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Abstract  

Energy storage systems (ESSs) can improve power system’s stability and efficiency, and overcome the 
intermittent character of renewable energy sources. However, ESSs will only be used if their 
application is economically viable. In this research, it is examined whether ESSs could improve the 
profitability of an offshore wind farm. From the traditional Levelized Cost Of Electricity (LCOE) metric, 
the LCOE’ was derived, which takes the extra profit of the ESSs into account as well. A linear 
optimization model was created and used, to determine the LCOE’ of the offshore wind farm in 
combination with and without ESSs. Moreover, the ESSs were deployed at offshore and onshore 
locations, to verify whether the location plays an important role for its profitability. The different 
investments are compared and indicated as profitable when their return rate is above 6%. Results 
show that several ESSs could reduce the LCOE’ of the offshore wind farm. The profitability of the 
different ESSs is influenced by both its technical parameters and costs. Large mature ESSs such as the 
pumped hydro and compressed air storages showed great potential, because of their low costs and 
moderate technical parameters. The storage system of the Ocean Grazer, a new concept of the 
University of Groningen, could significantly reduce the LCOE’ as well. The smaller ESSs of batteries and 
hydrogen fuel cells showed mixed results, mainly due to their limited capacities. Only lead acid and 
NaS batteries could slightly reduce the LCOE’. The research shows the economic potential of several 
ESSs for application to an offshore wind farm. However, it was found that PHS, CAES and the Ocean 
Grazer are not applicable to every wind farm. Therefore, nowadays it is not possible to significantly 
reduce the LCOE’. Furthermore, the performance is dependent on the location, offshore ESSs show 
better results than onshore ESSs. Nevertheless, the capital costs for offshore ESSs should be examined 
further as it is likely that these are significantly higher than for onshore ESSs. For all ESSs, it holds that 
their economic viability could be further improved by increasing the capacities, reducing the costs or 
improving other technical parameters. 
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1. INTRODUCTION 
 

 The need for renewable energy sources 
Burning fossil fuels (coal, natural gas and oil) is the most common way to produce energy nowadays 
(IEA, 2018). However, it has been recognized that the use of fossil fuels has consequences worldwide. 
Firstly, greenhouse gasses like carbon dioxide (CO2) are released by burning fossil fuels. It has 
scientifically been shown that these emissions are responsible for global warming which has far-
reaching consequences (Gillett, Arora, Flato, Scinocca, & Von Salzen, 2012; Intergovernmental Panel 
on Climate Change, 2013). Secondly, fossil fuels are non-renewable. With the current energy 
consumption rate it is forecasted that natural gas, oil and coal are depleted within 100 year (Abas, 
Kalair, & Khan, 2015). 
Furthermore, the energy demand is growing. Figure 1 shows the energy consumption from 1973 to 
2016. The energy consumption more than doubled from 4,661 Million tonnes of oil equivalent (Mtoe) 
in 1973 to 9,555 Mtoe in 2016. It is expected that the demand will further increase in the coming years 
(Komarnicki, Lombardi, & Styczynski, 2017; REN21, 2018). The major drivers of this increase in energy 
demand are: growth of the world population, industrialization of developing countries and 
improvements in the quality of life (Panwar, Kaushik, & Kothari, 2011).  
 
Altogether, the undesirable consequences of fossil fuels, the depletion rate of fossil fuels and the 
growing energy demand, has led to a growing interest in sustainable energy. Many governments of 
major economics have set roadmaps and plans for the production and consumption of sustainable 
energy. On initiative of the United Nations, world leaders signed the Kyoto protocol and Paris 
agreement which aim for reducing greenhouse gasses (UNFCCC, 1998, 2015). In addition, the EU 
agreed on EU-wide targets for a sustainable energy system. For instance, in 2030 the greenhouse gas 
emissions must be reduced by 40% compared to 1990 and 27% of all energy has to originate from 
renewable energy sources (European Commission, 2013). On top of that, the EU has set itself a long-
term goal of reducing greenhouse gas emissions by 80-95% in 2050 compared to 1990 (European 
Commission, 2012).  
To meet these targets, the Dutch government has introduced several measures. It has established a 
national energy accordance about energy savings and implementing sustainable energy with leading 
companies (Sociaal-Economische Raad, 2013). This forms an element of the wider climate accordance, 
which aims at counteracting climate changes.  
Altogether, the global efforts aim to replace fossil fuels by emission-free and renewable energy 
sources, which subsequently lead to a growing interest in renewable energy sources.  
 

 
Figure 1: World energy consumption from 1973 to 2016 by fuel in Mtoe (IEA, 2018) 
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Renewable energy sources (RES) replenish naturally. In 2016, RES accounted for 18.2% of the total 
energy consumption, as can be seen in Figure 2 (REN21, 2018). From this total, 7.8% originates from 
traditional biomass that is made from organic materials such as manure or waste materials from plants. 
However, traditional biomass still releases carbon emissions and therefore modern RES seem more 
promising. Modern RES consist among others of hydro-, solar and wind power, accounting for 10.4% 
of the total energy consumption. Most modern RES convert their energy to electricity. Figure 3 shows 
that the global power capacity of RES has increased, it more than doubled in the last decade. Especially 
the capacity increase of wind and solar power contributed to the enormous growth of modern 
renewables. However, the share of RES must increase further to meet the goals of the UN and EU, 
resulting in a need for more RES. This need for renewable energy lies at the foundation of this research 
as it aims at contributing to the knowledge of RES. Note that in the rest of this study, modern 
renewables are indicated as RES.  
 

 

Figure 2: Estimated renewable share of total energy consumption (REN21, 2018) 

 

Figure 3: Global renewable power capacity 2007-2017 (REN21, 2018) 

 

 Wind power: a promising renewable resource  
Wind power is regarded as one of the most promising RES as it is easily available over the world and 
does not pollute the air (Kaplan, 2015; Wang, Li, Palazoglu, El-Farra, & Shah, 2018). In addition, the 
technology offers a mature technique with commercial prospects and the ability to generate electricity 
on large scale (Deal, 2010). A key part of any wind energy system is the wind turbine, which converts 
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wind power into mechanical power (Kumar et al., 2016). The generated mechanical power can be used 
directly or indirectly by converting the kinetic energy into electrical energy. Already in 1940, the first 
wind turbines were used in the United States providing electricity to secluded farms (Leung & Yang, 
2012). However, with the introduction of electric power lines, the wind power market diminished. 
After this drop in demand, it became clear that the development of wind energy depends on the price 
of fossil fuels (Leung & Yang, 2012). The wind power development peaked during the oil crisis in 1973 
and slightly continued its rise until 2000. Hereafter, the prices of oil further increased and more interest 
in RES arose, which led to a significant growth in wind power capacity. In the first decade of 2000, the 
wind capacity doubled every three years (GWEC, 2018; REN21, 2018). In recent years, the focus on 
sustainable energy further boosted the installed capacity, as shown in Figure 4. 
 

 
Figure 4: Global capacity of wind power and its annual additions from 2007 to 2017 (REN21, 2018) 

Nowadays, more and more countries use wind power to provide electricity. Over 2017, wind energy 
covered around 12% of European annual electricity consumption (REN21, 2018). Globally, the wind 
power capacity in operation by the end of 2017 was enough to cover around 5.6% of total electricity 
consumption. The main driver of the increase in wind power capacity is that it became a 
commercialized unsubsidized technology. Where formerly subsidies had to support wind power 
projects, this need has vanished. Reasons for this economic improvement are a new generation of 
turbines, maturation of the supply chain, cost reductions in industry logistics and shipping, increased 
competition and more experience (REN21, 2018). Wind turbines still require significant investment 
costs but the main advantage is that wind energy is free and widely available (Kumar et al., 2016). The 
cost reduction applies to both onshore and, the more expensive, offshore wind power projects. At the 
end of 2017, in the Netherlands and in Germany the governments received zero-subsidy bids for 
offshore projects. In other words, participants will only receive wholesale electricity prices (GWEC, 
2018; REN21, 2018). Beside that the governments take care of the grid connection, these projects 
underline the fact that wind power generation is almost fully commercialized.  
 
Wind turbines are not only installed individually but can also be grouped as wind farms, which is a site 
where a group of wind turbines are installed for bulk electricity generation (Kumar et al., 2016). The 
capacity of current wind farms can be up to thousands of megawatts (MW). Wind farms can be 
installed at onshore or offshore locations, which both have several advantages. Nowadays, the 
majority of the wind farms are installed at onshore locations, as onshore capacity accounts for 96% of 
the global installed capacity (REN21, 2018). Nevertheless, Europe, the United States and China have 
short term plans to further increase their offshore wind power capacity (Murray & Brendan, 2013; 
Wang et al., 2018). This is driven by the fact that offshore wind speeds are higher and more uniform, 
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which implies that more energy is available and the wind pattern is easier to forecast offshore 
(Coelingh, van Wijk, & Holtslag, 1996; Esteban, Diez, López, & Negro, 2011).  
The renewable energy penetration will continue, since governments must meet the earlier discussed 
targets. Wind energy can contribute to meeting these targets as multiple studies have shown the 
potential of wind energy. It is expected that the technology will improve resulting in lower prices, 
increased capacity and higher reliability (GWEC, 2018). One of the challenges relates to the 
intermittent character of RES, which forms a major barrier in the use of RES (Chen et al., 2009; Luo, 
Wang, Dooner, & Clarke, 2015; Zakeri & Syri, 2015). RES are dependent on climatological 
circumstances, for instance wind energy can only be converted when it blows. To overcome this 
challenge energy storage systems can be used.  
 
Energy storage systems (ESSs) enhance the integration between RES and the electricity network (grid) 
(Wang et al., 2018; Zhao, Wu, Hu, Xu, & Rasmussen, 2015). A storage can store or deliver energy when 
desired, which can overcome the intermittent character of wind power generation and the 
unpredictable output. This will lead to a more efficient power system, better power quality and 
reliability and increased economics of the wind farm (Chen et al., 2009; Luo et al., 2015; Nikolaidis & 
Poullikkas, 2018; Zakeri & Syri, 2015). There are multiple types of ESSs which can be combined with 
wind energy generation (Wang et al., 2018). The different ESSs have their own characteristics and 
hence benefits. Therefore, one of the challenges is finding the economic viable ESSs for wind power 
projects. 
 
This chapter has sketched the context of RES and ESSs. From the current energy consumptions and its 
consequences, the need for RES became clear. Wind power is a massive RES but has an intermittent 
character. ESSs can improve the performance of wind farms since it is able store the energy and deliver 
it in a uniform way to the grid. This research investigates the integration between offshore wind farms 
and ESSs. For such integration, there are several challenges, which will be discussed in the problem 
analysis in section 1.3. The research outline for this study is further described in section 1.4.  
 

 Problem analysis 
In this subsection, the knowledge gap is described. This leads to the focus of this research, which is 

described.  

1.3.1. Problem context 
The intermittent character of RES forms a major barrier for its implementation. The use of ESSs 
overcomes this problem and even involves more benefits for the electricity network. First, the use of 
ESSs leads to more efficient electricity generation systems. The current electricity system consists of 
large, centralized power plants, which transmit and distribute the electricity through a unidirectional 
network (electric grid) to the customers. This means that the supply of electricity must always match 
its demand. However, this demand changes considerably every day and season, and the entire 
infrastructure is designed to meet the peaks in demand (Chen et al., 2009; van der Linden, 2006). This 
leads to large inefficient transmission networks where some capacity is only used during peak demand 
which may last a few hours a year (Chen et al., 2009; Zakeri & Syri, 2015). An ESS decouples the 
electricity generation and its demand, since the energy can be stored instead of directly delivering it 
to the grid. By effectively using ESSs, the capacity of the transmission network can be lower because 
average demand must be met instead of peak demands (van der Linden, 2006). This application of ESSs 
is known as load levelling (Luo et al., 2015; Nikolaidis & Poullikkas, 2018). Second, ESSs can improve 
the quality and reliability of the electricity network (Eyer & Corey, 2010). Renewable energy generators 
are usually installed at the distribution level close to the place of utilisation. The increasing use of RES 
gradually changes the electricity system from a centralized to a more distributed system. However, 
distributed electricity generation is more vulnerable to load fluctuations and voltage drops (Chen et 
al., 2009). ESSs can provide reliable and flexible power services which contribute to an uninterruptible 
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power supply by overcoming voltage drops in this decentralized and inflexible power systems (Chua, 
Lim, Taylor, Morris, & Wong, 2012; Kashem & Ledwich, 2007; Serban & Marinescu, 2014; Zakeri & Syri, 
2015). Third, ESSs enhance the integration of RES as it could increase its profitability. ESSs can store 
electricity when it can be generated but demand is low, and can deliver the electricity when there is 
demand but electricity generation is limited. This enhances the economics of RES because more 
electricity is sold during peak demands with corresponding higher prices. This ESSs application is known 
as price arbitrage (Luo et al., 2015; Nikolaidis & Poullikkas, 2018). Section 2.1 elaborates on the 
applications and benefits of ESSs.  
Since ESSs has been recognized as one of the most promising solutions to overcome the intermittent 
character of RES, ESSs are attracting increasing interest in recent years (Chen et al., 2009). The 
University of Groningen is developing an ESS, which forms an element of a novel wave energy 
converter: the Ocean Grazer. The Ocean Grazer is a novel concept, which extracts energy from waves. 
The Ocean Grazer 3.0 has a modular design and hence its storage system can work separately. 
Currently, the Ocean Grazer 3.0 is in the proof of concept phase. Further research is required to prove 
the technology and predict the performance of the Ocean Grazer 3.0. In the remainder of this thesis, 
the Ocean Grazer refers to the concept of the Ocean Grazer 3.0. 
 

1.3.2. Problem description 
Nowadays, there are different types of storage available. The storage with the largest capacity are 
pumped hydro storages with a global power capacity 153 GW (REN21, 2018). Reasons to implement 
pumped hydro storages are that it enables large-scale storage and it is generally the least expensive 
technology. The remaining storage technologies have only a total capacity of 5.9 GW. However, these 
technologies made some progress in recent years. For example, flywheels, a mechanical technology, 
became more applicable for large-scale storage, and also large batteries are developed with an 
increased storage capacity (Jülch, 2016). Beside the ESSs mentioned so far, more ESSs are available, 
which all have their own characteristics. The ESSs differ among others in power capacity, energy 
capacity, technical lifetime, efficiency, environmental concerns and costs. These and more parameters 
influence the final performance of ESSs and consequently the cost of the delivered energy. As 
mentioned in section 1.2, economic viable ESSs should be chosen between the available ESSs. 
However, currently it is not clear what the economic viable ESSs are for specific business cases. To 
guide this choice, the working of different ESSs should be analysed. Previous research include technical 
comparisons and cost analyses of different storage technologies. Nevertheless, the benefits of ESSs for 
an offshore wind farm are not quantified yet. Furthermore, research focused on the costs of ESSs, but 
the potential revenue on existing energy markets and its cost savings were not taken into account. 
Therefore, this research performs a techno-economic analysis of ESSs for an offshore wind farm. A 
model will be created which uses generation data and electricity price series as input, to optimize the 
profit of the ESSs. Hereafter, the profitability of the ESSs can be compared and analysed. Since it is 
currently unknown whether the storage system of the Ocean Grazer can compete with other available 
storage systems, the Ocean Grazer will be included in this comparison as well.  
 

1.3.3. Problem definition 
This study will address the following gap in research: 
 
“The lack of an accurate techno-economic analysis of available ESSs connected to an offshore wind 
farm” 
 
This research aims at providing a comparison of ESSs for offshore wind farms, by developing and using 
a model which determines the value of ESSs.  
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1.3.4. Focus of this research 
The research focuses on the connection between ESSs and offshore wind farms. A model will be 
created which optimizes the annual profit of the ESSs. Hereafter, metrics are used to compare the 
ESSs. The profitability of the ESSs is dependent on its costs and its technical parameters, which include 
efficiency, power capacity and energy capacity. The values of the costs and the technical parameters 
are based upon a literature study about the ESSs. 
Figure 5 provides an overview of the focus area of this research based on the electricity flow. The wind 
farm starts with absorbing the wind and converts it into electricity. This conversion process is outside 
the scope of this research and hence electricity production data forms the input of the model. After 
production, the electricity is moved to the ESS or directly to the grid. Before delivering the electricity 
to the grid, the electricity is sold at the electricity market. The electricity that will be delivered to the 
grid forms the output of the system. The focus of the research is on the collaboration between the 
offshore wind farm and the ESS. The system under study includes the wind farm for production, the 
ESS to store the electricity, the transmission network to transmit the electricity and the electricity 
market to sell the electricity. The input of the ESS is the converted electricity from the wind farm and 
the output consists of electricity that will be delivered to the grid. As the system considers both the 
input from the wind farm and the selling process, it creates a link to the electricity market. The focus 
of this research will be on the Dutch electricity market, because the Ocean Grazer is developed in the 
Netherlands.  
 

Figure 5: The focus of the research is about the ESS, which can deliver electricity to the grid from renewable energy production 

 

1.3.5. Problem owner and stakeholders 
The problem owner of this research is the Engineering and Technology institute Groningen (ENTEG) of 
the University of Groningen. The ENTEG is interested in information about ESSs because they lead the 
project of the Ocean Grazer. Currently, the Ocean Grazer is still in the proof of concept phase. Research 
mainly performed by students and supervised by ENTEG, aims at optimizing the concept. This research 
provides a model that determines the profitability of ESSs, compares the Ocean Grazer with other ESSs 
and provides more insights on ESSs. This contributes to the knowledge of ENTEG. 
Besides ENTEG, there are several stakeholders. First, the Ocean Grazer B.V., which is the company that 
seeks for opportunities to further commercialize the Ocean Grazer. The company will benefit from 
additional information on the performance of the Ocean Grazer itself and in comparison, with other 
ESSs. Furthermore, the next step for the Ocean Grazer B.V. is to attract investors. These investors are 
interested in the economic viability of the project, which will be determined in this research. The 
second stakeholder group are parties that are positioned in the value chain of renewable energy 
production. These are parties involved by offshore electricity generation or by the distribution or 
transmission of the electricity (Chen et al., 2009). All these parties are impacted by a more widespread 
use of ESSs. The specific influence it has on these parties is discussed in section 3.4. The last 
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stakeholders are the manufacturers of ESSs. In this research, a literature study and the model provide 
more insights in the performance of the ESSs. For manufacturers this can be an incentive to improve 
specific parameters of their ESS.  
 

1.3.6. Methods for determining the economic potential of ESSs  
In order to analyse the economic viability of ESSs for an offshore wind farm, this research will focus on 
two aspects. First, the profitability of different available ESSs is examined and hereafter it is examined 
if an offshore wind farm can benefit from the use of such ESS. For determining the profitability of the 
ESSs, the net present value method is used. The Net Present Value (NPV) is the difference between the 
net present value of cash inflows and the net present value of cash outflows. It is a capital budgeting 
method to analyse the profitability of a projected investment. The formula for the NPV is described by 
 

𝑁𝑃𝑉 = ∑
𝑅𝑡

(1 + 𝑖)𝑡
 

  

𝑛

𝑡=0

 (1.1) 

       
Where:  
Rt is the net cash inflow or outflow in euros at time t [€]  
i  is the discount rate or return that could be earned in alternative investments   
t is the time in years 
n is the technical lifetime in years 
 
Normally, the investment requires investment costs at the start of the time period and hereafter 
earnings are generated. The future cash flows are discounted with a return rate that could be earned 
in alternative investments. This is based on the principle that money in the present is worth more than 
the same amount in the future, due to inflation and to earnings from alternative investments that 
could be made during the intervening time. By using a discount rate, it will be verified whether the 
specific investment is more profitable than other investments, which require capital costs. The 
discount rate will be approximated with the weighted average cost of capital.  
A positive NPV indicates that the projected earnings generated by the investment exceed the expected 
costs. Therefore, investments with a positive NPV will be profitable and investments with a negative 
NPV will result in a loss. The leads to the NPV rule which means that only investments with a positive 
NVP must be considered. To use NPV method for analysing the profitability of the ESS, the initial 
investment and the generated earnings must be determined to find out the NPV for each ESS.  
 
When the NPVs for the ESSs are determined, it is examined whether the wind farm can also profit from 
the use of the ESSs. For such analysis, it is required that the results can be compared to other 
technologies of electricity generation. One of the metrics which could provide such comparison and is 
widely used, is the method of the levelized costs of electricity (DOE/EPRI, 2013; Jülch, 2016; WEC, 
2016). The Levelized Cost Of Electricity (LCOE) is the price per kWh to cover all life cycle fixed and 
variable costs for a power-generating asset. The formula to determine the LCOE is described by  
 
 

𝐿𝐶𝑂𝐸 = 
𝑇𝑜𝑡𝑎𝑙 𝐿𝑖𝑓𝑒 𝐶𝑦𝑐𝑙𝑒 𝐶𝑜𝑠𝑡  

(1.2) 
𝑇𝑜𝑡𝑎𝑙 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  

 
The LCOE formula determines the target rate of return based on financial and technical assumptions.  
It consists of the sum of all the expenses divided by the delivered electricity to the grid.  
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A more detailed version of the different cost components and energy production is provided by 
 

LCOE = 

𝐶0 + ∑
𝐴𝑡 

(1 + 𝑖)𝑡

𝑛

𝑡=1

 

 

(1.3) 

∑
𝐸𝑡

(1 + 𝑖)𝑡

𝑛

𝑡=1

 
 

 
Where: 
C0 is the initial capital investment [€] 
At is the annual cost at time t [€] 
Et is the annual electricity output at time t [kWh] 
i  is the discount rate or return that could be earned in alternative investments   
t is the time in years 
n is the technical lifetime in years 
 
For an offshore wind farm the capital investment expenses (CAPEX) will consist of the capital 
investments for the offshore wind farm itself, the transmission network and the ESS. All the costs must 
be expressed in the same currency, in this research euros are used. The annual cost can be further 
described by 
 

𝐴𝑡  = 𝑂𝑡 + 𝐶𝑡 + 𝑙𝑡 ∙ 𝐸𝑖𝑛  −  𝑅𝑡      (1.4) 
 
Where:  
Ot is the annual operation and maintenance cost at time t [€] 
Ct is the annual reinvestment in system’s components at time t [€]   
lt is the price for electricity at time t [€/MWh]   
Ein is the annual electricity input at time t [MWh] 
Rt is the recovery value at time t [€]   
  
To analyse the LCOE of an offshore wind farm combined with an ESS, the traditional LCOE metric is 
slightly adjusted. In this research the annual cost will be described by 
 

𝐴𝑡  = 𝑂𝑡  − 𝑃𝑡       (1.5) 
 
Where  
Ot is the annual operation and maintenance cost at time t [€]   
Pt is the extra profit earned by using an ESS at time t [€]   
 
There are multiple reasons to change (1.4) to (1.5). First, the electricity generated by the offshore wind 
farm is freely available and thus do not involve a cost. However, electricity can also be bought on 
external electricity markets for a determined price. The costs of electricity that was bought on the 
external electricity markets is included in the extra profit. This also results in extra electricity that is 
added to the total lifetime energy production. Second, the system is evaluated over the full technical 
lifetime of the wind farm. Therefore, the wind farm and the transmission network do not require 
reinvestments costs. Reinvestments costs are only made for the ESS if the technical lifetime of the ESS 
is shorter than the technical lifetime of the wind farm. Third, the recovery value of the system 
components is neglected since there is limited information available about this value. As last, the 
metric must be slightly changed since the LCOE normally only takes into account costs. However, it is 
expected that the ESS will lead to higher annual profit by providing beneficial applications. The extra 



10 
 

profit equals the profit by using an ESS minus the initial profit by not using an ESS. This extra profit is 
subtracted from the annual costs so that the benefits of the ESSs are considered. The profit of the ESS 
further includes revenue from the sold electricity, the costs of the purchased electricity and the 
operational costs of the ESS.  
Since the traditional metric of the LCOE is slightly adjusted, the observed LCOE in this thesis will be 
called the LCOE’. The LCOE’ will be determined for the different systems. Hereafter, it will be found 
out, whether the LCOE’ is reduced by using an ESS. This is the case if the total life cycle costs are 
reduced due to the extra profit or an increasing amount of electricity is delivered to the grid. It should 
be recognized that each of the parameters of the system are associated with a set of assumptions. 
Therefore, the final LCOE’ provides only a reasonable estimation of the true LCOE.  
 
One of the key inputs for both the NPV and the LCOE is the interest rate, which discounts the cash 
flows and the annual electricity output. The discount rate can be approximated by the Cost of Capital 
(CoC) which is the costs of company’s funds or, from an investor’s view, the minimum return that 
investors expect for providing capital to a company. A company finances its investments typically with 
both debt and equity, which are acquired via loans and by selling stocks respectively. This means that 
the cost of debt and the cost of equity influence the CoC and must be determined. Both reflect the 
expectations of risk and return in the future, which are determined by the market. This means that a 
company itself cannot influence the CoC and estimations have to be made on the future values. The 
CoC can be derived from a weighted average of all capital sources, the Weighted Average Cost of 
Capital (WACC). The WACC is described by 
 

𝑊𝐴𝐶𝐶 =  
𝐸

𝐸+𝐷
∙ 𝑅𝑒 +

𝐷

𝐸+𝐷
∙ 𝑅𝑑 ∙ (1 − 𝑇)     (1.6)  

 
Where 
Re  is the cost of equity [€] 
Rd is the cost of debt [€] 
E  is the market value of the company’s equity [€] 
D is the market value of the company’s debt [€] 
T is the corporate tax rate 
 
The WACC rate is minimum return that a company must earn on its assets in order to satisfy all the 
providers of capital. In the formula both the cost of equity and the cost of debt are weighted to the 
share each capital type has on the total financing. E/(E+D) is the percentage of financing that is from 
own equity and D/(E+D) is the percentage of financing that is from debt. The final value of the WACC 
will be used as discount rate in this research. 
For a comprehensive analysis between the various ESSs, the model will determine first the NPV of the 
ESS itself and hereafter see the effect on the total LCOE’ of the system.  
 

1.3.7. Previous research storage system Ocean Grazer 
Previous research about the Ocean Grazer can be used in this research. First, the thesis of Dijkstra has 
led to an academic paper about the revenue optimization of the Ocean Grazer (Dijkstra et al., 2016). 
Dijkstra’s research has explored the storage capabilities of the Ocean Grazer wave energy convertor. 
A model predictive control (MPC) strategy was used to maximize the advantages of potential energy 
storage. MPC relies on predictions of the system dynamics, which are later used to formulate a 
constrained optimal control problem. Using these predictions, future occurrences can be considered 
in the optimization problem of a certain horizon. To verify the use of the MPC, it was compared against 
a heuristic strategy, which sells the stored energy when the price is above a certain threshold, and a 
setting without storage. It was shown that the MPC maximizes the total revenue. Therefore, Dijkstra’s 
research confirms that the use of a storage system can enhance the revenue of a wave energy 
converter. In this research, it will be verified if this also holds for an offshore wind farm.  
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Second, de Vlugt (2017) performed a techno-economic analysis on the entire system of the wave 
energy converter of the Ocean Grazer. In the research all the costs of the first version of the Ocean 
Grazer were quantified and compared to other technologies. It was found that the total costs of the 
Ocean Grazers were higher than for most other renewable energy devices. Therefore, significant cost 
savings had to be realized, which was one of the main drivers to develop the Ocean Grazer 3.0. 
Furthermore, de Vlugt found that the Ocean Grazer is able to influence the prices on the electricity 
market and hence is able to positively influence the energy security of the countries where it is located. 
This is an interesting insight because it means that the Ocean Grazer can be used to overcome the 
intermittent character of RES.  
For the newest version of the Ocean Grazer, Herwig (2018) performed a similar techno-economic 
analysis. This research states that the version 3.0 is competitive with other wave energy converters, 
but the costs are still relatively high in comparison with offshore and onshore wind farms. This leads 
to the idea that only the ESS of the Ocean Grazer could be applied to offshore wind farms. The 
electricity is than generated by the wind farm and the Ocean Grazer provides only a storage function. 
Therefore, this research leaves out the wave energy converter system of the Ocean Grazer but provides 
a complete techno-economic analysis on the storage system applied to an offshore wind farm. 
 

 Research design 
In this subsection, the structure of the research is provided. It starts with the formulation of the 

research goal and hereafter, it is explained how this will be reached. 

1.4.1. Research goal 
Based upon the problem description, the goal of the research is as follows: 
 

Analyse different energy storage systems and determine the economic viability of energy 
storage systems for an offshore wind farm. 

 
The economic viability is based upon the NPVs of the ESSs and the LCOE’ values of the offshore wind 
farm. The ESS, which leads to the lowest LCOE’ value, is regarded as most profitable ESS. The research 
goal can be further divided into 5 subgoals.  
 
 1. Identify and analyse different ESSs 
 2.  Select suitable ESSs for application to an offshore wind farm 
 3. Develop a model to determine the NPV and LCOE’ of ESSs  
 4.  Calculate the NPVs and the LCOE’ values for the suitable ESSs  
 5.  Determine the economic viability of the ESSs connected to an offshore wind farm  
 
To reach the research goal the sequence of the sub-goals is of importance. The information gathered 
from the first goal is critical to be able to accomplish the second goal and so on.  
Altogether, the research contributes to the knowledge about application of energy storage solutions 
for renewable energy production and corresponding business cases. Furthermore, the research 
delivers a model, which can determine the economic viability of ESSs for an offshore wind farm.  
 

1.4.2. Research questions  
To obtain the goal of the research, a main research question is provided which can be further divided 
in subquestions. The subquestions relate to the provided subgoals.  
 
Main research question: 
 Is it economically viable to connect an ESS to an offshore wind farm?  
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Subquestions: 
 1.  What are the applications and benefits of ESSs?  

2. What for ESSs are available? 
3. What are the characteristics of the different ESSs? 
4. Which parameters influence the performance of ESSs? 
5. From which ESSs could an offshore wind farm benefit? 
6. How can the NPV be determined for ESSs? 
7.  What are the economic viable ESSs based on their NPVs? 
8. How can the LCOE’ be determined for an offshore wind farm combined with an ESS? 
9.  Which ESSs could decrease the LCOE’ of an offshore wind farm? 
10.  What are the economic viable ESSs for an offshore wind farm? 

 

1.4.3. Research steps  
To answer all the research questions the research is composed of the following research steps:  
 

1.  Indicate applications for ESSs 
2.  Indicate (future) available ESSs 
3.  Define the technologies for each ESS 
4.  Determine the characteristics and technical parameters for each ESS 
5.  Compare the characteristics of the ESSs 
6.  Indicate parameters for the performance of ESSs 
7.  Identify beneficial applications of ESSs for an offshore wind farm 
8.  Select suitable ESSs for an offshore wind farm  
9.  Develop a model to compare ESSs 
10.  Identify critical parameters for the profitability of the ESSs  
11.  Determine optimal ratio between the capacities of the ESSs 
12.  Determine the NPVs for the ESSs 
13.  Scale up the ESSs to its maximum capacities  
14. Determine the LCOE’ of the wind farm combined the ESSs 
15. Find economic viable ESSs for an offshore wind farm  
16.  Perform sensitivity analysis on influential parameters of the ESSs 

 

1.4.4. System of research 
The system considered in this research is displayed at the top of Figure 6. The starting point is that the 
wind energy is captured by a wind farm, which converts the energy to electricity. The incoming 
electricity forms the input for the system. Hereafter, the system has two options what can be done 
with the generated electricity. The electricity can be stored in an ESS and after some time be delivered 
to the electricity market, or the electricity will be directly offered to the electricity market. At the end, 
the delivered energy forms the output and represents some value on the electricity market. From 
selling the deliverable electricity on the electricity market, a revenue occurs. It is also possible to 
purchase extra electricity from the electricity market, which can be stored or directly delivered. 
In the lower part of Figure 6, the key variables of the system are shown. All these variables influence 
the determination of the NPV and the LCOE’, and can be divided in three categories. First, there are 
variables dependent on the business case, these are constant variables and are used as input. Second, 
there are variables dependent on the ESS, which differ for each ESS. Third, there are variables that 
have to be researched with the model to find its value. The textboxes provide an overview of the 
variables. Note that the financial parameters are not directly connected to the system in Figure 6 but 
influences the NPVs and the values of the LCOE’.  
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Explanation on the variables  

Constant variables dependent on system: 

• Discount rate: for determining the NPV of the ESS and the LCOE’ of the offshore wind farm, 
the discount rate has to be determined. As mentioned, the WACC formula will be used for this.  

• Wind farm parameters:  
o Location: the place of the wind farm, which determines the available electricity 

markets. 
o Capacity: the capacity of the wind farm, which determines the (maximum) electricity 

production (in MW). 
o Length of the export cable: the electricity is transported to shore by an export cable. 

The length of this cable determines its final costs (in km).  
o Technical lifetime: the maximum number of years the wind farm can operate before 

it must be refurbished or replaced. This is mainly dependent on the wind turbines.  
o Capital expenditures wind farm: the capital expenditures that cover the construction 

and installation of the wind farm and are part of the initial investment costs.  
o Operational expenditures wind farm: the variable operational and maintenance costs 

for the wind farm. Both the capital and operational expenditures of the wind farm are 
included in the LCOE’ calculations.  

• Transmission network costs: the capital expenditures that cover the construction and 
installation of the transmission network system and are part of the initial investment costs. 
These costs can be separated in the export cable costs, offshore substation costs and onshore 
substation costs. 

▪ Export cable costs: a capital expenditure that covers the costs for the cable 
from the offshore wind farm to shore. The maximum transported electricity 
determines the capacity of the cable, which together with the length of the 
cable determines the final cable costs. 

Constant variables 
dependent on system: 
 

• Discount rate 

• Wind farm 
parameters 

• Energy input 

• Electricity price data 

• Transmission network 
costs 

Variables dependent on ESS: 
 

• ESS Technical 

parameters  

• ESS costs   

 

 

Variables to be researched: 
 

• Energy output 

• Traded electricity 

• Transmission network 

capacity 

• Revenue 

• NPV 

• LCOE’ 

 

Figure 6: Overview of the system of research 
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Offshore substation: a capital expenditure, which covers the cost for electrical 
equipment to transform the voltage to a high transmittable voltage.  

▪ Onshore substation: a capital expenditure, which covers the cost for electrical 
equipment to transform the voltage to the onshore grid voltage. 

• Energy input: the wind energy is converted to electricity, which forms the input of the system. 
Normally the amount of electricity depends on the available wind, the type of windfarm and 
the conversion process. However, in this research the focus is on ESSs and hence the 
conversion process is excluded from this research. For the energy input, given production data 
of a wind farm is used.  

• Electricity price data: there are different electricity markets where the market mechanisms 
determine the prices. These price series are available and form an input to the model. 

 
Variables dependent on the ESS: 

• Technical parameters: there are multiple technical parameters that determine the 
performance of ESSs: 

o Energy capacity: the maximum quantity of available energy in the ESS after fully 
charging (in MWh). 

o Power capacity: the maximum charge and discharge power of the ESS (in MW). The 
charge power is defined before conversion losses and the discharge capacity after 
conversion losses. 

o Round-trip efficiency: the ratio of electricity put in (in MWh) to energy retrieved from 
the ESS (in MWh). For most ESSs, some electricity is lost during the conversion process.  

o Self-discharge: the percentage of the stored energy that dissipated over a day of non-
use time. 

o Ramp rates: the speed at which the charge and discharge power can be ramped up or 
down (MW/min). 

o Cycling times: this indicates the number of times the storage unit can store and deliver 
the amount of energy where it was designed for. When the cycle length is divided by 
its technical lifetime, the amount of full charge/discharge cycles per year is 
determined. 

o Technical lifetime: the maximum number of years a storage system can operate before 
it must be refurbished or replaced. This depends on the cycle length and the amount 
of charge and discharge events per year. 

o Energy density: the amount of energy that can be stored in the ESS per volume unit in 
(kWh/m3). 

o Power density: the power of the ESS per volume unit (in kW/m3). 

• Costs ESS: the total expenditures during the lifetime of the ESS. It can be further divided in the 
following costs:  

o Capital expenditures ESS: the capital expenditures that cover the construction and 
installation of the storage system and are part of the initial investment costs. These 
costs consist of the power and energy capital costs: 

▪ Energy capital costs: a capital expenditure that covers the costs for the storage 
system and part of the structural design. 

▪ Power capital costs: a capital expenditure that covers the power electronics, 
balancing system and part of the structural design for the storage. 

o Operational expenditures cost: the annual total cost which is the sum of the following 
parts: 

▪ Variable operational expenditures: the variable operational and maintenance 
costs dependent on the amount of electricity that is stored. 

▪ Fixed operational expenditures: the fixed operational and maintenance costs 
dependent on the capacity of the ESS.  
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Variables to be researched:  

• Energy output: the energy output is the annual total amount of electricity that is delivered to 
the market (in TWh). This is first different for each ESS since the technical parameters of the 
ESS differ. Secondly, it is different at each time step because the production and the discharge 
capacity differ. 

• Transmission network capacity: the maximum amount of electricity that can be transmitted 
through the transmission network (in MW). This also influences the capital expenditures of the 
transmission network since these costs are dependent on the capacity. 

• Revenue: the amount of money that is received by selling the electricity. This follows from the 
production data, the ESS and trading on the electricity market.  

• NPV: the net present value of the investment in the ESS, which indicates the profitability of 
the ESS. The NPV should be determined for all relevant ESSs.  

• LCOE’: the levelized cost of electricity of the total system, determines if a wind farm can profit 
from the use of an ESS (in €/kWh). Furthermore, it provides the target price for the sold 
electricity. The LCOE’ should be determined for all relevant ESSs. 

 

1.4.5. Resources 
To collect all the required data for this research, different resources are used. First, existing literature 
should provide information about the ESSs. Google scholar and SmartCat (the online library of the 
University of Groningen) are used to find articles about the applications, benefits, technologies, 
characteristics, costs and technical parameters of the available ESSs. Some major articles form the 
basis for this analysis: (Chen et al., 2009; IRENA, 2017a; Luo et al., 2015; Nikolaidis & Poullikkas, 2018; 
Zakeri & Syri, 2015).  
The model used in this research is built in the software Matlab. The model needs several input such as 
wind farm production data, electricity price series and capital costs. The electricity price series can be 
found in online databases. The production data of a wind farm and costs components were acquired 
by Navigant Consulting, Inc., a consulting company that collaborated for this research. For determining 
an average wind farm, reports about future wind farms from the Rijkswaterstaat were studied. As last, 
the information about the Ocean Grazer is directly provided by M. van Rooij, who is the chief 
technology officer of the Ocean Grazer B.V., or indirectly by previous research about the Ocean Grazer. 
 

1.4.6. Remainder of thesis  
In the next chapters, the process steps are executed to find answers to the research questions. First a 
market analysis and literature study are performed to indicate the (future) available ESSs and its 
parameters. In Chapter 3, the different applications and technologies of the ESSs are described. The 
chapter ends with a comparison of the ESSs on several aspects. In Chapter 3, the linkage between the 
ESS applications and the ESS technologies is described, which selects suitable ESSs for an offshore wind 
farm. As last, the profitability of the ESSs will be determined by using a model. In Chapter 4 the model 
and the experiments are described. In Chapter 5 the results are described, after which a conclusion 
and discussion are given in Chapter 6.  
All in all, the research should describe (future) available ESSs, indicate suitable ESSs for offshore wind 
farms and create and use a model to determine the economic viability of ESSs applied to an offshore 
wind farm.  
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2. ENERGY STORAGE SYSTEMS 
 

 Applications energy storage systems 
ESSs can be used for various applications in the electricity system. To provide an overview of these 
applications, the applications can be grouped to their role in the value chain. The ESSs improve the 
power system operations in three directions: power quality and regulation, bridging power and energy 
management (Nikolaidis & Poullikkas, 2018). Power quality and regulation services provide reliable 
power by maintaining nominal frequency and voltage levels (ECOFYS, 2014). Bridging power services 
form a bridge to assure continuity when switching from one source to another. Energy management 
services provide time-shifting decoupling between electricity generation and consumption (Eyer & 
Corey, 2010).  
Table 1 from (Nikolaidis & Poullikkas, 2018), provides an overview of how the most important 
applications of ESSs are linked to the power system operations. For each application, the function and 
benefits are described as well. The benefits suggest that ESSs can lead to more efficient power systems, 
increase power quality and reliability and enhance the use of RES. Furthermore, some benefits result 
in cost cuttings or extra profit, which increases the profitability of ESSs.  
  

System operation Application Function Benefit 

Power quality and 
regulation 

Fluctuation suppression Absorb/inject energy to 
smooth generation from 
intermittent RES  

Mitigate fast output variations 
improving reliability  

Oscillation damping  Absorb/discharge energy 
during sudden decreases in 
power output 

Avoid system instability and 
consequent brownout or blackout 

Frequency regulation Increase/decrease the output 
to continuously maintain 
nominal frequency 

Manage generation-demand 
imbalances retaining system 
security 

Reactive support Sourcing/sinking reactive 
power handling undesired 
system harmonics 

Avoid voltage degradation and 
synchronization with current 

Low voltage ride through Absorb/inject energy to 
remain connected throughout 
a short voltage drop 

Sustain the supply on-line reducing 
the risk of a network collapse 

Voltage regulation Withdraw/inject electricity to 
maintain the voltage within 
technical limits 

Withstand the dynamic changes in 
active and reactive power 
improving voltage drops and rises 

Uninterruptible power 
supply 

Absorb/discharge energy 
during sudden power 
disruptions 

Ensure continuity of supply by 
improving power quality 

Bridging power Forecast hedging 
mitigation 

Absorb/discharge energy to 
mitigate uncertainty 
concerning RES 

Reduce forecast error and the risk 
of exposure to high market prices 

Load following Withdraw/inject energy to 
accurately adapt power output 
to changing demand 

Meet the mismatch between 
production and consumption 
shaping the energy profile 

Contingency reserve Store/provide energy to 
replace production deficit of 
spinning, non-spinning and 
supplemental reserves 

Avoid start-up, capital and O&M 
costs of partially loaded power 
plants and uneconomic dispatch 

Black start Sit fully charge and discharge 
to build up a reference 
frequency for synchronization 
when call upon 

Assist other facilities to start-up 
and synchronize to the grid 
improving reliability 

Emergency back-up Operate as a complement or 
substitute to an emergency 
diesel generator 

Support customers to continue 
normal operation in the event of 
utility outage 
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Energy 
management 

Peak shaving  Store/inject energy at off-
peak/on-peak demand periods 

Improve economics by allowing 
expensive peak generation unites 
to be de-activated 

Energy arbitrage Consume energy during low 
market prices and release 
when market prices are higher 

Improve the load factor of 
generation whilst enabling 
production price arbitrage 

Transmission & 
distribution congestion 
relief 

Store excess generation and 
inject back when the delivery 
capability is available again 

Improved utilization factor, 
reduced energy curtailment and 
investment upgrades are deferred 
for years 

Demand shifting Absorb energy during low 
time-of-use charges and return 
at high time-of-use charges 

Allow customers profit from time-
varying demand charges 

Unit commitment Absorb/discharge energy to 
enhance a joint operation 
through efficient unit 
commitment 

Compensate forecast errors, 
increase the penetration of RES, 
contribute to a proper scheduling 
of generators  

Load levelling  Charge during low demand 
periods and discharge as 
needed to reduce the gap 
between peak and off-peak 

Reduce the requirements of 
peaking and over-dimensioning 
generators, improving generation 
efficiency and economics in terms 
of capital, O&M and fuel costs 

Seasonal storage Long-term electricity storage 
to recover large seasonal 
variations at a later stage 

Lighter designs to fulfil yearly 
averaged demand, improving 
economics  

Table 1: Applications of ESSs and its consequent function and benefit (Nikolaidis & Poullikkas, 2018) 

 

 Classification of energy storage systems 
Nowadays, there are different forms of ESSs on the market, which can be used for various applications. 
Before the ESSs are compared, the different ESSs are introduced in the next section according to the 
form of energy. In total, there are five categories: mechanical, electrochemical, chemical, electrical 
and thermal energy storage. Figure 7 provides an overview of the different ESS technologies. 
 

 
Figure 7: Overview of the (future) available ESSs ordered by form of energy 

 

2.2.1. Mechanical energy storage systems 
Mechanical ESSs use potential energy, kinetic energy and gas pressure for storing and supplying of 
energy. Mechanical ESSs can deliver the energy whenever required as mechanical work (Guney & Tepe, 
2017). The most common mechanical storage systems are pumped hydroelectric storage, compressed 
air energy storage and flywheel energy storage. In addition, for this research also the Ocean Grazer 
storage will be considered.  
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Pumped hydroelectric storage  

Pumped hydroelectric storage (PHS) systems are the most advanced and most implemented energy 
storage technology worldwide (Komarnicki et al., 2017). PHS consists of two water reservoirs with a 
height difference. The upper reservoir contains the potential or stored energy. During charging, the 
water is pumped from the lower reservoir to the higher reservoir. For discharging, the water is released 
to the lower reservoir. The water flows back through hydro turbines connected to generators, which 
produces electrical energy. The amount of potential energy is proportional to the height difference 
between the reservoirs and the volume of the stored water (Chen et al., 2009).  
Looking at the technical parameters of a typical PHS, the long lifetime of around 50 years stands out. 
Furthermore, PHS has a moderate efficiency of around 80% and a negligible self-discharge (IRENA, 
2017a; Nikolaidis & Poullikkas, 2018). Drawbacks of PHS are the size of the storage, which results in 
scarcity of available sites, and the large construction time (around 10 years). Both these drawbacks 
result in large capital costs (Chen et al., 2009; Zhao et al., 2015). There are also environmental issues 
for the use of PHS because trees and vegetation are removed for the construction of the reservoirs. 
The technology of PHS is mature, what means that the economic and technical characteristics will 
remain equal to 2030 (IRENA, 2017a). 
 

Storage 

Power 
capacity 

(MW) 

Power 
density 
(W/L) 

Energy 
density 
(Wh/L) 

Round-trip 
efficiency 

(%) 

Self-
discharge 

(% per day) 
Lifetime 
(years) 

Cycling 
times 

PHS 100-5000 0.01-0.12 0.5-0.133 70-85 0 30-50 
10,000-
30,000 

Table 2: Technical parameters PHS (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Compressed air energy storage  

Compressed air energy storage (CAES) systems use electrical compressors to compress air and store it 
hereafter into aboveground vessels or an underground cavern. The compressed air can be stored 
either at constant volume or under constant pressure. After certain time, the stored compressed air 
can be released and reconverted to electricity by using a turbine generator. Within the process, the 
compression of air creates heat and its expansion removes heat. If the heat disappears to the 
surroundings, the process is called a diabatic. If the heat is stored and is used for heating the 
compressed are before conversion, the process is called adiabatic. The systems efficiency is influenced 
by the heat handling, adiabatic storages have higher efficiency than adiabatic storages.  
CAES have several technical benefits, they can rapidly switch between supplying and storing of energy 
and have a negligible self-discharge, which enables long-term energy storage. The roundtrip efficiency 
is dependent on how they handle the heat and is maximal 54% (IRENA, 2017a; Luo et al., 2015; 
Nikolaidis & Poullikkas, 2018).  
Even though there are only two operational CAES systems, the technology is regarded as mature, 
because the systems function since 1978 and 1991 (IRENA, 2017a). For CAES plants the major barrier 
for implementation is the reliance on suitable geography, since the economically feasibility depends 
mainly on the availability of a natural reservoir (Chen et al., 2009). 
 

Storage 

Power 
capacity 

(MW) 

Power 
density 
(W/L) 

Energy 
density 
(Wh/L) 

Round-trip 
efficiency 

(%) 

Self-
discharge 

(% per day) 
Lifetime 
(years) 

Cycling 
times 

CAES 5-300 0.04-10 0.4-20 42-54 0 30 8000-12,000 
Table 3: Technical parameters CAES (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Flywheel energy storage  

Flywheel systems store electricity as kinetic energy. The energy is stored in an accelerated rotor, a 
massive rotating cylinder. During charging, the electricity drives the motor, which spins up the 
flywheel. For discharging, the same motor functions as a generator producing electricity from the 



19 
 

rotational energy of the flywheel. The flywheel is placed in a vacuum enclosure to avoid air resistance 
and accidents with the revolving rotor. 
The total energy of a flywheel depends on the size and speed of the rotor, and the power rating is 
dependent on the motor-generator (Chen et al., 2009). There are two kinds of flywheels: low- speed 
flywheels (less than 10,000 RPM) and high-speed (up to 100,000 RPM).  
Flywheels have a relatively high-power density, fast response time and an excellent cyclic lifetime. 
Furthermore, flywheels have a relatively high roundtrip efficiency and use environmentally friendly 
materials. Another advantage of flywheels is that they can provide thousands of full charge-discharge 
cycles. Disadvantages of flywheels are the relatively large self-discharge and the risk for failures due to 
vibrations or unexpected dynamic overload.  
Flywheels are in its early commercialization and it is expected that the performance of flywheels will 
improve in the coming years (IRENA, 2017a; Luo et al., 2015; Nikolaidis & Poullikkas, 2018).  
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(MW) 

Power 
density 
(W/L) 

Energy 
density 
(Wh/L) 

Round-trip 
efficiency 

(%) 

Self-
discharge 

(% per day) 
Lifetime 
(years) 

Cycling 
times 

Flywheels 0.1-20 40-2000 0.25-424 90-95 55-100 20 105-107 
Table 4: Technical parameters flywheels (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Ocean Grazer storage 

The Ocean Grazer is a wave energy converter developed by the University of Groningen. Figure 8 
provides a physical representation of the Ocean Grazer. The system is equipped with an ESS, which can 
work separately due to its modular structure. In this research, only the ESS of the Ocean Grazer is 
regarded. The storage section of the Ocean Grazer consists of a bladder reservoir, rigid reservoir and 
a turbine system. All these elements lay on the seabed at a depth of around 100 meters and have a 
total diameter of 60 m. The rigid reservoir forms the core of the energy system, the bladder reservoir 
is located at the outside around the rigid reservoir. During charging the pumps are driven by the 
incoming electricity and pump water from the rigid reservoir (low pressure) to the bladder reservoir 
(high pressure). The high pressure on the bladder reservoir arises through the hydrostatic pressure 
from the sea or ocean. Due to this pressure, energy is required to pump water to the bladder reservoir, 
and by using water turbines, the reversed movement generates electricity. Since the working principle 
of the Ocean Grazer is based on the hydrostatic pressure of the ocean or sea, the storage can only be 
placed offshore.  
The total energy capacity depends on the size of the reservoirs, the pressure difference between the 
reservoirs and the number of storages used. The maximum energy capacity of 3 MW relates to a single 
ESS. However, large-scale energy storage is possible by coupling multiple ESSs. The Ocean Grazer is 
currently in its proof of concept phase, which includes that only approximations of its characteristics 
are provided. The storing technique of the Ocean Grazers is similar to the technique of PHS, which 
means that it has relatively a large energy capacity, minimal self-discharge and low energy and power 
density. Furthermore, the Ocean Grazer uses only sustainable materials, which means that it is an 
environmentally friendly system. All the parameters of the Ocean Grazer are provided by van Rooij 
(CTO Ocean Grazer B.V.).  
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(MW) 
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(Wh/L) 

Power 
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(W/L) 

Round-trip 
efficiency 

(%) 

Self-
discharge 

(% per day) 
Lifetime 
(years) 

Cycling 
times 

Ocean 
Grazer 

0.05-3 0.01-0.12 0.5-0.133 78% 0 20 50,000 

Table 5: Technical parameters Ocean Grazer  
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Figure 8: The Ocean Grazer a hybrid ocean energy harvesting and storage device 

 

2.2.2. Electrochemical energy storage systems 
Electrochemical ESSs convert chemical energy into electrical energy. During operation, a chemical 
process leads to an electron transfer. Electrochemical ESSs differ in the nature of the chemical reaction, 
structural features and design (Guney & Tepe, 2017). Only secondary batteries are rechargeable by 
using reversible electrochemical reactions. Therefore, only secondary batteries will be discussed, 
which can be further divided in general batteries and flow batteries.  
 

Battery energy storage system 

Battery energy storage systems (BESS) contain at least one electrochemical cell, which consists of a 
liquid or solid electrolyte, positive electrode (anode) and negative electrode (cathode). During 
charging, the electrons move from the cathode to the anode and for discharging vice versa. The desired 
capacity and voltage can be obtained by connecting batteries in series, in parallel or both.  
BESS have in general low self-discharge rates and high roundtrip efficiencies (Chen et al., 2009). The 
construction of a BESS is facilitated by short lead times (within a year) and technology’s modularity 
(Luo et al., 2015). The maturity of the batteries differs per battery. Disadvantages of large-scale BESS 
are low power capacity, short lifetime and high maintenance costs. In addition, most batteries contain 
toxic material, which implies that the ecological impact from the system must be considered (Chen et 
al., 2009; Zhao et al., 2015). There are various BESS developed with different processes and 
characteristics. Common BESS are lead acid, nickel cadmium, lithium Ion, and sodium sulphur or 
sodium nickel chloride.  
 

Lead acid batteries 

Lead acid batteries are the most widely deployed rechargeable battery and their electrochemical 
reaction is as follows:  
 

Anode: 𝑃𝑏 + 𝑆𝑜4
2−  ↔ 𝑃𝑏𝑆𝑂4 + 2𝑒− 

Cathode: 𝑃𝑏𝑂2 + 𝑆𝑜4
2− + 4𝐻+ + 2𝑒− ↔ 𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂 
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Lead acid batteries have in general a relatively large roundtrip efficiency and relatively low costs. A 
disadvantage is that lead is a toxic material. However, environmental effects are avoided by recycling 
the battery. Another disadvantage is that it can lose energy when high power is discharged, and the 
batteries have a relatively short lifetime.  
Lead acid batteries offer different types of batteries and are a mature technology since they are in 
commercial since 1890. Nevertheless, it is expected that in the coming years the performance will 
increase and the costs decline due to rising competition (IEC, 2018; Luo et al., 2015; Nikolaidis & 
Poullikkas, 2018).  
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Power 
density 
(W/L) 

Energy 
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(Wh/L) 

Round-trip 
efficiency 

(%) 
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discharge 

(% per day) 
Lifetime 
(years) 

Cycling 
times 

Lead acid 0-20 10-400 25-90 85-90 0.1-0.2 5-15 200-2000 
Table 6: Technical parameters lead acid batteries (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Nickel cadmium batteries  

Nickel Cadmium (NiCd) batteries use nickel hydroxide and metallic cadmium as electrodes. The 
electrochemical reaction is as follows: 
 

Anode: 𝑃𝑏 + 𝑆𝑜4
2−  ↔ 𝑃𝑏𝑆𝑂4 + 2𝑒− 

Cathode: 𝑃𝑏𝑂2 + 𝑆𝑜4
2− + 4𝐻+ + 2𝑒− ↔ 𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂 

NiCd batteries have a relatively high energy density, reliable operation and require minimal 
maintenance (Chen et al., 2009; Zakeri & Syri, 2015). The disadvantages of NiCd batteries are the 
relatively high capital costs and the use of two toxic materials: nickel and cadmium. To avoid 
environmental concerns in the European Union, there is a recycling target of 75% for NiCd batteries, 
what makes the use of these batteries more complex. Another disadvantage is that NiCd batteries face 
a memory effect, this implies that the batteries capacity decreased by partially charging to the actual 
used capacity (Chen et al., 2009). NiCd batteries are also regarded as a mature technology since it has 
been used for 100 years.  
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(years) 

Cycling 
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NiCd 0-40 38-141 15-150 60-90 0.1-0.2 10-20 1500-3000 
Table 7: Technical parameters NiCd batteries (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Lithium ion batteries 

Lithium ion (Li-ion) batteries use a chemical reaction whereby the reaction between Li-ion and carbon 
creates an electron transfer. The electrochemical reaction is as follows:  
 

Anode: 𝐶 +  𝑛𝐿𝑖+ + 𝑛𝑒− ↔ 𝐿𝑖𝑛𝐶 

Cathode: 𝐿𝑖𝑋𝑋𝑂2 ↔ 𝐿𝑖𝑛−1𝑋𝑋𝑂2 + 𝑛𝐿𝑖+ + 𝑛𝑒− 

Li-ion batteries have in general a high efficiency and relatively long lifetime (IRENA, 2017a; Nikolaidis 
& Poullikkas, 2018). Furthermore, they are flexible because the discharge time can vary from seconds 
to weeks. An issue for Li-ion batteries relates their safety. The metal oxide electrodes are thermal 
unstable and can decompose by high temperature, what can lead to an explosion (IEC, 2018). To 
reduce this risk, Li-ion batteries are equipped with a monitor, which prevents over-charging and over-
discharging but raises the cost price.  
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Li-ion batteries are used for portable small-scale purposes since 1990 (Chen et al., 2009). However, Li-
ion batteries for large-scale energy storage are currently in the demonstration phase. Therefore, it is 
expected that the costs reduce, and the performance improves in the coming years. Through these 
improvements it seems that in the future Li-ion batteries will be suitable for large scale energy storage 
(IRENA, 2017a).  
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Energy 
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(Wh/L) 

Round-trip 
efficiency 

(%) 
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(% per day) 
Lifetime 
(years) 

Cycling 
times 

Li-ion 0-0.1 56-800 94-500 97 0.03 5-15 3000-10,000 
Table 8: Technical parameters Li-ion batteries (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Sodium sulphur batteries 

Sodium Sulphur (NaS) batteries consists of a liquid sulphur positive electrode and a liquid sodium 
negative electrode which are separated by a solid aluminium electrolyte. The electrochemical reaction 
is as follows: 

Anode: 2𝑁𝑎 + ↔ 2𝑁𝑎+ + 2𝑒− 

Cathode: 𝑥𝑆 + 2𝑒− ↔ 𝑥𝑆2− 

NaS batteries operate under high temperatures to keep the electrodes molten. The operation 
temperature lies between 300°C and 350°C (IEC, 2018). To obtain a high efficiency the battery could 
use the heat, which is released by the chemical reaction. If this is not possible, the stored energy will 
be used to generate heat, what reduces the efficiency. 
NaS batteries have in general a relatively high energy density, low self-discharge and relatively high 
power and energy densities (Luo et al., 2015; Nikolaidis & Poullikkas, 2018). The NaS battery uses cheap 
non-toxic materials and have a high recyclability rate of approximately 99% (Díaz-González, Sumper, 
Gomis-Bellmunt, & Villafáfila-Robles, 2012). NaS batteries offer the potential to store energy at 
reasonable prices. However, if the industry is unable to lower the operating temperature the question 
is if it can fulfil its promise. This is strengthened by the fact that there the technology providers are 
limited. The dependency on a small number of manufacturers may impede rapid growth (Chen et al., 
2009; IRENA, 2017a; Luo et al., 2015). However, NaS batteries are already in commercial use.  
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NaS 0.05-8 1.3-50 150-345 89-92 0 10-20 1500-5000 
Table 9: Technical parameters NaS batteries (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Sodium nickel chloride batteries 

Sodium Nickel chloride (NaNiCl) batteries, also known as ZEBRA (zero emission battery research 
activity), operates also under high temperature. The electrochemical reaction is as follows:  
 

Anode: 2𝑁𝑎 + ↔ 2𝑁𝑎+ + 2𝑒− 

Cathode: 𝑁𝑖𝐶𝑙2 + 2𝑒− ↔ 𝑁𝑖 + 2𝐶𝑙− 

The suited temperature lies around the 270°C and nickel chloride is used instead of sulphur. One of its 
features is that NaNiCl can withstand limited overcharge and discharge, has better safety 
characteristics and a higher cell voltage than NaS batteries. However, also for NaNiCl batteries there 
are a limited number of technology providers. 
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Power 
density 
(W/L) 

Energy 
density 
(Wh/L) 

Round-trip 
efficiency 

(%) 

Self-
discharge 

(% per day) 
Lifetime 
(years) 

Cycling 
times 

NaNiCl 0-0.3 54.2-300 108-190 70-85 20 10-14 1000 
Table 10: Technical parameters NaNiCl batteries (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Flow batteries 

Flow batteries use in their electrochemical reaction, in contrast to BESS, at least one dissolved 
electrolyte. This electrolyte is stored externally, generally in tanks, and for (dis)charging pumped 
through the cell of the reactor (Chen et al., 2009). The advantage of flow batteries is that their energy 
capacity is easily scalable as it depends on the volume of the stored electrolyte. This results in low 
installation costs for large systems. Typical flow batteries are vanadium redox and zinc bromine.  
 

Vanadium redox flow batteries 

Vanadium redox flow batteries (VRFB) use a redox reaction (exchange of electrons by atoms, ions or 
molecules) and are so far the only flow batteries which are used for large scale energy storage (IRENA, 
2017a). In the electrochemical cell of VRFB, a redox reaction takes place whereby an electron transfer 
is caused by active vanadium materials. During (dis)charging hydrogen (H+) is exchanged between the 
electrolyte thanks, which are further separated by a membrane. An electron transfer occurs due to the 
following reaction:  

𝑉3+ + 𝑒− ↔ 𝑉2+ 

𝑉4+ ↔ 𝑉5+ + 𝑒− 

The operational temperature ranges from 10°C tot 40°C, because at low temperatures the solubility 
reduces and at high temperatures undesired precipitation takes place, what both impair the reaction 
(IRENA, 2017a).  
The fast response time and the long cyclic lifetime are advantages of VRFB. The relatively low energy 
density forms the largest disadvantage (Luo et al., 2015; Nikolaidis & Poullikkas, 2018). Besides that 
VRFB are regarded as a mature technology, it is expected that in the coming years the energy density 
and efficiency (up to 95%) will improve and the costs will decline (IRENA, 2017a). 
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VRFB 0.03-3 2.5-33.4 10-33 85 0 5-10 16,000 
Table 11: Technical parameters VRFB batteries (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Zinc bromine flow batteries  

Zinc bromine flow batteries (ZBFB) are the best-known hybrid flow batteries. A ZBFB cell consists of 
two compartments, one with zinc and one with bromine, separated by a microporous membrane. 
During (dis)charging two external tanks pump the electrolytes to the cell. The electrochemical reaction 
is as follows:  

2𝐵𝑟− ↔  𝐵𝑟2 + 2𝑒− 

𝑍𝑛2+  + 2𝑒− ↔  𝑍𝑛 

Simply put, the energy storage mechanism of the ZBFB relies on the reversible electrochemical 
reactions of the redox couples, which causes an ionic and current transfer. However, the actual 
underlying chemistry of the mechanism is much more complex. Therefore, multiple detectors and 
control mechanism are used to bring the reaction to a successful end (IRENA, 2017a).  
ZBFB have a relatively high energy density and cell voltage (Luo et al., 2015). Furthermore, have ZBFB 
reliable discharge capabilities and is the process reversible in a convenient way. The disadvantages of 



24 
 

ZBFB are material corrosion, complex chemistry and the relatively low roundtrip efficiency in 
comparison with other batteries.  
ZBFB are in the early phase of demonstration to commercialization. Therefore, also for ZBFB it is 
expected that in the coming years the energy density and efficiency will increase and the costs decline 
(IRENA, 2017a). 
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ZBFB 0.05-2 3-8.5 5.2-70 75 0 5-10 2000-3500 
Table 12: Technical parameters ZBFB (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

 

2.2.3. Chemical energy storage systems 
Chemical energy is stored in the chemical bonds of atoms and molecules, which can only be generated 
when it is released in a chemical reaction. Combined with a fuel cell, this will lead to an electron 
transfer and hence electricity. The chemicals release heat (thermal energy) which can be converted to 
mechanical energy and then to electrical energy by using heat engines. Promising chemical energy 
storages are hydrogen fuel cells and synthetic natural gas (Guney & Tepe, 2017). Both technologies are 
currently in the demonstration phase, which makes it more complex to determine its characteristics 
and costs. 
  

Hydrogen fuel cells  

Hydrogen is a clean and non-toxic renewable fuel (Guney & Tepe, 2017). Hydrogen can be produced 
from any primary energy source, such as from water by thermolyses and electrolyses.  
For the storage of hydrogen, regenerative fuel cells are used. A generative fuel cell consists of an 
electrolyser, to convert the electrical energy into hydrogen, the hydro storage itself and a hydrogen 
energy conversion system, to convert the stored chemical energy in the hydrogen back to electrical 
energy (Chen et al., 2009; Guney & Tepe, 2017). There are different fuel cells which store the hydrogen 
as gas or liquid in containers (Luo et al., 2015).  
Hydrogen fuel cells possess several advantages. In general, the electricity generation by using fuel cells 
is quieter, less polluting and more efficient than the traditional fossil fuel approach (Díaz-González et 
al., 2012). Furthermore, hydrogen fuel cells have a high energy density, almost zero self-discharge and 
are easily scalable due to their modular construction. Disadvantages are the costs which are relatively 
high and a low round trip efficiency (Chen et al., 2009; Nikolaidis & Poullikkas, 2018).  
The costs are dependent on the existing infrastructure since existing gas pipes or caverns, which reduce 
the costs. Hydrogen fuel cells are currently still in its development and demonstration phase. 
Nevertheless, there were already some projects successful which showed the practicability of 
hydrogen fuel cells (IEC, 2018; Luo et al., 2015). In tables and figures hydrogen fuel cells are 
abbreviated to hydrogen FC.   
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Hydrogen FC 0-39 1-300 25-770 20-50 0.06-3 5-15 20,000 
Table 13: Technical parameters hydrogen fuel cell (Nikolaidis & Poullikkas, 2018) 

Synthetic natural gas 

Synthesis of methane is another option to store electricity as chemical energy. Synthetic Natural Gas 
(SNG) can be formed by reacting hydrogen with carbon dioxide (CO2) and consists mainly of methane 
(CH4). The SNG can be stored in pressure tanks, underground caverns or fed directly into the gas grid. 
After storage, the existing natural gas infrastructure can conveniently transmit and convert the SNG 
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back to the final form of energy. The production of SNG is preferable at locations where both CO2 and 
excess electricity are available (Guney & Tepe, 2017).  
Advantages of SNG with respect to hydrogen is that the energy density is increased and that it can use 
the already existing gas grid infrastructure, although this usage makes it more difficult to determine 
its costs (Zakeri & Syri, 2015). Disadvantages are the significant losses in the methane forming process 
resulting in a low round-trip efficiency (<35%).  
Currently there exists limited knowledge about the technical parameters for SNG because the 
technology is still in its development phase. Therefore, SNG is excluded from further analysis.  
 

2.2.4. Electrical energy storage systems 
Electrical ESSs convert the incoming electrical energy to a storable form, after storage the energy can 
be converted back to electrical energy on request (Luo et al., 2015). The two-main electrical ESSs are 
superconducting magnetic energy storage and (super)capacitors. 

 

Superconducting magnetic energy storage    

A Superconducting Magnetic Energy Storage (SMES) stores energy in magnetic field which can be 
instantaneously discharged back (Zakeri & Syri, 2015). The SMES stores the incoming electricity in a 
magnetic field which is created by the flow of a direct current in superconducting coil (Zhao et al., 
2015). When the coil is kept in its superconducting state, it has no resistance and therefore the current 
can flow continuously without losses. To obtain the superconducting state the coil has to be cooled in 
a vacuum insulated cryostat which works as refrigerator to obtain very low temperatures (Chen et al., 
2009; Díaz-González et al., 2012). The stored energy can be released back by discharging the coil. 
SMES its main advantage is the fast response time (milliseconds), the energy is almost directly available 
(IEC, 2018). Other advantages are the relatively high efficiency and the long lifetime (Luo et al., 2015; 
Nikolaidis & Poullikkas, 2018). The disadvantages of SMES are the relatively high capital costs, relatively 
high self-discharge and the environmental concerns with strong magnetic fields.  
SMES are currently in its commercialization phase (Luo et al., 2015; Nikolaidis & Poullikkas, 2018). 
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SMES 0.1-10 300-4000 0.2-13.8 95 
10.00-
15.00 

20-30 infinite 

Table 14: Technical parameters SMES (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

Capacitor and supercapacitor 

The use of capacitors is seen as the most direct method for energy storage. Like batteries, a typical 
capacitor uses electrochemical cells, which consists of two metal plates separated by a nonconducting 
layer called a dielectric (a non-conductive layer) (Chen et al., 2009; Díaz-González et al., 2012). This 
dielectric avoids ion transit between the two electrodes and stores the energy in an electrostatic field. 
Furthermore, the dielectric determines the maximum operating voltage by its breakdown 
characteristics (Luo et al., 2015). To increase the amount of energy storage, supercapacitors were 
developed. Supercapacitors differ from conventional capacitor by not using a solid dielectric but an 
electrolyte solution between the two plates.  
The most important features of capacitors are their long cycling lifetime and their relatively high cycle 
efficiency. Furthermore, capacitors are environmental friendly and easy to recycle (IEC, 2018). 
Disadvantages of capacitors are the large self-discharge loss, which only enables short storage 
durations. In addition, their relatively high costs retain the use of capacitors for large-scale energy 
storage. Capacitors are already commercial, and supercapacitors are in development. A considerable 
number of manufacturing companies are developing supercapacitors what means that its performance 
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will improve in the coming years (Díaz-González et al., 2012; Luo et al., 2015; Nikolaidis & Poullikkas, 
2018).  
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efficiency 
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Self-discharge 
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Lifetime 
(years) 

Cycling 
times 

Capacitor 0-0.05 15-4500  0.05-10 95 40 5 106 

Supercapaci
tor 

0-0.3 15-4500 
 

1-35 85-98 20-40 20-40 106 

Table 15: Technical parameters (super)capacitors (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 

 

2.2.5. Thermal energy storage systems 
Thermal Energy Storages (TES) store available heat in insulated containments (Chen et al., 2009). 
Sensible and latent heat are the main TES (IEC, 2018). Sensible heat is the best-known and most 
widespread TES. The storage medium may be a liquid like water or thermos-oil, or a solid material like 
concrete or the ground. Thermal energy is stored by the temperature difference of the storage medium 
(IEC, 2018). Latent heat storage uses phase changing materials as medium storage. Latent health is the 
energy that is released during a phase change. The advantages of latent health include the relatively 
high capacities which makes large scale energy storage possible with a small volume and minimal 
temperature difference, enabling efficient health transfer (IEC, 2018). 
Thermal storage systems can store large amounts of energy without any hazards and have a relatively 
low self-discharge. Furthermore, TES have a relatively good energy density and is it economically 
profitable. A disadvantage is the low efficiency.  
Currently, there are multiple demonstration projects which try to verify if TES can be used for power 
and grid applications (Chen et al., 2009; Luo et al., 2015). However, only general parameters of TES are 
known and specific parameters for latent heat and sensible heat lack in literature. Therefore, TES are 
excluded from further analysis.  
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TES 0.1-300 80-500 500 30-60 0.05-1.00 5-30 - 
Table 16: Technical parameters TES (Luo et al., 2015; Nikolaidis & Poullikkas, 2018) 
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 Comparison of energy storage systems 
Since the technologies of the ESSs are discussed, a comparison on their technical parameters and 
characteristics can be made. This comparison analysed the densities, the costs and the capacities of 
the different ESSs. A complete overview of all the technical parameters and some characteristics of 
the ESSs are provided in Appendix A and Appendix B respectively.  
 

2.3.1. Comparison of energy and power densities 
Technically it is always possible to scale ESSs up. However, for a given amount of energy, the energy 
and power densities of the ESSs determine the final volume of the ESS. The higher the densities, the 
smaller the required volume will be. Size of the ESS is an important factor because in general there is 
a maximum volume reserved for ESSs, what means that the volume can limit the feasibility of ESSs. For 
the comparison there is looked into the energy and power densities, which are defined in section 1.4.4. 
ESSs with a relatively high energy density need a small volume to store the energy, ESSs with low 
energy density needs a larger volume. The same holds for the power density, ESS with relatively high-
power energies needs smaller volumes to deliver the energy and vice versa.  
In Figure 9, the energy and power densities of the different ESSs are shown. The Ocean Grazer and 
NaNiCl batteries are missing in the figure. However, the Ocean Grazer is similar to the PHS and NaNiCl 
are similar to NaS batteries. ESSs located in top right corner of Figure 9 are compact ESSs, in the bottom 
left corner the ESSs with larger sizes are depicted. From here it follows that PHS and CAES have lower 
densities thus requires larger volumes. Most batteries and flywheels have moderate energy and power 
densities. (Super)capacitors have very high-power densities but low energy densities. The densities of 
flow batteries are lower than for traditional batteries. As last, li-ion batteries and hydrogen fuel cells 
have relatively high energy and high-power densities and hence are indicated as most compact ESSs.  
 

 
Figure 9: ESS comparison by the power and energy densities and its influence on the volume (Luo et al., 2015) 

 

2.3.2. Comparison of energy and power capital costs  
The costs of the ESSs have a crucial influence on the profitability of the ESSs, as it forms the initial 
investment cost (Luo et al., 2015; Nikolaidis & Poullikkas, 2018). As defined in section 1.4.4., the initial 
investment costs consist of the energy capital costs and power capital costs. Table 35 in Appendix B 
indicates the range of the energy and power capital costs. Figure 10 provides an overview of the 
average energy and average power capital costs. Note that SMES falls outside the scope because its 
average energy capital costs of around 5000 €/kWh. ESSs located in the bottom left corner of Figure 
10, are the less expensive ESSs. The right upper corner indicates the more expensive ESSs. The figure 
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shows that NaNiCl, CAES and Lead acid have relatively low energy and power capital costs. From a cost 
perspective, these are the most favourable ESSs. Flywheels, (super)capacitors and SMES have relatively 
low power costs but higher energy costs. PHS, Ocean Grazer, NaS, NiCd, flow batteries and hydrogen 
fuel cells have relatively low energy costs but higher power capital costs. Li-ion batteries are the most 
expensive ESS and hence should have excellent technical performance to become economic viable. 
 

 
Figure 10: ESS comparison by the average energy capital costs and average power capital costs (Nikolaidis & Poullikkas, 
2018)  

 

2.3.3. Comparison of energy and power capacities 
The energy and power capacities determine the total amount energy that can be stored, and the time 
needed to deliver this. These terms are known as the hours of storage and the discharge time of the 
ESS respectively. If the charge and discharge capacities of the ESS are the same, both terms have the 
same value and follow from dividing the energy capacity by the power capacity. Therefore, the energy 
and power capacities influence the applicability of the ESSs (Luo et al., 2015). For several applications 
and electricity markets, it is required to discharge the total stored energy within a certain time. When 
the discharge time of an ESS is larger than this required discharged time, the ESS cannot fulfil the 
application or cannot compete with fast responding ESSs on these markets. Relatively fast discharge 
times are mainly required for power quality and regulation, and bridging power operations.  
Figure 11 provides an overview of the energy and power ratings and its influence on the discharge 
time. The Ocean Grazer and NaNiCl batteries are again missing in the figure. However, based on their 
power and energy capacities these ESSs are similar to PHS and NaS respectively. The ESSs located at 
the top left corner in Figure 11, are ESSs which have a short discharge time because their low energy 
and high-power capabilities. The ESSs located at the bottom right corner have a long discharge time 
because their high energy and low power capabilities. Based on the figure ESS technologies can be 
categorised in three categories. First ESSs with a discharge less than 1 hour: flywheels, (super) 
capacitors and SMES. Second ESSs with a discharge time up to 10 hours: ZBFB, Lead acid, Li-ion and 
NiCd batteries. Third ESSs with a discharge time longer than 10 hours: PHS, CAES, fuel cells, and VRFB.  
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Figure 11: ESS comparison by energy and power capabilities and influence on discharge time (Luo et al., 2015) 

 

2.3.4. Comparison of function 
In section 2.2 the ESSs were classified according to their form of energy. Another method of 
categorising ESSs is by looking to its function. Then the ESSs are separated by technologies that are 
intended firstly for high power ratings with a relatively small energy content and technologies designed 
for energy management (Chen et al., 2009). Technologies with high power rating are suitable for power 
quality and providing uninterruptible power supply. PHS, CAES, Ocean Grazer, large-scale batteries, 
flow batteries and fuel cells fall into the category of energy management. Flywheels, (super) capacitors, 
SMES and batteries form the power quality and reliability category. Figure 12 provides the ESS 
classification with respect to function. In the next chapter, the applicability of the ESSs is further linked 
to their technical parameters. 
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Figure 12: ESS classification with respect to function (Chen et al., 2009)  
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3. ENERGY STORAGE SYSTEMS FOR AN OFFSHORE WIND FARM 
 

 Introduction to suitable ESSs 
To determine the value of ESSs for an offshore wind farm, it should be verified from which applications 
an offshore wind farm could benefit. This requires are closer look to the offshore wind industry and 
the electricity market. Hereafter, a selection on the ESSs is made. Only the ESSs, which can provide the 
beneficial applications, will be considered in further analysis and are called suitable ESSs. Lastly, the 
possible locations of the suitable ESSs are discussed, which leads to a list with the systems that will be 
analysed.  
 

 Offshore wind power 
The last 15 years the wind power sector has changed dramatically. Currently, there are different types 
of wind turbines, which are equipped with the newest power electronics, aerodynamics, and 
mechanical drive train designs. The most used wind turbines are variable speed turbines, which 
capture a significant amount of energy and avoid rapid power fluctuations because the rotor acts as a 
flywheel.  
The wind turbines also moved offshore. Compared with land, offshore wind turbines must be fixed on 
the seabed, which demand a more solid supporting structure. Beside the more expensive marine 
foundations, also submarine cables are needed for the transmission of electricity and equipment is 
required for building and maintenance work. These factors lead to high costs. In Europe over the year 
2018, the average LCOE for offshore wind power (0.17 €/kWh) doubles the LCOE for onshore wind 
power (0.09 €/kWh ) (REN21, 2018).  
However, there are also several advantages of offshore wind power compared to its onshore 
counterpart. As mentioned, winds are typically stronger and more stable at sea, resulting in 
significantly higher production for offshore wind turbines (Archer & Jacobson, 2005; Enevoldsen & 
Valentine, 2016). This also holds for the North-sea (Coelingh et al., 1996). The reason for this is the 
surface roughness, which results in higher wind speeds and thus greater wind power. The benefit of 
more stable wind speeds is that it allows better balancing of the net and reduces the need for less 
environmentally friendly backup plants, which are often needed to counter the lack of dispatch ability 
of RES. Another benefit is that larger wind turbines can be installed offshore because it is easier to 
transport very large turbine components by sea and when the turbines are installed sufficiently far 
from shore the issues of visual impact and noise vanishes (Bilgili, Yasar, & Simsek, 2011). Larger wind 
turbines can also adsorb more energy, which further increases the energy production per unit installed 
for offshore wind turbines. The last benefit is that there is no land needed to place the wind turbines. 
This saves significant costs because in populated areas land can be quite expensive, while especially 
there the energy demand is large. 
Altogether, these benefits of offshore wind farms can overcome its higher cost. In recent years, the 
advantages of offshore wind farms and the need for integrating RES lead to the realization of more 
offshore wind farm projects. At the end of 2017, 17 countries had offshore wind capacity. Most of the 
capacity is located in Europe (84%) and nearly all the rest is located in Asia. In the coming years, the 
Netherlands, Europe and China have plans to construct more offshore wind farms (REN21, 2018).  
 

3.2.1. Environmental impact  
An issue for offshore wind farms is its environmental impact. A wind farm produces no emissions 
during operation. However, the wind turbines have an environmental impact when they are analysed 
during their entire life cycle, from production to dismantling. The largest energy contributions are 
derived from the manufacturing phase and the turbines construction. However, a comparison between 
wind energy, other renewable and non-renewable energy sources shows that wind energy is one of 
the cleanest sources of energy available (Guezuraga, Zauner, & Pölz, 2012). Moreover, wind farms 
generate some noise. The noise of such a windfarm is around 72 dB at 85 m. However this does not 
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form a major obstacle, since this is not louder than natural ocean sounds of wind and waves which are 
estimated at 85 dB (Turnbull & Turner, 2011). The greatest concern is about the ecological impact of 
offshore wind farms. The effects of offshore wind farms are routinely investigated but only short-term 
effects are analysed because large offshore wind farms operate for only a decade. From such studies 
it followed that in the Dutch North Sea, the wind farm acts a new habitat where some organism remain, 
other leave and also some new organism enter the habitat (Lindeboom et al., 2011). Furthermore, 
potential negative effects of offshore wind farms can be reduced within the planning process, by 
avoiding important recruitment habitats and by timing construction activities outside of important 
breeding seasons. Currently, there is no clear research, which shows significant negative ecological 
effects of offshore wind farms. The same holds for ESSs. Based upon a life cycle approach of ESSs, it 
appears that their environmental performance is overall dependent on its technical aspects (Oliveira 
et al., 2015). Relevant parameters are the capacity, lifetime and efficiency. Therefore, the results in 
this study are positively influenced by letting the environmental impact of offshore wind farms and 
ESSs out of this research. 
 

3.2.2. ESS applications for offshore wind farm 
Beside the more stable winds, offshore wind farms still have an intermittent character and hence could 
profit from an ESS. This is the reason that this research examines the value of ESSs for an offshore wind 
farm. The idea and technology of integrating an offshore wind farm with an ESS is still at an early stage. 
Currently, there is only one example where an offshore wind farm is connected to an onshore ESS in 
Scotland. This is an experimental floating wind farm which is connected to a 1 MW battery (Offshore 
WIND, 2018). The objective is to teach the battery when to store electricity and when to send power 
to the grid. In this research, it will also be examined to place an ESS offshore close to the wind farm. 
This allows for storage before transmitting the electricity to shore. Such a system is not analysed 
before. In the coming years it is expected that more companies will experiment to combine ESSs with 
offshore wind farms, which increased the value of this research (Deign, 2018; Offshore WIND, 2017).  
 
From the provided applications off ESSs in section 2.1, several applications could be beneficial for the 
operation of an offshore wind farm. In general, an offshore wind farm could benefit in twofold from a 
decoupling between the electricity demand and generation. First, an ESS could assist to respond to 
changes in demand. Normally an offshore wind farm cannot respond to fluctuations in demand 
because it can only generate electricity when wind is available. When an ESS is used, the electricity can 
be stored when there is limited demand and be delivered when the demand arises. This improves the 
economics of the wind farm because during high demand, the prices are higher. The application related 
to this benefit is price arbitrage. There are multiple studies which underline the profitability potential 
of price arbitrage (Hessami & Bowly, 2011; Kazempour, Moghaddam, Haghifam, & Yousefi, 2009; 
Schoenung, S. M., Eyer, 2008; Walawalkar, Apt, & Mancini, 2007). Next to it, the forecasted production 
differs most of the time from the actual production. Since it is legally obligated to deliver the forecasted 
amount of electricity, this could lead to forced trading on the electricity market and hence high costs. 
When an ESS is used, the electricity from the storage could be taken to solve the difference between 
the actual and forecasted production. The applications of ESSs that relate to reducing the forecast 
error are forecast hedging mitigation and unit commitment.  
Furthermore, an offshore wind farm could benefit from an ESS if it could overcome its intermittent 
character. This can be done by storing electricity during high generation hours and deliver it during low 
generation. In this way, the fluctuations in the electricity output are reduced. When an ESS is placed 
offshore, the fluctuations are diminished before the electricity is transported to shore. Since current 
transmission networks are designed to meet the maximum peak generation, this could lead to savings 
on the transmission network capacity and hence costs. However, for offshore wind farms the electricity 
is transported to shore with export cables of 350 MW (4Coffshore, 2019; Tennet, 2017). This means 
that a very large reduction is needed to spare out on of the cables. On the other hand, when it is not 
possible to save a full cable, a reduction in network capacity could also mean that extra wind turbines 
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could be placed. Since offshore wind turbines have a maximum capacity of 12 MW, each reduction of 
12 MW means that an extra wind turbine could be placed. This would increase the production of the 
wind farm. The ESS application that relates to a more efficient use of the transmission network is load 
levelling.  
As last, an offshore wind farm could benefit from seasonal storage. During the winter, the wind speeds 
are higher and therefore, more electricity will be generated. If the demand is not sufficient, to deliver 
the electricity at once, it can be stored. This means that the wind farm can operate at maximum 
capacity during the winter. Another, application that could be beneficial is transmission and 
distribution congestion relief. This relates to situations when electricity could be generated but the 
grid cannot absorb the electricity, which is known as curtailment. An ESS could be used to store the 
electricity and deliver the electricity when the grid can absorb it again. In the next section, it will be 
examined if the analysed wind farm suffers from curtailment and this ESS application could be useful. 
Not every application of the ESSs will improve the operation of an offshore wind farm. Since new wind 
turbines have a rotor, which avoids large load fluctuations, the applications, which relate to the power 
quality and regulation, lose their value for the wind farm. In addition, peak shaving will not be 
beneficial for the offshore wind farm since an offshore wind farm does not have a reserve capacity for 
peak generation. The application for black-start and emergency back-up are dependent on which 
electricity markets the electricity is sold. 
 

3.2.3. Curtailment 
Curtailment is an involuntary reduction in the output of a generator at moments when larger 
production is possible. For the wind farm, this occurs when there is wind energy available, but the wind 
farm does not produce electricity. Causes for curtailment are transmission congestion or lack of 
transmission. To verify if the production data set contains curtailment, there is looked at wind speeds 
over the year 2015. For gathering the wind speeds, the most northerly weather station of the Dutch 
national weather service, the KNMI, is used. This station is located in Eelde (province Groningen) and 
has an online database which contains the hourly wind speeds (KNMI, 2015). When the wind speeds 
from the year 2015 are compared to the actual production of the wind farm, a correlation of 0.77 is 
found, which shows a strong relationship. For most wind turbines, the minimum wind speed to 
generate electricity is 3 m/s. This means that curtailment could occur when there is no actual 
production, but the wind speed is higher than 3 m/s. For the year 2015, this occurs at 197-time 
moments out of the 35,040 data points, which accounts for 0.56%. For the years 2013 and 2014, also 
a high correlation was found between the actual generation data and the wind speeds, 0.76 and 0.78 
respectively. However, also here the indication for curtailment was limited. For 2013, 139-time 
moments with the prescribed conditions were found and during 2014 it occurs at 78-time moments. 
Since this situation could also happen when maintenance activities are scheduled, it seems that the 
wind farm does not significantly suffer from curtailment.  
 

 Electricity markets 
In the Netherlands, all parties who are connected to the grid and produce electricity, are responsible 
for informing grid administrators of their planned electricity production. This obligation is also called 
program responsibility and is mostly outsourced to a recognized Balance Responsible Party (BRP). The 
BRP is a private entity, which informs TenneT, the Dutch national electricity transmission operator, on 
a daily basis about their planned production for the next day. This information is called the forecasted 
production and contains the forecasted production per 15 min for the next day. When the BRP 
submitted a forecasted production, it is obligated to deliver this amount of electricity.  
There are different electricity markets where the forecasted electricity can be sold. As first, you have 
the day-ahead market where the supply and demand of electricity is sold on hourly basis. At midday 
the demand and supply are matched for all the hours of the coming day. This results in an hourly price, 
which is the same for everyone who purchases or sells energy in that hour. In the Netherlands, the 
day-ahead market is the largest electricity market as around 4000 MWh per hour is traded (Epexspot, 
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2018). Since the merger between different spot markets in west-Europe, there exists now a day-ahead 
market for Central Western Europe, which involves the following countries: Austria, Belgium, 
Germany, France, Luxembourg, the Netherlands and Switzerland. This means that supply and demand 
of these countries are included in the market prices in the Netherlands. Only as the maximum 
transmission capacity between the countries is reached, the prices will differ between the countries.  
Another market where forecasted energy can be delivered is the intraday market, which offers the 
possibility to respond to supply and demand changes after the day-ahead market. In the Netherlands, 
this market is barely developed because normally BRPs, who wanted to change their pattern through 
the day, had their own electricity power stations. Hence the volume of this market is smaller, in 2018 
around 240 MWh was traded per hour (Epexspot, 2018). 
 
When the actual production of a wind farm deviates from its forecasted production, this results in an 
imbalance in the program of the BRP. These own imbalances can enlarge the imbalance in the national 
electricity grid. TenneT is responsible for resolving imbalances and uses reserves for this. The BRP 
receives or has to pay a compensation dependent on the (positive or negative) effect of the imbalance 
on the national electricity grid. The height of this compensation is dependent on the imbalance prices 
and is related to sources of TenneT. To minimize the costs, the BRP tries to forecast the energy 
production as good as possible. However, BRP still faces imbalances and TenneT gives the possibility 
to balance this on three imbalance markets.  
At the Frequency Containment Reserve (FCR), capacity is reserved so that TenneT can use this when a 
deviation in the net frequency occurs. This capacity is contracted in advance by different suppliers, 
which subsequently hold the capacity available. The bids at this market require a period of a week and 
TenneT pays a compensation for it. The capacity should on request be available in 30 seconds for at 
least 15 min. 
When TenneT is not able to restore the balance in the electricity grid within 15 min, the automatic 
Frequency Restoration Reserves (aFRR) is used. For this market, there are two options for suppliers, 
arrange a contract with TenneT or bid on a voluntary basis on the market. The aFRR market consists of 
the aFRR-up market, where electricity is sold to the network, and the aFRR-down market, where 
electricity is purchased from the network. In general, when a party sells electricity to the market, the 
party receives a compensation and, when a party purchases electricity from the market the party has 
to pay a compensation. When TenneT uses the bids, the supply of the electricity should take place 
within 15 minutes.  
When TenneT needs extra power for a longer period, the Manual Frequency Restoration Reserve 
(MFRR) is used. Based on a contract, this so-called emergency power has to be permanent available 
for TenneT. This means that the electricity cannot be used for other purposes. The capacity should be 
available within 15 minutes to TenneT.  
 
In this research, the focus will be on the day-ahead market and the aFRR market. At the day-ahead 
market, the forecasted production will be sold, because the volume of the intraday market is still very 
small in comparison with the day-ahead market. The imbalances are fully solved on the aFRR market. 
The main reason to choose the aFRR market over the FCR and mFRR market, is that on the aFRR market 
voluntary bids can be placed. Additionally, for the other imbalance markets a business case is much 
more complex because capacity has to be available, but it is unknown when it will be used. 
Furthermore, the FCR market requires too fast response for some ESSs since after 30 seconds full 
capacity is required. This means that the ESSs will not function for black-starts or emergency back up.  
 

 ESSs for different applications 
The technical parameters and characteristics determine for which applications an ESS can be used. 
Some of the ESSs are applicable to specific applications and others can be used for a wider range of 
applications (Guney & Tepe, 2017). An ESS can contribute to all different aspects of the electricity value 
chain, which consists traditionally of renewable energy integration, generation, transmission, 
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distribution and end-user services (Chen et al., 2009). The first two columns of Table 17 provide an 
overview how the described applications from section 2.1 are linked to the value chain. For example, 
the generation parties benefit from load levelling and end-users from emergency back up. 
Furthermore, the remainder of Table 17 provides an overview of the applications each ESS can fulfil. 
This is based on the technical parameters of the ESSs. Essential parameters of the ESSs which influence 
its applicability are: power capacity, storage duration and response time (Nikolaidis & Poullikkas, 
2018). It can be seen that some BESS, such as lead acid, NiCd, li-ion and NaNiCl, can be used for a wide 
range of applications. At the other hand PHS, CAES and flywheels can only be used for certain 
applications. 
 

 Suitable ESSs for offshore wind farm 
The previous sections lead to two main finding. First, the beneficial applications of ESSs for an offshore 
wind farm were described, which are forecast hedging mitigation, unit commitment, energy arbitrage, 
load levelling and seasonal storage. Second, an overview of the applications each ESS can fulfil is 
provided in Table 17. When both these findings are combined, the suitable ESSs are found which can 
provide beneficial application to an offshore wind farm. In Table 17 the beneficial applications are 
highlighted with light blue. There are several ESSs with can provide multiple beneficial applications. All 
these ESSs are regarded as suitable ESSs. This leads to the following list of suitable ESSs: 
 

• PHS 

• CAES 

• Ocean Grazer 

• Lead acid batteries  

• NiCd batteries  

• Li-ion batteries 

• NaS batteries 

• NaNiCl batteries  

• VRFB 

• ZBFB 

• Hydrogen fuel cells  
 

 System overview 
From here a model should be constructed which optimizes the trading and storing strategy for the 
offshore wind farm combined with an ESS. Such a system includes all the mentioned beneficial 
applications of the ESSs. If the market prices are provided, the ESSs can be used to store electricity 
during a period of low market prices (energy arbitrage). Furthermore, at each time moment it has to 
be chosen to solve the imbalance by using the ESS or the electricity market (forecast hedging mitigation 
and unit commitment). Further, ESSs can reduce the gap between peak and off-peak periods resulting 
in larger efficiency (load levelling). As last, seasonal storage is possible with the ESS, however due to 
the self-discharge and large price variations, the electricity is rarely stored for long periods. 
 
The economic viability of the ESSs for an offshore wind farm is dependent on the systems profitability. 
With a model the profit for the different ESSs can be examined by determining the revenue and the 
costs for an offshore wind farm in combination with an ESS. To add value to the wind farm, the added 
costs related to the ESS should be outweighed by the added revenue of the system. The operation of 
the offshore wind farm without an ESS forms the reference case of the research. The key performance 
indicator is the profitability, which follows from the NPV of the investment. Only the changes with 
respect to the reference case will be considered, what means that the suitable ESSs, which lead to 
positive NPVs, will be profitable.  
Furthermore, the optimal location and capacities of the ESSs will be determined. PHS and CAES are 
two ESSs that require specific geographical areas. Therefore, in the analysis these systems are only 
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considered for onshore locations and average capacities. On the other hand, the Ocean Grazer needs 
hydrostatic pressure and can therefore only be placed offshore. The size of the Ocean Grazer is 
dependent on the number of wind turbines of the wind farm because at each wind turbine a storage 
system can be placed. Batteries and hydrogen fuel cells can be placed offshore and onshore. To 
determine their maximum volume there is looked to their densities.  
In the analysis, the model should compare possible onshore and offshore constructions for the suitable 
ESSs. The combination between suitable ESSs and their possible locations leads to the following 20 
systems: 
 
Reference case:  

1. No ESS 
 
Onshore ESSs: 

2. PHS 
3. CAES 
4. Lead acid batteries 
5. NiCd batteries  
6. Li-ion batteries 
7. NaS batteries 
8. NaNiCl batteries 
9. VRFB 
10. ZBFB 
11. Hydrogen fuel cells 

 
Offshore ESSs: 

12. Ocean Grazer 
13. Lead acid batteries 
14. NiCd batteries  
15. Li-ion batteries 
16. NaS batteries 
17. NaNiCl batteries 
18. VRFB 
19. ZBFB 
20. Hydrogen fuel cells
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Value chain Application PHS CAES Flywheels Ocean 

Grazer 
Lead 
acid 

NiCd Li-
ion 

NaS NaNiCl VRFB ZBFB Hydrogen 
fuel cells 

SMES Capacitor Super-
capacitor 

RES integration Fluctuation 
suppression 

    ✓ ✓ ✓ ✓ ✓    ✓ ✓ ✓ 

Oscillation damping      ✓ ✓ ✓ ✓ ✓    ✓ ✓ ✓ 

Forecast hedging 
mitigation 

  ✓  ✓ ✓ ✓ ✓ ✓    ✓ ✓ ✓ 

Load following     ✓ ✓ ✓ ✓ ✓     ✓ ✓ 

Unit commitment 
✓ ✓  ✓ ✓ ✓ ✓   ✓ ✓ ✓    

Generation Frequency regulation     ✓ ✓ ✓ ✓ ✓    ✓ ✓ ✓ 

Black start          ✓ ✓ ✓    

Peak shaving  
✓ ✓  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓  ✓ ✓ 

Energy arbitrage ✓ ✓  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓    

Load levelling  
✓ ✓  ✓ ✓ ✓ ✓   ✓ ✓ ✓    

Seasonal storage 
✓ ✓  ✓      ✓ ✓ ✓    

Contingency reserve     ✓ ✓ ✓ ✓ ✓       

Transmission & 
distribution 

Voltage regulation     ✓ ✓ ✓ ✓ ✓    ✓ ✓ ✓ 

Transmission & 
distribution 
congestion relief 

    ✓ ✓ ✓ ✓ ✓       

Reactive support     ✓ ✓ ✓ ✓ ✓       

Low voltage ride 
through 

    ✓ ✓ ✓ ✓ ✓     ✓ ✓ 

End-User Uninterruptible 
power supply 

    ✓ ✓ ✓ ✓ ✓     ✓ ✓ 

Emergency back-up     ✓ ✓ ✓ ✓ ✓     ✓ ✓ 

Demand shifting     ✓ ✓ ✓ ✓ ✓   ✓  ✓ ✓ 

Table 17: Applications for the provided ESSs (Nikolaidis & Poullikkas, 2018)
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4. OPTIMIZATION MODEL 
 

 Introduction model  
For the purpose of this study, a model was created which represents the working principle of an ESS 
connected to an offshore wind farm. The modelled system consists of the offshore wind farm, the ESS 
and the transmission network. The model was used to optimize the trading and storing strategy of the 
system with historical production and price data. The law of conversation of energy forms the 
foundation for the model: at every time moment, the incoming electricity should equal the outgoing 
electricity. The model leads to more insight in how the technical parameters, costs and the location of 
the ESS influence the performance of the system. The system is evaluated by looking at the NPV and 
the LCOE’, which both indicate the profitability. This chapter further explains the principles of the 
models.  
 

 Conceptual models 
In the model three types of systems are evaluated: a reference system where no ESS is used, a system 
with an onshore ESS and a system with an offshore ESS. This leads to three different conceptual models 
because the usage and the location of an ESS determine the system under study. Conceptual models 
are created to give an overview how the system is setup. Table 18 provides an overview of the used 
variables. Most variables are expressed as power capacities in MW instead of energy in MWh. 
Furthermore, beside the price variables of the aFRR market, all the variables are positive variables.  
 

Symbol Description Unit 

C (t) The charge capacity of the ESS at time step t [MW] 

D (t) The discharge capacity of the ESS at time step t [MW] 

L (t) The energy level of the ESS at time step t [MWh] 

Eact (t) The produced capacity at time step t [MW] 

Efrc (t) The forecasted capacity at time step t [MW] 

Edown (t) The capacity taken from the aFRR-down market at time step t [MW] 

Eup (t) The capacity delivered to the aFRR-up market at time step t [MW] 

∆t The time step in hours [-] 

Pdown(t) The price per MWh on the aFRR-down market at time t [€/MWh] 

Pup(t) The price per MWh on the aFRR-up market at time t [€] 

Cmax The power capacity of the ESS [MW] 

Lmax The energy capacity of the ESS [MWh] 

G The capacity of the transmission network for the wind farm [MW] 

ηC The ESS (dis)charge efficiency, equals the square root of the 
round-trip efficiency 

[%] 

ηL The ESS self-discharge per time step  [%] 

Rdown The ESS minimum decrease in capacity per minute [MW/min] 

Rup The ESS maximum decrease in capacity per minute [MW/min] 

mmax The ESS maximum cycling times  [-] 

T The ESS technical lifetime in years [Years] 

Cvol The capital expenditure per MWh of the ESS volume [€/MWh] 

Ccap The capital expenditure per MW of the ESS capacity  [€/MW] 

Ctr The capital expenditure per MW of the transmission network [€/MW] 

Cori The original capital expenditures of the transmission network 
without the use of an ESS 

[€] 

Ocap The fixed annual operational expenditures of the ESS [€/MW] 

Ovol The variable annual operational expenditure of the ESS  [€/MWh] 
Table 18: Description of used variables and constants in the system 
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4.2.1. Conceptual model reference system  
The first conceptual model represents the system when no ESS is used, which is illustrated in Figure 
13. The wind farm produces electricity Eact and at every time moment, the produced capacity Eact is 
transported from offshore to onshore through the transmission network. The capacity of the 
transmission network G equals the maximum value of the produced electricity. The wind farm is 
contractual obligated to deliver the forecasted electricity Efrc. The difference between Eact and Efrc, 
results in an imbalance of the network and must be balanced on the aFRR market. This means that 
when Eact is larger than Efrc, the remaining energy Eup is sold at the aFRR-up market for the price at that 
moment Pup. When Eact is smaller than Efrc, the extra needed electricity Edown is purchased at the aFRR-
down market for the price at that moment Pdown. For the reference case, no optimization is needed 
because for each time moment the imbalance should be balanced on the aFRR market and hence 
completely determines the trading. The law of energy conservation includes that the sum of Eact and 
Edown should equal the sum of Efrc and Eup. The revenue, costs and profit of the reference system can be 
determined with a simple algorithm, which is provided in Appendix C. The values of these variables 
form a reference value for the systems with ESSs. 
 

 
Figure 13: Conceptual model of the reference system where no ESS is used 

 

4.2.2. Conceptual model onshore ESS 
When the system is connected to an onshore ESS, the system changes to an optimization problem. An 
overview of the conceptual model is provided in Figure 14 and the working principle is as follows. 
Again, the wind farm generates some electricity Eact that is transported to shore by the transmission 
network with capacity G. Hereafter, the imbalance can be balanced by the connected ESS and the aFRR 
market. When there is electricity feed into the ESS, the ESS is charged with capacity C. When there is 
electricity feed out of the ESS, the ESS is discharged with capacity D. In addition, the aFRR market could 
be used to deliver electricity Eup and to inject electricity Edown. An optimization should lead to an optimal 
strategy which determines when to charge and discharge the ESS and when to buy and sell energy on 
the market. For this system, it must be verified if the more flexible trading results in a higher profit 
since on the other hand, the capital expenditures will increase due to the use of an ESS.  
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Figure 14: Conceptual model of the system with an onshore ESS 

 

4.2.3. Conceptual model offshore ESS 
When the ESS is placed offshore, the system slightly differs from the system with onshore ESS. An 
overview of the conceptual model is provided in Figure 15 and the working principle is as follows. The 
wind farm produces electricity Eact, which could be stored before transmitting it to shore, or is 
transported directly to shore. The interaction between the wind farm and the ESS determines how 
much electricity is charged C, discharged D and transported to shore through the transmission network 
with capacity G. Hereafter, if there is still an imbalance, the aFRR market could be used to balance the 
system with Eup and Edown. Again, the optimization should lead to an optimal strategy which determines 
when to charge and discharge the ESS and when to buy and sell energy from the market. Furthermore, 
it must be verified if the profitability increases for these systems because both the revenue and the 
capital expenditures will increase. However, for this system it is also possible to decline the capacity of 
the transmission network G by transporting a more constant capacity. This could be realized by storing 
electricity during high production and discharging the ESS during low production. 
 

 
Figure 15: Conceptual model of the system with an offshore ESS 
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 Input of the model  
The model optimizes the system on annual basis. The annual revenue, costs and profit will be 
determined. A time interval of 15 minutes is chosen because the production data and the price series 
are known per 15 minutes. This means that the system has in total 35,040-time moments: 365 days ⋅ 
24 hours ⋅ 4 quarters = 35,040. Further input used in the model consists of the technical parameters of 
the ESSs, the offshore wind farm data, the electricity price series, the capital and operational 
expenditures and the WACC. 
 

4.3.1. Technical parameters 
The literature study from chapter 2 leads to the technical parameters of the different ESSs. Together 
with the costs, the technical parameters will distinguish the different ESSs. The following technical 
parameters were included: power capacity, energy capacity, roundtrip efficiency, self-discharge, ramp 
rates, cycle times and the maximum technical life. 
The power and energy capacities determine the capabilities of the ESS in the model. For the roundtrip 
efficiency and the self-discharge, the mean of the provided interval is used for each type of storage. 
The reaction time of the suitable ESSs is maximal minutes. Therefore, the ramp rates are estimated at 
10% of the power capacity of the ESS, which means that in the timeslot of 15 minutes the maximum 
or minimum capacity can be reached. The annual maximum full cycles indicate the amount of full 
(dis)charged cycles per year. This follows from dividing the sum of the charged electricity by the volume 
of the ESS. In the model, the annual maximum full cycles have to be lower than the maximum cycle 
times divided by the maximum technical lifetime. The specific value of the technical parameters or the 
mean of the provided interval form the base values of the parameters. An overview of all the technical 
parameters of the ESSs is provided in Appendix A and Appendix B.  
 

4.3.2. Offshore wind farm data  
In the model, the data from the offshore wind farm remains constant. This means that distance and 
capacity of the offshore wind farm has to be determined. This is done by looking at the constructions 
plans for offshore wind energy from the Dutch government. In 2013, the Dutch government signed an 
Energy Agreement with the intentions to construct 5 wind farms before 2023 (Netherlands Enterprise 
Agency, 2013). Based on these wind farms the average power capacity and the average length of the 
export cable are determined and shown in Table 19. Based on the average values of the to be 
constructed offshore wind farm, is the power capacity of the offshore wind farm in the model rounded 
to 725 MW and the length of the export cable set at 51.50 km.  
 

Wind farm Power 
capacity 

(MW) 

Distance to 
shore (km) 

Length export 
cable (km) 

Number of 
turbines 

Borssele Wind Farm Zone (Sites I and II) 752 22.2 61 94 

Borssele Wind Farm Zone (Sites III and 
IV) 

732 22.2 61 77 

Hollandse Kust (zuid) Wind Farm Zone 
(Sites I and II) 

740 18.5 42 58-126 

Hollandse Kust (zuid) Wind Farm Zone 
(Sites III and IV) 

700 18.5 42 58-126 

Hollandse Kust (noord) Wind Farm Zone 
(Site V) 

700 18.5 
To be 

announced 
58-126 

Average 724.8 19.98 51.5 89.4 
Table 19: Overview and characteristics planned offshore wind farm in the Netherlands (4Coffshore, 2019; Netherlands 
Enterprise Agency, 2013)  
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Other input related to the offshore wind farm concerns the production pattern. The used data in the 
model is from a wind farm in the north of the Netherlands. The data reflects the forecasted and actual 
production of an on the shoreline located wind farm of 63 MW. The values are known for each 15 min 
in 2015. It is assumed that this shoreline located wind farm represents an offshore wind farm. 
Furthermore, the capacity of the wind farm is lower than our determined capacity, therefore the values 
are scaled up to a capacity of 725 MW. The forecasted data is determined by a BRP and is assumed to 
be as good as possible. As the day-ahead market works on hourly basis, the forecasted production has 
to be determined for each hour. This is done by taking the average forecasted production, which is the 
average forecasted production of the four quarters within that hour. The actual production and the 
average forecasted production are plotted in Figure 16, by using a six-degree polynomial as trend line. 
From this graph, it follows that during a year the production differs. During the winter more electricity 
is produced than during the summer. Most of the time there exists a difference between the average 
forecasted production and the actual production, unless their correlation of 0.83. Table 18 provides 
some general information about the average forecasted and actual production. It follows that the 
average imbalance per quarter is equal to 18 MW. The total amount of imbalances is equal to 630 GW, 
which is then the amount of electricity that has to be traded on the market or has to come from the 
ESS.  
 

 
Figure 16: Approximations of the actual and average forecasted production through 2015 

 
 
 
 
 
 

Table 20: Comparison between the actual and the average forecasted production from 2015 

 

4.3.3. Price series 
As the focus is on the day-ahead and the aFRR markets, their price series are used as input. In the 
model perfect foresight of the annual prices are assumed. This is not fully realistic because normally 
these prices are based upon the bids itself and are unknown in advance. Therefore, the model will 
overestimate the profitability of the ESSs. For both price series, the prices per MWh are online 
available. The hourly prices of the day-ahead market are available at the transparency platform of the 
European Network of Transmission System Operators for Electricity (ENTSOE, 2019). The prices of the 
aFRR markets for each 15 min are available at the website of TenneT (TenneT, 2019). In the model, the 
prices from 2015 are taken because the generation data is also from 2015. Table 21 shows some 
general information about the used price series. The down and up price at the aFRR market could 
differ. However, most of the time the prices are identical, around 29,000 times out of the 35,400 time 
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points. There price series of the aFRR markets also contain negative prices. This happens when the 
electricity network could be balanced by losing some electricity. The negative prices at the aFRR-down 
market occur because the network provider then pays for absorbing electricity. The negative prices at 
the aFRR-up market occur because delivering electricity further imbalances the systems and hence 
requires a cost. In 2015, this occurs 3,148 times at the down market and 2,556 times at the up market. 
For usage in the model the prices series are slightly adjusted. First, the day-ahead market is extended 
from hourly time steps to quarters. It is assumed that the price is constant through the hour. Second, 
at around 6,000 time points the price at the up market is higher than the price at the down market. 
This would result in an infinite revenue because the electricity bought can be sold directly on the up 
market for a higher price. Therefore, when the price of the up market is higher than the down market, 
the price is decreased to the price of the down market at that moment. This avoids infinite trading and 
can be done because for these cases, the differences between the market prices are small, on average 
€7. As last, at two time points the prices of the aFRR market are equal to zero. These prices are changed 
to the mean price through the year because otherwise the handling at these moments is ignored. 
 

Input Min. price 
(€)  

Max. price 
(€)  

Mean price 
(€)  

Price series day-ahead market 1.67 99.77 40.05 

Price series aFRR-down market -433.60 737.99 36.78 

Price series aFRR-up market -433.60 737.99 43.86 
Table 21: Information about the used price series of the different markets 

 

4.3.4. Capital and operational expenditures  
The total costs of the system can be divided in capital and operational expenditures. The CAPEX covers 
the initial investments and consists of the ESS power capital costs, ESS energy capital costs, the costs 
of the transmission network and the construction cost of the wind farm.  
 
The costs related to the ESSs are based on the article of Nikolaidis and shown in Table 22 (Nikolaidis & 
Poullikkas, 2018). Only for hydrogen fuel cells a higher value is taken since this number was based on 
small fuel cells in comparison with other articles (Mekhilef, Saidur, & Safari, 2012).The operational 
expenditures (OPEX) cover the operation and maintenance costs for the ESS. In the article of Zakeri a 
literature study is performed to find accurate values of the operational costs (Zakeri & Syri, 2015). 
These values are used as input in the model and are divided in fixed and variable OPEX. The fixed OPEX 
are dependent on the capacity of the ESS. The variable OPEX are dependent on the amount of 
electricity that is stored in the ESS. Values for the both the fixed and variable OPEX are provided in 
Table 22 . Note that NiCd batteries and hydrogen fuel cells have relatively high fixed OPEX but no 
variable OPEX.  
 
The transmission network consists of an offshore substation, an export cable and an onshore 
substation. The offshore substation is placed near the wind turbines and converts the voltage to a 
transportable form. The export cables transport the electricity to the onshore substation. There the 
electricity’s voltage is converted to a desired voltage for grid connection. All the costs for the 
transmission network are dependent on the apparent power and are acquired by Navigant Consulting, 
Inc. The apparent power is the simple product of the voltage and the current. The real power is 
expressed in MW and is lower than the apparent power by an amount called the power factor. If a 
power factor of one is assumed there is worked with the maximum load and the values can be 
expressed in costs per MW. The costs for onshore substation are 0.05 M€/MW and the costs for the 
offshore substation are 0.2 M€/MW. The export cables costs are 7 k€/(MW/km) as it is dependent on 
the capacity and the distance to shore. Since the cable length equals 51.5 km the costs of the export 
cables are 360.5 k€/MW. Therefore, the total cost of the transmission network is 0.6105 M€/MW. The 
OPEX of the transmission network is assumed to 1% of the CAPEX.  
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ESS Energy capital costs 
(€/kWh) 

Power capital costs 
(€/kW) 

Fixed OPEX 
(€/kW-year) 

Variable OPEX 
(€/MWh) 

PHS 4-88 528-1760 4.6 0.22 

CAES 2-44 352-704 2.2 2.2 

Ocean Grazer 850-1250 528-1760 5.0 1.0 

Lead acid  176-352 264-528 3.4 0.37 

NiCd 704-1320 440-1320 11.0 - 

Li-ion 528-2200 1056-3520 6.9 2.1 

NaS 264-440 880 3.6 1.8 

NaNiCl 132-264 88-176 5.5 0.6 

VRFB 132-880 528-1320 8.5 0.9 

ZBFB 132-880 616-2200 4.3 0.6 

Hydrogen FC 13 440-1980 25.0 - 
Table 22: Capital and operational expenditures for all the suitable ESSs (Luo et al., 2015; Zakeri & Syri, 2015) 

To determine the LCOE’ of the entire system also the costs of the wind farm must be determined. For 
one of the to be constructed offshore wind farms, Borssele III/IV, the financial information is publicly 
available (Shell, 2018). The total CAPEX equals €1.3 billion for a 732 MW wind farm. When this is 
transformed to an offshore wind farm of 725 MW, the CAPEX equals €1.29 billion. Next to it, the 
expected economic lifetime is 25 years since this also the technical lifetime of most of the wind 
turbines (ECOFYS, 2017; Staffell & Green, 2014). Navigant approximates the OPEX of an offshore wind 
farm by 0.06 M€/yr/MW, which equals €43.5 million per year for a wind farm of 725 MW.  
 

4.3.5. WACC 
The interest rate used for determining the NPV and the LCOE’ follows from the WACC formula, which 
is described by 
 

𝑊𝐴𝐶𝐶 =  
𝐸

𝐸+𝐷
∙ 𝑅𝑒 +

𝐷

𝐸+𝐷
∙ 𝑅𝑑 ∙ (1 − 𝑇)     (6.1)  

  𝑊𝐴𝐶𝐶 = 0.2 ∙ 0.09 + 0.8 ∙ 0.07 ∙ (1 − 0.25) = 0.06    (6.2) 

Where 
Re  is the cost of equity [€] 
Rd is the cost of debt [€] 
E  is the market value of the company’s equity [€] 
D is the market value of the company’s debt [€] 
T is the corporate tax rate 
 
The variables have to be determined to find the final value of the WACC. The cost of equity follows 
from the expectations of offshore wind projects. The associated risk of offshore projects has declined 
in the last decade due to technology improvements and proven track record of offshore wind projects 
(IRENA, 2017b). Based on a survey among worldwide countries the cost of equity varies between 8% 
and 10% (Grant Thornton, 2018). Therefore, 9% will be taken as percentage for equity. In the 
Netherlands, there is a corporate tax of 25% and the cost of debt in the private sector depends on the 
risk that banks are willing to take. When there is looked at a comparison between major banks in the 
Netherlands the cost of debt can be estimated at 7%. As the tax is deductible from loans, the real cost 
of debt is multiplied with 100 minus the corporate tax, which leads to a final value of 5.25%. If it is 
assumed that 80% of the investment will be paid with a loan and the remaining 20% will be paid with 
equity. The final value of the WACC is determined in (6.2) and equals 6%. This is the interest that will 
be used for the NPV and the LCOE’ calculations. A return on investment of 6% means that for every 
euro in an offshore wind project, it is expected that 1.06 will be earned back to pay the providers of 
capital.  
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 Optimization  
When an ESS is used, the system leads to an optimization problem, which could be solved with a linear 
optimization model. An optimization problem has an objective function, which is maximized or 
minimized dependent on the case. Only variables that are influenced by a decision variable and are 
not constant for all the cases, have to be considered as only these variables influence the optimization. 
This means for example that the energy and power capital costs of the ESS are excluded from the 
objective function, since the energy and power capacities are constant in the model. In addition, the 
revenue of the forecasted electricity is omitted because this will be the same for all the systems, even 
for the reference case. For the described optimization problems, the objective is to maximize the 
annual profit of the systems. The objective function differs for the system with onshore-located ESS 
and the system with offshore-located ESS.  
The objective function of the onshore ESSs is described by 
  

𝑚𝑎𝑥 𝑓 = ∑ [𝐸𝑢𝑝(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑢𝑝(𝑡) − 𝐸𝑑𝑜𝑤𝑛(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑑𝑜𝑤𝑛(𝑡)]

𝑡=35040

𝑡=1

− 𝑂𝑣𝑜𝑙 ∙ ∑ [𝐶(𝑡) ∙ ∆𝑡]

𝑡=35040

𝑡=1

 

          (6.3) 
Where  
Eup(t) is the capacity delivered to the aFRR-up market at time step t [MW] 
Pup(t) is the price per MWh on the aFRR-up market at time t [€/MWh] 
Edown(t) is the capacity taken from the aFRR-down market at time step t [MWh] 
Pdown(t) is the price per MWh on the aFRR-down market at time t [€/MWh]  
C(t) is the charge capacity of the ESS at time step t [MW] 
Ovol is the variable annual operational expenditure of the ESS [€/MWh]  
∆t is the time step in hours 
 
Eup(t), Edown(t), C(t) and D(t) are the decision variables for onshore ESSs. The annual profit follows from 
subtracting the electricity and variable OPEX from the annual revenue. The annual revenue follows 
from trading at the aFRR market. Revenue is earned when electricity is sold at positive prices at the 
aFRR-up market or electricity is absorbed from the grid during negative prices at the aFRR-down 
market. Electricity costs are made when electricity is purchased for positive prices at the aFRR-down 
market or when electricity is delivered for negative prices at the aFRR-up market. The OPEX also 
require costs. The variable OPEX linearly relate to the to the amount of electricity that is charged in 
the ESS and hence is included in the optimization. 
The objective function of the offshore-located ESSs is described by  
 

𝑚𝑎𝑥 𝑓 = ∑ [𝐸𝑢𝑝(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑢𝑝(𝑡) − 𝐸𝑑𝑜𝑤𝑛(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑑𝑜𝑤𝑛(𝑡)]

𝑡=35040

𝑡=1

− 𝑂𝑣𝑜𝑙 ∙ ∑ [𝐶(𝑡) ∙ ∆𝑡]

𝑡=35040

𝑡=1

+
1

𝑇
[𝐶𝑜𝑟𝑖 − 𝐺 ∙ 𝐶𝑡𝑟] 

          (6.4) 
Where  
Eup(t) is the capacity delivered to the aFRR-up market at time step t [MW] 
Pup(t) is the price per MWh on the aFRR-up market at time t [€/MWh] 
Edown(t) is the capacity taken from the aFRR-down market at time step t [MWh] 
Pdown(t) is the price per MWh on the aFRR-down market at time t [€/MWh]  
C(t) is the charge capacity of the ESS at time step t [MW] 
Ovol is the variable annual operational expenditure of the ESS [€/MWh]  
T is the ESS technical lifetime in years 
Cori is the original capital expenditures of the transmission network without the use of an ESS [€]   
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Ctr is the capital expenditure per MW of the transmission network [€/MW] 
G is the capacity of the transmission network for the wind farm [MW] 
∆t is the time step in hours  
 
For offshore ESSs, also the savings on the CAPEX of the transmission network are included. The reason 
for this is that by using the ESS a more continue output can be transported through the transmission 
network (load levelling). In the objective function, the savings on the transmission network are equal 
to the original CAPEX minus the new CAPEX of the transmission network. The CAPEX of the 
transmission network are linearly related to its capacity G. These savings are divided by the lifetime 
such that the annual savings are approached. This means that beside Eup(t), Edown(t), C(t) and D(t), also 
G becomes a decision variable for offshore ESSs.  
 

 Constraints  
To create an accurate representation of the system, the model uses different constraints, which are 
conditions that the solution must satisfy. For both optimization problems different constraints holds.  
 

4.5.1. Constraints onshore ESS 
The law of conversation of energy serves as the basis for the optimization. It is described by 
 

𝐸𝑎𝑐𝑡(𝑡) + 𝐷(𝑡) + 𝐸𝑑𝑜𝑤𝑛(𝑡) = 𝐸𝑓𝑟𝑐(𝑡) + 𝐶(𝑡) + 𝐸𝑢𝑝(𝑡)  (6.5) 

 
The imbalance can be restored by using the ESS or the aFRR market. Discharging the ESS and using the 
aFRR-down market add electricity in the system, while by charging the ESS and using the aFRR-up 
market withdraw electricity from the system. The variables in equation represent the capacities of the 
variables in MW. 
 
The energy level of the ESS is described by  
 

𝐿(𝑡) = (1 − 𝜂𝐿) ∙ 𝐿(𝑡 − 1) + 𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 −
𝐷(𝑡)

𝜂𝐶
∙ ∆𝑡   (6.6) 

 
The energy level of the ESS is first influenced by the energy level of the ESS at the previous time step 
and the self-discharge rate per 15 min. Secondly, the charged electricity is added, and the discharged 
electricity is subtracted. These values are dependent on the round-trip efficiency, the square root 
because charging and discharging is separated. The charge capacity is multiplied with the efficiency 
because that is the amount of electricity that really enters the ESS. The discharge capacity is divided 
by the efficiency because that is the amount of electricity that went out of the ESS. The energy level of 
the ESS is expressed in MWh. 
 
The capacity of the transmission network is described by 
 

𝐸𝑎𝑐𝑡(𝑡) ≤ 𝐺        (6.7) 
 
To deliver the produced electricity to shore the transmission network should have sufficient capacity 
for transmitting the electricity. To transmit the generated electricity at each time moment the capacity 
of the network should be larger than the produced electricity. 
The maximum charge and discharge capacities are described by 
 

𝐷(𝑡)

𝜂𝐶
∙  ∆𝑡 ≤ 𝐿(𝑡 − 1)       (6.8)  

 
𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 ≤ 𝐿𝑚𝑎𝑥 − 𝐿(𝑡 − 1)     (6.9) 
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Both the charged and discharged capacities are dependent on the energy level of the ESS at the 
previous time step, since this determines how much electricity can be stored and delivered. The 
capacities are further dependent on the ramp rates and bounded by  
 

𝐶(𝑡) − 𝐷(𝑡) ≤ 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) + 𝑅𝑢𝑝    (6.10) 

−𝐶(𝑡) + 𝐷(𝑡) + 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) ≤ 𝑅𝑑𝑜𝑤𝑛   (6.11) 
 
The ramp up rate determines the maximum charge and discharge capacity, with respect to the 
previous time moment. The ramp down rate determines the minimum charge and discharge capacity. 
In the model it is assumed that the ramp up and ramp down rates are equal to 10% of the maximum 
(dis)charge capacities. 
 

1

𝐿𝑚𝑎𝑥
∙ ∑ [𝐶 ∙ ∆𝑡]

𝑡=35040

𝑡=1

≤
𝑚𝑚𝑎𝑥

𝑇
 (6.12) 

 
The cycling times and the technical lifetime of the ESS determine the maximum amount of full 
charge/discharge cycles per year, right-hand side of (6.12). The equivalent of the annual full cycles can 
be determined by summing the charged electricity and divide it by the energy capacity. This equals the 
left-hand side of (6.12). This equivalent value is than bounded by the maximum amount of full cycles 
per year. 
 
The last constraints imply some upper bounds for the variables, which are described by 
 

𝐿(𝑡) ≤ 𝐿𝑚𝑎𝑥        (6.13) 
𝐶(𝑡) ≤ 𝐶𝑚𝑎𝑥        (6.14) 
𝐷(𝑡) ≤ 𝐶𝑚𝑎𝑥        (6.15)  

 
The maximum energy level of the ESS is bounded by the energy capacity Lmax. The charge and discharge 
capacities are bounded by the same maximum power capacity Cmax.  
 
A complete overview of the optimization problem for an onshore ESS can be found in Appendix D.  
 

4.5.2. Constraints offshore ESS 
When the ESS is placed offshore the system changes slightly. Only constraint (6.7) is replaced by  
 
 𝐸𝑎𝑐𝑡(𝑡) + 𝐷(𝑡) − 𝐶(𝑡) ≤ 𝐺      (6.16) 
 𝐸𝑑𝑜𝑤𝑛(𝑡) − 𝐸𝑢𝑝(𝑡) − 𝐸𝑓𝑟𝑐(𝑡) ≤ 𝐺     (6.17) 

 
The reason for this change is that for this system the electricity that has to be transmitted, is dependent 
on the interaction with the ESS. The transmittable electricity is reduced when electricity of the actual 
production is charged in the ESS and increased when the ESS is discharged at the same time moment. 
This leads to (6.16). Furthermore, the some of the purchased electricity will be stored and is 
transmitted to the offshore ESS. The capacity of the transmission network must also be higher than 
this amount of electricity, which leads to (6.17).  
A complete overview of the optimization problem for an offshore ESS can be found in Appendix E.  
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 Model assumptions  
For solving the optimization problems multiple assumptions are made. Some of them are already 
mentioned in this chapter, others still need explanation. 
 

a) Comparison with the reference case and WACC 
The system without an ESS forms the reference case. The model only considers changes with respect 
to the reference case. This includes the costs for the ESS and savings on the transmission network. 
However, for example revenue on the day ahead market, the effect on the environment and the 
connection costs to the electricity network are excluded as it is assumed that this is similar to the 
reference case. 
Furthermore, to examine if the ESS is beneficial for the offshore wind farm, there is looked to the extra-
generated profit. The extra-generated profit of the system is the profit minus the profit of the 
reference case. The ESS is beneficial if the investment of the ESS is earned back by the extra-generated 
profit.  
This also holds for the transmission network. In the reference case, the CAPEX for the transmission 
network is initialized. When the ESS is placed offshore the capacity and hence the CAPEX for the 
transmission network could be reduced. The objective function does not include the full CAPEX of the 
transmission network. If the capacity is reduced, the savings on the CAPEX of the transmission network 
are subtracted from the total CAPEX. For the LCOE’ calculations, the total CAPEX of the offshore wind 
farm and the transmission network are included.  
The WACC also forms a reference value. Since the WACC is estimated at 6%, the NPV is only positive 
for investments, which have a return rate above 6%. ESS with a negative NPV and hence a rate of 
return below the 6%, are deemed as unprofitable. 
 

b) Linear scaling 
For the model it is assumed that is that the costs and revenue linearly scale with the energy and power 
capacity of the system. This implies that the NPV will not change signs with the system’s capacities. 
For example, a system with 2 MW and 2 MWh yields twice the value of a system with 1 MW and 1 
MWh, but the former would also cost twice as much as the latter. This means that the NPV for this 
ratio of power and energy capacities in the ESS will double but never change signs in the same in the 
optimization problems. It is not fully realistic that the costs will scale linearly because cost reduction 
would be expected for economies of scale.  
 

c) Optimization on annual basis  
The NPV and the LCOE are based on life cycle analysis. On the other hand, the revenue, the OPEX and 
hence the profit, are determined on annual basis since annual price series are available. Therefore, it 
is assumed that the profit stays equal through the technical lifetime of the ESS. This means that the 
discounted profit can be used for the NPV and the LCOE’. 
 

d)  Forecasted production is as good as possible 
The process of forecasting the production is out of the scope of this research. It is assumed that the 
forecasted production is as good as possible. The main argument for this assumption is that the data 
is really used at the wind farm where the data originates from. This means that the wind farm owner 
had confidence in the data. Moreover, this assumption implies that the imbalance between the actual 
and forecasted production is as small as possible. 
 

e) Simplifications 
For solving the model multiple additional simplifications of reality are made which are mentioned 
below.  

• The system operates under perfect foresight conditions. What means that the prices of the 
aFRR market are known in advance. Normally these prices are based upon all the offers made 
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30 minutes in advance, which means that you do not know the price in advance. This 
assumption implies that for this research the maximum value of the revenue is found. 

• It is assumed that the when the production data is scaled up, it represents a larger wind farm. 
For this research the data is scaled up from 63 MW to 725 MW. 

• It is assumed that the energy level and the charge and discharge capacities of the ESSs, all start 
the year at a value of zero. This means that no electricity is stored at the begin point. 

• It is assumed that the charge and discharge capacities are bounded by the same maximum 
value. The charge and discharge capacities are further bounded by the ramp rate.  

 

 Model limitations  
The model contains some limitations, which has to be mentioned. First, it appears that production data 
for a wind farm is scarce. Since the production data from a coastal wind farm was available, this data 
is used. Unfortunately, this data does not fully represent an offshore wind farm because offshore the 
wind is stronger and more constant. Hence, it is expected that the difference between the forecasted 
and actual production would be smaller for an offshore wind farm. However, because the used data is 
from a coastal wind farm this effect is minimized.  
In the model, linear optimization is used which has also some limitations. First, the ESS is allowed to 
charge and discharge at the same time. This is unrealistic because normally the ESS has to choose 
between charging and discharging. This is seen as a non-optimal situation because electricity is lost 
during charging and discharging, since there are no ESSs with a roundtrip efficiency of 100%. However, 
when the aFRR-up market has negative prices and the actual production is higher than the forecasted 
production, the system uses the inefficiency to lose some energy. This is less expensive than delivering 
it for a cost. To avoid this situation, the optimization problem could be set up with binary conditions 
on charging and discharging, which are formulated in Appendix F and Appendix G. However, the 
computational times of this binary problem increases significantly. Therefore, in this research still 
linear optimization is used. This is also done because the effect is negligible small. In most of the cases 
the ESS never charges and discharges at the same time, and for ESS where it happens, it occurs at less 
than 1% of the time steps.  
 

 Output model  
The optimization model is used to maximize the annual profit of the ESS. It leads to an optimal strategy 
when to deliver and when to store the incoming electricity. Hereafter, the optimized profit can be used 
for determining the NPV and the LCOE’. Before the final calculations can be made, some intermediate 
steps are required. First, a sensitivity analysis is provided on the technical parameters and the costs of 
the ESS to verify if the model logically reacts to different input. Hereafter, the maximum NPV is 
determined for different values of the energy and power capacities. This is because the ratio of the 
energy and power capacity influences the final NPV. The optimal ratio should lead to the highest NPV 
and can be scaled up because a linear model is used. The scaling factor follows from the characteristics 
of the ESSs. The maximum capacities can be used to examine the final influence the ESS have on the 
LCOE’.  
Furthermore, the model should provide some key insights of the optimization. Among other things, 
the capacity of the export cable should be determined for the offshore ESSs. Next to it, it should be 
verified where the majority of the electricity in the system originates from. This can be the offshore 
wind farm or the external electricity markets. When the latter is the case, the ESS can work separately 
from an offshore wind farm, which leads to a new business case. 
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5. RESULTS 
 

 Sensitivity analysis  
In order to test the quality of the model, first a sensitivity analysis was performed. This tests whether 
the output responds logically to different input. Furthermore, it provides insights in the critical 
parameters for the ESSs. In the sensitivity analysis changes in the values of the technical parameters, 
the costs and the generation data were analysed. 
 

5.1.1. Technical parameters 
The profit of the ESSs depends on its technical parameters. The technical parameters included in the 
model are the power capacity, energy capacity, self-discharge, roundtrip efficiency, ramp rates, cycling 
times and the lifetime. In this first analysis, the power capacity and energy capacity were fixed at 1 
MW and 10 MWh, which means that the hours of storage is 10 hours. The rest of the parameters were 
set to their base value, which were indicated in section 2.2 (see Appendix A for comprehensive 
overview). Hereafter, the effect on the annual profit was analysed by changing one of the technical 
parameters while keeping the other technical parameters at their base values. Figure 17 and Figure 18 
illustrate the effect on the annual profit for specific ESSs by changing one of the technical parameters.  
In general, the profit of the ESSs decreases as the daily self-discharge increases because more energy 
is lost during storing. The suitable ESSs could all provide energy management functions, which implies 
that the analysed ESSs have relatively low daily self-discharge (<1%). Only NaNiCl batteries have a 
higher self-discharge of 20% per day. Figure 17(A) shows that the profit of PHS linearly decreases when 
the self-discharge increases. However, the effect of the self-discharge is minimal. Even when the daily 
self-discharge equals 100%, a significant profit is made, which suggests that the energy is not stored 
for long durations. This is also the case for the other ESSs as can be seen in Table 36 in Appendix H.  
Opposite to the self-discharge, the annual profit of the ESSs increases as the roundtrip efficiency 
increases, because less electricity is lost during charging and discharging. Most of the suitable ESSs 
have a relatively high roundtrip efficiency (>75%). Only CAES and hydrogen fuel cells have a low 
roundtrip efficiency of 48% and 35% respectively. Figure 17(B) illustrates that when the roundtrip 
efficiency increases for the PHS, the profit linearly increases. The roundtrip efficiency is a critical 
technical parameter, because the profit disappears when the efficiency comes closer to zero. This also 
holds for the rest of the ESSs as can be seen in Table 37 of Appendix H. 
Figure 17(C) shows the effect of the ramp rates on the annual profit. The ramp rates determine how 
much electricity can be charged and discharged from the ESS. In the model, the ramp rates were 
assumed to 10 %/min of the power capacity. This means that from every starting position, the 
minimum and maximum power capacity can be reached, as the timeslot is 15 min. The critical value 

for the ramp rate equals 
100%

15 𝑚𝑖𝑛
=  6.67 %/𝑚𝑖𝑛. When the ramp rates are below this critical value, it 

will influence the annual profit. When it is above this critical value, the ramp rates do not influence the 
annual profit anymore. Figure 17(C) illustrates the annual profit for the ramp rates of 1, 5, 10 and 20 
%/min of the power capacity. The figure confirms that a ramp rate up to 10 %/min influences the profit, 
but when the rate becomes larger, this effect disappears. This also holds for the other ESSs as can be 
seen in Table 38 of Appendix H, what indicates that the ramp rates are only a critical parameter when 
it is below the assumed value of 10% of the power capacity.  
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Figure 17: Effect of the technical parameters for the PHS. Demonstrates the effect of varying (A) self-discharge, (B) roundtrip 
efficiency and (C) ramp rates on the annual profit, assuming a storage with an energy capacity of 10 MWh and a power 
capacity of 1 MW. 

The parameters cycling times and the technical lifetime determine the number of full cycles of the ESS, 
which subsequently determine how much energy can be stored in the ESS (see equation (6.12)). The 
annual profit increases along with the number of full cycles, as this means that more energy can be 
stored. The number of full cycles differs considerably among the different ESSs. Lead acid, NiCd and 
NaNiCl have a relatively low number of full cycles (<160), while the Ocean Grazer and hydrogen fuel 
cells have a relatively high number of cycles (>1000). For both parameters, the cycling times and the 
technical lifetime, the influence on the annual profit was examined.  
To analyse the effect of cycling times, the base values were changed by +20% and -20%. Figure 18(A) 
illustrates the effect of these changes for PHS (blue) and lead acid batteries (orange, both onshore and 
offshore). It can be seen that the annual profit of PHS is not affected by changing the cycling times, 
while the annual profit of lead acid batteries increases linearly. This can be explained by the fact that 
in the optimization for lead acid batteries, the maximum number of full cycles is reached and hence an 
increase enables to store more energy. For PHS it is not optimal to reach the maximum number of full 
cycles and therefore it does not influence the profit. From Table 39 in Appendix H, it can be seen that 
also for other ESSs with a lower number of full cycles, such as NiCd and NaNiCl, the profit increases 
with an increasing cycling times. 
For the technical lifetime, the base values are increased with 5 years and decreased with 5 years. Figure 
18(B) illustrates the effect on the annual profit for PHS and lead acid batteries. Again, the PHS is not 
affected by increasing the technical lifetime. For lead acid batteries, the profit decreases linearly since 
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an increase in lifetime decreases the annual number of full cycles and thereby the amount of energy 
that can be stored. Table 40 in Appendix H shows that this holds for NiCd and NaNiCl as well. 
 

 

Figure 18: Effect of the technical parameters for PHS (blue) and lead acid (orange) batteries. Demonstrates the effect of (A) 
cycling times and (B) technical lifetime on the annual profit assuming a storage with an energy capacity of 10 MWh and a 
power capacity of 1 MW.  

 

5.1.2. Costs 
Next to the technical parameters, the profitability of the ESS is influenced by its costs. The costs 
included in the model are the energy capital cost, power capital cost, transmission network cost and 
the OPEX. Again, the power capacity and energy capacity were fixed at 1 MW and 10 MWh. The costs 
were initially set to its base values (see Appendix B for comprehensive overview). Hereafter, the effect 
of each type of cost on the NPV was examined by adapting one of the costs while keeping the 
remainder at their base values. The values of the different cost types were changed by +20% and -20%. 
Figure 19 illustrates the effect on the NPV for specific ESSs by changing one of the costs. 
The energy capital cost accounts for the costs of the storage system, which are different for each ESS. 
Since the suitable ESSs could provide energy management functions, most of the analysed ESSs have 
a relatively low energy capital cost. However, the actual energy capital cost is different for each ESS. 
By increasing the energy capital cost, the CAPEX of the storage increases and hence the NPV would 
decrease. Figure 19(A) confirms this effect by illustrating that the NPV linearly decreases when the 
energy capital cost increases. The power capital costs accounts for the costs of transporting and 
balancing the electricity, which are different for each ESS as well. In section 2.3.2 the costs were already 
compared, and it was found that Li-ion batteries have the highest power capital cost. Figure 19(B) 
illustrates that the NPV linearly decreases when the power capital costs increases. The specific 
influence of the energy and power capital cost is in the first place dependent on its values. The larger 
the specific costs the more impact the costs have. Secondly, it depends on the energy and power 
capacities. For ESSs with high-energy capacities, the energy cost is more crucial while for high power 
ESSs, the power cost is more crucial. For PHS, the power capital cost is much larger than the energy 
capital cost, what explains the larger impact for power capital cost. The impact of the energy and 
power capital cost on the other ESSs can be found in Table 41 and Table 42 in Appendix H.  
The transmission network costs account for the costs of the export cable, offshore substation and the 
onshore substation. The cost per MW is the same for each ESS. However, the cost linearly increases 
along with the capacity of the transmission network, which can only be reduced when the ESS is placed 
offshore. Since only the changes with respect to no storage were considered, the transmission cost 
will only influence the NPV for the offshore ESSs. By increasing the cost of the transmission network, 
the savings on the transmission network will increase, what should increase the NPV. This is because 
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the savings on the transmission network are seen as earnings in the model. The effect of the 
transmission network cost is illustrated in Figure 19(C). It can be seen that the NPV of the PHS remains 
unchanged, while for offshore hydrogen fuel cells the NPV increases. From Table 43 of Appendix H it 
follows that for the remaining ESSs this holds as well, the NPV for the onshore ESSs stays equal and for 
offshore ESSs the NPV increases. Therefore, the costs of the transmission network are only crucial for 
offshore ESSs.  
The OPEX consists of the fixed and variable operation expenditures. The fixed operation expenditures 
are dependent on the capacity of the ESS and the variable operating expenditures are dependent on 
the amount of electricity that is stored. Both OPEX differ among the ESSs. For example, hydrogen fuel 
cells and NiCd batteries do not have a fixed OPEX but relatively high variable OPEX. The OPEX of the 
other ESSs were provided in Table 22. By increasing the OPEX, the costs of the system increase and 
hence the NPV should decrease. However, for most of the ESSs, the OPEX is relatively small compared 
to other costs and hence, will not significantly influence the NPV. This effect is illustrated in Figure 
19(D). PHS have relatively small OPEX and therefore the NPV is not influenced. For offshore hydrogen 
fuel cells, the NPV decreases slightly when the OPEX increases. From Table 44 in Appendix H, it follows 
that for the remaining ESSs, the OPEX is only of influence for ESSs with relatively high OPEX.  
 

 

  

Figure 19: Effect of the costs for PHS (blue) and hydrogen fuel cells (orange). Demonstrates the effect of (A) energy capital 
costs, (B) power capital costs, (C) transmission network costs and (D) OPEX on the NPV assuming a storage with an energy 
capacity of 10 MWh and a power capacity of 1MW. 
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5.1.3. Annual data 
In the analysis so far, data from the year 2015 was used as this was the most recent year of which data 
was available. However, there is also data available for 2013 and 2014. Among these periods, the 
production data and the price series vary. For the production data the forecasted and the actual 
production differ, what influences the magnitude and the moment of the imbalances faced by the wind 
farm. The price series differ because different bids are placed and the magnitude and the moment of 
imbalances in the total network are different. Table 23 provides an overview of the most important 
differences between the years. As can be seen, the total produced electricity is roughly the same for 
each year. Furthermore, the total imbalance, which is the total sum of the difference between the 
forecasted and actual production, slightly differs between the years. However, a significance difference 
in the data was found by looking at the standard deviation of the market prices. The larger the standard 
deviation, the more the values of the market prices are spread out. It can be seen that in 2013 the 
prices were more spread out compared to the years 2014 and 2015. The impact of these differences 
on the NPV for a part of the ESSs is depicted in Table 24. For all the ESSs it follows that 2013 is the most 
profitable year, thereupon 2015 and 2014 is the least profitable year. Therefore, it is likely that the 
variability in the price series positively influences the profitability of the ESSs. Table 45 in Appendix H 
shows that this is also holds for the rest of the ESSs. A reason for this can be that it increases the price 
arbitrage potential. 
 

 2013 2014 2015 

Total produced electricity (TWh) 1.76 1.78 1.78 

Total imbalance (TWh) 0.60 0.67 0.66 

σ aFRR-up (€) 80.48 53.95 68.23 

σ aFRR-down (€) 85.78 57.46 65.69 
Table 23: Differences between the annual data of 2013, 2014 and 2015 

Year 

No ESS PHS CAES OG Lead acid 

No ESS Onshore Onshore Offshore Offshore Onshore 

2013 0 2.9 2.3 -7.8 0.1 -0.5 

2014 0 1 1 -9.1 -0.9 -1.5 

2015 0 2 1.9 -8.4 -0.3 -0.9 
Table 24: NPV for part of the ESSs in different years 

 

 Economic viability of the ESSs  
In the sensitivity analysis described in the previous section, the power and energy capacity were fixed 
at 1 MW and 10 MWh respectively. What means that the hours of energy storage and the discharge 
time were 10 hours. Both these variables have the same value since it is assumed that the charge and 
discharge capacities are the same. However, as discussed in section 2.3.3 the hours of storage and the 
discharge time influence the profitability of the ESSs, because it determines how much energy can be 
stored and how fast it can be delivered. The effect on the profit for PHS and onshore lead acid is 
illustrated in Figure 20. The line follows from keeping the power capacity constant at 1 MW and 
changing the energy capacity to the values indicated on the horizontal axis. For both ESSs, it holds that 
when the energy capacity and hence the hours of storage were increased, it led to a higher profit. 
However, by increasing the energy capacity, the CAPEX of the ESS will increase as well. Therefore, a 
trade-off between the CAPEX and the profit arises. For PHS and onshore lead acid batteries, the NPVs 
for different energy and power capacities are indicated in Table 25. As can be seen, the trade-off takes 
place, as the largest energy capacity does not lead to the highest NPV. Therefore, for each ESS the 
optimal ratio between the energy and power capacity has to be determined. This is done in the same 
way as for the two described ESSs, the power capacity is hold constant and the energy capacity is 
changed to the following values in MWh: 0.25, 0.50, 0.75, 1, 2, 4, 6, 8 and 10. A complete overview of 
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the NPV for each ESS for the different energy capacities is provided in Table 46 in Appendix I. The 
optimal ratio and the corresponding NPV for each ESS are provided in Table 26. It can be seen that 
ESSs with a relatively low energy capital costs, such as PHS and CAES, have a relatively high ratio. On 
the other hand, the ESSs with a relatively high-energy capital costs, such as Li-ion, NiCd and the Ocean 
Grazer, have a relatively low ratio. 
 

 
Figure 20: Effect of the hours of storage on the profit for PHS and onshore lead acid batteries when the power capacity was 
held constant at 1MW 

Energy capacity 
(MWh) 

Power capacity 
(MW) 

NPV PHS 
(M€) 

NPV onshore 
Lead acid (M€) 

0.25 1 -0.4 -0.3 

0.5 1 0.2 -0.2 

0.75 1 0.7 -0.2 

1 1 1.1 -0.1 

2 1 1.9 0 

4 1 2.2 0.1 

6 1 2.2 -0.1 

8 1 2.1 -0.4 

10 1 2 -0.9 
Table 25: Effect of the hours of storage on the NPV for PHS and onshore lead acid batteries  

ESS PHS CAES OG Lead acid NiCd Li-ion NaS 

Location Onshore Onshore Offshore Offshore Onshore Offshore Onshore Offshore Onshore Offshore 

Ratio 4 4 0.75 4 4 0.5 0.25 0.5 0.25 2 

 

ESS NaS NaNiCl VRFB ZBFB Hydrogen FC 

Location Onshore Offshore Onshore Offshore Onshore Offshore Onshore Offshore Onshore 

Ratio 2 2 2 0.75 0.75 1 1 2 2 
Table 26: Optimal ratio between the energy capacity and the power capacity for each ESS 

The optimal ratio between the energy capacity and the power capacity, leads to the maximum NPV. 
From the values of the NPV it can be determined if the use of an ESS is economically viable. The larger 
the NPV, the higher the profitability of the investment. It is assumed that all the cost components of 
the ESS and its revenue scale linearly. This means that by keeping the ratio constant, the NPV of the 
ESS will not change signs for larger or smaller capacities. When the ESS doubles in energy and power 
capacity, both the profit and the costs double, what means that the NPV will double. When the 
capacities are cut in half, the NPV changes to half its original value. Therefore, the NPVs determined 
by the optimal ratios, indicate whether the ESSs are profitable or not.  
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The values of the NPV are shown in Figure 21. It follows that PHS and CAES are the most profitable 
ESSs. Reasons for this are the low energy capital costs, high cycle times and long lifetime. The Ocean 
Grazer and most of the batteries offshore have a positive NPV. Only NiCd, Li-ion and ZBFB batteries 
are for both their onshore and offshore location unprofitable, which could be explained by various 
reasons. The NiCd and ZBFB batteries costs are too high for an ESS that significantly loses energy during 
storing. Li-ion batteries have the largest costs and hence show the worst performance. On the other 
hand, NaNiCl batteries have a positive NPV for their offshore location and a NPV of zero for its onshore 
location. Since the NaNiCl batteries have relatively high self-discharge, low cycling times and a 
moderate roundtrip efficiency, it seems that the CAPEX have more impact on the profitability than the 
technical parameters. This argument does not hold for all the systems because the PHS shows better 
results than CAES, while CAES is a less expensive ESS but have a worse roundtrip efficiency. Therefore, 
both the technical parameters and the CAPEX influence the final performance of the ESSs. 
Furthermore, for each ESS the offshore ESS outperforms the onshore ESS. This is because the offshore 
ESSs receive additional earnings by reducing the capacity of the transmission network. This is positively 
influenced by the initial assumption that the construction cost for offshore and onshore ESSs are the 
same. It will be verified with a sensitivity analysis what happens with the LCOE’ if this is not the case.  
 

 
Figure 21: The NPVs of the suitable ESS by using its optimal ratio 

 

 Effect of ESSs on the LCOE’ of an offshore wind farm 
To examine if an offshore wind farm can profit from an ESS, the LCOE’ of the entire system will be 
determined. The system includes the offshore wind farm, the transmission network and the ESS. The 
costs consist of the CAPEX and OPEX of the different components. The delivered electricity equals the 
sum of the forecasted production and the sold electricity at the aFRR-up market. To see if the use of 
the ESSs is beneficial for the system, the extra profit, which is generated from using the ESS, is 
subtracted from the total OPEX. Hereafter, the LCOE’ can be compared to the value of the reference 
case. If a lower LCOE’ is obtained, the wind farm profits from using an ESS.  
 

5.3.1. Maximum energy and power capacity  
In the previous section, the optimal ratios between the energy capacity and the power capacity for 
each ESS were determined. Additionally, it was explained that these values could be scaled up because 
the model uses linear optimization. For the economic viable ESSs, the maximum profit is found when 
the ESS capacities are at its maximum value. From a technical point of view, the capacities can be 
always scaled up. However, infinite scaling is restricted by the required volume. Offshore construction 
will require large vessels and platforms and for onshore the available land is scarce, especially in the 
Netherlands. Therefore, for the batteries and the hydrogen fuel cells, the maximum capacities can be 

-2.50

-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

O
n

sh
o

re

O
n

sh
o

re

O
ff

sh
o

re

O
ff

sh
o

re

O
n

sh
o

re

O
ff

sh
o

re

O
n

sh
o

re

O
ff

sh
o

re

O
n

sh
o

re

O
ff

sh
o

re

O
n

sh
o

re

O
ff

sh
o

re

O
n

sh
o

re

O
ff

sh
o

re

O
n

sh
o

re

O
ff

sh
o

re

O
n

sh
o

re

O
ff

sh
o

re

O
n

sh
o

re

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen
FC

N
P

V
 (

M
€
)



56 
 

found by looking at the densities of the ESSs. PHS, CAES and the Ocean Grazer require an alternative 
approach. 
PHS and CAES are two ESSs which require specific geographical locations. This means that for most 
wind farms it is not an option to use these ESSs. However, to give an idea in what these systems could 
contribute to an offshore wind farm, the systems are taken into account in the analysis. The volume of 
these systems is not restricted since the systems naturally exist. Therefore, for PHS and CAES the 
average energy capacity is taken, and the power capacity is subsequently set to the optimal ratio. For 
PHS the energy capacity is set at 2000 MWh and the corresponding power capacity is 500 MW. For 
CAES the energy capacity is 500 MWh and the corresponding power capacity is 125 MW.  
The storage system of the Ocean Grazer is placed at the bottom of the offshore wind turbines. At these 
locations, it does not suffer from volume restrictions as the systems are placed below the water 
surface. This means that the capacities of the Ocean Grazer can be scaled up with the maximum 
number of wind turbines. Table 19 has shown that the analysed offshore wind farms contain on 
average 89 wind turbines. Since an optimal ratio of 0.5 was found for the Ocean Grazer, the maximum 
power capacity was scaled with 89 to a final value of 267 MW and the corresponding energy capacity 
equals then 133.5 MWh.  
For the batteries and hydrogen fuel cells, the average densities are used to determine the maximum 
volume. The densities for each ESS were provided in section 2.2. To state the maximum volume, the 
volumes are compared to the volume of the largest battery currently in usage. This is a Li-ion battery 
placed in in the south of Australia and developed by Tesla (ABC News, 2017; Hornsdale power reserve, 
2017; Renew Economy, 2017). It has an energy capacity of 129 MWh and a power capacity of 100 MW. 
The volume of this battery can be approached by 
 

𝑉 =  
𝐶𝐸  

𝜌𝐸
+

𝐶𝑃

𝜌𝑝
 (7.1) 

𝑉 =  
129,000 

297
+

100,000

428
= 667.99 𝑚3 (7.2) 

 
Where: 
V is the volume of the ESS [m3]  
CE is the power capacity [kWh] 
ρE is the energy density [kWh/m3] 
CP is the power capacity [kW] 
ρp is the power density [kW/m3] 
 
In the formula, the required volume of both the energy capacity and the power capacity are summed 
up. By implementing the average power and energy densities of Li-ion batteries and the capacities of 
the battery in (7.2), it can be found that the volume of such a system equals around 700 m3. Therefore, 
for the batteries and the fuel cells, 700 m3 is taken as maximum volume for the ESSs. For each ESS, it 
can be determined how much storage parts with the optimal ratio can be fit in such volume. This is 
known as the scaling factor and is provided in Table 27. For offshore ESSs, the weight could matter as 
well because the ESS has to be placed on a platform. However, there are currently vessels with 
significant tandem lifts so that the weight of the ESS will not hinder its construction (Heerema Marine 
Contractors, 2019). A complete overview of the final energy and power capacity of the ESSs is provided 
in Table 47 in Appendix I.  
 

ESS Lead acid NiCd Li-ion NaS 

Location Offshore Onshore Offshore Onshore Offshore Onshore Offshore Onshore 

Scaling factor 9.4 9.4 40.6 49.3 174.1 220.3 14.9 14.9 
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ESS NaNiCl VRFB ZBFB Hydrogen FC 

Location Offshore Onshore Offshore Onshore Offshore Onshore Offshore Onshore 

Scaling factor 36.7 36.7 7.7 7.7 3.5 3.5 60.0 60.0 
Table 27: The scaling factor for the batteries and the hydrogen fuel cell 

 

5.3.2. Effect of ESSs on the LCOE’ 
In section 1.3.6 the formulas for the LCOE’ were discussed. To find the LCOE’ of the described systems, 
which consists of the wind farm, transmission network and the ESS, the formulas are described by 
 

LCOE’ = 

 
𝐶0 + ∑

𝐴𝑡 

(1 + 𝑖)𝑡

𝑛

𝑡=1

 

 

 

 (7.3) 
 

∑
𝐸𝑡

(1 + 𝑖)𝑡

𝑛

𝑡=1

 
 

 

 

 

            𝐶0 =  𝐶𝑊𝐹 + 𝐶𝑡𝑟 + 𝐶𝐸𝑆𝑆 ∙
𝑛

𝑇
   (7.4) 

 
At = Wt + Nt − Pt        (7.5) 

𝑃t = (Rt − R0) − Ot        (7.6) 

𝐸𝑡 = 𝐷𝑡 + 𝐹𝑡         (7.7) 

 
Where  
LCOE’ is the levelized cost of electricity [€/kWh]  
C0 is the total initial capital investment [€] 
At is the annual cost at time t [€] 
Et is the annual electricity output at time t [MWh] 
Cwf is the initial capital expenditure for the wind farm [€] 
Ctr is the initial capital expenditure for the transmission network [€] 
Cess is the total initial capital expenditure for the ESS [€] 
Wt is the annual operational and maintenance cost for the wind farm [€] 
Nt is the annual operational and maintenance cost for the transmission network [€] 
Pt is the extra profit earned by using an ESS at time t [€]   
Rt is the annual profit with the use of an ESS [€] 
R0 is the original annual profit without the use of an ESS [€]   
Ot is the total annual operational and maintenance cost for the ESS [€] 
Dt is the total annual delivered electricity at the day-ahead market [MWh] 
Ft is the total annual delivered electricity at the FRR-up market [MWh]  
T is ESS technical lifetime in years 
i  is the discount rate or return that could be earned in alternative investments   
t is the time in years 
n is the technical lifetime of the wind farm in years 
 
The costs of the offshore wind farm, the ESSs and the transmission network were already discussed in 
section 4.3.4. The costs of the offshore wind farm and the transmission network were based on existing 
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values. The costs of the ESS follows from the energy capacity, power capacity and the corresponding 
energy capital and power capital costs. From these values, the LCOE’ can be determined with the 
formula given in (7.3). The cost components determined in the previous section are used to determine 
the total life cycle cost provided in (7.4). The CAPEX of the ESS are also dependent on its technical 
lifetime. If the technical lifetime of the ESS is longer than the technical of the wind farm, the full 

construction costs are included (
𝑛

𝑇
= 1). When the technical lifetime of the ESS is shorter than the of 

the wind farm, the CAPEX are multiplied with the fraction of replacements. The annual costs are the 
OPEX of the offshore wind farm and the transmission network minus the extra profit of the ESS, see 
(7.5). As mentioned, this is different from the classical LCOE metric because now the profit of the ESS 
is also included. The extra profit includes the extra-generated revenue of the ESS and the OPEX of the 
ESS, as can be seen in (7.6). The revenue is the difference between the sold electricity on the aFRR-up 
market and the purchased electricity on the aFRR-down market. By subtracting the profit from the 
annual costs, the benefit of the use of an ESS was included in the LCOE’. The total lifetime energy 
production is the combined sum of the total sold electricity at the day-ahead market and the aFRR-up 
market in MWh, as shown in (7.7). Both these amounts follow from the optimization.  
 
From here the model can determine the LCOE’ values for each ESS. It would be expected that the LCOE’ 
would decrease for the ESSs with a positive NPV and would increase for the ESSs with a negative NPV. 
The final values are provided in Figure 22 and Table 28. The LCOE’ values of the ESSs are compared to 
the LCOE’ of the reference system which is 0.0896 €/kWh. It appears that mechanical ESSs, PHS, CAES 
and the Ocean Grazer, have the greatest potential to reduce the LCOE’. Reasons for this are the large 
energy and power capacities of the systems. Especially for the PHS this is the reason for the significant 
reduction in the LCOE’. The CAES reduces the LCOE’ to a lower extent because it suffers from a 
relatively low roundtrip efficiency. The Ocean Grazer also reduces the LCOE’ by an optimal storing 
strategy and reducing the transmission capacity. The batteries and hydrogen fuel cell are not able to 
significantly reduce the LCOE’. Lead acid batteries slightly reduced the LCOE’ due to moderate technical 
parameters and low costs. On the other hand, NiCd batteries led to a higher LCOE’ because their low 
roundtrip efficiency and expensive costs. Li-ion batteries have a compact design and hence large 
capacities. However, the LCOE’ increased for Li-ion batteries because it is the most expensive battery. 
NaS batteries slightly reduces the LCOE’ because their moderate costs and technical parameters. 
NaNiCl batteries have low costs but their profitability suffers from a relatively low roundtrip efficiency, 
high self-discharge and low cycling times. Nevertheless, offshore NaNiCl slightly decrease the LCOE’ 
and the LCOE’ remains unchanged for onshore placement. VRFB have low capacities because their low 
densities. Since the corresponding costs are also low, the LCOE’ is unchanged. ZBFB have moderate to 
large costs and suffers from a relatively low roundtrip efficiency and low cycling times. Hence, ZBFB 
increased the LCOE’. Hydrogen fuel cells have low energy costs and a compact design. However, due 
to a limited roundtrip efficiency the LCOE,’ is not significantly reduced. Unless significant savings on 
the transmission network, the offshore hydrogen fuel cells slightly decreased the LCOE’ and for 
onshore placement the LCOE’ is even slightly increased. The savings on the transmission network are 
further analysed with a sensitivity analysis.  
For several ESSs, the limitations are provided which can be seen as point for improvements to enhance 
the profitability of the ESSs. For batteries, a major improvement can be made to their capacities. In 
general, batteries have relatively good technical parameters and costs but their usage is limited by the 
capacities.  
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Figure 22: The LCOE’ values for the suitable ESSs 

 

ESS NO 
ESS 

PHS CAES OG Lead acid NiCd Li-ion 

Location Onshore Onshore Offshore Offshore Onshore Offshore Onshore Offshore Onshore 

LCOE’ 
(€/kWh) 

0.0896 0.0423 0.0798 0.0795 0.0894 0.0895 0.0913 0.0917 0.1050 0.1109 

 

ESS NaS NaNiCl VRFB ZBFB Hydrogen FC 

Location Offshore Onshore Offshore Onshore Offshore Onshore Offshore Onshore Offshore Onshore 

LCOE’ 
(€/kWh) 

0.0894 0.0895 0.0894 0.0896 0.0896 0.0896 0.0898 0.0899 0.0889 0.0897 

Table 28: The LCOE’ (€/kWh) values for the suitable ESSs 

For a more in-depth analysis of the LCOE’ values Table 32 and Table 33 on the next pages can be used. 
Here different output of the model for each ESS can be found. Several things can be point out. First, it 
can be seen that for all the ESSs, average energy capacity equals the half of the maximum energy 
capacity, what means that the ESSs are frequently used. Second, the capacity of the transmission 
network is not significantly reduced. The Ocean Grazer and offshore hydrogen fuel cell are only capable 
of reducing the capacity below the 700 MW. Since cables of 350 MW are used for transmitting, savings 
on the cable costs cannot be realized by this reduction. However, since more than 12 MW is saved, an 
extra wind turbine could be placed. During determination of the optimal ratio, it was already found 
that the Ocean Grazer reduces the capacity of the transmission network by 1 MW with a storage of 0.5 
MWh and 1 MW. This suggests that within the optimization, the transmission network capacity is 
reduced up to a certain value. A further reduction in capacity means for high production that the 
system is forced to store the generated electricity. In the optimization, it is determined that this will 
not lead to better performance. Since the cable capacity cannot be reduced significantly, the cable 
utilization is also not increased. This implies that also for offshore ESSs, the application of load levelling 
is minimal.  
Beside the transmissions network savings, the CAPEX, revenue, OPEX and profit provides more insights 
how the NPV is determined. For the onshore ESSs, the NPV scales linearly with the increase in 
capacities. For the offshore case, this is different because the savings on the transmission network 
does not scale linearly. Therefore, a sensitivity analysis is performed to verify if the minimum LCOE’ is 
found at the maximum capacities and thereby the maximum volume.  
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The last six rows of the tables provide more insight into the electricity flow within the system. It can 
be seen that for all ESSs, the total amount of electricity that originated form the wind farm is higher 
than the amount of electricity that was purchased on the aFRR-down market, this is also illustrated in 
Figure 23. Only for PHS, the percentages are almost similar because its large capacities allowed for 
significant market trading. The electricity stored in the ESS also originates from the wind farm and the 
aFRR market. The stored electricity from the wind farm is the sum of the positive imbalances, Eact>Efrc, 
which are not directly sold at the aFRR-up market. The stored electricity from the aFRR-down market 
is the sum of the electricity that is purchased and not directly delivered at the day-ahead market for 
solving the negative imbalances Eact<Efrc. For each ESS it differs where the majority of the stored 
electricity originated from, as illustrated in Figure 24. For the larger mechanical systems, most stored 
electricity originated from the aFRR-down market. While for smaller batteries such as lead acid, NaS, 
VRFB and ZBFB, the majority of the electricity originated from the wind farm. This means that is optimal 
to use ESSs for solving imbalances. However, the wind farms capacity is constant and hence the 
storable electricity from the wind farm is bounded. On the opposite, the electricity from the aFRR-
down market is infinite. This means that when the capacities of the ESSs are increased, the more stored 
electricity originates from the aFRR-down market. Since the maximum profit is realized with maximum 
capacities, the aFRR-down market is essential for reducing the LCOE’.  
As last, the total electricity sold is dependent on the capacities and the technical parameters of the 
ESSs. First, the capacities because these determine how much electricity can be stored and hence 
purchased form the aFRR-down market. The purchased amount of electricity is higher for larger ESSs. 
Second, the technical parameters because these determine how much electricity is lost during storing. 
For instance, CAES and hydrogen fuel cells significantly loses electricity because their relatively low 
round-trip efficiencies.  
 

 
Figure 23: The percentage of the total sold electricity that originates from wind farm (blue) or the aFRR market (orange) 

 
Figure 24: The percentage of the total electricity that originates from wind farm (blue) or the aFRR market (orange)  
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5.3.3. Sensitivity analysis on the LCOE’ 
To finalize the analysis, various sensitivity analyses are performed. First, the savings on the 
transmission network are analysed. Second, it is verified for the ESSs whether the maximum capacities 
lead to the lowest LCOE’. Third, the effect of the offshore ESS CAPEX are discussed, to see the effect 
on the LCOE’ if the offshore ESSs require larger costs.  
 

a) Sensitivity analysis on the Ocean Grazer 
For analysing the savings on the transmission network first, the system of the Ocean Grazer is 
examined. Since the final savings on the transmission network are relatively low, there is looked how 
the capacity of the transmission network is reduced for different capacities of the Ocean Grazer. Table 
29 provides an overview on the effects of the transmission network capacity and the LCOE’ by enlarging 
the capacities of the Ocean Grazer. When the system becomes larger, the transmission network 
capacity is not declined in a linear way. On the other hand, the LCOE’ declines in a linear way. What 
means that despite the capacity of the transmission network cannot be brought down, the wind farm 
profits from a larger system.  
Since the effect on the transmission savings is minimal there is also looked at the case when the 
capacity of the transmission network cannot be reduced. For the batteries and hydrogen fuel cells, this 
means that the system is roughly similar to the onshore ESSs. For the Ocean Grazer this is different 
because it cannot be placed onshore. When no transmission savings could be realized, it was first 
verified for the Ocean Grazer if the same optimal ratio was found. For the Ocean Grazer again the 
highest NPV was found for an energy capacity of 0.5 MWh and a power capacity of 1 MW. Hereafter, 
it was found that the LCOE’ of the wind farm in combination with the Ocean Grazer, was lowered to 
0.0796 €/kWh. This means that the Ocean Grazer is also profitable when no savings are realized on the 
transmission network. 
 

Number of Ocean 
Grazer’s storages  

10 20 30 40 50 60 70 80 90 

Energy capacity 
(MWh) 

15 30 45 60 75 90 105 120 135 

Power capacity 
(MW)  

30 60 90 120 150 180 210 240 270 

Transmission 
network capacity 
(MW) 

712 707 702 698 693 692 691 693 697 

LCOE’ (€/kWh) 0.0889 0.0879 0.0867 0.0855 0.0842 0.0830 0.0817 0.0805 0.0793 
Table 29: The effect on the transmission savings for different capacities of the Ocean Grazer 

b) Sensitivity analysis on remaining offshore ESSs 
For the other ESSs, it was also verified if the minimum LCOE’ is found at the maximum capacities. The 
maximum capacities were determined by using the optimal ratio and the scaling factor. For the 
sensitivity analysis the optimal ratio stays constant, but the maximum capacities are adapted to 25%, 
50% and 75% of its original values. The results are shown in Table 30. It is found that for every ESS 
which had initially a positive NPV, the lowest LCOE’ is found by its maximum value. For the ESSs, which 
had initially a negative NPV, the LCOE’ increases because the ESSs are unprofitable. This proofs that 
the minimum LCOE’ is found at the maximum capacities of the ESSs.  
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ESS PHS CAES Lead acid NiCd Li-ion NaS 

Location Onshore Onshore Offshore Onshore Offshore Onshore Offshore Onshore Offshore 

Initial NPV Positive Positive Positive Positive Negative Negative Negative Negative Positive 

25% 0.0774 0.0878 0.0895 0.0896 0.0900 0.0901 0.0936 0.0951 0.0895 

50% 0.0637 0.0854 0.0895 0.0896 0.0904 0.0907 0.0975 0.1004 0.0895 

75% 0.0520 0.0826 0.0894 0.0896 0.0909 0.0912 0.1013 0.1057 0.0894 

100% 0.0423 0.0798 0.0894 0.0895 0.0913 0.0917 0.1050 0.1109 0.0894 

 

ESS NaS NaNiCl VRFB ZBFB Hydrogen FC 

Location Onshore Offshore Onshore Offshore Onshore Offshore Onshore Offshore Onshore 

Initial NPV Zero Positive Zero Positive Zero Negative Negative Positive Positive 

25% 0.0896 0.0895 0.0896 0.0896 0.0896 0.0897 0.0897 0.0895 0.0898 

50% 0.0896 0.0895 0.0896 0.0896 0.0896 0.0897 0.0898 0.0894 0.0899 

75% 0.0895 0.0894 0.0896 0.0896 0.0896 0.0898 0.0898 0.0892 0.0898 

100% 0.0895 0.0894 0.0896 0.0896 0.0896 0.0898 0.0899 0.0889 0.0897 

Table 30: The effect on the LCOE’ (€/kWh) by changing the maximum capacities of ESSs to 25%, 50%, 75% of its original val 

c) Sensitivity analysis on the CAPEX of offshore ESSs  
Since constructing an offshore ESS is quite a new concept, the CAPEX are based on the costs for 
onshore ESSs. However, it is likely that the CAPEX for an offshore ESS are larger than for its onshore 
counterpart, because a platform is required and the construction is more complex because of the 
marine environment. This does not hold for the Ocean Grazer as it is only designed for offshore 
locations and hence, the costs are based on offshore construction. Since there is limited information 
available how the costs of the other offshore ESSs will increase, the CAPEX are increased with 50% and 
100% of the original value. The results of the increase in costs on the LCOE’ can be seen in Table 31 
and Figure 25. When the costs increase with 50% or higher, all the LCOE’ values are higher than the 
LCOE’ value for the reference case. This means that when the CAPEX for offshore ESSs are significantly 
higher than for onshore ESSs, it is no longer profitable to use offshore ESSs. 
 

ESS Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Location Offshore Offshore Offshore Offshore Offshore Offshore Offshore Offshore 

0% 0.0894 0.0913 0.1050 0.0894 0.0894 0.0896 0.0898 0.0889 

+50% 0.0897 0.0925 0.1174 0.0899 0.0899 0.0899 0.0901 0.0907 

+100% 0.0901 0.0936 0.1298 0.0905 0.0904 0.0903 0.0903 0.0926 

Table 31: The effect on the LCOE’ (€/kWh) for a 50% and a 100% increase in the CAPEX of the offshore ESSs 

 
Figure 25: The effect on the LCOE’ (€/kWh) for a 50% and a 100% increase in the CAPEX of the offshore ESSs
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ESS 
 

No ESS PHS CAES OG Lead acid NiCd Li-ion 

Location 
 

Onshore Onshore Offshore Offshore Onshore Offshore Onshore Offshore Onshore 

ESS Energy capacity (MWh) - 2000 500 133.5 37.61 37.61 20.31 12.32 87.07 55.06 

Average Energy capacity ESS (MWh) - 991.66 253.09 66.87 17.67 17.96 7.33 3.47 42.21 23.83 

ESS Power Capacity  (MW) - 500 125 267 9.4 9.4 40.6 49.3 174.1 220.3 

Max. full cycles (-) - 600 377 2418 133 133 149 150 667 667 

Transmission network capacity (MW) 718 718 718 697 712 718 713 718 709 718 

Utilization cable (%) 28.4 28.4 28.4 33.7 28.6 28.4 28.6 28.4 29.5 28.4 

CAPEX transmission network (M€) 438.3 438.3 438.3 425.5 434.7 438.3 435.3 438.3 432.8 438.3 

CAPEX ESS (M€) - 664.4 77.4 445.6 13.7 13.7 56.3 55.8 517.2 579 

Annual Revenue – ESS (M€) 4.3 118.21 28 47.76 5.79 5.81 5.71 5.27 21.42 17.45 

Annual OPEX – ESS (M€) - 2.564 0.69 1.669 0.034 0.034 0.447 0.542 1.323 1.597 

Annual Profit - ESS  (M€) 4.3 111.33 22.99 41.78 1.43 1.46 0.95 0.41 15.8 11.54 

NPV – ESS (M€) - 1090.4 239.1 46.4 3.9 0.6 -42.4 -51.1 -358.4 -467 

LCOE’ – Total system (€/kWh) 0.0896 0.0423 0.0798 0.0795 0.0894 0.0895 0.0913 0.0917 0.1050 0.1109 

Annual total electricity wind farm (TWh) 1.78 1.78 1.78 1.78 1.78 1.78 1.78 1.78 1.78 1.78 

Annual stored electricity wind farm (GWh) 0 111.26 60.99 47.63 1.83 1.86 0.86 0.44 7.84 3.95 

Annual total electricity aFRR-down (TWh) 0.26 1.43 0.44 0.53 0.26 0.26 0.26 0.26 0.30 0.28 

Annual stored electricity aFRR-down (GWh) 0.00 1176.84 180.31 276.56 1.27 1.25 1.60 1.09 40.53 27.84 

Annual energy loss  (GWh) 0.00 653.98 244.37 181.89 1.50 1.50 1.88 1.14 4.35 2.75 

Annual electricity sold (TWh) 2.04 2.92 2.08 2.23 2.04 2.04 2.04 2.04 2.08 2.07 
Table 32: Overview of different output of the model for certain ESSs (continues on next page) 
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ESS 
 

NaS NaNiCl VRFB ZBFB Hydrogen FC 

Location 
 

Offshore Onshore Offshore Onshore Offshore Onshore Offshore Onshore Offshore Onshore 

ESS Energy capacity (MWh) 29.74 29.74 73.42 73.42 5.8 5.8 3.49 3.49 119.9 119.9 

Average Energy capacity ESS (MWh) 14.53 14.59 7.25 6.74 2.92 2.93 1.74 1.75 60.11 59.94 

ESS Power Capacity  (MW) 14.9 14.9 36.7 36.7 7.7 7.7 3.5 3.5 60 60 

Max. full cycles (-) 333 333 71 71 1600 1600 350 350 612 627 

Transmission network capacity (MW) 713 718 708 718 716 718 716 718 680 718 

Utilization cable (%) 28.6 28.4 28.8 28.4 28.5 28.4 28.5 28.4 29.5 28.4 

CAPEX transmission network (M€) 435.3 438.3 432.2 438.3 437.1 438.3 437.1 438.3 415.1 438.3 

CAPEX ESS (M€) 23.6 23.6 19.4 19.4 10.1 10.1 6.7 6.7 74.1 74.1 

Annual Revenue – ESS (M€) 6.84 6.86 6.32 6.47 5.77 5.77 4.7 4.7 13.46 13.87 

Annual OPEX – ESS (M€) 0.071 0.071 0.205 0.205 0.074 0.074 0.016 0.016 1.499 1.499 

Annual Profit - ESS  (M€) 2.45 2.47 1.8 1.95 1.37 1.38 0.37 0.37 7.64 8.06 

NPV – ESS (M€) 3.3 0.5 3.4 -1.3 1.3 0.1 -2.7 -4 23.3 4.1 

LCOE’ – Total system (€/kWh) 0.0894 0.0895 0.0894 0.0896 0.0896 0.0896 0.0898 0.0899 0.0889 0.0897 

Annual total electricity wind farm (TWh) 1.78 1.78 1.78 1.78 1.78 1.78 1.78 1.78 1.78 1.78 

Annual stored electricity wind farm (GWh) 3.46 3.42 1.58 1.64 3.85 3.82 0.47 0.46 37.35 37.68 

Annual total electricity aFRR-down (TWh) 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.33 0.33 

Annual stored electricity aFRR-down (GWh) 2.59 2.64 2.68 2.70 2.14 2.16 0.43 0.44 72.76 74.27 

Annual energy loss  (GWh) 2.22 2.22 2.77 2.78 3.45 3.45 0.76 0.76 123.88 124.43 

Annual electricity sold (TWh) 2.04 2.04 2.04 2.04 2.04 2.04 2.04 2.04 2.03 2.03 
Table 33: Overview of different output of the model for certain ESSs (continuation previous page) 

 



65 
 

6. CONCLUSION AND DISCUSSION 
  

 Conclusion 
In this research, a techno-economic analysis was performed on ESSs as ESSs can play a major role in 
overcoming the intermittent character of RES. The goal of the research was twofold. First, the different 
technologies of the ESSs were analysed. Secondly, the economic viability of the different ESSs for an 
offshore wind farm was determined. The first part of this goal was accomplished by a literature study, 
which listed and discussed different ESSs. The ESSs were classified according to their form of energy. 
It was found that each ESS has its own characteristics. The ESSs differ among other things in energy 
capacity, power capacity, costs, energy density and power density. The technical parameters of the 
ESSs also influence the application of the ESSs. By identifying beneficial storage applications for an 
offshore wind farm, suitable ESSs where selected which could provide these applications. 
 
To determine the economic viability of the ESSs for an offshore wind farm, a linear optimization model 
was constructed. This model was used to determine the annual profit of an ESS connected to an 
offshore wind farm. The ESSs were placed at onshore or offshore locations and the results were 
compared to a reference case, where the offshore wind farm operated without the use of an ESS. From 
a sensitivity analysis, it was found that both the technical parameters and the costs of the ESSs 
influenced the profitability. Influential technical parameters were the self-discharge, roundtrip 
efficiency and for some ESSs the number of full cycles. Crucial costs included the energy and power 
capital costs, for offshore-located ESSs the transmission costs as well. Additionally, it was found that 
the profit was dependent on the year of analysis. A probable reason for these differences is the positive 
relation between the variation in the electricity price series and the generated profit by using an ESS.  
 
Hereafter, the NPVs of the suitable ESSs were determined for fixed energy and power capacities. This 
serves to find the optimal ratio between the capacities for each ESS. A positive NPV was found for 
multiple ESSs. PHS and CAES were indicated as the most profitable ESSs. Reasons for this are their long 
lifetime, the good technical characteristics of PHS and the low costs of CAES. Beside these ESSs, also 
the Ocean Grazer, hydrogen fuel cells and most of the offshore-located batteries were indicated as 
profitable ESSs. NiCd, Li-ion and ZBFB batteries were classified as unprofitable. For all the ESSs, which 
were placed offshore and onshore, the offshore ESS showed better performance because these could 
also save costs on the transmission network.  
 
To verify if an offshore wind farm could profit from an ESS, the LCOE’ of the entire system was 
determined. The original formula for the LCOE was changed to LCOE’, which includes the extra profit 
of the ESS as well. Furthermore, the ESSs were scaled to their maximum capacities. From the LCOE’ 
values it was found that PHS, CAES, the Ocean Grazer, Lead acid batteries, NaS batteries, offshore 
NaNiCl and offshore hydrogen fuel cells could reduce the original LCOE’ values. Again, the mechanical 
ESSs show the best performance. The PHS and CAES because of their large capacities and reasons 
mentioned above. The Ocean Grazer because it is able to save 21 MW on the capacity of the 
transmission network. In addition, offshore hydrogen fuel cells could reduce the transmission network 
capacity but reduces the LCOE’ to a lower extent because of its poor roundtrip efficiency. The batteries 
which had positive NPVs, only slightly decreased the LCOE’. On the other hand, batteries with negative 
NPVs increased the LCOE’. Furthermore, it was found that in order to significantly reduce the LCOE’, 
the ESSs need large capacities. For large ESS, the majority of the stored electricity was not generated 
by the wind farm but originates from the market. This diminishes the role of the wind farm in the 
analysed systems. 
The storage system of the Ocean Grazer showed great potential for the application to an offshore wind 
farm. This is strengthened by the fact that the Ocean Grazer already included true costs of offshore 
construction. For the rest of the offshore ESSs it was assumed that these costs equal the costs for their 
onshore counterpart. However, it is likely that the construction costs would increase for offshore ESSs 
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since offshore construction is more complex. From a sensitivity analysis on the CAPEX of the offshore 
ESSs, it was found that when the CAPEX increases the offshore ESSs are no longer profitable.  
The mechanical ESSs showed the potential to lower the LCOE’. However, PHS and CAES are dependent 
on suitable geographical locations and the Ocean Grazer is only in its proof of concept phase. This 
means that nowadays the mechanical ESSs are no feasible solutions for offshore wind farms. Batteries 
and hydrogen fuel cells are feasible solutions. Only lead acid and NaS batteries were able to slightly 
decrease the LCOE’ of an offshore wind farm. Therefore, it is currently not possible to significantly 
reduce the LCOE’ of an offshore wind farm. Nevertheless, the wind farm profits from other applications 
which could be provided by the ESSs. 
 
Overall, this research shows the economic potential of several ESSs for the application to an offshore 
wind farm. This underlines the expected crucial role for ESSs in large-scale power systems. However, 
as will be addressed in the discussion, the analysis in this research is influenced by several 
simplifications and assumptions. Therefore, several directions for future research will be suggested to 
verify the assumptions of this research. When it appears that different input should be used, the model 
developed in this research can be used to recalculate the values. 
Furthermore, this research provides insights on the profitability of ESSs. By analysing the results, points 
of improvements were found for the ESSs. Consequently, the profitability could be increased. For most 
of the ESSs, this could be realized by increasing the capacities, reducing the costs or improving other 
technical parameters. 
 

 Discussion 
The research started with a comprehensive overview of available ESSs and a list of applications that 
the specific ESSs could provide. Not all the ESSs were included in the final analysis because of several 
reasons. First, in the literature study, two ESS, SNG and TES, were excluded for further analysis since 
academic information on these systems is limited. If more information can be provided about these 
ESSs, they could be added to the analysis. Second, beneficial applications for an offshore wind farm 
were determined. Only the ESSs that could provide these beneficial applications, were included in the 
final analysis. This does not imply that the excluded ESSs could not have any value for an offshore wind 
farm. However, based on their technical parameters it is less likely that these ESSs could contribute to 
the profitability of an offshore wind farm. A limitation of the focus on beneficial applications for an 
offshore wind farm, is that other applications of ESSs are not taken into account. Most of the suitable 
ESSs could provide more applications than the included applications in the analysis. Hence, the overall 
system could even profit more from the use of the ESSs than accounted for. 
 
For obtaining the results, a linear model was used. The model requires various input, which also lead 
to some assumptions. First, the ramp rates were assumed to be 10% of the power capacity what means 
that in the model the maximum power capacity can always be reached in the timeslot of 15 minutes. 
This further means that also the response time of the ESSs was neglected. Second, the charge and 
discharge capacities of the ESSs were assumed to be equal. It should be verified how realistic this is 
and if this holds for all the ESSs. Third, for several variables, average values were assumed. For instance, 
average values were used to determine the energy and power capital costs and the energy and power 
densities. An alternative approach for using average values could be to work with worst- and best-case 
scenarios. However, this makes the analysis more complex because several variables are based on each 
other.  
Moreover, for using the model some simplifications were made. For instance, environmental effects, 
possible tax rates and the decline in performance of the ESSs and the wind farm were excluded. 
Especially when more information could be provided about the environmental effects of ESSs, this 
should be taken into account as this can influence the costs of the ESSs. Another simplification is that 
perfect foresight on the aFRR markets was assumed. This is not the case at the actual markets, because 
the prices are based on received bids. Since in the model the prices are known in advance, the system 



67 
 

could store the electricity up to a point where maximum revenue can be obtained. This leads to an 
overestimation of the ESS profitability. On the other hand, there are also assumptions, which 
underestimate ESS profitability. For instance, it is assumed that the capital costs scale linearly with the 
ESS capacities. This is not very likely because economies of scale are expected for large systems. Lastly, 
the aFRR market was chosen to solve the imbalances because on this market voluntary bids could be 
made to solve the imbalances. This is not possible at other Dutch electricity markets what makes it 
more complex to create a business case for these markets. When this becomes possible, it would be 
interesting to analyse the results when the electricity is sold at other markets. 
 
In the sensitivity analysis on the model input it was also found that the profit of the ESSs is dependent 
on the year of analysis. A probable reason for this was the difference in variability of the market prices. 
A more in-depth study between different annual data could clarify underlying factors for the 
differences. It was also verified if the maximum capacities of the ESSs would lead to the maximum 
profitability. This was the case and was examined because especially offshore ESSs were not able to 
significantly reduce the transmission network capacity. The minimal savings means that practically no 
savings could be realized on the transmission network costs, since the export cable consists of two 
cables of 350 MW. On the other hand, the capacity savings means that there is additional space for 
the placement of extra wind turbines. However, the effect of these extra turbines should be examined 
to make a final statement about the value of offshore ESSs.  
Furthermore, the stored electricity could be generated by the wind farm or purchased on the market. 
It was found that for the ESSs which significantly reduce the LCOE’, the majority of the stored electricity 
originates from the market. For ESSs with smaller capacities, this percentage is smaller since also half 
of the stored electricity originated from the wind farm. A further analysis could clarify up to which 
capacities the origins of the electricity are in balance. Only for these capacities, the wind farm has a 
major role in the system.  
For the Ocean Grazer, the location of its storage system even allows for additional savings. Since these 
storages are located below the wind turbines, the electricity is stored before transporting the 
electricity from the wind turbines to the offshore substation. This is different from other offshore ESSs 
because those use a centralized ESS. If load levelling could be applied to the cables from the wind 
turbines to the offshore substation, the Ocean Grazer would realize additional savings. By analysing 
the length of these cables, the additional savings could be added in the model and will increase the 
profitability of the Ocean Grazer. 
 
Beside the already mentioned points for further research, three additional points for further research 
could be mentioned. First, the linear model does not lead to a complete realistic representation of 
reality. Therefore, it would be useful if other methods were investigated to see if these models could 
replace the used linear model. Already a suggestion for using a binary model was provided in this 
research, however due to time constraints this was not feasible. Second, the CAPEX for offshore ESSs 
significantly influence the profitability of the offshore ESS. Since it is a new concept to locate ESSs 
offshore, the construction cost for offshore location should be clarified. The economic viability of the 
offshore ESSs will only remain if its costs do not significantly increase. As last, it is expected that in the 
coming years, the ESSs will improve their performance. It would be interesting, to analyse their 
technical parameters and costs again in a few years. From there, it can be seen which ESS technologies 
evolved. 
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Appendix A Technical parameters ESSs 
The values of the parameters are based on the values in the articles of Luo and Nikolaidis (Luo et al., 
2015; Nikolaidis & Poullikkas, 2018).  
 
 

ESS Storage 
duration 

Response 
time 

Power 
rating 
(MW) 

Power 
density 
(kW/m3) 

Energy 
density 
(kWh/m3) 

Round-trip 
efficiency 
(%) 

Self-
discharge 
(% per day) 

Lifetime 
(years) 

Cycling 
times  

PHS 
Hours-
months 

Minutes 100-
5000 

0.01-
0.12 

0.5-0.133 70-85 0 30-50 
10,000-
30,000 

CAES 
Hours-
months 

Minutes 
5-300 0.04-10 0.4-20 42-54 0 30 

8000-
12,000 

Flywheels 
Seconds-
minutes 

Millisecon
ds 

0.1-20 40-2000 0.25-424 90-95 55-100 20 105-107 

Ocean 
Grazer 

Hours-
months 

Minutes 
0.05-3 

0.01-
0.12 

0.5-0.133 78% 0 20 50,000 

Lead acid 
Minutes-

days 
Millisecon

ds 
0-20 10-400 25-90 85-90 0.1-0.2 5-15 

200-
2000 

NiCd 
Minutes-

days 
Millisecon

ds 
0-40 38-141 15-150 60-90 0.1-0.2 10-20 

1500-
3000 

Li-ion 
Minutes-

days 
Millisecon

ds 
0-0.1 56-800 94-500 97 0.03 5-15 

3000-
10,000 

NaS 
Seconds-

hours 
Millisecon

ds 
0.05-8 1.3-50 150-345 89-92 0 10-20 

1500-
5000 

NaNiCl 
Seconds-

hours 
- 

0-0.3 54.2-300 108-190 70-85 20 10-14 1000 

VRFB 
Hours-
months 

Millisecon
ds 

0.03-3 2.5-33.4 10-33 85 0 5-10 16,000 

ZBFB 
Hours-
months 

Millisecon
ds 

0.05-2 3-8.5 5.2-70 75 0 5-10 
2000-
3500 

Hydrogen 
FC 

Hours-
months 

Seconds 
0-39 1-300 25-770 20-50 0.06-3 5-15 20,000 

SMES <30 min 
Millisecon

ds 
0.1-10 

300-
4000 

0.2-13.8 95 
10.00-
15.00 

20-30 infinite 

Capacitor
s 

Seconds-
hours 

Millisecon
ds 

0-0.05 15-4500 0.05-10 95 40 5 106 

Supercap
acitors 

Seconds-
hours 

Millisecon
ds 

0-0.3 15-4500 1-35 85-98 20-40 20-40 106 

TES 
Minutes-

days 
No rapid 
response 

0.1-
300 

80-500 500 30-60 0.05-1.00 5-30 - 

 

 

 

 

 

 

 

Table 34: Technical parameters of all the ESSs 
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Appendix B Characteristics and economic parameters ESSs 
The values of the parameters in the table are based on the values in the articles of Chen, Luo and 
Nikolaidis (Chen et al., 2009; Luo et al., 2015; Nikolaidis & Poullikkas, 2018). 
 
 

ESS Maturity Energy 
capital 
costs 

(€/kWh) 

Power 
capital 
costs 

(€/kW) 

Influence on 
environment 

Environmental 
conditions 

PHS Mature 4-88 528-
1760 

Negative: removal of 
threes and vegetation 

-Large area 
-Presence of lake or rive 
reduce costs 

CAES Commercialized 2-44 352-704 Small: Emissions from 
combustion of natural 
gas 

-Presence of power plant 
-Presence of natural 
reservoirs reduce costs 

Flywheels Commercializing 880-
4400 

220-308 - - 

Ocean Grazer Developing 850-
1250 

528-
1760 

- -Located at the seabed of 
the ocean or sea 

Lead acid Mature 176-352 264-528 Small: lead toxic 
material but recyclable 

-Recycle infrastructure 

NiCd Commercialized 704-
1320 

440-
1320 

- -Recycle infrastructure 

Li-ion Commercialized 528-
2200 

1056-
3520 

- - 

NaS Commercialized 264-440 880 - - 

NaNiCl Commercializing 132-264 88-176 - - 

VRFB Commercializing 132-880 528-
1320 

- - 

ZBFB Demonstration 132-880 616-
2200 

Small: bromine material 
but recyclable 

-Recycle infrastructure 

Hydrogen FC Developing 13 440-
1980 

- - 

SMES Commercializing 880-
8800 

176-264 Negative: strong 
magnetic field 

- 

Capacitors Commercialized 440-880 176-352 - - 

Supercapacito
rs 

Developing 264-
1760 

88-264 - - 

TES Demonstration 3-53 88-352 - -Requires health source 

 

 

 

 

  

Table 35: Characteristics and economic parameters of the ESSs 
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Appendix C Model of the system without ESSs  
 

 
 
Constraints:  

(1) 𝐸𝑎𝑐𝑡(𝑡) + 𝐷(𝑡) + 𝐸𝑑𝑜𝑤𝑛(𝑡) = 𝐸𝑓𝑟𝑐(𝑡) + 𝐶(𝑡) + 𝐸𝑢𝑝(𝑡) 

(2) 𝐸𝑎𝑐𝑡(𝑡) ≤ 𝐺 

 
Algorithm: 
 
𝑓𝑜𝑟 𝑡 = 1: 𝑙𝑒𝑛𝑔𝑡ℎ(𝐸𝑎𝑐𝑡) 

𝑑(𝑡) = 𝐸𝑎𝑐𝑡(𝑡) − 𝐸𝑓𝑟𝑐(𝑡) 

𝑖𝑓 𝐸𝑎𝑐𝑡(𝑡) > 𝐸𝑓𝑟𝑐(𝑡) 𝑡ℎ𝑒𝑛 

𝑅(𝑡) = 𝑑(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑢𝑝(𝑡) 

𝑖𝑓 𝐸𝑎𝑐𝑡(𝑡) < 𝐸𝑓𝑟𝑐(𝑡) 𝑡ℎ𝑒𝑛 

𝑅(𝑡) = 𝑑(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑑𝑜𝑤𝑛(𝑡) 
𝑒𝑛𝑑  
 
 

𝑃𝑟𝑜𝑓𝑖𝑡 = ∑ 𝑅

𝑡=35040

𝑡=1

(𝑡) 
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Appendix D Model of the system with onshore ESSs 
 

 
 
Decision variables: 
 
Eup(t), Edown(t), C(t) and D(t) 
 
Constraints:  
 

(1) 𝐸𝑎𝑐𝑡(𝑡) + 𝐷(𝑡) + 𝐸𝑑𝑜𝑤𝑛(𝑡) = 𝐸𝑓𝑟𝑐(𝑡) + 𝐶(𝑡) + 𝐸𝑢𝑝(𝑡) 

(2) 𝐿(𝑡) = (1 − 𝜂𝐿) ∙ 𝐿(𝑡 − 1) + 𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 −
𝐷(𝑡)

𝜂𝐶
∙ ∆𝑡 

(3) 𝐸𝑎𝑐𝑡(𝑡) ≤ 𝐺 

(4) 
𝐷(𝑡)

𝜂𝐶
∙  ∆𝑡 ≤ 𝐿(𝑡 − 1) 

(5) 𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 ≤ 𝐿𝑚𝑎𝑥 − 𝐿(𝑡 − 1) 

(6) 𝐶(𝑡) − 𝐷(𝑡) ≤ 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) + 𝑅𝑢𝑝 

(7) −𝐶(𝑡) + 𝐷(𝑡) + 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) ≤ 𝑅𝑑𝑜𝑤𝑛 

(8) 
1

𝐿𝑚𝑎𝑥
∙ ∑ [𝐶 ∙ ∆𝑡]

𝑡=35040

𝑡=1

≤
𝑚𝑚𝑎𝑥

𝑇
 

(9) 𝐿(𝑡) ≤ 𝐿𝑚𝑎𝑥 

(10) 𝐶(𝑡) + 𝐷(𝑡) ≤ 𝐶𝑚𝑎𝑥 

 
Objective function: 
 

𝑚𝑎𝑥 𝑓 = ∑ [𝐸𝑢𝑝(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑢𝑝(𝑡) − 𝐸𝑑𝑜𝑤𝑛(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑑𝑜𝑤𝑛(𝑡)]

𝑡=35040

𝑡=1

− 𝑂𝑣𝑜𝑙 ∙ ∑ [𝐶(𝑡) ∙ ∆𝑡]

𝑡=35040

𝑡=1
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Appendix E Model of the system with offshore ESSs  
 

 

Decision variables 
 
Eup(t), Edown(t), C(t), D(t) and G 
 
Constraints:  

(1) 𝐸𝑎𝑐𝑡(𝑡) + 𝐷(𝑡) + 𝐸𝑑𝑜𝑤𝑛(𝑡) = 𝐸𝑓𝑟𝑐(𝑡) + 𝐶(𝑡) + 𝐸𝑢𝑝(𝑡) 

(2) 𝐿(𝑡) = (1 − 𝜂𝐿) ∙ 𝐿(𝑡 − 1) + 𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 −
𝐷(𝑡)

𝜂𝐶
∙ ∆𝑡 

(3) 𝑃𝑎𝑐𝑡(𝑡) + 𝐷(𝑡) − 𝐶(𝑡) ≤ 𝐺 

(4) 𝐸𝑑𝑜𝑤𝑛(𝑡) − 𝐸𝑢𝑝(𝑡) − 𝐸𝑓𝑟𝑐(𝑡) ≤ 𝐺 

(5) 
𝐷(𝑡)

𝜂𝐶
∙  ∆𝑡 ≤ 𝐿(𝑡 − 1) 

(6) 𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 ≤ 𝐿𝑚𝑎𝑥 − 𝐿(𝑡 − 1) 

(7) 𝐶(𝑡) − 𝐷(𝑡) ≤ 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) + 𝑅𝑢𝑝 

(8) −𝐶(𝑡) + 𝐷(𝑡) + 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) ≤ 𝑅𝑑𝑜𝑤𝑛 

(9) 
1

𝐿𝑚𝑎𝑥
∙ ∑ [𝐶 ∙ ∆𝑡]

𝑡=35040

𝑡=1

≤
𝑚𝑚𝑎𝑥

𝑇
 

(10) 𝐿(𝑡) ≤ 𝐿𝑚𝑎𝑥 

(11) 𝐶(𝑡) + 𝐷(𝑡) ≤ 𝐶𝑚𝑎𝑥 

 
Objective function: 
 

𝑚𝑎𝑥 𝑓 = ∑ [𝐸𝑢𝑝(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑢𝑝(𝑡) − 𝐸𝑑𝑜𝑤𝑛(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑑𝑜𝑤𝑛(𝑡)]

𝑡=35040

𝑡=1

− 𝑂𝑣𝑜𝑙 ∙ ∑ [𝐶(𝑡) ∙ ∆𝑡]

𝑡=35040

𝑡=1

+
1

𝑇
[𝐶𝑜𝑟𝑖 − 𝐺 ∙ 𝐶𝑡𝑟] 
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Appendix F Binary optimization problem of the system with onshore ESSs  
 
Decision variables: 
 
Eup(t), Edown(t), C(t), D(t) ,G and B(t) 
B(t) is binary variable 
 
Constraints:  
 

(1) 𝐸𝑎𝑐𝑡(𝑡) + 𝐷(𝑡) + 𝐸𝑑𝑜𝑤𝑛(𝑡) = 𝐸𝑓𝑟𝑐(𝑡) + 𝐶(𝑡) + 𝐸𝑢𝑝(𝑡) 

(2) 𝐿(𝑡) = (1 − 𝜂𝐿) ∙ 𝐿(𝑡 − 1) + 𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 −
𝐷(𝑡)

𝜂𝐶
∙ ∆𝑡 

(3) 𝐸𝑎𝑐𝑡(𝑡) ≤ 𝐺 

(4) 
𝐷(𝑡)

𝜂𝐶
∙  ∆𝑡 ≤ 𝐿(𝑡 − 1) 

(5) 𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 ≤ 𝐿𝑚𝑎𝑥 − 𝐿(𝑡 − 1) 

(6) 𝐶(𝑡) − 𝐷(𝑡) ≤ 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) + 𝑅𝑢𝑝 

(7) −𝐶(𝑡) + 𝐷(𝑡) + 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) ≤ 𝑅𝑑𝑜𝑤𝑛 

(8) 
1

𝐿𝑚𝑎𝑥
∙ ∑ [𝐶 ∙ ∆𝑡]

𝑡=35040

𝑡=1

≤
𝑚𝑚𝑎𝑥

𝑇
 

(9) 𝐿(𝑡) ≤ 𝐿𝑚𝑎𝑥 

(10) 𝐶(𝑡) ≤ 𝐵(𝑡) ∙ 𝐶𝑚𝑎𝑥 

(11) 𝐷(𝑡) ≤ (1 − 𝐵(𝑡)) ∙ 𝐶𝑚𝑎𝑥 

 
 
Objective function: 
 

𝑚𝑎𝑥 𝑓 = ∑ [𝐸𝑢𝑝(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑢𝑝(𝑡) − 𝐸𝑑𝑜𝑤𝑛(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑑𝑜𝑤𝑛(𝑡)]

𝑡=35040

𝑡=1

− 𝑂𝑣𝑜𝑙 ∙ ∑ [𝐶(𝑡) ∙ ∆𝑡]

𝑡=35040

𝑡=1
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Appendix G Binary optimization problem of the system with offshore ESSs  
 
Decision variables 
 
Eup(t), Edown(t), C(t), D(t) ,G and B(t) 
B(t) is binary variable 
 
Constraints:  
 

(1) 𝐸𝑎𝑐𝑡(𝑡) + 𝐷(𝑡) + 𝐸𝑑𝑜𝑤𝑛(𝑡) = 𝐸𝑓𝑟𝑐(𝑡) + 𝐶(𝑡) + 𝐸𝑢𝑝(𝑡) 

(2) 𝐿(𝑡) = (1 − 𝜂𝐿) ∙ 𝐿(𝑡 − 1) + 𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 −
𝐷(𝑡)

𝜂𝐶
∙ ∆𝑡 

(3) 𝑃𝑎𝑐𝑡(𝑡) + 𝐷(𝑡) − 𝐶(𝑡) ≤ 𝐺 

(4) 𝐸𝑑𝑜𝑤𝑛(𝑡) − 𝐸𝑢𝑝(𝑡) − 𝐸𝑓𝑟𝑐(𝑡) ≤ 𝐺 

(5) 
𝐷(𝑡)

𝜂𝐶
∙  ∆𝑡 ≤ 𝐿(𝑡 − 1) 

(6) 𝐶(𝑡) ∙ 𝜂𝐶 ∙ ∆𝑡 ≤ 𝐿𝑚𝑎𝑥 − 𝐿(𝑡 − 1) 

(7) 𝐶(𝑡) − 𝐷(𝑡) ≤ 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) + 𝑅𝑢𝑝 

(8) −𝐶(𝑡) + 𝐷(𝑡) + 𝐶(𝑡 − 1) − 𝐷(𝑡 − 1) ≤ 𝑅𝑑𝑜𝑤𝑛 

(9) 
1

𝐿𝑚𝑎𝑥
∙ ∑ [𝐶 ∙ ∆𝑡]

𝑡=35040

𝑡=1

≤
𝑚𝑚𝑎𝑥

𝑇
 

(10) 𝐿(𝑡) ≤ 𝐿𝑚𝑎𝑥 

(11) 𝐶(𝑡) ≤ 𝐵(𝑡) ∙ 𝐶𝑚𝑎𝑥 

(12) 𝐷(𝑡) ≤ (1 − 𝐵(𝑡)) ∙ 𝐶𝑚𝑎𝑥 

 
Objective function: 
 

𝑚𝑎𝑥 𝑓 = ∑ [𝐸𝑢𝑝(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑢𝑝(𝑡) − 𝐸𝑑𝑜𝑤𝑛(𝑡) ∙ ∆𝑡 ∙ 𝑃𝑑𝑜𝑤𝑛(𝑡)]

𝑡=35040

𝑡=1

− 𝑂𝑣𝑜𝑙 ∙ ∑ [𝐶(𝑡) ∙ ∆𝑡]

𝑡=35040

𝑡=1

+
1

𝑇
[𝐶𝑜𝑟𝑖 − 𝐺 ∙ 𝐶𝑡𝑟] 



79 
 

Appendix H Tables sensitivity analysis  
  

1. Self-discharge 
 

Self-
discharge 

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

0% 4.3 0.23 0.19 0.23 0.22 0.22 0.21 0.21 0.2 0.24 0.24 0.24 0.18 0.18 0.23 0.23 0.22 0.22 0.15 0.15 

25% 4.3 0.22 0.18 0.22 0.21 0.21 0.2 0.2 0.2 0.24 0.23 0.23 0.16 0.16 0.22 0.22 0.22 0.22 0.14 0.14 

50% 4.3 0.22 0.18 0.21 0.21 0.21 0.2 0.2 0.2 0.23 0.23 0.23 0.16 0.16 0.22 0.22 0.21 0.21 0.13 0.13 

75% 4.3 0.21 0.17 0.21 0.2 0.2 0.19 0.19 0.2 0.23 0.22 0.22 0.15 0.15 0.21 0.21 0.21 0.21 0.13 0.13 

100% 4.3 0.21 0.17 0.21 0.2 0.2 0.19 0.19 0.2 0.22 0.22 0.22 0.15 0.15 0.21 0.21 0.2 0.2 0.12 0.12 

Table 36: The effect of the daily self-discharge on the annual profit of the ESSs 

 
 

2. Roundtrip efficiency  

Roundtrip 
efficiency 

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

1% 4.3 0.07 0.07 0.07 0.07 0.07 0.06 0.06 0.1 0.07 0.07 0.07 0.07 0.07 0.06 0.06 0.07 0.07 0.05 0.05 

25% 4.3 0.15 0.15 0.15 0.15 0.15 0.14 0.14 0.1 0.14 0.15 0.15 0.13 0.13 0.14 0.14 0.15 0.15 0.13 0.13 

50% 4.3 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.2 0.19 0.19 0.19 0.15 0.15 0.19 0.19 0.19 0.19 0.17 0.17 

75% 4.3 0.23 0.22 0.22 0.21 0.21 0.21 0.21 0.2 0.22 0.22 0.22 0.17 0.17 0.22 0.22 0.22 0.22 0.2 0.2 

Table 37: The effect of the roundtrip efficiency on the annual profit of the ESSs 
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3. Ramp rates 

Ramp 
rates 

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

1% 4.3 0.17 0.12 0.16 0.15 0.15 0.14 0.14 0.2 0.18 0.18 0.18 0.1 0.1 0.17 0.17 0.16 0.16 0.08 0.08 

5% 4.3 0.22 0.18 0.22 0.21 0.21 0.2 0.2 0.2 0.24 0.23 0.23 0.15 0.15 0.22 0.22 0.21 0.21 0.14 0.14 

10% 4.3 0.23 0.19 0.23 0.22 0.22 0.21 0.21 0.2 0.24 0.24 0.24 0.17 0.17 0.23 0.23 0.22 0.22 0.15 0.15 

20% 4.3 0.23 0.19 0.23 0.22 0.22 0.21 0.21 0.2 0.24 0.24 0.24 0.17 0.17 0.23 0.23 0.22 0.22 0.15 0.15 

Table 38: The effect of the ramp rates (as percentage of the power capacity) on the annual profit of the ESSs 

 
4. Cycling times 

Cycling 
times 

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

-20% 4.3 0.23 0.19 0.23 0.21 0.21 0.2 0.2 0.2 0.24 0.24 0.24 0.15 0.15 0.23 0.23 0.22 0.22 0.15 0.15 

Base  4.3 0.23 0.19 0.23 0.22 0.22 0.21 0.21 0.2 0.24 0.24 0.24 0.17 0.17 0.23 0.23 0.22 0.22 0.15 0.15 

+20% 4.3 0.23 0.19 0.23 0.23 0.23 0.21 0.22 0.2 0.24 0.24 0.24 0.18 0.18 0.23 0.23 0.22 0.22 0.15 0.15 

Table 39: The effect of the cycling times on the annual profit of the ESSs 

 
5. Lifetime 

Lifeti
me 

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

-5 
years 

4.3 0.23 0.19 0.23 0.24 0.24 0.22 0.22 0.2 0.24 0.24 0.24 0.2 0.2 0.23 0.23 0.22 0.22 0.15 0.15 

Base  4.3 0.23 0.19 0.23 0.22 0.22 0.21 0.21 0.2 0.24 0.24 0.24 0.17 0.17 0.23 0.23 0.22 0.22 0.15 0.15 

+5 
years 

4.3 0.23 0.19 0.23 0.21 0.21 0.2 0.2 0.2 0.24 0.24 0.24 0.14 0.14 0.23 0.23 0.22 0.22 0.15 0.15 

Table 40: The effect of the lifetime on the annual profit of the ESSs 
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6. Energy capital costs 

Energy 
capital costs 

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

-20% 0 2.1 1.9 -6.3 0.3 -0.3 -5.9 -6.6 -10.2 -10.8 -0.7 -1.3 0.4 -0.2 -2.7 -3.3 -3.2 -3.8 0.7 0.1 

Base 0 2 1.9 -8.4 -0.3 -0.9 -8 -8.6 -12.9 -13.5 -1.4 -2.1 0 -0.6 -3.7 -4.3 -4.2 -4.8 0.7 0.1 

20% 0 1.9 1.8 -10.5 -0.8 -1.4 -10 -10.6 -15.7 -16.3 -2.1 -2.8 -0.4 -1 -4.7 -5.3 -5.2 -5.8 0.7 0.1 

Table 41: The effect of the energy capital costs on the NPV 

 
7. Power capital costs 

Power 
capital costs 

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

-20% 0 2.2 2 -8.2 -0.2 -0.8 -7.8 -8.4 -12.5 -13.1 -1.3 -1.9 0.1 -0.5 -3.5 -4.1 -3.9 -4.5 1 0.4 

Base 0 2 1.9 -8.4 -0.3 -0.9 -8 -8.6 -12.9 -13.5 -1.4 -2.1 0 -0.6 -3.7 -4.3 -4.2 -4.8 0.7 0.1 

20% 0 1.8 1.8 -8.7 -0.3 -1 -8.1 -8.8 -13.4 -14 -1.6 -2.2 0 -0.6 -3.9 -4.5 -4.5 -5.1 0.5 -0.1 

Table 42: The effect of the power capital costs on the NPV 

 
8. Transmission network costs 

Transmission 
network costs 

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

-20% 0 2 1.9 -8.6 -0.4 -0.9 -8.1 -8.6 -13.1 -13.5 -1.6 -2.1 -0.1 -0.6 -3.8 -4.3 -4.3 -4.8 0.6 0.1 

Base 0 2 1.9 -8.4 -0.3 -0.9 -8 -8.6 -12.9 -13.5 -1.4 -2.1 0 -0.6 -3.7 -4.3 -4.2 -4.8 0.7 0.1 

20% 0 2 1.9 -8.3 -0.1 -0.9 -7.9 -8.6 -12.8 -13.5 -1.3 -2.1 0.2 -0.6 -3.5 -4.3 -4.1 -4.8 0.8 0.1 

Table 43: The effect of the transmission network costs on the NPV 
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9. OPEX 

OPEX
…….  

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

-20% 0 2 1.9 -8.5 -0.3 -0.9 -7.9 -8.6 -12.9 -13.5 -1.4 -2 0.1 -0.6 -3.6 -4.3 -4.2 -4.8 0.8 0.2 

Base 0 2 1.9 -8.4 -0.3 -0.9 -8 -8.6 -12.9 -13.5 -1.4 -2.1 0 -0.6 -3.7 -4.3 -4.2 -4.8 0.7 0.1 

20% 0 2 1.8 -8.4 -0.3 -0.9 -8 -8.6 -13 -13.6 -1.5 -2.1 0 -0.6 -3.7 -4.3 -4.2 -4.8 0.7 0.1 

Table 44: The effect of the OPEX on the NPV 

 
10. Annual data 

Year
…..  

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl  VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

2013 0 2.9 2.3 -7.8 0.1 -0.5 -7.5 -8.1 -12.3 -12.9 -0.8 -1.4 0.4 -0.2 -3.2 -3.8 -3.8 -4.4 1 0.3 

2014 0 1 1 -9.1 -0.9 -1.5 -8.7 -9.3 -13.5 -14.1 -2 -2.6 -0.4 -1 -4.1 -4.7 -4.7 -5.3 0.1 -0.5 

2015 0 2 1.9 -8.4 -0.3 -0.9 -8 -8.6 -12.9 -13.5 -1.4 -2.1 0 -0.6 -3.7 -4.3 -4.2 -4.8 0.7 0.1 

Table 45: The NPV for different years of analysis 
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Appendix I Optimal ratio between the energy and power capacity  
 

Energy 
capacity 
(MWh) 

Power 
capacity 

(MW) 

No 
ESS 

PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

0.25 1 0 -0.4 0 -0.1 -0.3 -0.3 -1 -1 -2.1 -2.1 -0.7 -0.7 -0.1 -0.1 -0.4 -0.4 -1.3 -1.3 0 -0.7 

0.5 1 0 0.2 0.4 0.8 0.4 -0.2 -0.5 -1.1 -1.5 -2.1 0.1 -0.5 0.5 -0.1 0.5 -0.1 -0.6 -1.2 0.3 -0.3 

0.75 1 0 0.7 0.7 0.8 0.4 -0.2 -0.6 -1.2 -1.5 -2.1 0.3 -0.3 0.5 -0.1 0.6 0 -0.6 -1.2 0.5 -0.1 

1 1 0 1.1 1 0.7 0.5 -0.1 -0.7 -1.3 -1.5 -2.2 0.4 -0.2 0.5 -0.1 0.6 0 -0.5 -1.1 0.6 0 

2 1 0 1.9 1.6 -0.2 0.6 0 -1.2 -1.8 -2.4 -3 0.6 0 0.6 0 0.3 -0.4 -0.6 -1.2 0.7 0.1 

4 1 0 2.2 1.9 -2.2 0.7 0.1 -2.5 -3.2 -4.8 -5.4 0.4 -0.2 0.6 0 -0.7 -1.3 -1.3 -1.9 0.7 0.1 

6 1 0 2.2 1.9 -4.3 0.5 -0.1 -4.2 -4.8 -7.5 -8.1 -0.1 -0.7 0.5 -0.2 -1.7 -2.3 -2.2 -2.8 0.7 0.1 

8 1 0 2.1 1.9 -6.3 0.2 -0.4 -6 -6.6 -10.2 -10.8 -0.8 -1.4 0.3 -0.3 -2.7 -3.3 -3.2 -3.8 0.7 0.1 

10 1 0 2 1.9 -8.4 -0.3 -0.9 -8 -8.6 -12.9 -13.5 -1.4 -2.1 0 -0.6 -3.7 -4.3 -4.2 -4.8 0.7 0.1 

Table 46: The effect of the ratio between the energy and power capacity on the NPV 

 
 PHS CAES OG Lead acid NiCd Li-ion NaS NaNiCl VRFB ZBFB Hydrogen FC 

 Onsh
ore 

Onsh
ore 

Offsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Offsh
ore 

Onsh
ore 

Optimal 
ratio………
…….. 

4 4 0.5 4 4 0.5 0.25 0.5 0.25 2 2 2 2 0.75 0.75 1 1 2 2 

Scaling - - 89 9.4 9.4 40.6 49.3 174.1 220.3 14.9 14.9 36.7 36.7 7.7 7.7 3.5 3.5 60.0 60.0 

Energy 
capacity 
(MWh) 

2000 500 133.5 37.61 37.61 20.31 12.32 87.07 55.06 29.74 29.74 73.42 73.42 5.80 5.80 3.49 3.49 
119.9

0 
119.9

0 

Power 
capacity 
(MW)  

500 125 267 9.40 9.40 40.62 49.28 
174.1

3 
220.2

5 
14.87 14.87 36.71 36.71 7.73 7.73 3.49 3.49 59.95 59.95 

Table 47: The upscaled energy and power capacity based on the optimal ratio 


