 – AC/DC rectifier, 6 – DC/DC converter, 7 – Transducers, 

8a – DAQ (responsible for the batteries), 8b – DAQ (responsible for 

the renewable energy sources) 

The experimental test was separated phased, and performed 

in more than one day: one daytime test, when both renewable 

energy sources are producing and one night-time test when only 

the wind turbine is working. 

A. Daytime test 

This test began at approximately 09:30 and finished at 

almost 17:00. Concerning the load,  the refrigerator was always 

on. At approximately 12:00, since it was not possible to 

consider an incandescent lightning (they have been forbidden 

in Europe), the refrigerator level was increased from 3 to 5. Two 

hours later at approximately 14:00, the TV was turned on for 

about one hour. Finally, a little after 15:00 the refrigerator was 

levelled again to 3. Note that the SOC of the batteries at the 

beginning of the test was not at 100%, but at around 70%. So, 

it was possible to observe the power output of both sources, 

from Figure 10 and Figure 11. 

 
Figure 10 – Output power of the PV panels 

 
Figure 11 – Output power of the wind turbine (daytime test) 

So, it is possible to conclude that the production of the PV 

panels is much greater than the wind turbine’s.  

Finally, the evolution of the voltage of the battery is possible 

to observe from Figure 12. 

 
Figure 12 – Output voltage of the batteries (daytime test): A – 

Morning, B – Lunchtime, C – Afternoon 

From this test it is possible to conclude that the voltage of 

the battery pack is clearly more affected by the production of 

the PV panels, being the production of the wind turbine too low 

to influence. Scrutinizing the graph: during the period A 

(morning), while the PV panels are increasing its levels of 

production, the batteries are slowly increasing its SOC level. It 

is as well possible to verify some peaks in the wind turbine 
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production, although not so significant. The voltage drops seen 

in the graph represent the times whenever the refrigerator turns 

on. As mentioned previously, at around 12:00, which marks the 

beginning of period B (lunchtime), the level of the refrigerator 

was changed to 5, which is verifiable from Figure 12, as those 

voltage drops increase. In addition, it also matches when the 

levels of production of the PV panels are at its highest and the 

wind turbine is not producing. The television which was turned 

on at 14:00, has little influence. After resetting the level of the 

refrigerator to 3 and turning off the television, that matches the 

beginning of period C (afternoon) which is when the PV panels 

are shaded and the production of the wind turbine increases, the 

battery pack slowly starts to decrease its SOC level. 

So, during the three periods addressed in Figure 12, it is 

possible to conclude that the SOC level of the batteries varies 

almost exclusively with the production of the PV panels. For 

instance, during periods A and B, which is when the PV panels 

are not shaded, their average production power is 220 W. On 

opposite, during period C, which is when the wind turbine is the 

only source producing, its average production power 

(considering only when there is output power on the DC/DC 

converter) is only 2 W. 

B. Night test  

The test was run from 22:00 to almost 04:00. For it, the only 

load used was the refrigerator on level 3. As well as in the other 

test, here the initial SOC of the battery was not at 100% but at 

around 70% as well. So, following the same procedure as 

before, it is necessary to start by analysing the output power of 

the turbine from Figure 13. 

 
Figure 13 – Output power of the wind turbine (night test) 

Again, analysing the progress of the voltage of the battery 

pack along the test: 

 
Figure 14 – Output voltage of the batteries (night test) 

So, from Figure 14 it is possible to conclude that the 

production of the wind turbine hardly has influence on the SOC 

level of the batteries. The pack slowly reduces its SOC at the 

same time as the refrigerator turns on during that time. 

To sum up, it is possible to conclude that the SOC level of 

the battery pack changes only with the consumption of the load 

(in this case the refrigerator). Again, analysing the output power 

of the turbine (only when there is power on the output of the 

DC/DC converter), it is only around 5 W. In addition, 

considerably low to power the system, either the batteries or the 

load. 

C. Experimental efficiencies 

As the aim of this work is to study the feasibility of a hybrid 

system in the remote areas of Luena and Humla, it is important 

to study the efficiency of the renewable energy sources and the 

system as well. It is important to understand that the efficiency 

of neither the sources is constant along the year. However, for 

this project, it was only measured in one specific period.  

Firstly, starting with the PV panels: The determination of 

the efficiency of the PV was the only one considered outside 

the practical results in the daytime test. So, considering the total 

available irradiance and having the PV panels output, the 

efficiency was easily obtained, which can be seen in Figure 15. 

Note that when the test was taken the PV panels were shaded at 

14:30. On average, the efficiency took the value of 10.8 %. 

 
Figure 15 – PV panels efficiency 

For the rest of the PV sub-system, considering the losses of 

the components that are in the Energy Laboratory: now taking 

in account the daytime test, considering the energy production 

of the PV panels of approximately 1320 Wh, and the load of the 

test, measured with the Fluke, of almost 1030 Wh, the sub-

system takes the efficiency of approximately 78 %. 

On the other hand, to determine the wind turbine’s 

efficiency, basing on (3) it was necessary to know the wind 

speed values to determine the power available in the wind and 

then compare it with what the wind turbine really produced. The 

wind speed data was collected from [9] which gives wind speed 

values from 5 to 5 minutes. During those 5 minutes the power 

of the turbine varies, as the data was collected from the DAQ 

was acquired every 10 seconds, which makes the calculation 

less accurate. The efficiency was calculated during the night-

time test, from 23:00 to 03:00.  

Therefore, the process chosen to determine a proper value 

of efficiency was to only consider the moments in which the 

wind turbine is producing (when there is power at the output of 

the DC/DC converter). As it works in unpredictable time 

intervals, the number of peaks collected in each hour are not the 

same, as possible to observe from Figure 16, in which the hours 

of the time axis have not the same size. The points in which the 

output of the DC/DC converter is 0 were despised. 
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Figure 16 – Wind turbine’s efficiency 

It is possible to conclude that the efficiency varies quite a 

bit, from point to point and that is because that the data collected 

was in a different site other than the turbine is placed and 

acquired in another time frame. However, from this method it 

was possible to extract an average value of efficiency of 6.4 %.  

For the wind sub-system, it is just necessary to multiply the 

efficiency of the AC/DC rectifier with the PV sub-system 

efficiency, whose components are equal, which has a maximum 

of 81%, giving a total wind sub-system efficiency of 

approximately 63 %. 

D. Case studies (experimental analysis)  

After making a theoretical analysis, it is necessary to make 

an analysis that contemplates the experimental values of 

efficiency. As mentioned previously, the efficiency of both 

sources is not equal during the year but, as it was not possible 

to collect them from each month, the values obtained were 

interpolated for the whole year. 

So, the experimental efficiencies are: 

• The efficiency of the PV: 𝜂𝑃𝑉 = 10.8 %; 

• The efficiency of the wind turbine: 𝐶𝑝 = 6.4 %; 

• The efficiency of each of the systems: 𝜂𝑃𝑉𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚
≈

78 % and 𝜂𝑊𝑖𝑛𝑑𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚
≈ 63 %. 

1) Luena, Angola 

Starting with the Luena, Angola, case study: Again, taking 

a closer look at Table 1, and following the same reasoning as 

before, considering the efficiencies of each source, it is possible 

to determine the total energy produced, which is possible to 

verify from  

 

Figure 17 – Energy produced by the PV panels and the wind turbine 

in Luena, Angola (using experimental parameters) 

The PV panels production is considerably greater that the 

wind turbine’s. Also, both sources show no complementarity. 

Considering the efficiency of the experimental system it is 

possible to obtain the total energy delivered to the load by the 

hybrid system: 

 

Figure 18 – Energy delivered to the load by the hybrid system in 

Luena, Angola (using experimental parameters) 

From observing Figure 18, and comparing it with Figure 5, 

it is possible to conclude that, despite the decay that was in the 

energy, the system is still possible to support the load in study, 

recurring less to the batteries, which is an optimum indicator. 

Still, during its hot rainy season (mainly from November to 

February) the value of the load and energy used are 

approximate, which even with the introduction of the wind 

turbine was not helpful. 

2) Humla, Nepal 

Following the Humla, Nepal, case study: As done previously, 

basing on Table 2, it was calculated the total energy produced 

by each source, possible to observe from Figure 19. 

 
Figure 19 – Energy produced by the PV panels and the wind turbine 

in Humla, Nepal (using experimental parameters) 

In this case, it is shown as well that the PV panels energy 

produced is still much greater than the wind turbine’s. 

However, in this case, on opposite of what was observed in the 

Luena’s case study, both sources present a viable 

complementary, in which the strengths of one can help 

overcome the weaknesses of the other. 

Again, considering the efficiency of the experimental setup 

of the Energy Laboratory, it is possible to obtain Figure 20. 

 

Figure 20 – Energy delivered to the load by the hybrid system in 

Humla, Nepal (using experimental parameters) 
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V. CONCLUSIONS 

The number of people that still have no access to electricity 

is much bigger than one might think. This usually occurs in 

development countries which have remote areas that are so far 

to the nearest grid that it is unfordable to invest in utility lines. 

One approach, trying to overcome this issue, is the 

implementation of standalone systems that can, by themselves, 

feed the needs of those people. However, the investment in 

these systems is always dependent on external investments. 

So, this project aimed the detailed study of an autonomous 

hybrid standalone PV-wind system with battery storage 

(LiFePO4 batteries) that can supply the minimum loads for the 

basic living conditions (in this case is given more emphasis to 

a refrigerator). The values of efficiency of the system were 

determined experimentally and then interpolated to the whole 

year to verify its viability in the remote areas of Luena (Angola) 

and Humla (Nepal).  

For a better study of the hybrid system the experimental test 

was made in two different conditions: one when the PV panels 

and the wind turbine are producing (during the day) and other 

when only the wind turbine is producing (during the night). The 

experimental results showed that the hybrid system relies 

mostly on the performance of the PV panels, which reach much 

higher values of production when comparing to the wind 

turbine. The low production of the wind turbine shows that it 

hardly has any effect on the system whether it is on feeding the 

loads or charging the batteries. The low production of the wind 

turbine can be explained due to various factors, which can be 

highlighted the poor generator accoupled to the turbine, the 

hand-made structure that causes many losses and the long 

distance between the turbine and the rest of the components of 

the system. 

The interpolation of the experimental data determined was 

possible to simulate the behaviour of this kind of systems for 

the areas in study: starting with Luena, the experimental test of 

including the wind turbine presented no benefit regarding this 

region. In addition, the levels of production obtained from the 

interpolation to the whole year of both sources present no 

positive complementarity. To conclude, the inclusion of a wind 

turbine is not viable; In Humla, the experimental test presented 

a different positive result. From the data obtained and the 

simulation to the whole year the production of both sources 

presented a good compensation, but not able enough to feed the 

total load in study. However, for this specific remote area the 

load can be reviewed, as the one in study might be excessive for 

the needs of the region. So, investing on a hybrid system might 

be feasible.  

The investment in this type of systems have been gaining 

form through the last few years, mainly standalone PV systems. 

However, what costs more is the storage equipment (most of 

the time batteries). So, combining more than just one source of 

energy can open doors to reduce the cost of this type of systems. 

With more generation, the need to have much equipment to 

store energy is reduced.  

The study of hybrid systems is a growing market with 

prospects of future improvement 
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