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Abstract— The continuous decline of costs for renewable 

energy technology, together with the establishment of a 

mature alternative energy industry, has led to the increased 

utilisation of renewable energy sources for remote area power 

generation. Rural households in industrialised and less 

developed countries attach high value to a reliable supply of 

electricity even if its capacity is limited. The paper reviews 

the current state of the design and operation of stand-alone 

PV-diesel hybrid energy systems. It highlights future 

developments, which have the potential to increase the 

economic competitiveness of such systems and their 

acceptance by the user. In 2018 the number of people without 

access to electricity dropped to less than 1 billion. However, 

the difficulty of serving these people became higher, as the 

locations are in the most remote areas of the world. Brazil, for 

example, needs to bring electricity to around 1 million people 

who, in the vast majority, live within the Amazon region. In 

this way, hybrid energy systems (HESs) count as an attractive 

alternative for power generation, especially in remote areas. 

Therefore, this article analyzes a case study of a hybrid 

photovoltaic-diesel system installed in the Tapajós-Arapiuns 

Extractive Reserve in the Brazilian Amazon region. The 

studied plant is composed of a photovoltaic (PV) system, a 

lead-acid electrochemical battery bank, a diesel generator, 

and electro-electronic loads with highly variable demand 

throughout the year. The HOMER PRO software is used as 

the simulation tool. The results show that the load following 

dispatch strategy is the best option, with 85.6% of the load 

demand being supplied by PV energy and only 14.4% by the 

diesel generator set. As a result, the system is technically 

feasible to be replicated as a reliable energy source in other 

areas of the reserve to supply schools, public health places, 

and other community services. 
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I. INTRODUCTION 

Universal access to electricity has increased exponentially in 

recent decades. In the early 1990s, approximately 71% of the 

global population had access to energy. About 26 years later, 

in 2016, this number reached over 87%. However, 940 

million people in that year still remained without any energy 

support. The number of people without access to electricity 

dropped from almost 1 billion in 2017 to 860 million in 2018 

[1]. These data are extremely significant, but the challenge 

becomes higher as the populations who still need to be served 

are located in remote areas of the world. The crucial solutions 

to serve these populations predominate in the use of 

renewable sources such as solar and wind for the implantation 

of individual energy systems or hybrid systems.  

 Among other remote areas of the world, the Amazon 

imposes significant difficulties to the electricity supply. The 

Amazon region is characterized by its size, biodiversity, 

range of natural resources, and its population. Its population 

is mainly composed of traditional and rural communities[2]. 

These populations are used to building small communities 

next to the forests, mainly on river channels that provide the 

inhabitants with locomotion and food.  

 Consequently, the benefits of using electricity do not 

reach these populations, from the simple access to primary 

means of communication to the precariousness of education, 

and the lack of the minimum housing conditions necessary 

for every citizen. The communities still use the old kerosene 

or carbide lamp as their primary light source at night. 

Although the Brazilian Federal Government launched in 

November 2003 the Light for All Program (Programa Luz 

para Todos) for universal access to electric energy throughout 

the country, the reality of this population remains almost 

unchanged on many issues[3].  

 The universalization of electric energy in Brazil still 

presents significant obstacles to achieving the United Nations 

(UN) sustainable development objective-7. In 2019 the 

number of people outside the national electric grid in the 

Brazilian Amazon was estimated to be near 990 thousand 

inhabitants. In the same year, the Ministry of Mines and 

Energy announced that it would take 7 to 10 years to serve 72 

thousand families in this region. Since the beginning of the 

Light for All program, only 3000 families in these areas 

received aid through the Green Extractive Reserve Forever 

(Reserva Extrativista Verde para Sempre) program in the 

region of Pará [4].  

 Policies aimed at providing energy to isolated areas 

have many limitations that preclude any small-scale 

initiatives. Nevertheless, this reality has been changing in 

recent years[5]. To meet the basic needs of some 

communities, non-governmental institutions have 

implemented solar energy system for water pumping, public 

lighting, electrification of schools, health places, and 

community centers. These applications occur with individual 

photovoltaic systems, mini-grids, or hybrid energy systems 

(HESs).  

 In this paper, the topic covered is hybrid 

photovoltaic systems for remote areas of the Amazon region. 

The application of HESs in the country occurs more 

frequently in remote areas, where there is a low demand for 

energy for production and residential use, making the service 

of this population unattractive to energy utilities. The national 

electric grid cannot offer the service, due to difficulties in 

access, cost of building substations, transmission, and 

distribution lines to meet a low demand [6]. Due to the 

unavailability of the electricity grid, the population living in 

these places finds diesel generator sets as a solution, which 

guarantees a few hours of electricity per day. However, diesel 

generators present too many problems over their useful life. 

Hybrid systems with the use of photovoltaic and wind 

systems combined with diesel generators in autonomous 

HESs guarantee less dependence on fossil fuel, less emission 
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of greenhouse gases, higher reliability, better quality, and less 

oscillation in the delivery of energy to the final load. 

However, the proper selection of technology and the sizing of 

the generation unit are essential in the design of these systems 

to improve operational performance and dispatch control [7].  

 In research on hybrid energy systems, it is possible 

to list a series of works and articles that show the importance 

of this field of study. Hauschild addresses the evaluation of 

operating strategies for hybrid photovoltaic-wind-diesel 

systems in two case studies in Ilha do Cardoso, in the state of 

São Paulo (Brazil) and the results are used to determine the 

best strategies. Lau  analyzes the potential use of a hybrid 

photovoltaic-diesel system in remote locations in Malaysia. 

He uses the HOMER software to study the technical and 

economic feasibility of the hybrid PV/diesel energy system. 

Barbosa [8] contributes by raising the technical, operational, 

economic, and management characteristics of hybrid energy 

systems implemented in the Amazon Region to model 

operating strategies.  

 In the work of Sandeep [9], HOMER is used for 

designing and finding an optimized configuration of a hybrid 

power system in terms of stability, economy, size, and the 

number of components, before installation. The simulated 

results using the software provide a comparative economic 

analysis of each configuration and evaluate the best 

configuration. Thus, HOMER is advantageous in carrying out 

the configuration and the energy balance for each hour to 

choose whether the configuration is viable. Singh  uses the 

software to analyze the design, cost optimization, and control 

strategy of a hybrid energy system. Other authors present 

different methodologies for decision making based on an 

optimal cost analysis for the planning of several hybrid 

energy systems. These works analyze the impacts of hybrid 

systems considering different renewable energy sources 

(wind, solar, and hydro) to determine the optimal solution 

corresponding to a minimum annualized cost of capital. Many 

other authors also present works in the areas of autonomous 

HESs.  

 The main contribution of this research is to highlight 

the potential for renewable energy in the Amazon region, 

showing the possibilities of meeting the diverse energy 

demands and offer renewable. energy as a great solution in 

the form of hybrid systems to mitigate the use of diesel and 

reduce local energy problems. The sustainable propagation of 

energy in this region adds economic development to the local 

population. A consequence of this whole process is the 

improvement of quality of life. However, in the last few 

years, this population has faced unrestrained deforestation 

with higher CO2 emission rates. However, remote 

communities in the Amazon are mainly responsible for 

fighting for sustainable land development, access to energy, 

and the preservation of the forest with its flora and fauna[10].  

II. ENERGY SIMULATION  

Computer modelling permits optimization of the various 

engineering and economic parameters that have to be 

considered in order to plan, design and construct energy 

system. In particular, computer simulations can be used to 

perform a feasibility study on any new system. They can be 

used to diagnose problems that might occur in the system’s 

operation. Morgan et al, [11] described the development of a 

simulation program that enables the designer to find the 

reliable level of a renewable energy system. When both load 

and meteorological data are known, the program calculates 

the system autonomy level and predicts the battery voltage.  

 Optimization analyses were carried out to arrive at 

the best possible sizing configurations. Solar energy system 

is among the most developed renewable energy systems 

(RES), with diesel generator and has been widely used in both 

autonomous and grid connected applications. The sizing tool 

performs dimensioning of the system: given an energy 

requirement, it determines the optimal size of each of the 

different components of the system. In an energy system, 

40% of the total energy loss is due to the nonoptimal sizing 

of the system [10]. Simulation tools can be used for sizing 

[12] and this requires that the user correctly identify the key 

variables and then repeatedly run the simulation, adjusting the 

variables manually to converge on an acceptable sizing. Some 

packages automate this process. Much research has been 

carried out to optimize their size and evaluate their 

performance. carried out system sizing using (Hybrid 

Optimization Model for Electrical Renewables) HOMER-

optimization and simulation software tool. Used electrical 

resistance to simulate a PV system. Whilst mathematically 

correct, the drawback in these earlier works was the 

complexity of solar outputs at a site near where the system 

was to be installed because the power output may be 

intermittent, seasonal, and nondispatchable, and the 

availability of renewable resources may be uncertain. Ani and 

Emetu [13] have developed a control system to overcome 

these challenges. In this work, a different approach involving 

simulation and optimization has been adopted to solve these 

difficulties; the development of a control system that controls 

and supervises the operations of PV-Diesel hybrid power 

generation system.  

A. System Design  

In order to design a power system, we have to provide some 

information from a particular remote location such as the load 

profile that should be met by the system, solar radiation for 

PV generation, initial cost for each component (renewable 

energy generators, diesel generator, battery, converter), 

annual interest rate, project lifetime, etc. After that, the 

simulation was performed to obtain the best power system 

configuration, by utilizing HOMER software from NREL . 

Designing a hybrid system would require correct components 

selection and sizing with appropriate operation strategy [14]. 

The design and operational control is not a linear problem due 

to non-linear component characteristics with a large number 

of variables. Simulation programs are the most common tools 

for the optimal design of problems like this. By using 

computer simulation, the optimum configuration can be 

found by comparing the performance and energy production 

cost of different system configurations. There are some 

programs that simulate hybrid systems, as HYBRID2 and 

HOMER. HYBRID2 simulates hybrid systems with very 

high precision calculations, but it does not optimize the 

system. HOMER simulates and optimizes the system.  
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B. Components of Photovoltaic Technology 

Solar energy-based power generation system consists of PV 

array, dc-dc converter, dc-ac inverter, controller, filter and 

load as shown in fig.1. However, the main drawback is the 

intermittent nature of solar radiation and in that case MPPT 

make the PV system achieving its maximum power [15]. The 

detailed study of the PV array which is connected to the local 

loads through the converter to step up or step down the PV 

output and DC/AC inverter to convert the DC output of the 

PV array into the AC supply to the local utilities power supply 

for lighting, heating, cooling, cooking, drying purposes is 

studied. The output of the inverter is connected to filter for 

the pure sinusoidal supply. The entire components of the 

model are formulated under MATLAB/SIMULINK software 

in another chapter. 

 
Fig. 1: Schematic block diagram of solar photovoltaic power 

conversion system 

C. Diesel Generator 

Diesel generator is one of the basic elements of the hybrid 

system described in this thesis project. It supplies the load 

when there is less supply than demand for an efficient, 

continuous and reliable customers energy demand. A diesel 

generator is a diesel engine combined with an electrical 

generator (alternator) via a rotating part to generate electric 

energy [16]. The diesel engine coverts the chemical energy 

available in fuel into mechanical energy in which the 

produced mechanical power rotates the engine shaft 

connected to the alternator. The following fig.2 shows the 

schematic of a diesel generator. 

 

Fig.2: Schematic of Diesel generator [17] 

III. METHODOLOGY  

A. Hybrid Energy System Configuration  

The hybrid system model to be described is the core of the 

simulation[18]. Apart from correct costing and optimization, 

the quality and accuracy of the model and its implementation 

in the algorithm, greatly determines the usefulness of the 

simulation results. Fig. 3 shows the Proposed Hybrid System 

Set-up. Embedded power generation is defined as the 

interconnection of several distributed generators (PV panels 

and diesel generator) and a set of batteries. 

 
Fig. 3: PV/Diesel hybrid system 

 In this study, a hybrid energy system is based on a 

generalized three-bus configuration. The three buses are a 

direct current (DC) bus, an alternate current (AC) bus, and a 

load bus. Technologies that generate DC current– PV and 

battery – are connected to the DC bus (VDC). Technologies 

that generate AC current, i.e. diesel generators, are connected 

to the AC bus (VAC). Only AC appliances are used and are 

connected to the load bus (IAC). An inverter, or a DC-to-AC 

converter, is used to convert DC current (Iinv_DC) to AC 

current (Iinv_AC) (from the DC bus to serve the AC 

load)[19]. A battery charger is used to convert AC (Ich_AC) 

current from diesel generator to DC (Ich_DC) current to 

charge the battery fig 4. A charge regulator is used to control 

the charge and discharge current from the battery. To serve 

the load, electrical energy can be produced either directly 

from PV (IPV), diesel generator (Id), or indirectly from the 

battery (Ibat). The energy generated from all generating 

technologies (PV and diesel generator) can be directed to 

serve the load and charge the battery[20]. 
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Fig 4: Proposed PV/Diesel Hybrid System 

B. Development of control of PV/Diesel Hybrid System 

As is well-known, a good operation of a hybrid system can be 

achieved only by a suitable control of the interaction in the 

operation of the different devices. An exhaustive knowledge 

of the management strategies to be chosen in the preliminary 

stage is therefore fundamental to optimize the use of the 

renewable sources, minimize the wear of batteries, consume 

the smaller possible quantity of fossil fuel [21]. The system 

algorithm considered a Loss of Load Probability equal to 0%; 

meaning that the load will always be satisfied. In other words, 

the system reliability is 100%, leading to autonomy for the 

system. In this study, the PV power (PP(t)) generation is the 

primary source of energy, the battery (Pcharger(t)) as the 

supplement and the diesel generator power (PDG) as the 

back-up source of energy. Given the values of irradiation on 

tilted planes, and the consumption patterns previously 

described, the system behavior can be simulated using an 

hourly time step. Based on a system energy balance and on 

the storage continuity equation, the simulation method used 

here is similar to that used by others [22].  

 An operational control strategy consists of the 

setpoint of when to switch on the diesel or not, based on the 

system state, such as the battery state of charge and demand 

placed on the system as shown in the developed design 

system in Figure 5.  

 
Fig. 5: Hybrid Energy System controller 

IV. CONCLUSION 

The hybrid PV/diesel system using PV array size of 1.1 GW 

gives 15% renewable penetration. This penetration value 

makes sense for the real-world application. From the 

simulation, it has been clearly demonstrated that the stand-

alone diesel system has the lowest COE but the highest CO2 

gas emission. The use of hybrid PV/diesel system will 

significantly reduce CO2 gas emission from environmental 

point of view. On the other hand, the configuration of hybrid 

PV/diesel system without battery is the most expensive 

system. One of the main reasons is that the power generated 

by PV is not being fully utilized. Since the storage devices are 

very important to ensure that the excess electricity produced 

by PV array can be stored for later use, it would greatly 

optimize the system. As a conclusion, the PV/diesel system 

with battery is more economical than the PV/diesel system 

without battery.  
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