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Abstract 

This research studies the feasibility of designing a hybrid system by combining existing 

generators with a photovoltaic power plant and a battery bank. The investigation of a 

possible conversion of a 5 MW fuel oil driven stand-alone power plant in the 

Dominican Republic to a photovoltaic fuel-oil hybrid system is based on simulations 

with different programs.  

To get a detailed and realistic image of the feasibility the regional conditions and the 

components of the hybrid system are discussed. 

The most significant results are given by the software HOMER Pro containing the 

dimension of the components for the most economical application.  

 

Hybrid systems in the remote areas in the Dominican Republic are expected to promise 

a high degree of success since the cost of energy can be decreased significantly by 

including renewable sources into conventional systems. Due to very well suiting 

conditions in this region especially PV-arrays can generate a lot of energy.  

The intention of the study is, that it serves as an example for the electrification of rural 

areas in the Caribbean and around the world 
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Abbreviations 

AM Air Mass is the distance the sunlight has to go through the atmosphere when it 

does not irradiate in an angle of 90° on the earth surface. In the photovoltaic-

business an Air Mass of 1.5 is commonly estimated. 

Capex: The Capital Exposure is used to describe investment expenditures for longer-

term assets. 

DoD: Depth of Discharge describes the ratio of the amount of electric charge taken 

from a battery to the total capacity.  

EDE: Empresa Distribudora de Electricidad are called the companies that are in 

charge of the distribution of the energy in the Dominican Republic 

EGE: Empresa Generadora de Electicidad are the companies in charge of the energy 

generation 

HES: Hybrid Energy System are systems used for the generation of energy that 

consist of more than one process to generate energy 

IRES: Integrated Renewable Energy Systems are systems for the generation of 

Energy that consist of one or more renewable energy sources. IRES can also 

include conventional energy generation systems like gen-sets. 

LCOE: The Levelized Cost Of Energy describes the total cost of the production of on 

kWh. 

NOCT: Nominal Operating Cell Temperature is the temperature of the PV-cell during 

the operation.  

NPC: Net Present Cost describes a dynamic value in the calculation of the investment 

which refers to the increase in assets related to the start date of the project. 

O&M: Operation and Maintenance plans are plans that describe the treatment of the 

power plant after the construction and during the whole life time. The plan 

includes for example rules for repairs, cleaning and further more. 

Opex: The Operational Exposure describes the cost that occur during the operation of 

the plant. Costs can be caused by maintenance or repairs. Costs of fuel is not 

included in this value. 

SENI: Sistema Electrico National Internconectado is the national transmission grid of 

the Dominican Republic 

SOC: State Of Charge describes present status of charge by relating the power 

available on the battery with the total capacity of the battery.  



 

STC: Standard Testing Conditions are the standardized conditions under which PV-

Modules are tested. STC are an irradiance of 1000 W/m2, a module 

temperature of 25 °C and AM of 1.5. 
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1. Introduction 

The World Energy Outlook 2016 shows, there are 1.2 billion people living without access to 

electrical energy world wide (World Energy Outlook, 2017). 

According to this study 80 % of the people who do not have electrical energy obtainable live 

in remote areas that are not connected to the national grid. Often the isolated location of this 

area or geographical circumstances cause, that an electrical connection is difficult to realize 

and expensive.  

Usually the electric energy supply for these rural areas is solved with stand-alone electric 

systems running with diesel generators, which can assure a steady and stable energy supply. 

The problem of this system is the provision with fuel for the gen-sets. Because of missing 

infrastructure in the regions, it is difficult and costly to carry the fuel to the power plants. That 

causes a very high Levelized Cost of Energy (LCOE) for these areas. Another aspect is that 

the cost of fuel is a highly varying factor, so that it is difficult to assure a stable cost of 

energy. 

 

One option to minimize the costs of energy and to increase the level of independence from 

fuel prices is to combine diesel-generators with renewable energy sources and a battery bank. 

These systems are called hybrid systems. They make especially sense in areas with high 

availability of renewable energies (sun, wind).  

The most common combination is a PV-Diesel-Hybrid which combines a conventional diesel 

engine-driven generator with a photovoltaic-power plant and a lead acid battery bank.  

 

In the Dominican Republic, there are also still remote areas that are not connected to the 

national grid “Sistema Electrico Nacional Interconectado” (SENI). Because there is only a 

marginal part of the population living in these areas and because of geographical 

circumstances that complicate an extension of the transmission lines to connect the regions to 

the grid, the motivation to enable an access to electric energy in this region is low. 

One of these rural areas is Pedernales, a region located in the south west of the country. Since 

1998 the company EGE Haina (Empresa Generadora de Electricidad Haina) is the only 

energy supplier in the main municipality of Pedernales, that is the most populated of the 

province Pedernales. The company runs three fuel oil gen-sets with a total capacity of 5.1 

MW to meet a peak load of 2.8 MW.  
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The electricity in Pedernales and the Dominican Republic in general is compared to the cost 

of living very high. That leads to the fact, that many people can only afford a limited access to 

electrical energy or no access at all. The idea of this thesis is it to design a system that lowers 

the cost of energy to enable electricity to a larger part of the population without influencing 

the high reliability that the current system has. 

With Pedernales being one of the sunniest regions in the Dominican Republic the 

requirements for designing a PV-Diesel-Hybrid-System seem to be fulfilled and the 

auspicious conditions make a success of such a project on the first glance seem likely.  

So far, many projects have been evaluated in remote areas primarily in swelling and 

developing countries with a tropical climate. Due to a low electrification rate in heavily 

populated countries there are many studies from India, Malaysia, Thailand and Nigeria. And 

because the size of the country the electrification with hybrid systems has been investigated in 

Australia for many years as well.  

A study taken out by (Cader, Bertheau, Blechinger, Huyskens, & Breyer, 2015) show that 

hybrid system can achieve large success for the electrification of rural areas in countries with 

high solar irradiation. Particularly newer studies get to the result that the cost of energy from a 

hybrid system can be significantly lower compared to only diesel or other fuel power plants.  

Although there are many studies about implementing hybrid systems for rural electrification, 

most of them deal with power plants in the kW rage between 10-200 kW. Evaluations of large 

MW hybrid systems are very rare. 

The following thesis deals with feasibility to realize a PV-Fuel-Oil-Hybrid System in the 

range of MW in the urban part of Pedernales in the Dominican Republic. 

The objective is to design a model for an extension of the existing energy system to a PV-

Fuel-Oil-Hybrid-System, with the existing engine-driven generator as primary generator, the 

PV plant as secondary generator and a Li-Ion battery bank for storage. Most of the studies 

mentioned include lead acid batteries as a backup. Since the technology of Lithium-Ion 

batteries is experiencing a great development in the last years, the idea is it to evaluate the 

feasibility of a project that includes this more expensive but technically more advanced and 

promising technology. The research applies a further evaluation of available structures and of 

new technologies that need to be integrated into the system.  

The document is subdivided in different chapters that deal with the general information of the 

project region, the theory of hybrid power plants, analysis of the current situation and a 

feasibility study on the planed project. 
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2. Conditions for the Project 

2.1 Electrical System of the Dominican Republic 

Since the late 1990s the generation, transmission and distribution of electrical energy in the 

Dominican Republic is in the hand of private companies. There are ten major companies that 

generate electricity in different way, using fuel, wind, sun or water as the energy source 

(Fehler! Verweisquelle konnte nicht gefunden werden.). One company is in charge for the 

transmission lines of 12.5 kV, 34 kV, 69 kV and 138 kV. The frequency of the grid is 60 Hz. 

The distribution is mainly taken over by three companies, each being responsible for 

distributing energy in the north, south or east of the country. (OC SENI) 

The electric sector of the Dominican Republic is divided into three main commercial groups. 

The Generation is covered private companies and governmental hydro electrical power 

stations. The transmission is controlled by the public company ETED (Empresa de 

Transmisión Eléctrica Dominicana). Three companies of which two are in the hands of the 

government accomplish the distribution of energy in the Dominican Republic. 

The total load demand in 2016 was 15800 GWh that has been supplied with the energy-mix 

seen in Figure 1. 

  

The electric situation of the Dominican Republic in 

general is marked by many blackouts.  

There are large losses in the transmission lines 

among other things because of electricity theft. 

The companies generate energy with high operating 

costs what results in high electricity tariffs for the 

people. Since the Dominican Republic does not have 

any fossil sources, all the fuel needed for the electric 

energy generation has to be imported, primarily from 

the United States of America. This is one reason for 

high electricity prices.  

 

The electrical grid is not yet fully developed. In particular in the urban regions of the country 

the development of the grid is as far as possible complete, whereas some remote areas are still 

not linked to the national grid at all. In these regions mainly rely on expensive self-generated 

Figure 1: Energy share of the Dominican Republic 
(Data from OC SENI) 
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energy. Especially the touristic areas, if not connected to the SENI, are connected to private 

distribution grids and count with a high reliability of Energy. The electrical system in 

Pedernales has a quiet reliable system on its disposal itself. One important goal of the study is 

to design a system that does not take away this comfort by losing reliability. 

2.2 Pedernales 

2.2.1 Geography 

 
Pedernales is a region located in the south west of the Dominican Republic. It is surrounded 

by the Caribbean ocean in the south and by the provinces Independencia in the north and 

Barahona in the east. In the west Pedernales is adjoined to the boarder with Haiti (Figure 2).  

A large part of the area is covered by the Jaragua National Park in the southeast that is 

characterized by the dry, red-sanded ground and wide landscapes with cactus-growth. The 

mountain “Sierra de Bahoruco”, which ranges from the east coast far behind the boarder of 

Haiti and reaches a height of more than 2200 meters, confines the region in the north. 

Pedernales is a quite secluded region. The mountain chain is what primarily isolates 

Pedernales from the rest of the country. Being located like this, an expansion of the 

infrastructure is very costly and difficult to realize. Due to this fact the only direct access to 

the region is the road 44 to Barahona. Further connections to the country are only poorly 

developed and limited.  

 

         
Figure 2: a) Map of Dominican Republic ; b) Mountain Pedernales (Zhengyunpeng.info, mapsofworld.com) 
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The territory of the province Pedernales covers an area of 2080 km2, which corresponds to 4% 

of the national area. With about 31,600 people living there which equal to 0.3% of the 

population Pedernales is the region with the lowest population density in the Dominican 

Republic. Mainly the people are settled in urban zones. About 64% of the people live in cities 

and surrounded urban zones while 34% live in secluded areas with even less access to 

important infrastructure. 

 

2.2.2 Climate 

 
The region Pedernales is considered as one of the sunniest in the country. Especial the coastal 

zone, where the city of Pedernales and thus the project area is located, is extremely dry having 

many sun hours on its disposal..  

Due to the fact, that the Dominican Republic is located close to the equator, day/night shift 

during the year is fairly low. In the summer (July) the sun rises at 6:30 am and sets at 7:30 

pm. In the winter the sun rises at 7:30 am and sets at 6:30 pm. This leads to a fairly constant 

climate over the year. The National Aeronautics and Space Association (NASA) measured the 

annual average temperature at 24 °C whereas the difference between the monthly minimum 

and the monthly maximum temperature does not exceed 7 °C (Figure 3). The over the year 

the maximal temperature recorded is 28.2 °C. 

 

 
Figure 3: Annual Temperature (min, max, average) (Data from NASA) 

 
The province can be divided in three principle climate zones regarding humidity. The driest is 

the coastal zone. Than there is a semi dry strip reaching from the peninsula to the mountain. 

The region close to the boarder is characterized by a fairly wet climate.  
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Although there it is raining during the hole year, there are eight months of dry-season between 

November and April and from June to July. Whereas in the dry season the precipitation is 

low, in the rain season, which usually lasts from August till October, it has to be reckoned 

with intensive rainfalls and a high frequency of extreme climate events.  

In the past years hurricanes as well as earthquakes affected Pedernales. (Instituto de 

Investigaciones Socioeconómicas de la Universidad Autónoma, 2012) 

 

Although Pedernales is considered as a radiation rich region, the precipitation is relatively 

high with 1085 mm per year at 253 rain-days (Figure 4). This is significantly higher than the 

precipitation in Hamburg for example. Still the region is very sunny with only little cloud 

coverage over the year, since the rain periods are heavy but short and in many sun hours per 

day the earth parches quickly. (World Weather Online, 2017) 

 

 
Figure 4: Annual precipitation in mm in 2016 (Data from NASA) 

 

2.2.3 Solar irradiation  

 
The solar energy industry assumes a global horizontal irradiance (GHI) on earth with a peak 

of 1 kW/m2. The irradiance describes the power of the sun on earth. The theoretical value 

represents the ideal power of the sun on a clear day around solar noon at sea level. In the solar 

energy industry, the value set as the rating condition for solar modules and arrays.  
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The average solar noon in Pedernales is at 12:43 pm. The NASA provides values for the 

irradiance in 3 hour periods, starting at 00:00 GMT (Greenwich Mean Time), which is equal 

to 8:00 pm AST (Atlantic Standard Time). The following times are given in AST. There are 

no specific values for the time 12:43 pm. The value of the insolation incident has to be 

determined from the values at 11:00 am and 02:00 pm (Table 1). For 12:43 pm the estimated 

mean value of the irradiance in Pedernales is 0.73 kW/m2. During the year the determined 

irradiance fluctuates between about 0.78 kW/m2 in July and 0.61 kW/m2 in December.  

 
 
Table 1: Average irradiance in 3 hour intervals during the year in kW/m2 (Data from NASA) 

GMT	 AST	 Jan	 Feb	 Mär	 Apr	 Mai	 Jun	 Jul	 Aug	 Sep	 Okt	 Nov	 Dez	 Av.	

6:00	 2:00	 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000	
9:00	 5:00	 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000	

12:00	 8:00	 0,100 0,110 0,160 0,230 0,270 0,270 0,250 0,230 0,230 0,210 0,160 0,120 0,195	
15:00	 11:00	 0,560 0,620 0,660 0,690 0,690 0,730 0,740 0,740 0,710 0,670 0,600 0,560 0,664	

19:00	 14:00	 0,570 0,630 0,640 0,650 0,630 0,680 0,710 0,690 0,640 0,570 0,540 0,550 0,625	
21:00	 17:00	 0,200 0,250 0,270 0,270 0,250 0,270 0,280 0,240 0,180 0,150 0,140 0,150 0,221	

0:00	 20:00	 0,000 0,000 0,000 0,000 0,000 0,010 0,010 0,000 0,000 0,000 0,000 0,000 0,002	

3:00	 23:00	 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000	
Solar	Noon	(AST)	 12:57	 13:02	 12:56	 12:48	 12:44	 12:47	 12:54	 12:52	 12:43	 12:33	 12:32	 12:40	 12:47	

 

 

The value of the irradiation describes the energy of the sun on earth. That means that 

simplified the following link between irradiance and irradiation can be inferred: 

  

! = # ∙ %						 ⟹ 						())*+(*%(,- = ())*+(*-./	 ∙ % 

 

The analysis of the irradiation data from the NASA-database shows that during the year the 

global horizontal solar irradiation varies between 4.30 kWh/m2/day in December and 6.17 

kWh/m2/day in July (Figure 6). The diffuse horizontal irradiation is about 35 % of the global 

radiation. The average annual global horizontal irradiation in Pedernales is 1935 kWh/m2, 

which is equal  to a solar availability of more than 1900 full-load-hours. Thus the 

requirements for applying photovoltaic system are definitely fulfilled. 
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Figure 5: Global horrizontal irradiation, splitted in diffuse and direct for Pedernales and Hamburg (Data from NASA) 

To highlight the high irradiation in Pedernales, Figure 5 shows the curses of the irradiation 

over the year in Pedernales and in Hamburg. Compared with a location like Hamburg the 

annual irradiation in Pedernales is as twice as high, while the diffuse irradiation in Hamburg 

is with almost 60% almost double. A high share of direct irradiation, and vice versa a low 

share of diffuse irradiation, is favorable for solar projects, since the energy yield is higher 

than from diffuse irradiation. The clearness index is an indicator for the direct part of the 

irradiation. It is described as the proportion of the radiation that reaches the earth surface in 

relation to the radiation at the top of the atmosphere. With a clearness index constantly over 

0.5 a good condition is indicated for Pedernales. 

 

 
Figure 6: Annual global radiation and clearness index (Data from NASA) 
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2.2.4 Economy 

 
The economical focus lies on the public sector, which includes mainly construction work and 

others not declared workspaces. 66% of the inhabitants in labor work in this sector. 

Agriculture and fishing is also an important aspect in Pedernales. Particularly beans, coffee, 

banana and yuka are planted.  

Industrial activities however have very little presence. There are foreign mining companies 

settled which are mainly mining limestone and bauxite.  

 

According to the “social-economic and environmental profile of Pedernales” by the United 

Nation Program for Development (“Perfil socio-economico y medio ambiental Pedernales”, 

PNUD) the region is the 5th on national level with less households with energy access. 

 

2.2.5 Power plant Pedernales 

 
Pedernales is one of the isolated regions of the Dominican Republic. Most of the area is not 

yet connected to an electricity grid. EGE Haina is supplying the urban region, the city of 

Pedernales where there are round about half of the inhabitants of Pedernales living (15,000 

people) in an area of 134,98 km2, with an isolated power plant. 

The plant is composed of three generator engines powered by HFO and LFO that generate at 

2400V and feed the entire load of the town of Pedernales.  

In 2016 the power plant covered a total demand of 18.3 GWh with a peak load of 4.05 MW 

(Rosario, 2015). 
 

Table 2: Generators of the current power plant in Pedernales 

Producer Year Capacity,  
peak 

Capacity,  
continuous 

Hours 
worked 

fuel 

Hyundai H1MSE-9H21/32 2002 1.7 MW 1.5 MW 100,000 HFO 

Hyundai H2MSE-9H21/32 2014 1.7 MW 1.5 MW 8,000 HFO 

Caterpiler CAT-3606 1997 1.7 MW 1.5 MW 48,000 LFO 
 

The generators are connected directly to the load through two circuits that are coupled to a 

2400V bar in delta connection. There is no transformer lift connected. The two power 

distribution circuits are owned and run by EDESUR (Figure 7). Before the energy is 
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distributed to the consumer, the voltage is brought down to 110-120 V. The protections 

installed to protect these circuits are state-of-the-art Brand SEL model 751. And the 

operational meters are Hyundai brand HIMIX model.  

The generators monitor the electrical parameters, and are enabled for their remote monitoring. 

 

 
Figure 7: Connection of power plant - distribution grid (EGE Haina) 

 
 
Most of the time the two Hyuandai motors are run to match the load demand whereas the 

Caterpilar serves as a backup supply for peak-demand-cases.  

The capacity of the fuel tanks is 75.1 m3 (20,000 gallons) for the Heavy Fuel Oil (HFO) and 

18.9 m3 (5,000 gallons) for Diesel (LFO). The newer Hyundai Generators run with an 

efficiency of 15.9 kWh/gallon which is equal to 4.20 kWh/Liter (Rosario, 2015). 

 

2.2.6 Load demand 

 
The power plant of EGE Haina in Pedernales supplies approximately 15000 people with 

electrical energy. In rural areas, the majority of the population spend most of their time 

outside the house for work purposes. The maximum demand of electrical energy takes place 

at night, when the families are at home. Figure 8 shows how the demand varies during the day 

with peak loads at 10 pm and demand depression at 7 am. There is no expected peak at noon 

and in the evening, because most of the people use gas for cooking. The peaks are caused by 

other electronic devices such as television. The curse of the hourly demand graph has, except 

of small deviations, on labor days the same curse as at the weekend (Figure 8) That means 

that the accuracy of the average values is sufficient to match the requirements for a realistic 

simulation.  
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Figure 8: Average demand during the day per hour in kW(Data from EGE Haina) 

 

During the year the month with the highest demand is August with a total demand of 

1676 MWh. The lowest load demand is recorded in February with 1298 MWh (Figure 9).  

Comparing the demand from 2015 and 2016 the total annual demand has increase by 4.59 %. 

The total annual demand in 2016 was 18,833 MWh. 

The load demand is evaluated on the basis of data measured by the current power plant of 

EGE Haina. The simulations carried out in this study refer to these values. 

 

 
Figure 9: Average demand per month in MWh (Data from EGE Haina) 
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3. Hybrid Systems 

To assure a through the year constant and permanent supply of energy in rural areas is a 

challenging task. On the one hand, seasonal and daily fluctuation of the energy bid of sun, 

wind and also water lead necessarily to high investments in energy storage solutions, for 

renewable energy systems (Strauß, et al., 2009). For the supply with diesel generators on the 

other hand, the main problem represents the remote location and often only barely existing 

infrastructure, which causes the transportation of fuel to be complicated and expensive.  

In those areas where an extension of the grid is prohibitive and fuel prices increase drastically 

with the remoteness of location, the hybridization of conventional and renewable energy 

combined with a battery bank is the most promising application for power generation. Stand-

alone energy systems that consist of more than one source of power generation are known as 

Hybrid Energy System (HES) or Integrated Renewable Energy Systems (IRES). Primarily 

owing to decreasing renewable energy costs, hybrid systems get more and more established 

for remote area electrification. Currently the most common systems installed are 

Photovoltaic-Diesel-Systems. The combination of conventional gen-sets with PV not only 

reduces the fuel consumption and the operation and maintenance (O&M) costs, but also 

improves a high reliability of energy generation. Alternatively, the hybridization is prevalent 

with other energy sources like wind turbines or hydroelectric power stations. (Wichert, 1997) 

The application of hybrid systems is divided in two categories.  

 

1. Application with primarily conventional generation 

2. Application with primarily generation from renewable energy resources 

 

In the first case the output of the renewable energy source is smaller than the average daily 

load requirement. Because engine-driven generators run throttled back with a low efficiency 

renewable energies supply the base load during periods of low demand. In case of Energy 

excess the available capacity is used to charge the batteries to a high stat of charge (SOC) 

In the second case the main load is covered from the renewable energy source. The gen-set 

serves as backup if high peak loads appear or the renewable energy input is low. To cover a 

high percentage of the demand with renewable energies the storage systems and renewable 

generators need to be considerably larger than in case 1. To supply for example high load 

demands with 100% PV the solar array and battery bank need to be largely oversized to meet 
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the demand on cloudy days or when the energy demand is high. Oversizing to such a large 

scale is very expensive. (Hankins, Stand-Alone Solar Electric Systems) 

The advantage of the integration of renewable energies into the system is, that conventional 

diesel systems are often not flexible to respond to drastic load changes. Renewable energies in 

combination with batteries however are more flexible and especially photovoltaic and wind 

applications can be extended easily if the long-term load demand increases. 

 

The connection of the different attributes of a hybrid system, is classified in three distinct 

configurations: 

 

• Series configuration 

• Switched configuration 

• Parallel configuration 

 

3.1 Series hybrid system configuration 

In the series configuration of hybrid systems, the diesel generator, the PV system and the 

battery are connected via a Direct Current (DC) bus. While PV-generator and battery provide 

DC output respectively require DC input (Battery charging) and thus can be connected to the 

DC-bus, for the connection of the diesel AC generators the interpose of an AC/DC-inverter is 

required. Figure 10 shows that to supply the AC load, all the electric energy produced from all 

sources are passed through a DC/AC-inverter, which has to be sized to the peak loads of the 

demand. Since there are not a number of AC-sources to be synchronized, the output interface 

is very simple. The desired frequency and voltage can be adjusted easily at the output 

inverter. With this topology load is covered without power interruption in the case that 

generator or PV are operating to charge the battery bank. Though due to the inversion of high 

loads, the inverter losses are high. The limitation of the system by the size of the DC/AC 

inverter another serious disadvantage. An expansion of the system is associated with high 

financial and technical effort (Saengprajak, 2007). 
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Figure 10: Series configuration of the hybrid system (Saengprajak, 2007) 

 

3.2 Switched hybrid system configuration 

Different to the series configuration, the switched topology consists of a DC- and an AC-bus. 

As seen in Figure 11 the generator is connected to the AC-bus while PV-array and battery 

bank are tied to the DC-bus. The two buses are connected via inverter respectively rectifier to 

convert PV or battery power to AC or diesel generated power to DC. Both sources can feed 

the load independently and directly. When the demand is low engines can be turned of so that 

the load is supplied with PV- or stored energy and low efficiencies of low running engines 

can be avoided. If the output power of the diesel generator however exceeds the load demand, 

the excess energy recharges the battery bank (Saengprajak, 2007). 

This configuration allows the evasion of the rectifier if the charging of the battery by the gen-

set is not required and the battery is charged by the PV-array. 

 

 

 
Figure 11: Switch configuration of the hybrid system (Saengprajak, 2007) 
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3.3 Parallel hybrid system configuration 

The parallel hybrid configuration is characterized by connecting all components with the load 

via one AC-bus (Figure 12). Since the DC/AC inverter can be synchronized with the engine-

driven generator, so that both can simultaneously supply the load, the parallel configuration 

significantly improves the performances with the implementation of an optimal control 

strategy. Due to more flexibility of the system the diesel- and PV-generator can be operated 

parallel to cover the demand during high peak times. An optimal operation of the gen-set and 

smaller sized inverters causes a high efficiency at a high level of energy availability.  

Including a bi-directional battery inverter into the system the system simplifies the control 

and load dispatch problem. The bi-directional inverter can either receive load from the 

generator for storage or supply energy to the output.  

The parallel system configuration can be easily adapted with DC- as well as AC- components 

in case of load increase or change of the demand profile (Saengprajak, 2007). 

 

 
     Figure 12: Parallel configuration of the hybrid system (Saengprajak, 2007) 

 

3.4 First design concept of the Hybrid System for Pedernales 

With the knowledge of the different application models of hybrid systems, a concept adapted 

to the project and the site can be designed. 

Because the gen-sets are designed to cover the complete load demand a system is chosen with 

primarily conventional generation. Otherwise the PV-array would have to be design 

significantly larger and a large share of the available generator capacity would not be used.  

How photovoltaic-system and battery bank have to be sized will be reviewed in the 

simulations in the following paragraphs. 

As seen in Figure 7 the electrical system of Pedernales already consists of an AC-busbar to 

which the three fuel-driven generators and two demand loads are connected. It is the least 
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expensive and the simplest solution to design the hybrid system with a switched configuration 

hybrid system configuration from 2.3. Different to the description in 2.2 a rectifier can be 

omitted, since the generators are not planned to load the battery. The other configurations 

would require rectifiers and inverters dimensioned to cover a large capacity. Figure 13 shows 

the schematic of the system. While the right side contains the already existing attributes that 

represent the AC part of the system, on the left hand the DC-attributes, including PV-Array, 

battery bank as well as Inverters, are displayed. 

The AC-bus is fed with a voltage of 2400 V and a frequency of 60 Hz. The application of a 

transformer might be necessary. 

 

 
Figure 13: Circuit diagram of Pedernales Hybrid System 

 
 
There are two main strategies employed in the operation of Hybrid Renewable Energy 

Systems. In Load Following strategies (LF) the PV-Array supplies the load and charges the 

battery in the event of PV-energy excess. The diesel gen-sets are only run to supply the load 

in the case there is not enough PV power available.  

On the other hand, in the cycle charging strategy the generator runs throughout at the 

maximum rated capacity. It primarily supplies the load demand and with the excess energy 

charges the battery. The PV array manly replaces the load supply when there is solar energy 

available. (Halabi, Mekhilef, Olatomiwa, & Hazelton, 2017) 

The ideal dispatch strategy for the system planed is determined in the simulation with the 

HOMER Pro software. 

For both strategies an Overall Energy Management System is required to control flow of 

energy and to give highest priority to the PV-generation when the sun is up. Excess energy 

will be used to charge the batteries to a State of Charge of SOC = 100%. When there is 

insufficient energy available from the PV and fuel-driven generators especially in case of 

appearing peak loads the battery will be discharged up to its minimal SOC. 
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4. Parameters for the simulation of the Hybrid System 

4.1 Electrical components of the Hybrid System 

The evaluation of irradiation and demand leads to the expectation that a system including PV 

is possible and viable. 

The idea of installing a hybrid system is to reduce the consumption of fuel. Because it is not 

efficient to run the fuel driven generators on a low level, the goal is to design a concept which 

allows to completely or partly turn of one of the main generators. There are two main models 

to be considered for the System in Pedernales.  

 

As the evaluation of the demand shows, there is a peak demand load in the evening. One 

possible concept is to run two generators in the morning till sun rise and at night which share 

the load equally. The engines would not run with an efficiency of less than 60%. When 

around 4 am the demand decreases significantly, one engine will be shut down. During the 

day the load is supplied by the engine and PV-array, which in the morning and evening, when 

there is less photovoltaic- energy available is supported by the battery-bank. With the excess 

of energy around noon the battery will be charged again. This concept works with a 

renewable fraction of round about 20 %. A schematic of this course can be seen in Figure 14. 

 

  
Figure 14: Scenario 1: 2 Gen-sets, PV, Battery 
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Another concept to drive the hybrid system is to completely waive one of the gen-sets. Only 

one fuel-generator in combination with the PV-Array and battery bank is operated to supply 

the demand-load.  

In the time during sun-set and sun-rise the engine runs on full power, while during the day it 

is throttled down. (schematic in Figure 15). Compared to the first scenario in the second case 

the renewable fraction is significantly higher at about 30 %. 

 

 
Figure 15: Scenario 2: 1 Gen-set, PV, Battery 

 
 
For a simulation with HOMER Pro there are parameters for the different components 

required.  

Most of the values especially concerning the fuel generator are concrete values from the files 

of EGE Haina. Other values however are determined with common values for the 

technologies or with reasonable assumptions.  The focus of the simulation is a feasibility 

study of such a project in Pedernales. A final design of the power plant would exceed the 

scope of this elaboration. A detailed economic review for the application of different 

components and a comparison of different manufacturers and technologies is to be carried out 

in further studies. To get an impression of the feasibility of this project, regular components 

are chosen that in their characteristics represent the current state of the technology.  

 

The definition of the parameters used in the simulations for each component from Figure 16 is 

listed below. 
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Figure 16: Components of Hybrid System (HOMER Pro) 

 
 
For the simulation an operating reserve will be calculated of 10% of hourly load and 25% of 

solar output. 

 

4.1.1 PV Array 

 
For the simulation of the PV-module in the project many different aspects need to be 

considered.  

The simulation is made with a generic polycrystalline-silicon-solar-module. Due to the fact 

that the planning of the hybrid system is an extension of the already existing power plant the 

decision to use the cheapest PV-module on the market results from economical reasons. The 

PV-array is being kept simple in this simulation not considering a sun-tracking because the 

conditions for PV-generation are already promising for a successful project. 

 

Panels without tracking are generally oriented towards the equator, which in the case of 

Pedernales, located in the northern hemisphere, means that the panels are facing south. They 

should be set up with a minimal inclination angle of 15 ° to ensure drainage of the rain water 

and to prevent the accumulation of dirt on the edges of the panels. According to The German 

Energy Society the rule of thumb for the inclination angle is the angle of latitude of the 

project + 15 °. For Pedernales (19 ° N, 75 ° W) this implies an inclination of about 35 °. 

(Deutsche Gesellschaft für Sonnenenergie, 2008) 
 

In the last few years PV-modules have undergone a drastic development especially in terms of 

cost and efficiency. And still the prices will probably drop in the next years (Chase, Wang, 

Radoia, & Bromley, 2017). 
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The International Finance Corporation publishes in the “Utility-Scale Solar Photovoltaic 

Power Plants” in 2015 an average capital expenture (capex) of 1400$/kW not including taxes, 

fees and legal costs (International Finance Corporation, 2015). Due to Bloomberg New 

Energy Finance the total capital cost in the United States for 2017 for PV-projects with utility 

scale purpose is 1.8 $/W including converters, balance of system (BOC) and enigineering, 

procurement and construction (EPC) which is equal to 1800 $/kW. Since all components 

(MPPT, Inverter …)  are calculated seperately in the simulation, the costs of the PV-modules 

used in HOMER Pro is the plain module price. The actual pricing of the PV-module is 560 

$/kW. (Bromley & Serota, 2017).  

The price of the PV-modules is expected to drop even to 300 $/kW in 2017 (Chase, Wang, 

Radoia, & Bromley, 2017). An estimation of 560 $/kWh in the simulation is significantly 

higher than the prognosis of Bloomberg. Since the simulation with HOMER Pro is based on 

this value given by Bloomberg, it needs to be taken into account, that there are no PV-

Modules nor other electrical components such as inverters or batteries directly produced in 

the Dominican Republic. The fact that all necesarry material has to be imported and delivered 

to Pedernales which is farely difficult to reach, elevates the price of the Components. On the 

other hand the cost of property is significantly lower than for projects in Europe or United 

States. In the simulation the component of transportation and cost of property are considered 

to even out. A possible decrease of the capex of PV-modules will be included in the 

sensitivity study of the simulation. 

For the maintenance Bloomberg estimates in their “PV O&M Index 2016” a cost of 

14000 $/MW/year in Europe and the United States. For the Dominican Republic a similar 

value can be assumed, because wages are lower, but cost of transportation for spare parts 

more expensive. (Hayim, 2017) 

One important factor on which the maintenance and the power output depends is the cleaning 

of the PV-modules. 

Due to the aforementioned high rainfall in Pedernales, the maintenance concerning the 

cleaning of the PV-panels is low. Since a high self cleaning can be expected due to the 

precipitation. 

 

The simulation of the hybrid system is based on the data of the PV-module  STP265 –

 20/Wem of Suntech. One module with the surface dimension of 1.64 m x 0.992 m consists of 

60 policristaline silicon solar cells. The PV-panel has a maximum power of 265 W and an 

efficiency at STC of 16.3 %. The efficiency of the panel decreases each year by 0.7% and 
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ends at 80.7 % efficiency after 25 years. A lifetime of 25 years is for PV modules an ordinary 

value, and used in the simulation. 

The fill factor is according to its formular: 00 = 123∙423

156∙476
= 8.:;	<	∙	=>.?	@

A.?B	<	∙=C.8	@
= 0.778. That means 

that at the maximum power point of 265 W the panel reaches 77.8 % of the theoretical 

possible outputpower of 341 W which is calculatetd by opencircuit voltage and shortcircuit 

current. 

 

 
Figure 17: MPP-Curve for STP 265 (Sun Tech) 

 

The solar-modules are designed according to the Standart-Testing-Conditions (STC). 

Operating at higher temperature means a decreas of the maximum-output-power of the 

module. Figure 17 shows the Voltage-Current-Power Curve of the panel. 

The climate in Pedernales is basically characterized by the high temperatures. The annual 

average temperature is 24 °C. As Figure 6 shows, the minimum and maximum temperature 

never deviate by more than 7 °C. That means that the temperature can be considered as 

constant.  

With higher operating temperature the the efficiency of the PV-module decreases by 

0.41 % / °C cell temperature. From the data of the National Aeronatics and Space 

Administration it can be seen that the temperature in Pedernales does not exceed 28.2 °C. 

According to Koehl et al. the modul temperature can be approached with the following 

formula with G? = 30.02 and G> = 6.28 for polycristaline silicon PV-modules (Koehl, Heck, 

Wiesmeyer, & Wirth, 2011): 
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KLMNN ℃ = KPQR ℃ +
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G? + G> ∙ WXQYZ
V
[

∙ 

 

The modul temperature varies with an average windspeed of 3.55 m/s during the year 

between 42.9 °C in july and 38.0 °C in december.  

By virtue of the relatively high windspeed in Pedernales which is mainly caused by its coastal 

location, the cell-temperature stays the whole year in a value range for which no cooling must 

be considered since the Normal Operating Cell Temperature (NOCT) according to the data 

sheet of the PV-module is 45±2 °C 

Losses that are caused by an elevated cell-temperature are calculated in the HOMER Pro 

simulation as well as with PVSyst. Table 3 sumerizes the most importante parameter for the 

simulation of the PV-array. 

 
      Table 3: Data pf the PV-Module Suntech STP 265 

Capex 560 $/kW 
Replacement 300 $/kW 
Opex 14000 $/MW/year 
Lifetime 25 years 
Performance Ratio 80 % 
Efficiency at STC 16.3 % 
Tracking No 
Temperature effects on power -0,41 %/°C 
NOCT 45.0 °C 

 

4.1.2 Generator 

 
The advantages of establishing a system that includes a fuel run generator is that it applies a  

power control on demand into the system. This increases the reliability that with 100% PV 

would only be possible with expensive and oversized batteries. Still the operation of engine-

generators also induces a couple of disadvantages. Not only to mention the exhaust and noise 

emission of the engines, the most important disadvantage of the engine is the dependence on 

fuel, which has to be transported to the power plant and stored in large tanks. Especially in 

areas like Pedernales the transportation of the fuel is a factor which increases the operating 
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costs significantly. Because of high pressures, and mechanical loads during the operation, a 

comprehensive and costly maintenance is indispensable. 

Of the three available generators, there are currently only the two newer Hyundai engines 

operating constantly. This is why the study concentrates on these two Hyundai generators.  

The generators hold eight poles and run with 900 rounds per minute (rpm) to reach 60 Hz 

power frequency. 

 

It is expected that the hybrid system designed for Pedernales is a Low- or Medium-

Renewable-Energy-Penetration-System, that means that at least one of these fuel-generators is 

expected to run the hole time. The goal is to shut the other generator off as much as possible 

to save up fuel. Consequently, the main focus of the hybrid system is to supply the load 

demand with one gen-set and the PV-Array in combination with the battery bank. The second 

Hyundai engine will serve as a backup generator in case of maintenance or peak loads.  

The Hyundai engines run with a theoretical specific consumption of 0.203 liter/kWh. Hitherto 

praxis performance shows a consumption of 0.257 liter/kWh. The average price of Heavy 

Fuel Oil in 2016 was 41.40 $/BBL which is equal to 0.26 $/liter. It is important to consider 

that the fuel price fluctuates significantly during the year – in 2016 between 0.20 $/liter and 

0.33 $/liter. The more the fuel-price increases the more economically rewarding the hybrid 

system gets. 

With a calorific value of the HFO of 11.44 kWh/l the efficiency \ =
]

67^5_23`a7^

LPNbRQcQL	dPNeM
∙ 100 

 of the engine is between 43.1% for the theoretical consumption and 34.0 for the present 

performance. 

The capital cost of the Hyundai generators amounts to 1470 $/kW. (EGE Haina, 2016) 

 

Since the Caterpiler engine has been installed in 1998 and thus is almost 20 years old it is not 

operating frequently anymore. There fore there is not much data of operation or current 

numbers of costs available.  

The engine will be included in one simulation to evaluate the existing system with Homer Pro 

to get an impression of how far the systems are comparable. In further simulations the 

Caterpilar-engine will not be included. Since the diesel-fuel is with approximately 0.55 $/liter 

more expensive and the specific consumption of fuel is with 0.281 liter/kWh clearly higher 

than the other engines, there are no advantages expected from an integration of this engine 

into the system. 
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The lifetime of the fuel driven engines depends on its operation plan and can be effected by 

different conditions. 

Running the engines with partial load of under 40% of the nominal load increases the 

probability of corrosion in the wear due to the sulfur in the diesel which in turn can lead to a 

reduced operation performance at high operating costs. 

At each start of the engine the possibility of a false start is given. With a high start/stop 

frequency the probability of a failure of the engine is elevated. As the hybrid system is based 

on the reliability of the engines, a false start could have an important impact on the 

availability of electricity. 

It is recommended to avoid cold starts, as this possibly accelerates the wear owing to 

mechanical properties of lubrication oils on connecting points. 

All in all, it is suggested to run the engines as constantly as possible on a high level with as 

little interruptions as possible.  To guarantee a high efficiency of the engine and a long 

lifetime the generator should preferably be driven on a high level with 	 g
g2hi

> 70%. 

(Saengprajak, 2007). As Figure 18 shows, the fuel consumption per kWh increases and thus 

the effectivity of the generator decreases drastically, if the loading ratio falls below a value of 

60%. According to Deshmukh and Deshmukh the most economically is to run the engine at 

70-90% 

 

 
Figure 18: Fuel-consumption / Loading Ratio (schematic from Sendyka & Noga 2013) (Sendyka & Noga, 2013) 

 
 

Table 4 sumerizes the most importante parameters for the simulation of the Fuel-Oil driven 

generators. 
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Table 4: Data of the Motors installed in Pedernales 

 Hyundai Hyundai Caterpilar 

Capex 1470 $/kW 1470 $/kW 1650 $/kW 

Replacement 1470 $/kW 1470 $/kW 1650 $/kW 

Opex 29,850 $/h 29,850 $/h 35000 $/h 

Fuel HFO HFO LFO 

Lifetime  175,000 175,000 150,000 

 

 

4.1.3 Battery Bank 

 
Batteries are a factor that increases the LCOE in a hybrid system significantly. For the 

dimensioning of a battery bank the autonomy is a parameter widely used. The autonomy 

indicated for how long the battery can supply the load demand without having other sources 

of energy available. According to Deshmukh & Deshmukh the battery in a hybrid system 

should be sized to assure 2-3 days of autonomy. That means for Pedernales, that a battery 

with a capacity between 100 and 150 MWh is required to cover to load when the renewable 

energy sources are not available. To lower the size of the batteries and there by the costs of 

the system, the hybrid system accesses the fuel engines as a backup. Still first approximations 

to the problem suggest that a battery of at least round about 2 MWh is required. There are not 

many hybrid-projects with such large scale batteries yet.  

 

Because of their longer lifetime, higher Depth of Discharge (DoD) and primarily an expected 

significant development in the next years lithium ion batteries where chosen for the project. It 

is expected that the price of batteries will decrease drastically in the next few years due to the 

fast development of their usage in the automotive industry. For standalone systems deep cycle 

batteries are required, that best suit for the use with inverters. Other than the starting battery 

the deep cycle battery is designed to assure a constant power output that results in a low State 

Of Charge (SOC) before it is charged again. Lithium ion batteries can be discharged up to 

100%. (Saengprajak, 2007) 
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Lifetime and capacity losses of the battery are influenced by the operating circumstance of the 

battery. Especially the DoD and the operating temperature are significant for the condition of 

the battery.  

Depth of Discharge is the opposite of the State Of Charge. As Figure 19 shows the lifetime or 

the cycles to life of the battery decrease significantly with a lower state of charge  and at a 

higher temperature. (Leuthold, 2014) 

 

 
Figure 19: Effect of Temperature and SOC on lifetime of Li-Ion Battery   (Leuthold, 2014) 

 
Since the battery bank has a great impact on the cost effectiveness of the hybrid power plant, 

it needs to be chose wisely which type of battery fits best for the application planed. 

According to The German Energy Society (DGS) the following features are essential for 

batteries in a stand-alone system: 

§ Good price/performance ratio: For Lithium-Ion batteries the price performance ratio is 

expected to make a great development.  

§ Low maintenance 

§ Long service life 

§ Low self-discharging: Because of constant chemical reactions taking place in the 

batteries, the Batteries are discharging them selves over the time. The self-discharge 

should not exceed 3%/month. Lithium-Ion batteries have a self-discharge-rate of only 

1%/month 

§ High efficiency 

 

These characteristics suggest that the use of Li-Ion batteries in hybrid systems is preferable. 

According to the 2016 lithium-ion battery price survey by Bloomberg in December 2016 the 
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average price of lithium ion in $/kWh has dropped from 1000 to 273 since 2010 for utility 

scale batteries. The price includes wiring, housing and thermal management of the battery but 

no additional management systems or processing units. Bloomberg forecasts the price to drop 

to 109 $/kWh by 2025 and 73 $/kWh by 2030 (Figure 20) (Goldie-Scot, 2017). The 

estimation of Bloomberg is made with high scale battery projects mainly located with good 

access to infrastructure and thus an easy connection to the manufacturers. The price of the 

battery model used is 500 $/kWh in the commercially trade on the Internet. Since the price for 

the system in Pedernales is expected to be lower than the price in the commercial trade but 

due to transportation costs higher than the price estimated of Bloomberg, for the simulation 

the price of 380 $/kWh is exerted. The sensibility study will show the impact of the battery 

price on the Levelized Cost Of Energy (LCOE) (Curry, 2017).  

 

 
   Figure 20: Price Developement of Li-Ion Batteries (Bloomberg New Energy Finance) 

 

The Battery used in the simulation is the LG chem RESU 10H with a storage capacity of  9.8 

kWh at 25 °C of which with a DoD of 94.5 %  9.3 kWh are available. The maximal 

instantaneous output- and input-power is 5 kW. The battery-charge current is set by the output 

current of the PV-array, whereas the battery output current depends on the load. What 

particularly qualifies this battery model for the integration into the hybrid system is the 

application on a high voltage level. Additionally can voltage and current be adapted to a 

multiple of the specific output by arranging the length of the series connected batteries and 

the number of strings. In this contects the voltage is multiplied by the number of batteries in 

series and the current by the number of parallel strings. The Voltage-rage of the LG chem 

RESU 10H is between 400 - 450 lmn  for charging and 350 - 430 lmn  for discharging cycles. 

To meet the power of 5 kW the discharging current varies between 14.3 A at 350 V and 11.9 
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A at 420 V. A maximal peak current of 18.9 A at 350 V is possible for 10 seconds and result 

in an output power of 7 kW peak.  

The operating temperature of the Lithium Ion battery is between -10 °C and 45 °C. Yet it is 

recommended to operate in a temperature between 15 °C and 30 °C.  

 

The recommended operating temperature of under 30 °C for the battery is very likely not 

fullfilled in Pedernales especially because the average temperature is 24°C and during the day 

even higher. Normally the Batteries are stored in housings to protect them from 

environmental influences. Since the batteries emit heat themselves when they are operating, 

and they do not consist of a coolingsystem, the building needs to be air-conditioned. Like this 

the ideal circumstances for the operation of the batery can be established, which will increase 

the lifetime. (Yingzhi, et al., 2015) 

Since there are not many batteries installed in the system, the cooling can be implemented 

with simple air conditioners. The economic effect of a cooling system for the small-scale 

battery bank is neglected in this simulation. 

The dependence of the lifetime of the battery on the SOC however is integrated into the 

simulation with HOMER Pro. The installation of a cooling system will increase the lifetime 

and efficiency of the project and will thus promote the economy of the project. 

The LG chem RESU 10H has an in the datasheet given lifetime of 6000 cycles at 90% DoD 

and 10,000 cycles at 80% DoD. Assuming one cycle per day means a possible lifetime 

between 15 – 25 years.  

 

The battery is designed to work with the inverters of SMA. 

Table 5 sumerizes the most importante parameters for the simulation of the battery-bank. 

 
Table 5: Data of the Lithium-Ion Battery LG chem RESU 10H 

 

 

 

 

 

Capex 380 $/kWh 

Replacement 230 $/kWh 

Opex 1 $/kWh 

Cycles of Life @ 90% DoD 6000 

Roundtrip efficiency 95 % 
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4.1.4 Power Conditioning 

 
The PV-Array as well as the battery bank supply or store direct current (DC). The load 

demand in Pedernales however is alternate current supplied with alternating current (AC), 

since there are less losses and more devices working with AC. It is absolutely indispensable to 

install an inverter into the hybrid system to make the energy from PV-array useable.  

The German Energy Society names the following requirements for inverters in stand alone 

systems as important: 

 

• Stable voltage and frequency which in Pedernales is 2400V and 60Hz 

• Good conversation efficiency, at partial load range as well 

• High overload capability 

• Tolerance against battery and PV voltage fluctuation 

• bidirectional operation to make a charging of the battery with the AC-generators 

possible (Converter  = Inverter & Rectifier) 

 

Considering theses points the inverter used in the simulation is based on the Sunny Central 

Inverter of SMA, since it is designed to work together with the lithium-ion battery mentioned. 

 

Bloomberg estimates a Capital cost for utility inverters of 130 $/kW in 2017. (Wang & De 

Silva, 2014). The Solar Inverter Market Outlook even suggests an inverter cost of 70 $/kW 

(Chase & Swarbreck, Solar Inverter Market Outlook 2017, 2017). The simulation uses the 

higher price, since the feasibility with this inverter would mean the feasibility of the system 

with cheaper inverters anyway. Furthermore the transport to Pedernales increases the price. 

For these reasons the calculation is made with an inverter-price of 130 $/kW. 

A bi-directional Inverter is not necessary. The batteries are expected to be charged with the 

excess energy of the sun during the day. This makes the whole concept easier. 

 

In a stand alone system with power supply only by PV and battery the inverter must be sized 

by the demand of the AC-load a capacity margin. Since there are fuel generators in Pedernales 

supplying the load constantly, the dimension of the inverter only depends on the size of the 

PV-array and the battery. The best possible solar yield is to achieve when the output power of 

the inverter unit is maximized and supplied to load. 
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In addition to an inverter that converts the power from DC to AC for the system that is planed 

in Pedernales there is also a charge controller (or Maximum Power Point Tracker = MPP 

Tracker) required. 

For small stand alone systems with 12 or 24 V batteries and solar panels of 36 respectively 72 

cells a charge controller is not mandatory, because the two components are designed to work 

together. For the system planed in Pedernales with a Li-Ion battery of 51.8 V and a PV 

module consisting of 60 cells on the other hand the charge controller is an essential element, 

because otherwise the mismatches would cause large energy losses (Deutsche Gesellschaft für 

Sonnenenergie, 2008). 

The installation of a so called MPP Tracker brings many advantages into the system. Mainly 

the current and voltage are adjusted by the DC-DC-inverter to reach maximum output power 

and to meet battery-charging requirements. Thereby the mismatch-losses can be minimized 

from 10% to 1-2%. At the same time the battery life is maximized with a charge controlling 

system by ideally managing the charge and discharge. 

The charge voltage of the battery has to be distinctly higher than the battery voltage so that 

the MPP voltage is still sufficient when it drops with increasing cell temperatures. To prevent 

a discharge of the battery into the PV-array in case of voltage breakdowns during low 

radiation or at night, reverse current diode is installed to protect the system. So the charge 

controller fulfills a function as electronic load protection as well. (Deutsche Gesellschaft für 

Sonnenenergie, 2008) 

 

The cost of a charge controller is according to the German Energy Society barely low 

compered to costs of inverters and battery. In the simulation it is estimated with 50 $/kW. 

Table 6 sumerizes the most importante parameters for both power conditioning devices 

together for the simulation of the power conditioning. 

 

 
Table 6: Data of the Inverter 

Capex 180 $/kWh 

Replacement 130 $/kWh 

Opex 10 $/kWh/year 

Efficiency Inverter 98.6 % 

Efficiency Rectifier 95 % 
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4.2 Losses 

For a renewable power system there have to be taken different losses into account. In general 

it is distinguished between two types of losses: 

 

§ Capture losses: That are losses of electricity at capturing the energy 

§ System losses: Losses that are caused by the different components the 

electricity passes until reaching the demand load. 

 

4.2.1 Capture Losses 

 
Generating electricity with a PV-panel not all oft the energy emitted reaching the surface can 

be captured. There are many losses that already occur, by trying to capture the sun such as: 

 

Shading losses: Are losses due to shading of the PV-panel. The shading of a PV-panel can 

have a large impact not only on one module, but also on the modules connected in the same 

string. The output energy is reduced, which in turn leads to mismatches within the PV 

generator because of non-uniform irradiation distribution over entire array. 

 

Module orientation losses: During the day the sun changes it position from east at sunrise to 

west at sunset. Since the modules of the Project elaborated are fixed and without a sun tracker 

a difference between module disposition and perpendicular to incoming sun rays occurs. That 

means that the sunbeams do not fall directly onto the panel at any time of the day. This 

circumstance causes the so called module orientation losses 

 

Spectral Losses: AM 1.5 stands for Air Mass 1.5 and is a standard value in the solar industry. 

It stands for the fact, that the sunbeams do not reach the earth surface at an angle of 90 so that 

they traverse a distance trough the ozone layer which is round about 1.5 times the distance it 

would take directly through it. This longer distance causes a loss of the theoretical available 

radiation spectrum. 

 

Reflection Losses: Although PV-modules already have a special surface a part of the sunlight 

reaching the panel is reflected.  
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Surface soiling losses: Dirt on PV surface prevents a full functionality of the module. Some of 

the sun beams simply do not reach the panel. 

(Saengprajak, 2007) 

 

4.2.2 System Losses 

 
Inverter and battery charger losses:  Generally the efficiency of the battery charger of rectifier 

(AC to DC) is lower than the efficiency of the inverter (DC to AC). With the Standby 

consumption included the inverter has a efficiency of 95 % whereas the rectifier has an 

efficiency of 90 %.  

 

Battery storage losses: During the conversion of electrical energy into chemical energy an 

vice versa some of the energy get converted into energy that is not usable for the system such 

as heat. Lithum-Ion batteries show a loss of only 5 % in one complete cycle (charge and 

discharge) That leads to a cycle efficiency of 95 % at Standard Testing Conditions 

The amount of battery losses depends on the type of battery, the operating temperature, 

charging circumstances like the Depth of Discharge and the number of cycles. 

 

Auxiliary generator losses: The efficiency of a fuel driven generator depends on its operating 

mode. The losses can be minimized when the gen-set is either run on a high level between 80-

100% or shut off.  

 

PV-battery mismatch losses: Mismatch losses between the PV-array and the battery result 

from changes in voltage during operation. 

On the one hand the battery require different voltages respectively to their SOC. On the other 

hand the PV-array provides different voltages according to the cell temperature and the 

radiance. The Drifting of voltage (or mismatch) is estimated to cause losses of 10%, which it 

can be reduced to 1-2 % by including a MPPT (charge controller). 

 

PV-array mismatch losses: PV-array mismatch losses are caused by deviation of I-V-curve of 

interconnected PV modules. The overall output is smaller than sum of outputs of each module 

at a given operating point, because of slight variations in production of the modules even if 

they are the same type. It can also be caused by shadowing, what not only leads to mismatch 
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due to different radiation but also because the modules are operating at different cell 

temperatures. 

 

Wiring losses: The wiring losses sum up all ohmic losses between system components that are 

caused by DC cable resistance, relays and switches. Because of usually high voltages and low 

AC currents the losses caused by the AC wiring are very low and can be neglected. 

 

  

In the simulation all the losses that are not specifically calculated by the software, are 
combined to a performance ratio of 80 %. 

4.3 Software 

There are numerous types of simulation software for PV modeling. The task of the planner is 

it to choose the correct program for the specific site requirements. Different programs have 

different purposes and are used for sizing of the components, simulation of threshold values 

and operating states and exact yield forecasts. 

 

Stand-alone systems are generally more complex in their operation behavior than grid 

connected systems. To get an exact impression of the energetic, economic and ecological 

performance of the system, the software predicts all the important impacts on the operation of 

a PV power plant such as weather, shadings, losses, load demand and all kind of costs. 

The result of the simulation depends on the parameters entered into the software interface. 

These can be very complex whereby the programs are very error-prone. Thus the values used 

should be well investigated and checked exactly. Incorrect sizing might have a large impact 

on the credibility of the result and can easily imply a non-functional system. To avoid errors, 

it is recommended to undertake a preliminary yield estimation to assess the results that are 

expected. 

Results of the simulations should be compared with the values of similar projects to verify 

their plausibility. 

The programs used in this evaluation are so called time-step simulation programs, since they 

are more accurate  

To design the Hybrid System in Pedernales two different Programs will be utilized. The 

programs serve on the one hand to compare the results of the yield report, on the other hand 
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they serve different purposes. The simulation with two or more simulation programs is 

common practice in the evaluation of power plants. 

For the economical simulation and dimension of the system the program HOMER will be 

used. PVSyst is used to create a design model of the dimensioned Hybrid System and to 

simulate factors like shading, angles of the panels and to calculate the size of the PV-array to 

get a realistic image of the power production that can be expected. (Deutsche Gesellschaft für 

Sonnenenergie, 2008) 

DigSILENT is used to check the operating behavior of the designed system in the existing 

structures. 

 

4.3.1 HOMER Pro 

 
HOMER Pro is a micro grid-design software developed by National Renewable Energy 

Laboratory and distributed by HOMER Energy. 

The software is specialized for hybrid system simulation and thus attempts a viable simulation 

for all different combinations of the equipment that is considered to be used in the project. 

One of the features is the optimization, which automatically dimensions the different 

components identifying least cost options.  A useful attribute of the program is the sensitivity 

analysis, which allows to run the same model with varying values for different parameter. 

This allows to simulate an impact of for example an increase of fuel price or an expected 

decrease of capital costs. (Homer Energy, kein Datum) 

 

4.3.2 PVSyst 

 
PVSyst is one of the classic simulation software which has been developed in 1992 and is 

under permanently development since then. The software designs grid connected projects as 

well as off-grid systems. There are two basic modes in PVSyst: 

• Pre-dimensioning mode: for a quick first estimation 

• Project design mode: comprises more parameters and options. 

PVSyst simulates parameters such as: shadowing, all types of losses that are likely to occur in 

a photovoltaic-plant, losses due to pollution, mismatch losses and reflection losses. 

PVSyst was the first simulation software able to simulate 3D shading. 
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The results of the simulation are presented in a final report and can be exported to and excel 

file. (Deutsche Gesellschaft für Sonnenenergie, 2008) 

 

4.3.3 DigSILENT 

 
The DigSILENT Power Factory is a software for modeling the interaction between 

generation, transmission and distribution for electrical grids. The program includes static and 

dynamic calculation oft the models, which means that all different cases of for example PV 

excess or shortage can be simulated. (DigSILENT, 2015) 

 
 

5. The simulations 

Different simulations are carried out, to evaluate different parameters of the project. The main 

simulation is done with HOMER Pro. It represents the economical part of the evaluation as 

well as it offers a model of the generation available with the PV-array.  

 

The simulation with PVSyst serves to get an impression of the dimension of the area that is 

needed. Since PVSyst provides a detailed model of the generation of a PV System, the values 

received by HOMER Pro can be compared and checked. PVSyst additionally simulates the 

shadowing on the array by surrounded objects. 

 

The final step of the simulation is a review of the electrical feasibility of the project. This step 

is accomplished with DigSILENT. 

 

5.1 Results of the HOMER simulation 

  

5.1.1 Indicators of Simulation with HOMER Pro 

 
The key indicators to determine the viability of a power plant project are the Net Present Cost 

(NPC) and the Levelized Cost Of Energy. HOMER Pro compares all different combination of 
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applying the hybrid system and presents the systems with the lowest NPC and LCOE in the 

results.  

 

Net Present Cost:  The NPC represents a dynamic value in the calculation of the investment. 

It refers to the increase in assets related to the start date of the project. The Net Present Cost is 

the sum of cash in- and outflows of each period divided by the corresponding discount rate 

(Das, Hoque, Mandal, Pal, & Raihan, 2017).  

 

opq =
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(1 + ()s

v

sw?

 

 

• with N for the number of periods, which in the case of the project is 25 for 25 years 

lifetime,  

• t describes each corresponding year. 

• i is the annual discount rate that is calculated by the nominal discount rate i’ and the 

inflation rat f ( = Qxyc
>zc

. In simulation presented the discount rate is considered 8% and 

the inflation rat 2%. (Trading Economics, 2017) consequently a annual discount rate 

of 5.9% is obtained.  

 

Levelized Cost Of Energy: The LCOE is the ratio of the annual costs of the system during the 

lifetime (Ca = Opex + Capex) to the energy supplied to the load Ea (excess energy excluded). 

The resulting value describes the unit cost in $ for each kWh produced. 

 

{q|# =
qP
#P

 

 
 

5.1.2 Results of the Simulation 

 
With the components that have been described before the simulation with HOMER Pro leads 

to the results shown in Table 7. 

 

To be able to compare the results to the system existing the current power plant in Pedernales 

has been designed in Homer as well. The result of simulating the present system, correspond 
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with the data of EGE Haina. The LCOE given by EGE Haina is 0.131 $/kWh at a fuel price of 

0.3 $/l not including the Capex. A simulated value of 0.138 $/kWh is a realistic representation 

of the data of EGE Haina. Since these values match or are even lower than the true values it 

can be assumed that the simulation made, base on a realistic example and are thus meaningful 

for the success of the project. 

 
Table 7: Results of the SImulation with HOMER Pro 

 
 

Both cases simulated are Cycle Charging dispatch systems. That means that fuel gen-sets are 

driven at a constant rated capacity, assuring the primary supply. When there is PV-power 

available it replaces part of the energy generated by the engines. The batteries will be charged 

with excess energy generated during the day and mainly discharged in the case of high peak 

loads. 

 

 
Figure 21: Installed power plant generation with 3 gen-sets 
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Figure 22: Case 1 - HES with 2 gen-sets, PV and battery bank 

 
Figure 23: Case 2 - HES with 1 gen-set, PV and battery bank 

 

Figure 21-23 show the different applications of the system - the daily load supply for the 

current system (Figure 21 and the two cases that were simulated (Figure 22, Figure 23). As 

Figure 22 and Figure 23 show, the results of the simulations match very well the in chapter 

4.1 presented concept of the power profile for the different systems that were planned to 

simulated. 

The yellow areas in Figure 22 and Figure 23 represent the share of the PV generated that is 

used to charge the batteries. The orange part instead is directly used to supply the load 

demand. Still there is an orange area above the graph of the load. This means that in afternoon 

hours there is an excess of PV-energy available. Since there is no further grid close that this 

energy can be supplied to, the energy is not usable unless further components are installed. 

The excess of energy could be stored in further batteries and used to cover the own 

consumption of the power plant.  Specific plans of using the excess energy should be 

elaborated in further studies. 
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The system in case 1 consists of a 3.5 MW PV-array and a total battery capacity of 1200 

kWh. With this capacity of the battery installed the system could run autonomously for 31 

minutes. Since the batteries serve to cover peak load this time of possible autonomy is 

sufficient to supply the demand, without having to expect large unmet loads. Compared to the 

current system an operation of the system from case 1 could reduce the consumption of 

Heavy Fuel Oil by more than 1,100,000 liter per year.   

 

The case-2-system has a higher renewable friction. With 5.0 MW the PV array is 1.5 MW 

larger than in case 1. Since there is only one engine in the simulation included, the battery 

bank is with 21,000 kWh sized vastly bigger. To meet the loads in the morning and at night 

when the sun is not up yet but the demand cannot be covered by one engine, the batteries 

supply a big part of the load. In this case the batteries need to compensate the missing of one 

Hyundai engine. The operation of the batteries shows a frequent discharge of the batteries 

under a SOC of 40%, partly the batteries are even discharged completely. The batteries in 

case 1 how ever are discharged to an SOC of 60 % only in the morning and in the evening. 

Figure 24 shows the cycles of the batteries in both cases for each time of the day over the 

whole year. 

 

 
Figure 24: Operation of Battery a) Case 1 ; b) Case 2 (HOMER Pro) 

 
The Net Present Cost for both projects is positive, which means that from an economical point 

of view they both are feasible. The project that is operating with one motor less has an even 

higher NPC than the system operating with both engines. This might be cause by the fact one 

motor is not considered in the calculation of the NPC by the program although it would exist 

in the system anyway since it is installed already. 
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The most economical system design is with a LCOE of 0,119 $/kWh the system with two 

gen-sets running, a PV-Array of 3.5 MW and 120 Li-Ion batteries installed. According to the 

simulation made the Levelized Cost Of Energy can be reduced with this system by 

1 − ?,>>A
?,>=8

∙ 100 = 13.8	%. 

 

The Frankfurt School – UNEP Collaborating Centre for Climate and Sustainable Energy 

Finance presented a study in 2015 about: “Renewable energy in hybrid mini grids and isolated 

grids: Economic benefits and business cases”. One of the cases presented was a region in the 

Dominican Republic called Las Terrenas. The simulation made with HOMER for this project 

had similar circumstances of load demand as the project in Pedernales. Las Terrenas is a little 

bit bigger and more touristic. Yet the simulation showed that a change in the power supply to 

a PV-Gen-set-Hybrid System can imply a turn-of off the Generators for 3.5 hours per day and 

thus reduce the LCOE by 12 % from 37.6 cents/kWh to 33.0 cents/kWh. (Al-Hammad, 

Becker, Bode, Srishti, & Kreibiehl, 2015). The LCOE estimated in this project is a lot higher 

than in Pedernales, yet the result is close to identical.   

A decrease of the LCOE of 13 % by installing a PV-Diesel-Hybrid System can be considered 

as absolutely conceivable in the Dominican Republic.  

 

 

Figure 25: Behavior of the LCOE with deviation fuel prices 

 
Even the system with one of the Hyundai engines completely turned off and a PV-Array of 
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0,08

0,09

0,1

0,11

0,12

0,13

0,14

0,15

0,16

0,17

0,18

-50% -40% -30% -20% -10% 0% 10% 20% 30% 40% 50% 

LC
O
E	
[$
/k
W
h]

Deviation	of	the	fuel	price	[%]

two	Hyundai-Engines

one	Hyundai-Engine

present	system	of	Pedernales



   41 

is with 0.136 $/kWh only 0.2 cent/kWh (1.5%) cheaper, still the Figure 25 shows that with an 

increasing fuel price the hybrid systems get more profitable than pure engine operation. 

Correspondingly an increase of 50% on the fuel price, of which an occurrence during the year 

is very much plausible and to which future prognoses of the fuel price tend, results in a LCOE 

for a hybrid system with one engine which is already 8 % lower than from the present plant. 

The cost of Energy for a hybrid system with 2 fuel engines would be even 16 % lower. 

 

Assuming that the system installed consists of one engine with the capacity of 2.1 MW which 

runs constantly 8760 h/a, the runtime of this hypothetical engine can be compared with the 

other systems. For case 1 the notional gen-set can be turned off round about 2000 h/a, for case 

2 even 2800 h/a. That means renewable fraction and thus a theoretical saving of fuel and 

exhaust fumes of 23 % respectively 32.2%. 

 
Further investigations especially concerning sensitivity studies will concentrate on the 

elaboration the most economical system which is the system using two fuel gen-set, a PV-

array of 2.5 MW and 1.2 MWh of battery capacity.  

The sensitivity study will include an analysis of impact on the LCOE of the following 

parameters: 

 

• Capex Solar 

• Capex Battery 

• Opex Solar 

• Fuelprice 

• Radiation 

• Demand  

• Project lifetime 

 

Changing the parameter HOMER usually changes the dimension of the system according to 

the system with the lowest cost for each system. In order to be able to make a comparison, the 

system is set to the values mentioned above. 
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Figure 26: Influence of deviation of parameters on LCOE 

 
Figure 26  shows the influences of varying parameters on the Levelized Cost Of Energy 

according to the sensitivity studies carried out with HOMER Pro. 

• Sensitivity studies show that the biggest impact on the planned system has the fuel 

price. Since there are not many batteries installed in the system the expected decrease 

of Li-Ion batteries does not cause a significant change in the LCOE. For the system 

running with only one engine, 5 MW PV and 2100 batteries however the impact is 

vastly higher. 

• The Capex of the solar panels has a greater effect on the cost of the energy. Still the 

Capital Cost of the panels could increase by 230% before the LCOE is equal to 0,138 

$/kWh (the current cost of electricity). So even though if the Capex of the PV panels 

was estimated with a perspective to the future and is thus a little bit low, the project 

will still be feasible with a capital cost that is higher than the assumed. 

 

The results for a fluctuation sensitivity evaluation of the demand and radiation are basically 

theoretical. A marked change of these values may cause a need of re-dimensioning of the 

power plant since in case of lower demand the system can be planned smaller or in case of 

higher demand load larger. Figure 24 shows a veer of the demand curve at -40%, which is 

cause by waiving one of the fuel engines when the demand drops.  

A high variation of the radiation is usually not expected in a short time period. Still the impact 

is displayed to show the dependence of the system on the weather conditions. The impact of 

the radiation does not show a linear course. A fluctuation of the radiation between -20% and 
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+50% shows only a small impact. Lower radiation values influent the cost of energy 

significantly more. 

 

The system in the simulation is presented as if it was a completely new system. If the capital 

costs of the gen-sets, that are already existing in Pedernales, is set to zero and the current 

value of the generators is ignored, the cost of energy drop significantly to 0.098 $/kWh for 

case 1 and 0.126 $/kWh for case 2.  

Under this circumstance the system in case 1 saves 4 ct/kWh produced and is thus with an 

annual generation of 18.8 kWh paid off in round about 4 years. 

 
 

5.2 Description of the model  

5.2.1 Design concept and simulation with PVSyst 

 
The simulation with PVSyst gives a more detailed idea of the dimension and the design of the 

system. Still it appears that the program is not ideal for a simulation of the hybrid system as it 

is planned. PVSyst is specialized for simulations of PV Systems, which are supported by a 

generator for charging the batteries. (Figure 27). The application as implemented, running 

with  gen-sets for a basic load supply, the PV-array as substitute when the sun is up and 

batteries for peak hour supply cannot be simulated in this way with PV syst. The software 

however bases its calculations on a system, where engines only serve for battery charging and 

thus supply only a small amount of the load demand. In this case the dimension of the 

batteries and the size of the gen-sets that were assumed before would not correspond with the 

requirements that are needed to assure an operation without serious losses. A PV-array of 3.5 

MW and a battery bank of 1200 kWh are not enough to supply a load demand of 50 MWh/d 

when the generators are just run to charge the battery. Many charging cycles would shorten 

the battery lifetime significantly. It appears that PVSyst is more suitable for the simulation of 

photovoltaic systems that are supported by the fuel generators and batteries but not for hybrid 

mix of generation. 

Although the configuration in PVSyst is not congruent with the system planned, the results of 

simulation match very well concerning the points of annual PV-production and weather 

estimations. This supports the credibility of the simulation made with HOMER Pro. 
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Figure 27: Configuration of system in PVSyst (PVSyst) 

 
For a more specific design of the project an area has to be chosen, that has the right dimension 

for the project and is located nearby. To avoid long cabling and consequently high 

transmission losses an area verging on the power plant is chosen. To find a suitable area for 

the realization of the project, the area of the system planed needs to be required. Therefore the 

minimum distance required between the panels to avoid shading has to be determined. 

Mertens describes the formula for the distance between the panels: 

 

+ = � ∙
sin(ÉÑ + Ö)
sin ÉÑ

 

 

with b for the width of the PV, ÉÑ for the angle of the sun at 12:00 on December 21st which is 

according to the NASA ÉÑ = 48	° and Ö for the angle of the panels which has been estimated 

with Ö = 35	° before. (Mertens, 2015) 

 

The width of the PV-row in this case is two times the width of the PV panels � = 2 ∙ 0.998 =

1.996 since the expected application is as seen in Figure 28. 

 

Panel 1 Panel 3 … … … 

Panel 2 … … … … 

Figure 28: Arrangements of PV-panels in array 

 
The distance between the PV-module rows amount to at least + = 2.67	V to avoid high 

shading losses. 
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With a distance as described before PVSyst calculates a total area needed for the PV System 

of 3.5 MW and 13,200 modules of about 23,000 m2.  

The areas that qualify for the project are shown in Figure 29. The shading was simulated with 

the software PVSyst, where the site of the project was reconstructed in the program.  

In either one of these areas there is no shading of surrounding objects to expect, since there is 

enough space available to keep the distance required to avoid shadings on the PV-array. The 

trees that are surrounding “Area 2” are small trees that do not exceed a height of 5 m.  

 

 
Figure 29: Project Areas (Google Earth) 

 
Both areas are easy to access for a solar project, since there is no dense vegetation. The trees 

in Area 2 are mainly low and dry shrubbery. Both areas are at a distance of about 150 m away 

from the power plant Pedernales (Figure 29). 

To generate a voltage with the PV-plant, that matches the input voltage of the batteries that is 

450 V, PVSyst recommends a connection of 20 PV panels per string in series with 660 

parallel strings. This results in an output voltage of 634 V in the conditions of the STC. The 

actual value is expected to be lower, depending on the cell temperature during the operation. 

The output current of 660 parallel strings fluctuates between 5,600 A and 4,500 A. This 

current still is to high to charge the 120 parallel connected Li-Ion batteries with a maximum 

charge current of 11.9 A (4,500	ä ÷ 120 = 37.5	ä). To bring the Output voltage and current 

to the expedient values for the battery charging a charge controller needs to be included into 

the system. This charge controller or MPP Tracker also regulates variation of voltage and 

current due to irradiance and shading over the day.  
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To verify the electrical feasibility of the system the system is modeled with the software 

DigSILENT.  

To assure the safety of the system, there will be implemented more inverters that work 

independently and assure load supply, even if one of the inverters fails or needs maintenance. 

If the system would work with one inverter only in case of maintenance or failure the whole 

renewable part of the system would break down. Instead of one 3 MW inverter it is planned to 

install 50 x 60 kW inverters. 

 

5.2.2 Electrical model with DigSILENT 

 

For simulating the electrical model of the project the dimensions of the components from 

HOMER Pro are taken into account. To assure an energy supply even if the inverter fails, the 

idea is to install instead of one inverter of 1.7 MW 34 parallel inverters with 50 kW each. As 

mentioned before the PV-array is formed by 660 parallel strings of 20 PV-panels each. In 

conditions of the STC this would lead to a voltage of 620 V at Nominal Operating Cell 

Temperature conditions to 566 V. The voltage is controlled with the charge controller.  

 

There is a transformer required in the system that elevates the Voltage of the DC-Renewable-

Bus of 400 V to the Voltage of the existing system of 2400 V. The transformer is not included 

into the economical calculation. The electrical model shows that the application as it is 

estimated in HOMER Pro is absolutely operable. The capacity of the inverter however is due 

to the electrical simulation too low for the peak hours. The simulation shows that up to 

2.2 MW of the total energy generated by the PV-array can be supplied directly to the load. If 

the size of the inverter would be augmented by 500 kW, the power of the gen-sets could be 

reduced and replaced by more solar energy. The effect of an expansion of the inverter 

capacity is expected to have only a marginal impact on the economical suitability of the 

system and is likely to be compensated by the savings of fuel. The excess of energy generated 

by the PV-array will be used to charge the batteries, so that no bi directional inverter will be 

required.  
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Figure 30: electrical model with DIGSilent 

6. Discussion 

The results of the simulation promise a success of the hybrid system. Still there are factors 

that might have an impact on the operation of the system and thereby influent the economy.  

Since the average Temperature is 24 °C fluctuations of ±3 °C the high temperature might 

cause efficiency losses especially on the PV-array and the battery bank.  

 
The optimal operating temperature of the battery, which is recommended between 15 °C and 

30 °C is in the project very likely to be reached and exceeded. Since there are not many 

batteries planned to be installed the cooling of the battery can be realised with simple air 

conditioning systems, that ensures the optimal operating climate for the Lithium-Ion batteries. 

By this the efficiency and the lifetime of the battery is maximized and maintenance cost can 

be minimized. The cost of cooling are not included into the calculation, especially as they 

account for only a small part of the costs and have no significant influence on the economic 

viability of the system.  

Further investigations need to contrive an operation plan for the lithium ion batteries and 

evaluate the exact effect on the lifetime and cost under the given conditions.  

 

 Although the temperature might have the most substantial impact on the efficiency of the 

system, there are other parameters like wind and precipitation that influence the operation. 

Because most of the components are protected from weather conditions by housings, the PV-

array is mainly exposed to natural events.  
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Even though the radiation in Pedernales is among the highest in the Dominican Republic, the 

precipitation is with 1085 mm/year on 253 days is considered as high as well. The rainfalls 

are short and heavy and followed by many sun hours. The annual precipitation is enough and 

frequently to assure the self-cleaning effect of the modules, with the right angle of over 15 °.  

The wind primarily causes cooling of the modules - the lower the operating temperature the 

higher the efficiency. As much as the power plant benefits from the windy condition in 

Pedernales, it brings also a risk into the project. In the past years Pedernales was affected by 

severe environmental disasters. That means that the hybrid system needs to be constructed 

compellingly to resist extreme weather conditions. 

Apart from occasional extreme weather conditions the climate in Pedernales favors the 

operation of the project.   

As Figure 26 shows the lifetime of the components has a large impact on the LCOE. If the 

lifetime can be increased by implementing a detailed O&M plan, the cost of energy can still 

be decreased. 

 

Other factors that bring uncertainty for the success into the system by having a larger influent 

on the cost of energy are in particular the capital cost (in the main system from the study 

especially of the PV array, since the battery bank is small), and the fuelprice.  

The capex of the componennts used are predicted to keep decreasing in the next years, so that 

a feasibility for hybrid system according to this parameter gets more possible in future. The 

operational cost of the solar-array has a barely low impact on the economic success of the 

project. 

 

The sensitivity studies of the investigations examined however agree on the fact that the 

competitiveness of the hybrid systems depends on the fuel costs for conventional generation. 

Hybrid systems are particularly worthwhile in the case of high fuel prices. As the study of 

Nour & Rohani evaluating the feasibility for different fuel prices in United Arabian Emirates 

shows the fuel price can decide over the success of a project. Cader et al proclaim that 

especially in countries that do not have their own fossil sources the hybrid systems have a 

high potential to lower the cost of energy. Oil producing countries like Angola or Colombia 

however often do not achieve high cost savings, since the costs for the installation of required 

components cannot compete yet with the low cost of fuel in this countries (Cader, Bertheau, 

Blechinger, Huyskens, & Breyer, 2015). 
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Still due the expected price development of the different components of renewable systems 

the implementation of a hybrid system is expected to get more rewarding for a greater variety 

of conditions in the future.  

 

The sensitivity study carried out shows that in the case of drastically increasing fuel prices in 

the future an extension of the renewable part of the system might be recommendable. Thanks 

to simple adaption of PV modules and batteries this can easily be accomplished at any time. 

Thus, the second case with only one engine used in the system can still be set up without 

much effort.  
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7. Conclusion 

 

This study has investigated the evaluation of converting the 5 MW Fuel Oil Power Plant into 

a Hybrid System with the present engines and additional PV- array and battery bank as energy 

sources. The project is located in the Dominican Republic in an isolated remote region called 

Pedernales.  

Due to low population and geographical circumstances Pedernales is not connected to the 

national grid oft he Dominican Republic. 

The system that is planned, has to assure a stabile energy supply for about 15,000 people with 

an average power of 2.2 MW and an annual demand of 18.8 GWh.  

The condition in Pedernales suit very well the requirements of a PV-project, since it is a very 

dry region with a high irradiance of 0.73 kW/m2 and an annual irradiation of 1935 kWh/m2. A 

high PV-generation can be expected. 

 

Two cases of applying the hybrid system were simulated. Both systems are switched 

connected hybrid system with a cycle charging dispatch. In case 1 and case 2 the PV-array 

charges the battery and supplies parts of the load demand during the day when there is enough 

PV-energy generated. 

 

• The first system runs with two fuel driven gen-sets, of which one supplies a relatively 

constant load during the day, whereas the other system supports the demand supply in 

the morning and evening when the load is high but there is no solar energy available.  

In case one there are 3.5 MWp of PV-modules installed with a battery capacity of 1.18 

MWh. The system generates electricity at a cost of 0.119 $/kWh. 

 

• The second case system renounces completely one of the Hyundai engines. The only 

fuel driven generator supplies a constant power to the load. The peaks that do not 

match the solar production are covert by the battery which have to be dimensioned 

vastly bigger than in case 1. The PV-array has a size of 5 MW combined with a 

battery bank of 20.6 MWh. The cost of energy in the second case is at a fuel price of 

0.3 $/l 0.136 $/kWh which is also below the current cost of energy of 0.138 $/kWh.  
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Both systems ensure a high reliability of 99,95 % (or for case 1 even higher), so that the 

comfort of the current systems high reliability is not risked by including renewable energies. 

 

Since for EGE Haina as an electricity company it is essential to produce electricity at the 

lowest cost possible, the evaluation of the results focuses on the more economic system with a 

lower LCOE and a higher NPC taken into account that actually both systems consist of the 

two fuel-driven gen-sets. 

 

An evaluated PV-array of 3.5 MW acquires an installation of 13,200 PV modules of the Type 

Suntech STP 265, which occupies an area of 23,000 m2. The panels are connected in 660 

parallel strings with 20 panels in series for each string. The expected annual generation of the 

PV-generator exceeds 5 GWh. 

The battery as the most flexible component in the system and the fastest available to respond 

to load changes is primarily used to cover peak loads. 120 Li-Ion batteries with a total 

capacity of 1180 kWh and a maximal total output power 600 kW are connected in 120 

parallel strings with one battery per string.  

 

Seen that the metropolitan region in Pedernales is not very populated, there are free areas 

available right in the neighborhood of the power plant of EGE Haina (located in the city 

entrance), which can be used to realize the project. Possible areas are located in a radius of 

150m, which means that the installation of a transmission line is not necessary.  

 

For the simulation with HOMER Pro the evaluation of different components was carried out. 

To get a general impression of the feasibility of such a project in this region, ordinary 

components are chosen in all simulations. Comparing the parameters of this study with the 

case study of Bloomberg New Energy Finance for a micro grid in Lake Victoria the results 

are unambiguous (Edwards, 2017). The economic parameters that are used in the simulation 

of BNEF in their simulation with HOMER Pro are deviating very little from the values used 

in the simulation for Pedernales. Some of the costs used by Bloomberg are even lower, which 

matches with the expectation of the prices to be higher in the Dominican Republic due to 

transportation costs.  

 

From the economic point of view an installation of a hybrid system would be a clear 

advantage for the power plant. With a calculated LCOE of 0.119 $/kWh the cost of energy 
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can be decrease by about 13% or 2 ct/kWh. These results are consistent with the 

investigations carried out in great numbers up to the present time. The Frankfurt School – 

UNEP Collaborating Centre for Climate and Sustainable Energy Finance estimated in 2015 in 

Las Terrenas in the Dominican Republic a potential of the LCOE to drop by 12% by 

converting a Standalone Fuel Driven power plant into a Hybrid system with 6.75 MWp 

installed.  

There are many studies dealing with the electrification of rural areas for different parts of the 

world. In most of the investigations the hybrid system shows the best performance compared 

to other generation scenarios (Rajbongshi, Borgohain, & Mahapatra, 2017).  

In general the conclusion can be made that of cases especially in countries  that have a high 

availability of renewable energy sources and where the cost of fossil fuels is high, an 

installation of hybrid systems in the remote areas is likely to be effective. Unlike ten years 

ago when similar projects could not compete with the systems that are only basing on 

conventional generation, seeing for example the study of Kahn and Iqbal in 2004 in 

Newfoundland, the enormous development in the cost, affectivity and lifetime of the 

components used for renewable energy generation leads to the fact that projects of this kind 

are now largely successful.  

Most of the projects described are in the rage between 10-200 kWp, for these small systems 

the cost of energy is mostly significantly larger. Depending on the year of the elaboration (the 

price of the components), the fuel price, the region and the size of the hybrid system the 

prices vary between 0.10 and 0.80 $/kWh. Although results of Husain & Sharma in Nepal 

(Husain & Sharma, 2014) and Adaramola et al. in Nigeria ( (Adaramola, Paul, & Oyewola, 

2014) do not achieve the concrete same values as simulated for Pedernales but with a higher 

LCOE, the trend of the outcome is consistent.  

 

Large-scale projects in the MW rage are very little described. SMA presented in 2016 a 

project for the electrification of the island St. Eustatius in the Caribbean. The circumstances 

of the project were with an annual demand of 13.6 GWh/a similar to the conditions presented 

in this study (18.8 GWh/a). 1.9 MW PV combined with a battery capacity of 1 MW was 

installed to safe 850,000 liters of diesel during the year and to decrease the cost of energy 

(Krueger, 2016). Even if SMA does not provide concrete economic values, the feasibility of 

both projects can be compared. Since the demand in Pedernales and the size of the PV system 

are slightly higher than in St. Eustatius a reduction of the fuel consumption by moren than 

1,000,000 is absolutely reasonable.  
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Only by including the PV-array into the system it is estimated to safe 2,500 tons of CO2 per 

year. This result also goes hand in hand with the results of SMA. And still it does not include 

the CO2 that is saved because of the fact that less fuel has to be transported by ship and trucks. 

 

 

To complete the evaluation of this project, further steps need to be taken. In the following 

steps a check of the radiation values is advisable. Since the irradiation data was taken from 

the NASA and measured by satellite, a long-term measurement can provide more precise 

values. Another aspect that needs to be checked is the pricing of the components. Although 

compared with other studies the prices used seem to give a realistic assessment of the project, 

parameters like governmental subsidies, exact transportation costs and land prices as well as 

construction costs are not included into this study. Further more a detailed plan for the 

operation and maintenance must be developed.  

In addition, the environmental law has to be reviewed to see what restrictions exist for the 

implementation of the project. Possible regulations, especially regarding nature conservation 

areas and governmental financing support, can have a decisive influence on the decision-

making process. 

Although currently Pedernales is a region with a relatively low population and resulting a 

barely low energy demand, a development of the region in future has a high probability. With 

many virgin beaches and extraordinary landscapes the region has a high potential of domestic 

and especially touristic growth, leading to an increase of the energy demand. Following 

investigation should evaluate applications of the power plant in Pedernales for an increased 

load profile scenario.  

 

To conclude, a MW-scale fuel-oil-PV hybrid system with a Lithium-Ion battery bank is not 

only effective, meaning serving successfully its purpose, but it is also efficient by generating 

energy at the lowest costs possible, when compared with conventional systems. Although 

there are still aspects that need to be investigated to get a complete and detailed impression of 

all the factors influencing the projects feasibility, the sensitivity studies show that the success 

of the system is indeed very insensitive to tolerances in different parameters.  

  



   54 

Literature 

Adaramola, M. S., Paul, S. S., & Oyewola, O. (2014). Assessment of decentralized hybrid PV 
solar-diesel power system for applications in Northern part of Nigeria. Energy for 
Substainable Development, 72-82. 

Al-Hammad, H., Becker, T., Bode, A., Srishti, G., & Kreibiehl, S. (2015). Renewable Energy 
in Hybrid Mini-Grids and Isolated Grids: Economic Benefits and Business Cases. 
Frankfurt: FS-UNEP Colaborating Centre. 

Bromley, H., & Serota, N. (2017, 6 1). 1H 2017 U.S. PV Market Outlook. Back to the 
drawing board . USA: Bloomberg New Energy Finance. 

Cader, C., Bertheau, P., Blechinger, P., Huyskens, H., & Breyer, C. (2015). Global cost 
advantages of autonomous solar-battery-diesel systems compared to diesel only 
systems. Sustainable Development, 15-22. 

Chase, J., & Swarbreck, J. (2017). Solar Inverter Market Outlook 2017. Bloomberg New 
Energy Finance. 

Chase, J., Wang, X., Radoia, P., & Bromley, H. (2017). Q1 2017 Global PV Market Outlook. 
USA: Bloomberg New Energy Finance. 

Curry, C. (2017). 2016 Lithium-Ion Battery Price Survey. USA: Bloomberg New Energy 
Finance. 

Das, B., Hoque, N., Mandal, S., Pal, T., & Raihan, A. (2017, 6 7). A techno-economic 
feasibility of a stand-alone hybrid power generation for remote area application in 
Bangladesh. Energy. 

Deshmukh, M., & Deshmukh, S. (2006). Modeling of hybrid renewable energy systems. 
Renevable & Sustainable Energy Reviews, 235-249. 

Deutsche Gesellschaft für Sonnenenergie. (2008). Planning and Installing Photovoltaic 
Systems. Berlin: Earthscan. 

DigSILENT. (2015). Power Factory 15 Basic Software Features. DigSilent Power Factory. 
Edwards, I. (2017). Micro - Grids in Lake Victoria: Case Study. Lake Victoria: Bloomberg 

New Energy Finance. 
EGE Haina. (2016). Data tecnica de la planta Pedernales. Santo Domingo, Dominican 

Republic. 
Goldie-Scot, L. (2017). Storage System Costs: More than Just a Battery . Bloomberg New 

Energy Finance. 
Halabi, L., Mekhilef, S., Olatomiwa, L., & Hazelton, J. (2017). Performance analysis of 

hybrid PV/diesel/battery system using HOMER: A case study Sabah, Malaysia. 
Malaysia: Energy Conversion and Management 144. 

Hayim, L. (2017). PV O&M 2016: Falling prices, increasing refinement. USA: Bloomber 
New Energy Finance. 

Homer Energy. (n.d.). Homer Energy. Retrieved 9 5, 2017, from Products, HOMER Pro, 
Information: http://www.homerenergy.com/HOMER_pro.html 

Husain, M., & Sharma, D. K. (2014). Techno-economic Analysis of Solar PV/Diesel Hybrid 
Energy System for Electrification of Television substation- "A Case Study of Nepal 
Television Substation at llam". IOE Gratuate Conference, 420-428. 

Instituto de Investigaciones Socioeconómicas de la Universidad Autónoma. (2012). Perfil 
Socio-Economico y Medio Ambiental Pedernales. Santo DOmingo: Programa de las 
Naciones Unidas para el Desarrollo. 

International Finance Corporation. (2015). Utility-Scale Solar Photovoltaic Power Plants. 
Washington D.C., Washington D.C., USA. 

Kahn, M., & Iqbal, M. (2004). Pre-feasibility study of stand-alone hybrid energy systems for 
applications in Newfoundland. Renewable Energy, 836-855. 



   55 

Koehl, M., Heck, M., Wiesmeyer, S., & Wirth, J. (2011, January). Modeling of the Nominal 
Operating Cell Temperature based on Outdoor Weathering. Solar Energy Materials 
and Solar Cells. 

Krueger, W. (2016, 05 24). Flagship Project in the Caribbean: PV Hybrid System on the 
Island of St. Eustatius. Retrieved 10 15, 2017, from http://en.sma-
sunny.com/en/flagship-project-in-the-caribbean-pv-hybrid-system-on-the-island-of-st-
eustatius/. 

Leuthold, M. (2014). Energy Storage Technologies Battery Storage for Grid Stabilization. 
Berlin: Institute for Power Generation & Storage Systems (PGS). 

Mertens, K. (2015). Photovoltaik. Steinfurt: Carl Hanser Verlag München. 
Nour, M., & Rohani, G. (2014, 09 07). Prospect of Stand-Alone PV-Diesel Hybrid Power 

System for Rural Electrification in UAE. International Journal of Renewable Energy 
Research, 749-757. 

Rajbongshi, R., Borgohain, D., & Mahapatra, S. (2017). Optimization of a PV-Biomass-
Diesel and grid base Hybrid Energy System for rural electrification by using HOMER. 
Energy, 462. 

Rosario, C. (2015). Especificaciones técnicas de la Central Pedernales. Santo Domingo: EGE 
Haina. 

Saengprajak, A. (2007). Efficiency of Demand Side Management Measures in Small Village 
Electrification Systems. Kassel: kassel university press GmbH. 

Sendyka, B., & Noga, M. (2013). Advances in Internal Combustion Engines and Fuel 
Technologies. Polen: Intech. 

Strauß, P., Landau, M., Vandenbergh, M., Bopp, G., Ortiz, B., Vetter, M., . . . Wollny, M. 
(2009). Netzferne Stromversorgung und weltweite Elektrifizierung. 94-100. 

Trading Economics. (2017, 7). Dominican Republic Inflation Rate. Retrieved 9 15, 2017, 
from Trading Economics: https://tradingeconomics.com/dominican-republic/inflation-
cpi 

Wang, X., & De Silva, R. (2014). Analist Reaction – Solar Spot Price Index. Bloomberg New 
Energy Finance. 

Wichert, B. (1997). PV-Diesel Hybrid Energy Systems for Remote Area Power Generation - A 
Review of Current Practice and Future Developments. Perth: Renewable and 
Sustainable Energy Review. 

World Energy Outlook. (2017, - -). Resources: Energy Access. Retrieved 07 14, 2017, from 
Modern Energy for All: 
http://www.worldenergyoutlook.org/resources/energydevelopment/ 

World Weather Online. (2017, 7). Pedernales Monthly Climate Averages. Retrieved 8 29, 
2017, from https://www.worldweatheronline.com/pedernales-weather-
averages/pedernales/do.aspx 

Yingzhi, C., Chunyu, D., Geping, Y., Yunzhi, G., Zhang, L., Ting, G., . . . Wang, F. (2015). 
Multi-stress factor model for cycle lifetime prediction of lithium ion batteries with 
shallow-depth discharge. Journal of Power Sources, 123-132. 

 
 

 

 

 



 I 

Annex 

 

Content 

	

1. Datasheet of PV-panel           II 

2. Datasheet of Hyundai gen-set         IV 

3. Datasheet of Lithium-Ion battery          V 

4. Simulation Report Case 1         VII 

5. Simulation Report Case 2         XX  

6. Simulation Report of the current system            XXXII 

7. Simulation Report with PVSyst                XLII 

8. System in DigSILENT                XLVIII 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



 II 

1. Datasheet of PV-panel 



 III 

 



 IV 

 
 
 
 

2. Datasheet of Hyundai gen-set 



 V  

3. Datasheet of Lithium-Ion battery 



 VI 

 



 VII 
 

4. Simulation Report Case 1 



 VIII 

 

 
 
 



 IX 

 
 
 
 
 



 X 

 
 
 
 
 



 XI 

 
 
 
 
 
 
 



 XII 

 
 
 
 
 
 



 XIII 

 
 
 
 
 



 XIV 

 
 
 
 
 
 
 



 XV 

 
 
 
 
 
 
 
 



 XVI 

 
 
 
 
 
 
 
 
 
 



 XVII 

 
 
 
 
 
 
 



 XVIII 

 
 
 
 
 
 
 
 
 
 



 XIX 

 
 
 



 XX 

 
 

5. Simulation Report Case 2 



 XXI 

 
 
 
 
 
 
 
 
 



 XXII 

 
 
 
 
 



 XXIII 

 
 
 
 



 XXIV 

 
 
 
 
 
 



 XXV 

 
 
 
 
 



 XXVI 

 
 
 
 
 



 XXVII 

 
 
 
 
 
 
 
 
 
 



 XXVIII 

 
 
 
 
 



 XXIX 

 
 
 
 
 
 



 XXX 

 
 
 
 
 
 
 
 
 
 



 XXXI 

 
 
 
 
 
 
 
 



 XXXII 

6. Simulation Report of the current system 



 XXXIII 



 XXXIV 

  



 XXXV 

  



 XXXVI 



 XXXVII 

  



 XXXVIII 

 

  



 XXXIX 



 XL 

  



 XLI 

 



 XLII 

 
 
 
 

7. Simulation Report of PVSyst 



 XLIII 

 

 
 
 



 XLIV 

 

 
 
 



 XLV 

 
 
 
 



 XLVI 

 
 
 
 



 XLVII 

 
 
 



 XLVIII 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

8. System in DIGSilent 




