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Abstract 

The aim of this thesis is to show how much fuel can be saved in a power system based in diesel 

generators with integrated wind turbine (WDPS – Wind Diesel Power System) when a storage 

system is integrated. Diesel generator is still the most used power system for remote locations 

where the conventional grid doesn’t reach and its integration with wind turbine is seen as a 

natural combination to reduce diesel consumption. However, the wind intermittency brings 

some challenges that might prevent the necessary diesel savings to the level that justifies the 

integration with wind turbine. The introduction of a storage system can leverage the wind 

energy that would otherwise be wasted and use it during periods of high demand. 

The thesis starts by describing the characteristics of energy storage systems (ESS) and 

introducing the major ESS technologies: Flywheel, Pumped Hydro, Compressed Air and the 

four main battery technologies, Lead Acid, Nickel-Based, Lithium-ion and Sodium-Sulphur. The 

aim of this step it to obtain and compile major ESS parameters to frame then into a chart that 

will be used as a comparison tool. 

In the next step, wind-diesel power systems are described and the concept of Wind 

Penetration is introduced. The ratio between the wind capacity and diesel capacity determines 

if the wind penetration is low, medium and high and this level has a direct relation to the 

WDPS complexity. This step also introduces important concepts pertaining to grid load and 

how they are affected by the wind penetration. 

Next step shows the development of models for low, medium and high penetration WDPS with 

and without integrated ESS. Simulations are executed based on these models in order to 

determine the diesel consumption for each of them. The simulations are done by using 

reMIND tool. 

The final step is a comparative study where the most appropriated ESS technology is chosen 

based on adequacy to the system, system size and location. Once the technology is chosen, the 

ESS economic viability is determine based on the diesel savings obtained in the previous step. 

Since this is a general demonstration, no specific data about wind variation and consumer 

demand was used. The wind variation, which is used as the input for the wind turbine (WT), 

was obtained from a typical Weibull Distribution which is the kind of distribution that most 

approximate a wind pattern for long term data collection. The wind variation over time was 

then randomly generated from this distribution. The consumer load variation is based on a 

typical residential load curves. Although the load curve was generated randomly, its shape was 

maintained in conformity with the typical curves. 

This thesis has demonstrated that ESS integrated to WDPS can actually bring a reasonable 

reduction in diesel utilization. Even with a wind pattern with a low mean speed (5.31 m/s), the 

savings obtained was around of 17%. 

Among all ESS technologies studied, only Battery Energy Storage System (BESS) showed to be a 

viable technology for a small capacity WDPS. Among the four BESS technologies studied, Lead-

Acid presents the highest diesel savings with the lower initial investment and shorter payback 

time.  
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Abstrato 

O objetivo dessa tese é determinar quanto combustível pode ser economizado quando se 

integra um sistema de armazenamento de energia (ESS na sigla em Inglês) a um sistema 

gerador baseado em gerador diesel integrado com turbina eólica (WDPS na sigla em Inglês). 

Geradores à diesel são largamente utilizados em áreas remotas onde a rede de distribuição de 

eletricidade não chega, e a integração de geradores à diesel com turbinas eólicas se tornou a 

combinação usual visando a economia de combustível. No entanto, a intermitência do vento 

cria alguns desafios que podem inclusive tornar essa integração inviável economicamente. A 

introdução de ESS à esse sistema visa o aproveitamento da energia que seria desperdiçada 

para usá-la em periodos de alta demanda.  

A tese começa descrevendo as características de ESS e suas principais tecnologias: Flyweel, 

hidroelétrica de bombeamento, ar-comprimido e as quatro principais tecnologias de bateria, 

Chumbo-Ácido, Níquel, Íon de Lítio e Sódio-Sulfúrico. O objetivo dessa etapa é obter os 

principais parâmetros de ESS e apresentá-los numa planilha para referência futura. 

Na etapa seguinte, geradores à diesel são descritos e é introduzido o conceito de Penetração 

do Vento. A razão entre a capacidade eólica e a capacidade do gerador diesel determina se a 

penetração é baixa, média ou alta, e esse nível tem uma relação direta com a complexidade do 

WDPS. Nessa etapa também são introduzidos importantes conceitos sobre demanda numa 

rede de distribuição de eletricidade e como esta é afetada pela penetração do vento. 

A etapa seguinte apresenta a modelagem de WDPS com baixa, média e alta penetração, 

incluindo a integração com ESS. Sobre esses modelos são então executadas simulações 

buscando determinar o consumo de diesel de cada um. As simulações são feitas usando a 

ferramenta reMIND. 

A última etapa é um estudo comparativo para determinar qual tecnologia de ESS é a mais 

apropriada para WDPS, levando-se em conta sua localização geográfica e capacidade. Uma vez 

que a escolha tenha sido feita, a viabilidade econômica do ESS é calculada baseado na 

ecomonia de combustível obtida na etepa anterior. 

Como esta tese apresenta uma demonstração, não foram utilizados dados reais de variação do 

vento nem de consumo. A variação do vento foi obtida de uma distribuição Weibull típica, que 

é a distribuição que mais se aproxima da característica do vento coletada em logo prazo. A 

variação do vento no tempo foi gerada aleatoriamente baseada nessa distribuição. A curva de 

consumo é baseada em curvas de consumo residenciais típicas. Embora a curva de consumo 

tenha sido gerada aleatoriamente, o seu formato foi mantido em conformidade com as curvas 

típicas. 

Essa tese demonstrou que ESS integrado à WDPS pode trazer uma economia razoável. Mesmo 

usando uma distribuição de vento com baixo valor médio (5.3 m/s), a economia obtida foi  

de 17%.  
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Dentre as tecnologias de ESS pesquisadas, apenas o sistema de armazenamento com bateria 

(BESS na sigla em Inglês) se mostrou viável para um WDPS com pequena capacidade. Dentre as 

quatro tecnologias de BESS pesquisadas, Chumbo-Ácido foi a que apresentou a maior 

economia de diesel com o menor investimento inicial e com o menor tempo de retorno do 

investimento. 
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1. Introduction 

1.1. Background 

In remote locations such as rural areas or small islands, where the electricity grid does not 

reach due to geographical difficulties and/or economic viability, electricity is usually produced 

by diesel generators. However, transportation of diesel to remote locations can be very 

expensive and burning diesel 24X7 has a considerable environment impact. 

One way to reduce the use of diesel is integrating renewables with diesel generators. Solar and 

Wind are the usual options, however, wind power is the most used to integrate to diesel 

generator, in what is called Wind-Diesel Power System or WDPS.  

The integration of wind with diesel has its challenges, mainly due to the unpredictable nature 

of the wind power. The higher the ratio wind energy production/ diesel capacities (the 

penetration), the more complex is the system.  

In a medium or high-penetration WDPS there can be periods where the WDPS can produce 

more power than consumers are demanding. In such situation, this excess power must be 

curtailed or dumped. By using an Energy Storage System (ESS) this excess energy can be stored 

and be released when demand is higher than production. The ideal ESS capacity depends on 

the wind penetration, ESS technology and in the economic viability. 

For the simulation of WDPSs presented in this thesis, the software reMIND is used. A modeling 

tool is imperative in the simulation of such system where several components are interacting 

and the number of steps is quite high. 

1.2. Aim 

The aim of this thesis is to model a high-penetration WDPS with integrated ESS to find out how 

much energy can be saved and if the savings justify the use of the ESS. Several ESS 

technologies will be studied and their main characteristics will be analyzed. At the end an 

economic study will be done to determine the viability of that ESS. 

The economic study will be conduct over the ESS only. This thesis is considering that a WDPS is 

already in place and that the ESS is being integrated to this system. 

1.3. Question Formulation 

What is the most appropriated ESS technology to use in a WDPS? 

What is the optimal ESS capacity to maximizing diesel savings? 

What is the payback time for this ESS technology integrated to the studied WDPS? 
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1.4. Delimitations 

This project is studding the viability for an ESS integration in a mid-size WDPS with a 1000 kW 

diesel generator and 800 kW wind turbine. The results found in this report can NOT be 

extrapolated for a WDPS with different capacities nor for other kind of power systems. In these 

cases, a new modeling and simulation would need to be done. 

1.5. Framework of the Thesis 

This thesis is structured in four main portions:  

 Description of Energy Storage Systems 

 Description of WDPS and characteristics of grid load 

 Modeling of WDPS with and without ESS 

 Determination of the appropriated ESS for the WDPS subject of this study 

In chapter 2 the characteristics of ESS are described, such as efficiency, energy density, power 

density, among others.  

Chapter 3 describes the main ESS technologies and its characteristics. Flywheel, Pumped 

Hydro, Compressed Air and Batteries are mature technologies and are described in details. 

Technologies in early stage such as Supercapacitos, Hydrogen and Superconducting Magnetic 

are only be cited.  

In chapter 4 some important grid load concepts are introduced: Base Load, Load Following, 

Peak Load, Time-shifting and Peak-shaving. This chapter also describes how the consumer load 

curve was generated. 

Chapter 5 describes the challenges of producing energy in a remote location, showing wind 

power concepts and the conversion of wind power to electricity done by a wind turbine. Then 

it defines the Wind-Diesel Power System – WDPS - and its power production characteristics: 

low, medium and high penetration.  

In chapter 6, several diesel and wind systems are modeled and simulated using the software 

reMIND, including a high-penetration WDPS with ESS, which is the object of this thesis. This 

chapter also shows how the wind curve is generated based in a typical Weibull distribution. 

Chapter 7 presents a discussion on what is the most appropriated ESS technology for the 

WDPS object of this study. This discussion points that, based in its characteristics, BESS is the 

most appropriated storage system for this system. 

Chapter 7 also presents an analyzes of different BESS technologies and their economic viability 

for the WDPS object of this study and it concludes that lead-acid BESS presents the lower total 

investment and shortest payback time, despite the short lifetime. 

And finally this thesis ends with the conclusion and future work in chapter 8. 
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2. Characteristics of Energy Storage Systems 
When we think about an Energy Storage System (ESS) the first question that comes to our 

mind is; “how much energy can it store?” However, the energy capacity is only one of the 

characteristics of an ESS that we need to analyze when determining which ESS is the most 

suitable to a specific application.  

For example, in an Uninterrupted Power System (UPS), the most important characteristic is 

how fast it can supply energy when the grid fails. If backup generators are not available, other 

important characteristic is how long the ESS can supply energy. If one single ESS cannot fulfill 

these two requirements, then two ESSs must be combined. In another example, if the ESS is 

going to supply power to a portable device its weight can even be more important than its 

capacity.  

In the last decade there was a sharp growth in the use of renewable energy, especially wind 

and solar. However, the stochastic nature of these energy sources has become the key factor 

preventing their higher penetration in the market as a large scale power generation. The time 

when the wind blows harder and the sun shines stronger is not necessarily the time when 

people are demanding most energy.  

The role of ESS is to store excess energy when nobody is using to supply when the demand 

increases. Hence, the development of ESS’s is the key point to make renewables to take off 

and become an important, or even the major, source of lager scale power. 

The items below describe the main characteristics of ESS: 

2.1 Efficiency 

Efficiency is measured as the ratio between the total energy recovered from the ESS and total 

energy delivered to the ESS. 

𝜂 =  
𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝐹𝑟𝑜𝑚 𝐸𝑆𝑆

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝐸𝑆𝑆
 

The total energy recovered from the ESS is the energy supplied less the losses. Losses occur 

when the energy is stored as well as when it’s recovered, that’s why the efficiency in ESS is 

called round-trip efficiency.  

For example, in a PHES, there are losses to pump the water to the upper reservoir (energy 

spent on pumping is higher than the potential energy gained by the water) in the form of 

pressure loss, heat in the motor’s pump, etc. Also, the process of converting the potential 

energy in the water back to electricity will have its losses as well, such as friction in the water 

penstock, heat loss in the electrical generator, etc. 

The efficiency of an ESS can also vary upon the number of charge/discharge cycles. Batteries 

are a good example of this. The more cycles the battery goes through the lower its capacity of 

store energy. With time the energy recovered decreases, which consequently decreases its 

efficiency. 
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The self-discharge can also affect the efficiency. Batteries dissipate energy when left charged 

for long period. Flywheels also loose energy due to the friction between the spinning wheel 

and the bearings. For these type of ESS, the longer it takes to use the stored energy the lower 

the efficiency. 

2.2. Energy Density vs. Power Density 

The definition of Energy Density and Power Density is very simple, although these two terms 

still cause some confusion. 

Energy density is the energy stored per unit of mass or volume and is measured in  

Kg
J  or 

L
J  (or . 

Kg
KWH or 

L
KWH ) 

On the other hand, the Power Density has the time component on it. Power density is how 

much energy can be delivered per unit of time per unite of mass. It’s measured in 
sKg

J
.

 or 

Kg
W  

The best example of comparison between power and energy density is presented in the article 

“BU-105: Battery Definitions and what they mean” from Batteryuniversity.com [1], where it 

uses the gravitational energy in the water stored in a bottle to demonstrate these concepts.  

 
Figure 1: Energy Density Vs. Power Density 

Suppose that a liter of water can hold 1 Joule (in potential energy for example). If I have one 

liter of water, the energy density is 1
L
J . Since water density is 1

L

Kg , the energy density will be 

1
Kg
J . 

Since the energy density can be represented by volume (
L
J ) and weight (

Kg
J ), then which one 

best describe an ESS? It depends on the system characteristics. For example, hydrogen 

compressed to 150 bars has energy density of 142
Kg
MJ , three times more than gasoline with 46

Kg
MJ . However, when we look at the energy density per volume, gasoline has 35

L
MJ , twenty 

times more than hydrogen with 3.5
Kg
MJ . In order to store 35 MJ in hydrogen I would need a 



 

5 

 

tank with 20 liters, while I could hold the same 35 MJ with a gasoline tank with only one liter. If 

volume is irrelevant and weight is the decision maker for your system, hydrogen is better. If 

the important factor is volume, gasoline wins. In the first case you’ll choose an ESS with the 

highest
Kg
MJ . In the second case you would choose an ESS with the highest

L
MJ  [2]. 

Now let’s go back to our water bottle example. If I don’t use the energy in the water I can 

simply keep it stored in the bottle. When I want to use this energy, I will release it in a certain 

period of time, what will define my power. Suppose that I can release the whole one liter in 

one second, and then my storage system (the water bottle) has a power density of 1
L
W .  

Now suppose that my bottle capacity is increased to 2 liters. The power density is then 

reduced to 0.5
L
W . This example doesn’t seem much logical because the power is the same in 

both cases (1 W). The power density is reduced in the second case because the system now 

has its energy capacity doubled but it can release the same power as before. 

What is important to notice is that a system is always dimensioned to attend an energy 

requirement. If the application just needs that power for a second it only needs to hold 1 liter 

of water. Holding more water would be a waste of money and resources. However, if the 

application requires that same power for 2 seconds then the system must be designed to hold 

2 liters. That what makes the power density lower in the second example. 

Power density can also be measured in units of mass and area, in 
Kg
W  or 

2m
W . The most 

adequate unit to use will depend on the system characteristics. For example, solar panel’s 

density is measured in 2m

W , since the important dimension for these panels is the area it 

receives the light irradiance.  

2.3 Response Time 

Response time is the time elapsed since the power is required until it’s available. In other 

words, it’s how fast the ESS can supply the required power. 

2.4. Cycling Capability 

Cycling capability has to do with the durability of the ESS, i.e, how many charge/discharge 

cycles the ESS can be submitted to before it gets degraded or inoperable. 

Batteries are a classic example of this characteristic and they have a short cycling capability. 

The more cycles the battery is subjected to, the lower its capability to hold energy. On the 

other hand, Flywheels and pumped hydro don’t lose the storage characteristics due to 

charge/discharge cycles. 
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2.5. Self-discharge rate 

Self-discharge is the energy that is dissipated over a certain period of time when the ESS is not 

used after being charged.  

When the self-discharge rate is significantly high, the ESS needs to be kept charging all the 

time. Of course, the energy to keep the ESS fully loaded is proportional to its self-discharge 

rate and this extra energy also counts negatively in the system efficiency. 

2.6. Depth of Discharge 

Depth of discharge is the percentage of energy that is discharged related to the maximum 

capacity of the ESS. Some ESS technologies are highly sensitive to depth of discharge such as 

batteries, while other technologies are not affected at all, such as flywheels and CAES. 

2.7. Capital Cost 

Capital cost is the total investment to put an ESS in operation, including the system purchase, 

built of infrastructure, transport, installation, software purchase, software development, etc. 

The capital cost is normally given in unit of energy or power, i.e., in 
KWH

$  or 
KW
$ . In a power 

production system, the capital cost is always given in 
KW
$  because its most important 

characteristic is its power, with the energy supply always considered unlimited. For example, in 

a hydro power plant the turbines are dimensioned to supply a certain power, then their cost is 

measured in 
KW
$ . The lake behind the dam is always believed to be full. Same thing with a 

coal power plant: the turbines are priced by its power capacity and the coal supply is assumed 

to be unlimited. 

In an ESS the capital cost is usually dimensioned in 
KWH

$  because the most important 

characteristic is how much energy it can store. 

2.8. Lifetime Operation 

Lifetime operation means how long the system can operate before needed to be replaced or 

retrofitted. 

2.9. Geographical Limitations 

Some energy storage technologies can only be built in regions where certain characteristic 

exists. The two classic examples are compressed air and hydro pumped.  

Compressed air is done in underground cavern and it can only be done in places with an 

adequate geology. Hydro pump can only be done in areas with mountains that allow the 

construction of an upper lake to store potential energy in the water. 

Even when these ESSs seem to be the most economical solution to a power system, they might 

not be considered if the location does not support them. 



 

7 

 

2.10. Environmental Impact 

Environmental impact is the damage that an ESS can cause to the environment. In order to be 

accurate, the impact must be evaluated for all phases of an ESS life cycle; construction, 

operation, disposal and recycling. Usually, in countries/states where the legislation is very 

strict, the environmental impact can be measured in capital cost, i.e., it cost money to deal 

with the environment impacts. In places where legislation is loose or there is no legislation 

regarding environmental impact, they are most likely disregard, unfortunately.  

Batteries based on heavy metal have huge environmental impact and must be disposed or 

recycled properly to reduce this impact. Flywheels and CAES have very little impact, most 

during manufacturing.  

PHES is a type of ESS that can have a high environment impact. The construction of one (or 

both) lake can require blasting mountain tops, building huge damns, flooding vast areas, wat 

can affect the local biodiversity in an irreversible way. For example, in Norway, it was reported 

that big predators have abandoned the area where PHES has been built. This is an indication 

that something has changed in the food chain, pushing those animals away from that area [3]. 
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3. Energy Storage Technologies 
The main objective of an ESS is to store electrical energy so it can be recovered later when 

necessary. However, the stored energy is not always electrical. It can be transformed to 

another form of energy to be stored, and later be converted back to electricity. 

The ESSs can be classified according to the form of energy that they store [4]: 

 

Some of these technologies are quite mature and have been used for a long time. Some are in 

the early stages of development with promising benefits but still very expensive and a few 

cases implemented. There are also some technologies that are very promising but currently 

are only prototype and are not used commercially. 

 

In this chapter, a review of several ESS technologies will be described, showing their 

operational principles and most relevant characteristics. The list of ESS technologies is more 

extensive than the one presented here, but the focus will be in the technologies that are most 

suitable to use along wind power systems. 
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3.1. Flywheel Energy Storage System – FESS 

Flywheel is a device that stores mechanical energy in a spinning disk. When energy is supplied 

to the flywheel the disk speeds up. When energy is retrieved the disk slows down. 

The disk and the motor/generator are coupled to the same axis. The motor spins the disk by 

transforming electric energy to mechanical energy. The motor can be reverted to a generator 

slowing down the disk and transforming mechanical energy into electric energy.  

There are two flywheel technologies, depending upon the material used on the disk 

construction. Low speed flywheels are those with metal disk. They spin at an angular speed 

below 6000 RPM and are supported by ball bearings, show a high self-discharge rate due to 

the friction with air and bearings and have typical energy density of 10
Kg

WH  [5]. The use of 

modern ceramics in ball bearing can make it almost friction free and have a long life-cycle, 

however they need constant lubrication. [6]. 

High speed flywheels have a disk made of lighter material such as carbon composite and can 

reach angular speed of up to 50,000 RPM. They are built on magnetic bearing where they 

fluctuate, reducing friction to zero, and are enclosed in a vacuum case to eliminate air friction. 

Their energy density can reach up to 130
Kg

WH  [5].  

 
Figure 2: Carbon Composite Flywheel – Source [7]  

 

The energy stored by the flywheel can be calculated as: 

2

2
1 IE   

Where  is the moment of inertia and  is the angular speed. The moment of inertia depends 

on the disk weigh and geometry: 

 dmrI 2  
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Where r is the distance to each differential mass to the axis where the disk spins [6] [8] [9]. For 

example, a solid disk with radius , thickness  and density , has moment of inertia:  

𝐼 =  
1

2
 𝜋 𝑅2 ℎ 𝜌 

One way to optimize the flywheel energy capacity is by increasing . This can be done by 

increasing the disk weigh (denser material), thickness or radius. Unfortunately, this approach 

imposes limitations to the angular speed. The bigger the disk radius the higher the linear speed 

at the disk’s rim, what increases the centrifugal forces on the disk. Increasing the disk density 

also increase the centrifugal force on it. Trying to spin a heavy metal disk too fast can cause it 

to disintegrate causing a catastrophic break down. Usually the linear speed at the disk’s rim is 

limited to 50 m/s [10]. 

The idea of using carbon composite material is reducing the centrifugal forces over the disk 

material. The lower moment of inertia of a lighter disk can be compensated with the increase 

in the angular speed. Since the energy is proportional to the square of the angular speed, 

that’s the component that should be increased. By reducing the moment of inertia in half in a 

way that the disk can withstand twice the angular speed would double the energy capacity. 

Carbon based composite such as Kevlar can withstand linear speed of 1000 m/s at the disk’s 

rim [10]. 

One of the big advantages of flywheels is the capacity to come to full charge in minutes, much 

faster than batteries that need hours for get fully charged. However, their self-discharge rate is 

very fast, reaching 20% per hour. For this reason, flywheels must be kept charging all the time 

[11]. 

Other characteristics of flywheels are high efficiency, around 90% (not counting the self-

discharge), long cycling life reaching more than 20 years, no issues with depth of discharging 

where it can be fully discharged without any damaging. Flywheels have high power and high 

energy densities, and a very fast response time of less than 4 ms [12]. 

 

3.2. Pumped Hydro Energy Storage – PHES 

Pumped Hydro is a very mature ESS technology that has been used for a long time. The first 

PHES were built in Italy and Switzerland in the end of 19th century. In 1933 was created the 

first reversible device capable of switch between the functions motor/pump to 

turbine/generator. 

PHES is the most used ESS in the world with total capacity of 130 GW, what represents 99% of 

the total ESS capacity [13].  
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PHES operating principle is very simple. It operates with two water reservoirs at different 

elevations. Off-peak electricity is used to pump water to the higher reservoir storing energy as 

potential energy in the water. During peak hours the water from the higher reservoir is 

released which spins a turbine/generator producing electricity.  

 
Figure 3: Pumped Hydro Energy Storage – Source [3] 

The PHES storage capacity depends on the higher reservoir volume and the difference in 

altitude to the lower reservoir. The efficiency ranges from 70-85% and its life cycle is between 

30 to 50 years with practically unlimited cycling capacity. PHES capital cost is between 500 and 

1500 
KWH

$ and its response time is less than a minute [11]. 

The big restriction of PHES is the availability of sites with different elevations that can hold 

both reservoirs. Normally they are built in mountain areas, but other structures can also be 

used such as abandoned mines or underground caverns. 

First Hydro Company, from UK, operates a PHES in the largest man made cavern. It has a 

capacity of generating 1700 MW for 5 hours, with response time of 12 seconds to go from 0 to 

1300 MW [14].  

The biggest PHES in the world is Bath County Pumped Storage Station in the state of Virginia, 

USA, with total capacity of 3000 MW. 

3.3. Battery Energy Storage System – BESS 

Batteries are rechargeable electrochemical systems. Energy is stored in form of chemical 

energy generated by electrochemical reactions that take place between two electrodes 

immersed in an electrolyte. The electrodes are called anode and cathode. 

The electrode at which electrons leave the cell is the Anode and the electrode at which 

electrons enter the cell is the Cathode. When the battery is supplying energy the positive 

electrode is the cathode and the negative electrode is the anode. When the battery is being 

charged the electrodes reverse [5] [11] [15]. Notice that the polarity if fixed, i.e., the positive 

and negative electrode are always the same, the same physical position. Wat reverses is their 

role as anode or cathode. 



 

12 

 

The electrolyte is a conductive chemical that allows ions to move between electrodes. Ions 

with positive charge are called cations and with negative charge are called anions. Cations are 

attracted by the cathode and anions are attracted by the anode. 

Batteries are normally very small, built in small cells with low capacity. The cells are connected 

together in series and in parallel in order to provide the desired voltage and capacity [11]. 

 
Figure 4: Battery Cell – Source [5] 

There are three main battery technologies, lead-acid, nickel-based and lithium-based. Besides 

these three, there is also a new technology based on Sodium-Sulphur that has great future 

potential but does not have a big market penetration yet. 

3.3.1 Lead-Acid Battery 

The lead-acid is the oldest and most mature battery technology, being used for more than 140 

years. The positive electrode is made of lead-dioxide, the negative electrode is made of lead 

and the electrolyte is sulfuric acid. The rated voltage of a regular cell is 2V with typical energy 

density of 30
Kg

WH , power density of 180
Kg
W  and round-trip efficiency between 85 and 90% [5]. 

Lead-acid batteries present a short lifetime, between 5 to 15 years, and a short cycling capacity 

of 1200 to 1800 cycles. The cycling capacity can be negatively affected by the depth of 

discharge, i.e., the more it gets close to total discharge the shorter the cycling capacity. They 

have a very low self-discharge rate of less than 5% per month [3], what makes this technology 

suitable for long term storage [5] [11]. 

Although lead-acid batteries have a relatively low cost of 100 to 150
KWH
U $ , the weight of lead 

represents 60% of the total battery weigh, making them not suitable for large scale mobility 

(Electric Vehicles, for example). Lead-acid batteries also pose a serious environmental risk of 

lead and acid contamination. Long term exposure to lead compounds can cause brain and 

kidney damage, hearing impairment and learning deficit in children [16].  

  



 

13 

 

If not used under proper conditions, lead-acid batteries can emit Sulphur gases that are toxic 

and can cause explosions. When submitted to very low temperatures (below -400C) the 

electrolyte can freeze, what poses risk of explosion as well [17]. 

Despite its low energy density, low power density, short cycling capacity and toxicity, lead-acid 

batteries are still largely used due to its low cost.  

Duke Energy in Goldsmith, Texas holds the largest American BESS for a renewable power plant 

with a total capacity of 36 MW in lead-acid battery storage [18]. 

 
Figure 5: Duke Energy Notrees Battery Storage Project – Goldsmith, Texas 

3.3.2 Nickel-Based Battery 

There are mainly three kinds of nickel-based batteries, nickel-cadmium (NiCd), nickel-metal 

(NiMh) and nickel-zinc (NiZc). All three use nickel as the material for the positive electrode and 

the same material as electrolyte, an aqueous alkaline solution of potassium hydroxide, from 

where this technology got the name of alkaline battery [5]. The negative electrode is made 

respectively of cadmium, metal halide or zinc. 

Although nickel-based batteries are not as old as lead-acid, they are also a very mature 

technology that is being used since the 1950’s.  

Out of the three models, only nickel-cadmium and nickel-metal are suitable for using on high 

scale power systems. However, nickel-cadmium became the most used for this kind of 

application. 

3.3.2.1 Nickel-Cadmium 

Nickel-cadmium batteries are made of cell with rated voltage of 1.6 V and energy density of 50

Kg
WH . They present a round-trip efficiency of 60 to 70% and a cycle life that is extremely 

dependent on the depth of discharge that can range from 3000 cycles for deep discharges to 

more than 50000 cycles with depth of 10% maximum. This can translate to 15 to 20 years of 

lifetime operation for the lightly discharge utilization. 

Despite having some advantages over the lead-acid batteries, the nickel-cadmium has major 

disadvantages. Its price is almost 10 times higher than lead-acid and it has the undesirable 

memory effect, where they gradually lose their maximum storage capacity when they are not 

fully discharged [5] [11] [15]. This cause a kind of paradox: The lighter the discharge depth the 

higher the cycling capacity, but also the higher the memory effect. 
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Nickel-cadmium batteries are also very toxic. Nickel and cadmium are heavy metals that pose 

serious health risks.  

Golden Valley Electric Association holds the world’s largest nickel-cadmium BESS with total 

energy capacity of 27 MW for 15 minutes [19]. 

 
Figure 6: Golden Valley Electric Association, Fairbanks, Alaska 

3.3.3 Lithium-Ion 

Lithium-ion batteries use carbon (graphite) for the negative electrode, metal-oxide for the 

positive electrode, an organic electrolyte with lithium ions and a micro-porous polymer 

separator that allows the free transit of ions [11]. In order to charge the Li-Ion battery an over-

voltage must be applied, i.e., a voltage higher than the nominal battery’s voltage. This forces 

the lithium ions to move from the positive to the negative electrode making then trapped in 

the porous separator in a process called intercalation [20]. 

Li-Ion batteries are widely used in small electronics like cellphones, laptops and tablets, and 

since 2000 are also being used in electrical vehicles. They present high round-trip efficiency of 

80%, energy density of 80 to 150
Kg

WH , power density of 500 to 2000
Kg
W , self-discharge rate of 

5% per month and cycling capacity of 3500 cycles. They also present a very short response 

time, in the range of milliseconds [21]. 

Li-Ion cells have a nominal voltage of 3.7V. The cells are very sensitive to over-charge and low 

supply voltage, so they are built with a safety protection circuit that disconnects the cell in 

case the voltage is out of its safety range. 

The Li-Ion batteries are much safer for the environment. They don’t have heavy metals like 

lead, zinc or cadmium. It’s mostly composed of iron, coper, nickel and cobalt that are safe for 

incineration or even for the landfill.  
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The Sendai Substation in Japan holds the largest BESS in the world, with a 40 MW, 20MWH 

Lithium-Ion battery ES. Sendai came into operation in February 2015 [22]. 

 
Figure 7: Nishi-Sendai Substation, Japan 

3.3.4 Sodium-Sulphur 

The Sodium Sulphur (NaS) battery has a construction technic quite different from the other 

types presented before. In the NaS, the electrodes are liquid while the electrolyte is solid.  

The positive electrode is composed of liquid sulphur (S) and the negative electrode is 

composed of liquid sodium (Na). The two liquids are separated by a solid alumina ceramic that 

takes the role of the electrolyte. In order to keep the electrodes in the liquid state the NaS 

battery must operate at a temperature of 350oC [5] [11]. 

 
Figure 8: NAS cell – Source [5] 

The NaS cell has a nominal voltage of 2V. The chemical reaction is exothermic. Thus, after the 

cell enters in operation, there is no need to supply external heat to keep it at the operational 

temperature. The round-trip efficiency is very high, ranging from 89 to 92%, and the self-

discharge is very low, almost zero [21]. They present an energy density of 115
Kg

WH  and power 

density of 400
Kg
W  and a cost of 600

KWH
U $ . 

NaS batteries are built from inexpensive and non-toxic materials, so there are no concerns 

regarding disposal of used batteries. Besides that, it can be almost 100% recycled at very low 

cost. However, the nature of its construction along with the risk of corrosion caused by its 

materials make this type of battery inappropriate to low scale utilization. 
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NaS is a relatively new technology but it has shown very promising, especially for high power 

systems applications. The Rokkasho-Futamata Wind Farm project in Japan was developed to 

use 34 MW of NaS batteries used for power regulation and peak shaving. [23].  

 
Figure 9: Rokkasho-Futamata Wind Farm project, Japan 

Another good example of use of NAS batteries is the case of Presidio, Texas, a small remote 

town in west Texas, bordering Mexico, with population a little above 4000 people, that 

suffered with the constant power outages due to an old and high-maintenance grid 

connection. The grid connection was so unreliable that could be compared to a stochastic 

power generation, such as wind. The Presidio NAS systems has a capacity of 4MW, 32MWh, 

providing power regulation and being able to supply energy to the population for up to 8 hours 

[24]. 

3.4. Compressed Air Energy Storage – CAES 

CAES technology uses off-peak electricity to compress air and store in an underground 

reservoir. When the energy is needed during peak hours the compressed air is released to a 

turbine that spins a generator to produces electricity. CAES operating principle is very simple, 

but there are a few technical issues that need to be observed in its when designing. 

The compressed air must be stored at near ambient temperature. This reduces the air density 

consequently reducing the size necessary for the underground cavern. Then, the excess heat in 

the air after compression has to be removed. 

As the air is released from the underground storage, its pressure is reduced. To deal with this 

variable pressure the turbine is built in two stages, one High Pressure and one Low Pressure. 

The high pressure turbine deals with the variable air pressure coming from storage and 

releases air to the next turbine at a more stable pressure. This way the low pressure turbine 

can operate at ideal conditions with better efficiency.  

The compressor stage is also built in two stages with an intercooler to increase the efficiency 

[25]. 

Since the air is stored at ambient temperature, its expansion would cause it to freeze. In order 

to avoid this situation, the air must be heated before entering the turbine. 

CAES has an operating principle similar to a gas turbine. However, the compressor and turbine 

don’t need to be in the same shaft because they do not operate at the same time, but 
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normally they share the same shaft because the motor and generator is usually the same 

device. A clutch system is used to decouple the compressor or the turbine from the shaft, 

depending on which function the CAES is executing. The life cycle of CAES is 40 years and its 

self-discharge rate is very low. 

3.4.1 Conventional CAES 

Figure 10 below shows the operating principle of the conventional CAES. 

 
Figure 10; two-stage CAS – Source [25] 

The intercooler is used to increase the compressor efficiency but it also has the role to release 

heat. The after-cooler releases the remaining heat from the compressed air before it’s stored 

in the underground reservoir at ambient temperature. 

In order to heat the air coming from the reservoir, natural gas is injected along with the 

compressed air in a combustion chamber before the mix being sent to expand in the turbine. 

This is the same work principle of a conventional gas turbine. 

The compressed air leaving the reservoir can pass through a recuperator to be pre-heated. This 

can increase the system efficiency in up to 10% [25]. 

Conventional CAES is considered a hybrid generation/storage system because of the use of 

natural gas. However, the use of natural gas is much lower than in a conventional gas turbine 

where 2/3 of the energy in the gas is used only to compress the air. In the CAES, the air is 

already compressed. 

Calculating the round-trip efficiency is not straight-forward because there is an extra 

component on it: the natural gas. So, the input energy comes from two sources, the off-peak 

electricity and the natural gas.  

In order to produce 1 kW from the CAES, around 0.75 kW of off-peak electricity is used to 

compress the air and 1.25 kW from the natural gas is used to heat the compressed air. Under 

this perspective, the overall efficiency of the CAES is 50% [26]. 
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The capital cost of CAES is low compared with other ESSs. Basically, its capital cost can be 

compared with a conventional gas turbine, since they have very similar operation principle.  

The gas turbine’s capital cost is around $400 to $500/kW. Considering the cost for the 

underground reservoir and the lack of scale production, the capital cost for a conventional 

CAES is estimated between $600 and $700/kW [26]. 

3.4.2 Advanced Adiabatic CAES 

The main difference between conventional and advanced adiabatic CAES is that the first 

releases the heat from the compressed air to the environment while the second stores this 

heat to be used later for heating the compressed air before it expands in the turbine. 

With this approach, the AA-CAES does not need to use natural gas in the heating process. 

Besides increasing the overall efficiency, it does not emit CO2 to the atmosphere. The overall 

efficiency of AA-CAES can reach up to 70%. 

Figure x below depicts the principle operation of the AA-CAES. 

 
Figure 11: AA-CAES – Source [25] 

AA-CAES can also be implemented in two stage compressor and turbine, like conventional 

CAES. But for this model to operate efficiently, two heat storages are used, as shown in Figure 

12 below: 
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Figure 12: two-stage AA-CAES – Source [25] 

The two stage AA-CAES have a higher complexity, and consequently a higher cost. However it 

presents a higher energy density and efficiency [25] [27]. 

3.4.3 Geology and geographic limitations 

A typical CAES requires the air storage to hold pressure between 35 to 80 bar. Suitable geology 

for a CAES cavern are salt, rock and aquafers.  

Salt domes are the easiest option. A cavern can be carved in a salt dome by injecting some 

solutions, making a very regular cavern that can hold high pressures. Rock caverns might not 

be that easy. They cannot have any fracture that can leak air and the only way to test for 

leakages is by pressurizing the cavern. Aquafer are a good option because there is not really a 

necessity for a cavern, but the geology must be porous enough that the pressurized air can 

displace the water. Although aquafers can be found almost everywhere, they need a rock cap 

to avoid the air escaping to the surface [26]. 

The best place to build an ESS is close to the power generation, i.e., in the vicinity of the wind 

or solar farm, otherwise the cost to build a transmission grid to connect the farm to the ESS 

can turn the system unviable. Besides that, the conventional CAES must have natural gas 

available. So, building a CAES can really pose some challenges to find the best location.  
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3.4.4 Current Use 

Currently there are only two power plants in the world using CAES: One in Huntorf, Germany, 

with capacity of 290 MW and one in McIntosh, Alabama, with 100 MW capacity.  

The Huntorf CAES has a reservoir with capacity to run for 3 hours. The McIntosh can run for 

26 hours. Both plants use a salt cavern as a reservoir and use conventional CAES [11] [26]. 

The Iowa Store Energy Park had a project to build a 270 MW CAES along with a large wind 

farm in Norton, Ohio. The CAES would use an aquafer to store the compressed air, but 

later analyses of the reservoir geology concluded that it was not enough porous and 

permeable so the air could not be stored and retrieved fast enough. The project was then 

cancelled. 

3.5. Supercapacitor Energy Storage System – SCES 

Supercapacitors use the same principle of capacitor where two electrodes are separated by a 

dielectric material and store energy in form of electric field between the two electrodes. The 

differences to a regular capacitor are that the dielectric is an electrolyte, like in a battery, and 

the separation between the two electrodes is just a few molecules apart.  

Encompassing a huge area of electrodes in a small volume create an energy density much 

higher than a regular capacitor. Supercapcitor have energy density ranging between 5 to 15
Kg
Wh

. [28]. Although the energy density is not high, supercapacitors have very high power density, 

reaching values of 10,000
Kg
W  and capacitance of up to 5000 Faradays [5]. However, they can 

only keep this power for a sort period due to the low energy density. 

Supercapacitors have a life cycle of 8 to 10 years and 95% efficiency with a 5% self-discharge 

per day. 

3.6. Hydrogen Energy Storage System – HESS 

There are several forms of obtain hydrogen. The most know for is the water electrolysis where 

a DC current is applied to two electrodes immersed in water. This current will break the water 

in hydrogen and oxygen. Hydrogen will be releases in the proximity to the negative electrode 

while oxygen will be releases close to the positive electrode. 

However, the most used and most efficient form of hydrogen production is by steam 

hydrocarbon reforming, where natural gas is treated with high temperature steam, causing a 

chemical break on the natural gas that releases hydrogen [29]. However, this form of 

production uses fossil fuel, therefore it’s not the ideal form for renewable energy production. 

Hydrogen can be stored in several ways. It can be simply stored as pressurized gas in metal 

tanks, or it can be stored as liquid hydrogen at very low temperature of -252oC, or it can be 

pressurized in underground caverns.  

Hydrogen can produce energy on basically two forms; direct conversion to electricity by means 

of a fuel cell or by methanation. 
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A Fuel Cell is similar to a battery. It has an anode, a cathode and an electrolyte in between 

those two. Different from a battery cell that receives electricity and store in the form of 

electrochemical reaction, the fuel cell receives the element itself (in this case hydrogen and 

oxygen). The hydrogen ions crossing the electrolyte produce the electricity, then it bonds to 

the oxygen and produce water as a sub product [11] [7]. 

 
Figure 13: Fuel Cell – Source [28] 

Methanation or Synthetic Natural Gas (SNG) is the process of combining hydrogen with CO2 

producing methane (CH4), the main component of natural gas. The methane can be stored in 

metal tanks or it can simply be pumped into natural gas pipelines grid when available. The 

methane is converted back to electricity by propelling a gas turbine with a generator [13] [3]. 

The methane burns releasing CO2 in the same amount it absorbed when it was created. 

Therefore, the methanation is said to be carbon neutral. 

Electrolysis efficiency is about 70% and fuel cell efficiency is around 50%. Methanation plus gas 

turbine overall efficiency is also around 50%. Hence, HESS round-trip efficiency is about 35% 

regardless the form of storage [28]. 

Electrolysis of water, fuel cells and methanation are still very expensive process, more 

expansive than purchasing natural gas. Adding the cost to the low efficiency makes HESS very 

low attractive. However, HESS is a process with very high capacity, being able to scale to the 

TWh, 20 times more than PHES. If prices can be lowered, HESS can have a very promising 

future. 
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3.7. Superconducting Magnetic Energy Storage – SMES 

Superconducting magnetic stores energy in a magnetic field created when an electric current 

goes through a coil. The coil is made of a superconductor material, i.e., a material that 

presents zero resistance.  

The big challenge of SMES is to create the superconductor condition, what only happens at 

very low temperature, close to zero Kelvin. So, it requires a refrigeration system that can reach 

this level of temperature normally done with liquid helium or hydrogen, what is very 

expensive. 

 
Figure 14: Superconductor – Source [17] 

SMES have a very high efficiency, around 95%, are able to discharge fully without any negative 

effect and nearly unlimited cycling capacity [17] [3] [28]. 
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4. ESS Application and Comparison 
The use of ESS in power production and distribution is not exactly something new. Batteries 

have been used in power regulation for a long time. There are several unwanted effects in an 

electric grid that cause deterioration of the power quality, such as harmonic distortion, 

reactive power, frequency and voltage variation, etc. A sudden high load in the grid can cause 

voltage and frequency variations so high that electronic devices and electric motors can be 

damaged. In order to mitigate these issues, an ESS with fast response time is used to quickly 

inject power into the grid to stabilize voltage and frequency. The ESS of choice for this role is 

battery, but recently flywheels have received a lot of attention for this role because of its 

capacity to withstand frequent charge/discharge [30]. 

However, ESSs gained more notoriety with the growth of renewable energy integrated in the 

power grid. The stochastic nature of renewable power production, mainly wind and solar, 

usually requires the use of ESS to deal with this unpredictability.  

So, what is the best ESS to use at a wind or solar power plant? It depends on several factors 

such as the penetration of renewables in the grid, the transmission capacity, kind of generators 

supplying power to the grid, etc. To better understand that we need to know the relation 

between demand and production in an electricity grid. 

4.1 Grid Load 

The grid’s electricity load can be classified in three categories: Base Load, load Following and 

Peak load.  

 
Figure 15: Load Duration Curve – Source [31] 

 

Base load is the energy supplied in the grid 100% of the time. Load following is the supply that 

varies during the period observed, with variations from zero to its maximum but present most 

of the time. Peak load is the highest load. It happens in short periods, just a few percentage of 

the time observed. 
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Baseload power is usually provided by an inflexible generator which cannot deal with power 

variations. For example, steam turbine powered by nuclear reactors, biomass or fossil fuels 

(oil, gas and coal). Once this kind of plant is in full charge, reducing the power production 

becomes a big issue. Steam cycles can take up to 24 hours to shut down and come back up. 

Besides that, power reduction means pressure reduction in the whole cycle, what may reduce 

its life cycle and require more frequently maintenance. When demand tends to go below 

baseload production, utilities can even sell energy at a loss just to avoid a power reduction 

[32].  

Load following and peak load are supplied by generators that can withstand sharp variation in 

demand such as those powered by gas turbines and hydro power. Although hydro power is 

technically a load following generator due to its fast response time, it is used mainly as base 

load due to its high capacity and availability (the water is flowing, so not using it would be a 

waste) [3]. Load following are usually provided by gas turbine power plants.  

Peak load is meant to supply only very high demand; therefore, they are used a few hours per 

year. In this case, performance or environmental pollution is not a big concern. Peak load can 

be supplied by gas turbine, although a much smaller one than the ones supplying Load 

Following, where performance is highly compromised due to the sharp load variations. Diesel 

generators can also be used to supply peak load [33]. 

In order to account for the electricity use, a load curve has to be defined. Considering that the 

subject of this study is residential use, a typical residential load curve is used. 

Residential electricity load can vary depending on the country and the season. However, they 

share some similarities; lower demand between 2 and 6 am, a spike in the early morning 

hours, medium demand during the day and highest peak the evening. In the examples below, 

two typical residential load curves are shown, one for Australia and one for UK, both 

correspond to utilization in the winter season.  

 
Figure 16: Winter electricity load curve for households in NSW, Australia – Source [34] 
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Figure 17: Winter electricity load for households in UK – Source [35] 

The residential load curve used in this thesis is shown in Figure 18 below. It was generated 

randomly but the curve shape was modeled to present a shape similar to the curves in the 

examples above. 

The example below in Figure 18 shows this curve where lower demand is little under 30 MW, 

peak demand at 80 MW and a base load of 15 MW. 

 
Figure 18: Residential Load and Base Load 

Between the base load (green curve) and the residential load (blue curve) there is a load 

following and peak load provided by sources of energy. 

Now we integrate to this grid a wind power plant with maximum capacity of 11 MH, as show in 

Figure 19 below. 
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Figure 19: Wind Integreted 

The graph below shows the base load added to the wind power. The shaded area represents 

the following and peak load that should be supplied to fulfill the demand.  

 
Figure 20: Wind + Base Load 

Notice that even when the maximum wind power occurs during the lowest residential 

demand, these two curves never touch. In this scenario there will be no necessity for an ESS at 

all. The following and peak load are fast enough to adjust to the wind power variations. Of 

course, the demand for following and peak energy will decrease, so its fuel will be saved to be 

used in a future time, so this is a form of energy storage. We can then say that the energy is 

stored by preserving this fuel that otherwise would be used [36]. 

Now suppose that the wind power capacity is doubled. The power added to the base load can 

now surpass the demand. Since the base load cannot be reduced the wind energy would need 

to be stored or curtailed [32]. 
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Figure 21: Wind Power Exceeding Demand 

The purpose of storing this excess energy is for using it when the demand is greater than 

production. There are two forms this stored energy can be released into the grid: time-shifting 

or peak-shaving. 

Time-shifting is simply releasing the stored energy as the demand surpasses the production. 

Peak-shaving is releasing the stored energy only after the demand surpasses an established 

threshold that will determine the base of the peak [32] [37]. Technically speaking, peak-

shaving is also a form of time-shifting, only the time is different. 

In terms of energy saved, both are equal. However peak-shaving has some benefits: 

1. In the case of the ESS is placed in the demand side, peak shaving reduces the maximum 

power carried over the transmission lines, so the lines can be dimensioned to a lower 

capacity and consequently having a lower cost. However, if the ESS is placed in the 

production side, this benefit does not exist. 

2. There is a decrease in the peak load demand, so this would reduce the necessity for 

expensive peak load generators.  

3. Peak energy has a higher cost, then, storing energy that otherwise would be wasted to sell 

at premium price brings revenue to the system operator. 
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Figure 22: Time Shifting 

In order to have a graphical representation of the peak-shaving, we need to show a graph of 

the following and peak load, i.e., the demand minus the base+wind load, that are represented 

in Red in the graph below.  

 
Figure 23: peak Shaving 

In this example, the threshold to release energy is when the following load reaches 45 MWh. 

This is considered the base of the peak. The definition of the “peak” is very subjective; there is 

not an exactly rule, and it will depend on the system’s characteristics. 

The line in blue represents the peak curve without shaving. Noticed that when this line touches 

zero, the production is greater than load, so energy is being stored. 
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4.2 ESS Application 

When talking about ESS there is no “one size fits all” solution. Each case must be analyzed 

individually for the best ESS solution which can even include the use of two ESSs. 

Lead-acid and Nickel-cadmium batteries are usually used in low capacity stand-alone wind 

farms with up to 100 kW. Besides being able to provide time-shifting for several hours in case 

of a wind shortage, the batteries are also used for voltage a frequency regulation due to the 

wind power variation. 

For wind farms with higher capacity, diesel generators are more cost effective. The batteries 

size and short life expectation would negatively impact in the overall cost. 

Due to its higher energy density, NAS batteries can be used in larger wind farms. The Japanese 

government agency NEDO has a project of a 500 kW wind farm using a 400 kW NAS battery 

providing fluctuation suppression and time-shifting of up to 7 hours. 

Due to its high self-discharge rate, flywheels are not suitable for time-shifting. So far there is 

not much use of flywheels in wind applications. The few projects with flywheels use them to 

fluctuation suppression. Fuji Electric has a project with a 200 kW flywheel in a 1.8 GW wind-

diesel farm. Besides providing fluctuation decrease the flywheel allows the diesel engines to 

run at a higher efficiency. 

Although there is no CAES used with wind power plant, this technology is showing to be very 

attractive especially for the large scale wind farms. The fast growing of wind farms in west 

Texas outpaced the transmission lines capacity, creating a huge wind curtailment. To support 

storage for this scale, only two ESS technologies would be suitable, HPES and CAES. However 

the geography of west Texas does not allow construction of HPES but the geology seems to be 

favorable to CAES.  

The Electric Reliability Council of Texas (ERCOT) is considering the development of a CAES plant 

with 10 GWh capacity with 400 MW compression to power a 270 MW generator, enough to 

store 600 GWh of wind energy that otherwise will be curtailed [32] [37]. 
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4.3 Comparison  

The tables below are a direct comparison among all ESS studied so far. 

Table 1 - ESS Comparison (1 of 3) 

 Efficiency Energy Density 
kW/Kg  

Response Time Cycling Capability 

Flywheel 90% 130 4 milliseconds Unlimited 

Pumped Hydro 70 to 85% N/A < 1 minute Unlimited 

Lead-Acid Battery 85 to 90% 30 Few milliseconds 1200 to 1800 

Nickel-Cadmium Battery 60 to 70% 50 Few milliseconds 3000 

Lithium-Ion Battery 80% 80 to 150 Few milliseconds 3500 

Sodium-Sulphur Battery 89 to 92% 115 Few milliseconds 4500 

CAES 50% N/A 15 minutes Unlimited 

 

Table 2 - ESS Comparison (2 of 3) 

 Self-Discharge Depth of Discharge Issues Capital Cost $/kWh 

Flywheel 20% / hour No 130-500 [26] 

Pumped Hydro N/A No 500 to 1500 

Lead-Acid Battery 5%/month Yes 100 to 150 

Nickel-Cadmium Battery 20%/month Yes 1000 to 1500 

Lithium-Ion Battery 5% / month Yes 900-1300 

Sodium-Sulphur Battery 0 YES 600 

CAES 3% / month No 600 to 700 

 

Table 3 - ESS Comparison (3 of 3) 

 Lifetime 
Geographical 

Limitation 
Environment Impact 

Flywheel > 20 years No Low, most in manufacturing 

Pumped Hydro 30 to 50 years Yes High 

Lead-Acid Battery 5 to 15 No 
High, lead contamination, can 

produce sulphor gases 

Nickel-Cadmium Battery 
Depends on 

#Cycles No High, heavy metals 

Lithium-Ion Battery 14-16 years No Low, most in manufacturing 

Sodium-Sulphur Battery 10-15 years No Low, most in manufacturing 

CAES 40 years Yes Low, most in manufacturing 
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5. Wind Energy Production in Remote Locations 
In remote locations such as rural areas or small islands, where the electricity grid does not 

reach due to geographical difficulties and/or economic viability, electricity is usually produced 

by diesel generators. However, diesel generators present two major concerns: transportation 

of diesel fuel to remote locations can be very expensive, what can make electricity very costly; 

second, burning diesel 24X7 to power a community has a considerable environment impact. 

One way to reduce the use of diesel is integrating renewables to the diesel generators and the 

most used form of renewable energy integrated to diesel generator is from wind power, in 

what is called Wind-Diesel Power System or WDPS.  

The integration of wind with diesel has its challenges, mainly due to the unpredictable nature 

of the wind power. The higher the wind energy production the more complex the whole 

system becomes. 

5.1 Power in the Wind 

Wind is the air in motion and the moving mass of air has energy, kinetic energy.  

Kinetic energy is measured as  

2

2
1 mvKE   

Power is kinetic energy per unit time 

2

2
1 vmP   

Where v  is the wind speed and m is the air mass-flow. 

The mass flow rate is Avm  , thus, the power in the wind is: 

3

2
1 AvP   

Where A is the area subject to the wind power, perpendicular to the wind direction, and  is 

the air density. 

However, not all the energy in the wind is converted to electricity by the wind turbine, since 

there are losses during the conversion. In order to account for these losses a power coefficient 

Cp  is introduced. 

𝐶𝑝 =  
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑 𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑
 

A German physicist called Alber Betz calculated that a wind turbine cannot convert more than 

16/27 of the kinetic energy of the wind into mechanical energy, i.e., the maximum recovered 

energy from the wind is 59% of the theoretical maximum energy. This limit is known as Betz 

Limit or Betz Law.  
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The reason for this limit is a practical paradox: to obtain all the power from the wind the rotor 

should be solid, so it could completely stop the wind and obtain 100% of its energy. However, 

if the rotor is solid, it would never spin and no energy would be converted [38]. Although the 

maximum theoretical Cp is 59%, regular turbines have a typical power coefficient between 35 

and 45%. 

As can be seen by the Power formula, the power is directly proportional to the cube of speed. 

It means that when the speed doubles the power increase by eight folds. Then, one could think 

that a curve of power production vs the wind speed is simply an exponential curve. That is true 

in a certain range but there are some limitations. 

A wind turbine cannot produce any energy when the wind speed is below certain threshold 

because there is not enough torque on the blades to make then rotate. This is called cut in 

speed. After the cut in speed the curve follows the power formula described above until it 

reaches the maximum power that the turbine can generate. This limit is called rated speed and 

the maximum power is called the rated power.  

When the wind speed passes the rated speed the turbine will still keep producing the same 

rated power. However, after a certain speed the turbine physical integrity could be put in risk, 

so it shuts down to prevent any damage. This threshold is called cut out speed. The figure 

below shows the curve power vs. wind speed for a typical wind turbine. 

 

 
Figure 24: Power Vs. Wind Speed – Source [27] 

Modern wind turbines are designed to control the power production according to the wind 

speed. There are different designs to implement this control but on large commercial turbines 

this is done by adjusting the blade angle, also called the pitch angle. When the wind speed is in 

Region II the pitch angle is adjusted to obtain the maximum energy from the wind. In Region III 

the pitch angle adjusts to obtain less wind energy as the speed increases. This pitch control 

keeps the rotor speed constant. In Region IV, simply adjusting the pitch angle would not have 

the desired effect and the rotor can reach speeds that can compromise the turbine’s integrity, 

so the turbine needs to be shutdown. The blades are adjusted to simply not get any energy 

from the wind and completely stops the rotor. This called aerodynamic brake. 
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The typical cut in speed is between 3 and 4
s
m , rated speed is between 12 and 17

s
m  and cut 

out speed is around 25
s
m . 

5.2 Wind-Diesel Power Systems 

Wind-diesel power system (WDPS) can be classified in low, medium and high penetration. This 

classification is very important because it determines the complexity of the system. 

Wind Penetration is the ratio between the wind capacity and the demand. It can be calculated 

in an average bases or in an instantaneous basis [39]. 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑖𝑛𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 (𝐾𝑊ℎ)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 (𝐾𝑊ℎ)
 

𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑒𝑛𝑒𝑜𝑢𝑠 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑊𝑖𝑛𝑑 𝑝𝑜𝑤𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝐾𝑊)

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 (𝐾𝑊)
 

Instantaneous penetration is important to understand the control requirements for the WDPS, 

while average penetration gives an idea of the energy saved in a certain period [39]. 

A typical wind-diesel power system (WDPS) is composed by the elements shown in the figure 

below: 

 
Figure 25: typical wind-diesel power system – Source [40] 

The wind generator and the diesel generator (also called diesel genset) produce electricity that 

is consumed by the customers. Excess production can be stored for later use. In case the EES is 

full or when there is no ESS the energy must be dumped. All those interactions are controlled 

by a control unit. The higher the wind penetration the more complex is the control unit. 

The dump load is basically a high power resistor where the electricity is dumped and wasted 

with no useful utilization. In some small scale WDPS a dump load can be used to help in a 

heating system, saving energy that would be required to heat an ambient. However this can be 

done in very specific cases and usually are not practically implemented. 
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When a wind turbine is producing more electricity than is being consumed it tends to increase 

its speed and high rotor speeds can be dangerous to the turbine integrity. Then excess 

electricity production should be diverted to a dump load, helping maintaining the turbine 

speed at safe levels [40]. 

Although diesel gensets can follow the energy demand very well, it’s not recommended that 

they operate at lower capacity (less than 30% of the rated power). A diesel genset working 

below 30% capacity presents a very poor efficiency and shorter life time, needing more 

frequently maintenance. So, the dump loads might also be used to damp energy from the 

diesel gensets when demand is very low [40] [41]. 

Low penetration systems are those where the average wind energy is less than 20% of the 

average demand and wind power reaching up to 50% of instantaneous demand. On those 

systems the control unit is very simple or even not necessary. Diesel gensets run 100% of the 

time and provide frequency and voltage regulation. 

Medium penetration systems are those with wind energy between 20-50% of the average 

demand and wind power reaching between 50-100% of instantaneous demand. Diesel gensets 

run 100% of time. If there are two gensets only one needs to be kept running during periods of 

high wind power. Since there is always one genset running all the time it can provide 

frequency and voltage regulation. The control unit complexity is low to moderate. 

High penetration systems are those with wind energy between 50-150% of the average 

demand and wind power reaching 100-400% of instantaneous demand. Diesel gensets can be 

shut down when wind power is higher than demand by a certain security value. Since there 

might be several occasions when all diesel gensets are down, auxiliary devices must be used 

for frequency and voltage regulation. The control unit is usually very complex [39] [42]. 

The figure below shows an example of a typical residential load (in blue) being supplied by 

diesel generators only. The generators simply follow the load demand. 

 
Figure 26: Diesel-Only System 
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When low penetration wind power is added, there is a reduction in the power produced by the 

diesel gensets, and consequently a reduction in the diesel consumption. A typical savings in 

diesel fuel is 20% [42]. 

 
Figure 27: Low Penetration Wind/Diesel 

In a medium penetration wind power, there can be some periods when diesel load will be 

lower than 30%, even reaching zero occasionally. Control unit must keep diesel genset at least 

30% of power rate, dumping the excess energy to the dump loads. There can also be periods 

when wind production surpasses the demand. This excess production must be stored or 

curtailed. 

 
Figure 28: Medium Penetration Wind/Diesel 
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In a high penetration wind power, wind becomes the major source of energy. Diesel gensets 

can be shut down for long periods but auxiliary devices must be used for regulation. Excess 

wind power must be dumped or stored. 

 
Figure 29: High Penetration Wind/Diesel 
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6. Modeling  
Based on what was presented in chapter 5, the use of ESS is not necessary for a low-

penetration wind-diesel system and is not much attractive for a medium-penetration. 

Therefore, the focus of this report will be the modeling and simulation of an ESS on a high-

penetration wind-diesel system. 

The modeling and simulations will be done with reMIND. There are several publications 

describing reMIND’s functionalities [43] [44] [45] [46] [47] [48], so, reMIND functionalities are 

not going to be presented here. 

Although reMIND is a very powerful tool to model energy systems, its storage functionality has 

a working principle that is not appropriate for this simulation. In reMIND, the storage system 

bases its flow on fuel costs per period, storing fuel when it’s cheaper in a period to use it in 

later periods when the fuel is more expensive. In energy storage for wind systems the principle 

is different. Energy must be stored when it’s in excess and be released when electricity from 

diesel is lower than demand.  

Hence, it was not possible to do a 100% remIND simulation when the storage system was 

introduced. Therefore, the simulation was done via Excel formulas on the spreadsheet 

obtained from the high-penetration wind-diesel simulation. 

6.1. Base Values for the Modeling 

Diesel energy density is 36.4 MJ/liter [49], what is equivalent to 10.11 kWh/liter. According to 

a study about diesel prices in rural areas of Alaska conducted by the University of Alaska at 

Anchorage [50], the average price of diesel in remote locations is double the average price in 

continental USA. As per EIA numbers of January 2016 [51], the average diesel price is U$2.07 

per gallon or U$ 0.547 per liter, so a liter of diesel in a remote location would then cost 

U$1.094. The diesel cost per kWh is U$0.10823 ($/kWh). 

The reMIND simulation was divided in intervals of 10 minutes, hence the energy cost per 

interval is U$ 0.018038. 

The diesel generator considered in this simulation has a 1000 kW capacity with constant 

efficiency =0.36. The efficiency actually varies with the load applied to the generator, but 

considering that the load does not get below 20% of the rated power, the efficiency will not 

vary much from this value [52]. 

 
Figure 30 - Genset for the Simulation 
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The energy demand curve for a 24 hours period is show below. It’s a typical residential 

demand, as show in chapter 4. 

 
Figure 31 - Power Demand Curve used for the simulation 

The best way to obtain the wind speed variation would be using long term data gathered in the 

specific place where the turbine is installed, so the daily average wind speed could be quite 

realistic. However, for this study, a general daily wind curve will be considered for 

demonstration purpose only. 

Although the frequency distribution of the wind varies from place to place, when data is 

gathered for a whole period (usually a year) the frequency distribution usually fits a probability 

distribution called Weibull Distribution [53] [54]. 

 
Figure 32: Weibull Distribution – Source [55] 
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The Weibull distribution is very effective to estimate yearly energy production and is used 

when evaluating the feasibility of building a wind park in a specific location.  

The table below shows the frequency for each speed class correspondent to the graph above: 

 
Table 4: Wind Frequency Distribution 

Although the Weibull distribution is based on a yearlong period, for this demonstration the 

daily wind speed distribution will be considered as coming directly from the Weibull curve. The 

wind curve will be randomly generated for a period of 24 hours divided in 10-minute intervals, 

with wind speeds varying from 0 to 19 m/s following the distribution above. 

 
Figure 33 - Wind Speed Curve 
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The wind turbine chosen for this simulation is a Enercon E-53 with rated power 800 kW [56]. 

This turbine was chosen due to its lower cut-in speed and rated speed which are more 

adequate to the wind pattern considered. The turbine’s power curve is shown below. 

 
Figure 34: Enercon E53 Power Curve – Source [56] 

From Enercon’s web site we can get this information: 

Cut in speed 2 m/s 

Rated Speed 13 m/s 

Cut out speed 25 m/s 

As a simplification for this simulation, the power curve will be considered with all segments 

linear, so an approximation of the curve above will be generated. Rated speed is kept at 13 

m/s but cut-in speed is increased to 3 m/s. 

 
Figure 35 - Power Vs Wind Speed Used in the Simulation 
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6.1.1. Modeling the Wind Energy Production 

The reMIND modeling of the wind electricity production is show in the picture below: 

 
Figure 36 - Wind Electricity Production, reMIND modeling 

Node N2, Wind Speed, will generate an output Wind (white arrow) following the graph in 

Figure 33 (Wind speed curve) at page 39. 

Node N3, Wind Power, will receive the Wind as input and produce Power from Wind (yellow 

arrow), following graph in Figure 35 at page 40. The resulting Power from Wind graph is shown 

below. Notice the peak shave when wind speed is in excess of 13 m/s. 

 
Figure 37 - Power From the Wind as a percentage of Turbine's Rated Power 

Node N4, Wind Turbine, converts the power from wind in electricity (blue arrows). Any 

electricity that is not utilized in the Electricity Grid (node N5) is sent to the Wind dump-load at 

node N6.  
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6.1.2. Modeling the Diesel Energy Production 

 
Figure 38 - Diesel Electricity Production, reMIND modeling 

Node N12, Diesel Input, is the fuel supply. It can supply diesel to genset as demanded. 

Node N11 is the diesel generator. It converts the energy in the fuel in electricity. Since we are 

simulating a Dump-Load, another node is created in between the genset and the electricity 

grid to perform this task. Then, node N9 ensures that the genset will never produce less than a 

certain threshold. If demand from the Electricity Grid is less then this threshold, the exceeding 

electricity is sent to node N1, the dump-load. 

6.1.3. Modeling the Consumer Demand 

 
Figure 39 - Electricity Demand, reMIND modeling 

Node N10 is the consumer electricity demand. It will request electricity from the grid following 

exactly the graph in Figure 31 at page 38.  

Node N5, Electricity Grid, will request the electricity from the wind turbine first. If the wind 

turbine does not have enough electricity to supply the demand on that specific period, the grid 

will request electricity from the diesel generators. 

6.2. Base Simulations 

In this item, two base simulations are done, Diesel-Only and Diesel-Only with Dump-Load. 

These simulations are not yet considering the use of wind power and their goal is to determine 

the diesel consumption and compare this value to the consumption of the wind-diesel system 

that will be presented in the next items.   
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6.2.1. Diesel-Only production 

This simulation is a simple a 1000 kW diesel generator with no dump-load. The reMIND 

simulation diagram is show below. 

 
Figure 40 - Diesel Only reMIND Simulation 

 

The power flow is shown in the graph below. 

 
Figure 41 - Power Flow on a Diesel-Only system 

This is a typical load-following system where the diesel electricity production will follow the 

demand; notice that both curves are superposed. The energy required from the fuel is 2.78 

times higher than the electrical power produced. This is due to the 36% efficiency of the diesel 

genset. 

The total cost of diesel for this system in a 24 hours operation is U$ 3,177. 
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6.2.2. Diesel-Only production with Dump Load 

When the electricity demand goes below the minimum advisable generator load, the 

generator must be kept producing this minimum load and the extra produced electricity 

should be simply dumped to a resistive load. This is a necessary waste of energy that can 

minimize future outages and reduce necessity to frequent maintenance. 

A dump-load is included to ensure that the generator never goes below a certain threshold, 

regardless the demand. This threshold varies according to design but it’s usually between 20 

and 30%. 

In this simulation only, the minimum load will be set at 35% just to demonstrate the effect 
of a dump-load. Due to the data being used for the simulation, any value below 35% would 
have no difference from the diesel-only system. 
 

For the further simulation when wind power is introduced, the minimum load for the diesel 
genset will be set to 20%. 

 

The figure below shows the dump-load inserted in the diesel-only system. 

 
Figure 42 - Diesel-Only with Dump-Load reMIND Simulation 

Node N9 (Electrical Grid) is configured to never request less than 350 kW from the Diesel 

generator (Node 11). 
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Figure 43 - Power Flow on a Diesel Only with Dump Load 

Notice that flows Electricity to Grid and Electricity to Consumer do follow the same curve and 

are superposed, except when electricity is being dumped. 

The total cost of diesel for this system in a 24 hours operation is of course higher than when no 

dump-load exists. The total cost is U$ 3,271. 
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6.3. Wind-Diesel Low-Penetration 

In this simulation, a wind turbine is introduced to the diesel system. Since this is a low 

penetration, there is no necessity to a dump-load in the wind system because the maximum 

wind power produced will always be below the demand. 

The wind turbine rated power is 150 kW and the minimum load on the diesel genset is 20% 

(200 kW). 

 
Figure 44 – Wind-Diesel, Low Penetration reMIND Simulation 

 
Figure 45 - Power Flow on a Wind-Diesel system with Low Penetration 

 

The flows Out of Genset and Elect from Diesel are superposed, except when Elect from Diesel is 

below 200 kW. Out of Genset can never go below 200 kW and any excess electricity (difference 

between Out of Genset and Elect from Diesel) is dumped (Wasted Elect). 

With the introduction of a low penetration wind power, the total diesel daily cost is now  

U$ 2,866. 
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6.4. Wind-Diesel Medium-Penetration 

In this simulation, a wind turbine with rated power of 400 kW is introduced. Since the wind 

power can exceed the demand, it’s necessary to use a dump-load in the wind turbine. 

 
Figure 46 - Wind-Diesel, Medium Penetration reMIND Simulation 

The graph below shows the power flows from the diesel system. 

 
Figure 47 - Power Flow on a Wind-Diesel system with Medium-Penetration (1 of 2)  

Notice that Elect from Diesel has a significant reduction compared with the low penetration 

system. However, when demand is low, the dumped electricity from the diesel genset is high. 
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The graph below shows the power flows for the wind system. 

 
Figure 48 - Power Flow on a Wind-Diesel system with Medium-Penetration (2 of 2)  

Notice that whenever the wind production surpasses the demand the excees electricity is 

dumped. 

With a medium-Penetration wind system, the diesel daily cost is U$ 2,531. 

6.5. Wind-Diesel High-Penetration 

For the High-Penetration simulation, a wind turbine with rated power of 800 kW is used. Since 

the wind turbine rated power is as high as the maximum demand, there can be several 

situations where the wind power is way above the demand.  

In order to increase even more the diesel savings, the diesel genset is turned off whenever the 

wind power exceeds the demand by 100 kW.  

The reMIND block diagram is exactly the same as the Medium-Penetration system. For the 

block diagram, refer to Figure 46 at page 47. 
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The graph below shows the power flows from the diesel system. Notice that there are fewer 

periods where electricity is being dumped. This is due to the genset being turned off when 

wind production surpass demand by 100 kW.  

 
Figure 49 - Power Flow on a Wind-Diesel system with High-Penetration (1 of 2)  

 

The graph below shows the power flows on the wind system. Notice the increase in the wasted 

wind electricity. 

 
Figure 50 - Power Flow on a Wind-Diesel system with High-Penetration (2 of 2)  

 

With a High-Penetration wind system, the diesel daily cost is U$ 2,002. 
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6.6. Wind-Diesel High Penetration with Energy Storage 

This simulation is based on the wind-diesel High-Penetration presented in the previous item. 

Here a 1000 kW storage system is added.  

The storage system will work this way: 

 Whenever energy is being produced in excess by the wind turbine or by the diesel 

genset, this energy is sent to the storage system instead to the dump-load 

 Some energy can still be dumped. This will happen when the dumped energy is higher 

than the storage capacity. 

 The Elect Grid (node N5) will request energy in the following order: 

1. Wind Turbine 

2. Storage System 

3. Diesel generator 

 The diesel genset will be turned off whenever the energy from the wind turbine plus 

storage is at least 100 kW greater than the demand. 

NOTE: As specified in the beginning of this chapter, the Energy Storage node and its flows 
were not calculated by reMIND but by equations in an Excel spreadsheet whose base data is 
the output from reMIND data for the WDPS high-penetration without storage. The storage 
system shown in the reMIND diagram below is merely illustrative. 

 

 
Figure 51 - Wind-Diesel, High-Penetration with Storage - reMIND Block Diagram 
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The graphs below show the power flows for this system. Notice that there is still some wind 

energy being wasted, which occurs when the storage capacity is full. When the wind energy is 

low and demand is high the storage system can get depleted. 

The dumped diesel energy shows a slightly difference from the high-penetration with no 

storage (see Figure 53 below). In order to make a noticeable difference, the wind input should 

be much higher to make the diesel to shutdown and reduce the wasted energy, but in this case 

it does not occur. 

 
Figure 52 - Power Flow on a WDPS with High-Penetration and Storage (1 of 3) 

 

 
Figure 53 - Power Flow on a WDPS with High-Penetration and Storage (2 of 3) 
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The graph below shows the flow to and from the storage system.  

 
Figure 54 - Power Flow on a WDPS with High-Penetration and Storage (3 of 3) 

 

With a High-Penetration wind system with 1000 kW energy storage, the diesel daily cost  

is U$ 1,654. 

6.7. Comparing Results 

The graph below compares the daily diesel expenses for each one of the systems presented so 

far. 

 
Figure 55 - Daily Diesel Expenses 

By installing a 1000 kW ESS in a wind-diesel system with high-penetration, the daily diesel 

consumption shows a reduction from US$ 2,002 to US$ 1,654, or 17%.  
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7. Choosing the Storage System  

7.1. Choosing the ESS Technology 

In order to define the appropriate ESS technology, let’s make a quick review on the ESS’s 

described in chapter 4. 

 Flywheel - FESS 

 Pumped Hydro - PHES 

 Lead-Acid Battery 

 Nickel-Cadmium Battery 

 Lithium-Ion Battery 

 Sodium-Sulphur Battery 

 Compressed Air - CAES 

The geographic limitations of CAES and PHES make these technologies unsuitable for small 

energy systems. Although they have a relatively low capital cost per kWh, CAES and PHES 

usually require mega constructions and therefore high investment cost, and so are more 

appropriated for large energy systems such as wind farms or hydroelectric power plants where 

their cost can be compatible to the system they are designed for. 

Due to its very fast response time, Flywheel is suitable for frequency regulation or as a 

transition to another ESS that has large response time. But the diesel generator can provide 

frequency regulation as well, so there is no need to obtain this feature from an FESS. 

Furthermore, FESS has a high discharge rate what disqualify it as an energy supplier for longer 

periods. 

For this kind of application, the best option is a Battery Energy Storage System, BESS. 

 

 

7.2. Dimensioning the Storage Capacity 

In chapter 6, the wind-diesel high-penetration with storage system was modeled with a 1000 

kW capacity just to exemplify the functionality. However, the same simulation was made with 

a ESS with different capacities. The result is in the graph below. 



 

54 

 

 
Figure 56 - Diesel Consumption Vs. Storage Capacity 

If the storage capacity is zero it simply works as the WDHP without storage which has a daily 

diesel consumption of U$ 2002. If the storage capacity is 3000 kWH the diesel consumption 

drops to US$ 1490, which is the lowest diesel consumption we can achieve for this 

configuration. Any extra storage capacity added will not produce any more fuel savings. 

Looking at the graph we can see that the fastest decrease in consumption occurs up to 1000 

kWh and after that the cost decline is very slow.  

The next four tables show the savings obtained by the four different BESS technologies. The 

BESS data comes from tables in chapter 4 at page 30. For every parameter that is presented in 

a range, the worst case scenario was chosen, i.e., lowest efficiency, lowest lifetime and highest 

capital cost. 

The real battery capacity is calculated as a ratio between the calculated capacity (from the 

simulation) and the battery efficiency. For example, for the Lead-Acid battery, the real capacity 

of 118 kWh comes from 100 kWh/0.85.  

Payback time is the total cost divided by the Diesel Savings/year. Payback time in red means 

that it’s longer than lifetime, i.e., it does not pay itself before the necessity of being replaced.  
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Lead Acid Battery 
Efficiency: 85 % 
Cost / kWh: 150 US$ 
Lifetime: 5 Years 

 
Table 5 - Lead Acid Baterry BESS 

Capacity 
Calculated 

kWh 

Real 
Capacity 

kWh 

Total Cost 
US$ 

Diesel 
Savings/year 

US$ 

Payback Time 
(years) 

Payback / 
Lifetime 

0 0 0.00 0.00 - - 

100 118 17,647.06 7,665.00 2.30 46.0 % 

200 235 35,294.12 25,915.00 1.36 27.2%  

300 353 52,941.18 33,215.00 1.59 31.9 % 

400 471 70,588.24 59,130.00 1.19 23.9 % 

500 588 88,235.29 100,375.00 0.88 17.6 % 

600 706 105,882.35 104,025.00 1.02 20.4 % 

700 824 123,529.41 112,785.00 1.10 21.9 % 

800 941 141,176.47 117,895.00 1.20 23.9 % 

900 1059 158,823.53 117,895.00 1.35 26.9 % 

1000 1176 176,470.59 127,020.00 1.39 27.8 % 

1500 1765 264,705.88 131,765.00 2.01 40.2 % 

2000 2353 352,941.18 152,935.00 2.31 46.2 % 

3000 3529 529,411.76 186,880.00 2.83 56.7 % 

 

Nickel Cadimium Battery 
Efficiency: 60 % 
Cost / kWh: 1500 US$ 
Lifetime: 8 Years 

 
Table 6 - Nickel-Cadimium Battery ESS 

Capacity 
Calculated 

kWh 

Real 
Capacity 

kWh 

Total Cost 
US$ 

Diesel 
Savings/year 

US$ 

Payback Time 
(years) 

Payback / 
Lifetime 

0 0 0.00 0.00 - - 

100 167 250,000.00 7,665.00 32.62 - 

200 333 500,000.00 25,915.00 19.29 - 

300 500 750,000.00 33,215.00 22.58 - 

400 667 1,000,000.00 59,130.00 16.91 - 

500 833 1,250,000.00 100,375.00 12.45 - 

600 1000 1,500,000.00 104,025.00 14.42 - 

700 1167 1,750,000.00 112,785.00 15.52 - 

800 1333 2,000,000.00 117,895.00 16.96 - 

900 1500 2,250,000.00 117,895.00 19.08 - 

1000 1667 2,500,000.00 127,020.00 19.68 - 

1500 2500 3,750,000.00 131,765.00 28.46 - 

2000 3333 5,000,000.00 152,935.00 32.69 - 

3000 5000 7,500,000.00 186,880.00 40.13 - 
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Lithium-Ion Battery 
Efficiency: 80 % 
Cost / kWh: 1300 US$ 
Lifetime: 14 Years 

 
Table 7 - Lithium-Ion Battery ESS 

Capacity 
Calculated 

kWh 

Real 
Capacity 

kWh 

Total Cost 
US$ 

Diesel 
Savings/year 

US$ 

Payback Time 
(years) 

Payback / 
Lifetime 

0 0 0.00 0.00 - - 

100 125 162,500.00 7,665.00 21.20 - 

200 250 325,000.00 25,915.00 12.54 90 % 

300 375 487,500.00 33,215.00 14.68 - 

400 500 650,000.00 59,130.00 10.99 79 % 

500 625 812,500.00 100,375.00 8.09 58 % 

600 750 975,000.00 104,025.00 9.37 67 % 

700 875 1,137,500.00 112,785.00 10.09 72 % 

800 1000 1,300,000.00 117,895.00 11.03 79 % 

900 1125 1,462,500.00 117,895.00 12.41 89 % 

1000 1250 1,625,000.00 127,020.00 12.79 91 % 

1500 1875 2,437,500.00 131,765.00 18.50 - 

2000 2500 3,250,000.00 152,935.00 21.25 - 

3000 3750 4,875,000.00 186,880.00 26.09 - 

 

Sodium-Sulphur Battery 
Efficiency: 89 % 
Cost / kWh: 600 US$ 
Lifetime: 10 Years 

 
Table 8 - Sodium-Sulphur Battery ESS 

Capacity 
Calculated 

kWh 

Real 
Capacity 

kWh 

Total Cost 
US$ 

Diesel 
Savings/year 

US$ 

Payback Time 
(years) 

Payback / 
Lifetime 

0 0 0.00 0.00 - - 

100 112 67,415.73 7,665.00 8.80 88.0 % 

200 225 134,831.46 25,915.00 5.20 52.0 % 

300 337 202,247.19 33,215.00 6.09 60.9 % 

400 449 269,662.92 59,130.00 4.56 45.6 % 

500 562 337,078.65 100,375.00 3.36 33.6 % 

600 674 404,494.38 104,025.00 3.89 38.9 % 

700 787 471,910.11 112,785.00 4.18 41.8 % 

800 899 539,325.84 117,895.00 4.57 45.7 % 

900 1011 606,741.57 117,895.00 5.15 51.5 % 

1000 1124 674,157.30 127,020.00 5.31 53.1 % 

1500 1685 1,011,235.96 131,765.00 7.67 76.7 % 

2000 2247 1,348,314.61 152,935.00 8.82 88.2 

3000 3371 2,022,471.91 186,880.00 10.82 - 
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Lead-Acid battery is the BESS technology that presented the lowest up-front investment and 

the quicker payback time. Depending on the capacity, the payback time can even be below one 

year. Under the economic point of view, this would be the best BESS for this application.  

Since the Lead-Acid payback time is quite close for several different capacities, the decision 

about the capacity to use would most likely be done based on the investment (total cost). 

Due to its high capital cost, Nickel-cadimium BESS does not provide any savings at all. For every 

battery capacity simulated, the payback time was always above the battery lifetime. 

Lithium-ion battery have also a high capital cost, very close to Nickel-Cadimium’s. However, it 

has a lifetime nearly double, so for some battery capacities it can pay itself back, but it would 

be very close to the battery lifetime, what reduces the effective savings. 

Sodium-Sulphur battery also presented as a viable option. With some capacities presenting a 

payback time around 35-45% of the lifetime, this technology is also a good candidate for this 

application. 

Under the environmental point of view, lead-acid battery can be very damaging if not handled 

properly. If environment impact is an issue, Sodium-Sulphur can be considered the better 

option. 
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8. Conclusion  
This study showed that ESS integrated to a high-penetration WDPS can bring a reasonable 

savings in diesel consumption. Depending on the ESS capacity, the diesel consumption can be 

reduced by 26% when compared to a WDPS with no ESS. 

Among all ESS technologies studied, BESS showed as the most suitable to this specific system. 

CAES and PHES have geographic limitations and are more suitable to large power plants and 

Flywheel presents high discharge rate turning it unsuitable to provide power for a longer 

period. 

Among all four BESS technologies studied, lead-acid showed to be the one with the lowest 

total investment, which is basically due to its low capital cost. Lead-acid also has the shortest 

payback time relative to its lifetime, despite the short lifetime considered of 5 years. Payback 

time can be less than one year, depending on the storage capacity. Although this technology 

presents environmental concerns, its use cannot be disregarded due to the huge savings. 

If environment issue is a concern, sodium-sulphur BESS can be a very good option as well. 

Although having a higher ratio payback time / lifetime than lead-acid, the economics for this 

technology still looks appealing. Lithium-ion BESS presents a much inferior economic result and 

nickel-cadimium presents no savings at all. 

The modeling and simulation of WDPS with ESS demonstrate that this solution can actually 

save a reasonable amount of diesel while still being economically viable. The simulation was 

also important to determine what is the ideal ESS capacity, i.e., the capacity that provides the 

highest savings even if some energy is still wasted. 

8.1. Future Work 

The key point of this thesis was the modeling of the system to obtain the viability analyzes, and 

the use of a modeling tool was capital. However, the tool utilized in this thesis, reMIND, is not 

able to handle energy storage systems, so the last step of the simulation had to be done 

manually applying mathematical formulas to data in a spreadsheet.  

One interesting future effort for this project would be updating reMIND to make it able to deal 

with ESS. This would allow a direct and quick modeling of any system with integrated ESS what 

would create the possibility to model any power plant with any kind of ESS without the 

necessity of manual steps. 
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