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Abstract 

Fast decarbonization of the power system seems the only way forward to comply to the goals 
set in the Paris Agreement. Besides wind and solar as renewable energy sources, tidal energy 
is an evident source of renewable power that is yet to be exploited on a large scale. Dynamic 
tidal power (DTP) is one of the most promising tidal power technologies, as its production 
pattern is highly predictable and the technology seems to be suitable for large scale 
deployment. Current research lacks an integrated view on DTP, and therefore this research 
aims on determining the potential role of DTP in a power system, and assessing the 
performance of DTP integrated in a system. 
 
Within the boundaries of a case study location in the Netherlands, an optimal DTP 
configuration is determined. The hourly output and techno-economic parameters of the 
optimised dam are integrated in the system context, and result in 11.4 GW installed capacity, 
producing roughly 34 TWh/year in isolated state. DTP integration is evaluated using an existing 
western European power system model that represents the system context, and optimises 
based on cost minimisation. In all scenarios, the DTP dam is part of the cost-optimal solution, 
and proves to be a competitive technology. The dam mostly replaces nuclear capacity, and 
with 4 GW additional (bio)gas-fired generation capacity, it fulfils a low-carbon firm role in the 
system. In scenarios without nuclear power, DTP replaces wind and solar PV capacity, hence 
proves to be cost competitive compared to the renewable technologies as well. Based on the 
default assumptions, the addition of DTP shows operational and capital system cost reductions 
up to 2 % and 0.5 %, respectively, whilst maintaining general system performance. The DTP 
performance indicators show average capacity factors between 31 % and 32 %, and indicate 
high utilization of the integrated DTP capacity. This makes it a very competitive technology, 
with an overall integrated LCOE of around 0.04 €/kWh. However, when integrated in a system 
with a high degree of iRES, the utilization decreases to 23 %, and the LCOE consequently 
increases to around 0.05 €/kWh. The addition of a storage facility to balance the dam 
generation pattern turns out to not be a favourable option, as it decreases DTP utilization due 
to efficiency losses. However, when the storage facility is connected to the grid, it can enable 
more renewable capacity and be of added value to the system. 
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Nomenclature 

BTM: Behind the meter 
CCGT: Combined cycle gas turbine 
CCS: Carbon capture and storage 
CAPEX: Capital expenditure 
DTP: Dynamic tidal power 
ECSM: European Continental Shelf Model 
FINEL: Finite Elements 
FOM costs: Fixed operational and 
maintenance costs 
FTM: Front of the meter 
GHG: Greenhouse gas  
IDC: Interest during construction 

iRES: Intermittent renewable energy 
source 
LT: Long-term 
OCGT: Open cycle gas turbine 
OPEX: Operational expenditure 
OS Storage: On-site storage 
PV: Photovoltaic  
RES: Renewable energy source 
ST: Short-term 
TCR: Total capital requirements  
VOM costs: Variable operation and 
maintenance costs 
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1. Introduction 

In order to prevent the global temperature to increase more than 2°C compared to pre-
industrial levels, the Paris Agreement of COP21 documented targets for 2030 to heavily reduce 
greenhouse gas (GHG) emissions (UNFCCC, 2015). Global temperature already increased 1°C 
and poses a major challenge for society to prevent the additional 1°C from happening (IEA, 
2019b). The 2018 Energy and CO2 Status Report published by the IEA (2019b) shows that 
emissions caused by coal-fired powerplants account for 30% of the current temperature rise, 
which makes it the single largest source of global temperature increase. Therefore, the 
transition towards a low-carbon power system seems essential for reaching the Paris targets, 
especially considering the expected increase of the share of electricity in the energy demand. 
In 2018 the electricity demand already rose 4%, which is almost twice as fast as the general 
energy demand (IEA, 2019b).  
 
Pehl et al. (2017) provide impact scenarios for future power generation. They show that in 
baseline scenarios for 2050 without climate policy compliance (i.e., no decarbonisation), the 
direct emissions from global power generation are estimated at around 17 GtCO2eq yr-1. 
Scenarios for 2050 with climate policy compliance (i.e., with decarbonisation) have direct 
emissions of about 1 GtCO2eq yr-1. This indicates an overall mitigation of 16 GtCO2eq yr-1

 in the 
power generation sector to reach climate goals. Currently, about 76% of the global power 
supply is generated by fossil fuelled plants (OECD, 2020; IRENA, 2020). In order to prevent the 
GHG emissions from the power sector to continue, a shift towards renewable low-carbon 
electricity generation seems inevitable. 
 
The past decade, major improvements in efficiency, capacity and financial viability have been 
made in the exploitation of renewable energy sources for obtaining low-carbon electricity. The 
three largest renewable energy technologies are renewable hydropower solar photovoltaic 
and wind energy. In 2018, the global installed capacities of hydro, wind and solar energy are 
estimated at 48%, 23% and 20% of the total installed capacity of renewables, respectively 
(IRENA, 2020). With these installed capacities, they provide 63 %, 18 % and 8 % of the total 
renewable electricity generation, respectively (IRENA, 2020). The difference between capacity 
and actual electricity generation reflects on the availability, predictability and efficiency of the 
renewable energy source and technology. When comparing the three main technologies, 
hydropower stands out with a significantly higher share in generation than in capacity. This is 
mostly caused by the highly predictable pattern and high availability of hydropower. Compared 
to hydro energy, wind patterns are highly unpredictable and solar PV has a relatively low 
availability (Wan et al., 2008). This shows the importance of predictability and availability when 
considering renewable energy sources, as it defines the actual generation potential relative to 
the capacity. Ocean energy is one of the most predictable and available renewable energy 
sources (COFL, 2017), and is yet to be exploited as it consists of less than 0.1 % of the global 
energy generation (IRENA, 2020). Extensive research has been done on further exploitation of 
this high potential energy source. One of the most promising technologies to capture the 
oceanic energy potential is Dynamic Tidal Power. 
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Dynamic Tidal Power (DTP) is a technology based on the conversion of tidal waterflows into 
electrical energy with hydro turbines. The hydro turbines are proposed to be situated in dams 
perpendicular to the coastal line. Tidal movement occurs parallel to the coastal line, in so called 
tidal waves (Hulsbergen et al., 2008). The tidal waves are captured at the high tide side of the 
dam and hence create a water level difference between both sides of the dam, i.e., the water 
head (∆ℎ). The water head can be converted into mechanical energy by the hydro turbines, 
and thus produce electricity. 
 
Different dam locations and configurations have been analysed to maximize the water head, 
and thus maximize the electricity generation potential. Firstly, shallow waters with strong tides 
in enclosed seas seem to be the most suitable geographical locations (Dai et al., 2017; 
Hulsbergen et al., 2008). Therefore, the Dutch coastline, Taiwan Strait1 and Yellow Sea2 are 
often used in literature as case study locations containing favourable conditions for DTP. 
Several dam shape configurations have been proposed. Adema & Hartsuiker (2010) started off 
by analysing I shaped dams. They stated that by constructing two I shaped dams, the phase lag 
difference of the tidal waves could be captured. The dams would have alternating generation 
patterns and could therefore together provide a more balanced electricity supply with a higher 
overall load factor (Hulsbergen et al., 2008). Liu & Zhang (2014) conclude, after analysing the 
hydrodynamic properties of I, T and Y shaped dams, that Y shaped dams seem to have the 
highest potential water head. Their study shows that a branch angle of α = 40° induces 
convergent tidal water flows from the branches towards the base of the Y (figure 1). In these 
branches, no hydro turbines are present to reduce costs and increase the flow through the 
root turbines (Liu & Zhang 2014). The convergent waterflows increase the ∆ℎ between both 
sides of the dam, because it captures water only at the high tide side. These proposed Y dams 
create a 12% increase of the average water head compared to T shaped dams. 
 
 

 
Figure 1: Y shaped dam with convergent waterflows (red) and cross-section (top-right) 

 
1 Taiwan Strait: Sea located between mainland China and Taiwan 
2 Yellow Sea: Sea located between mainland China and the Korean east coast   
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Several numerical studies have been performed for estimating the power output of DTP 
facilities. Hulsbergen et al. (2008) and Mei (2019) calculated the total power output 𝑃 (GW), 
using two variables: maximum tidal flow velocity 𝑉𝑚𝑎𝑥 (m/s) and dam length 𝐿 (km). 𝑉𝑚𝑎𝑥  
describes the peak tidal flow velocity that is reached at a specific dam location. This maximum 
velocity characterizes the strength of the tidal waterflow and is commonly used as a location 
specific parameter. The 𝑉𝑚𝑎𝑥 parameter does not change over time and only describes the 
maximum waterflow that is reached at a certain location. The 𝑉𝑚𝑎𝑥 of the North Sea is 
estimated between 0.8 and 1.2 m/s, depending on the exact coordinates that are being used 
(Stichting DTP, 2020). Hulsbergen et al. (2008) used these parameters to calculate the power 
capacity 𝑃𝐸𝑙𝑚𝑎𝑥 of T shaped dams connected to the shore. The  𝑃𝐸𝑙𝑚𝑎𝑥 ranges between 0.04 – 
36.0 GW, when varying 𝑉𝑚𝑎𝑥  from 0.6 – 1.4 m/s and 𝐿 from 5 to 45 km. Mei (2019) continued 
this research and applied these parameters to calculate the potential power output of I shaped 
dams connected to the shore. The power capacity 𝑃𝑁 ranges between 0.3 – 36.6 GW, when 
varying 𝑉𝑚𝑎𝑥  from 0.7 to 1.3 m/s and 𝐿 from 20 to 90 km. 
 
Several sources consider on site storage options for DTP that balance the generation pattern 
caused by the harmonic tidal variations towards providing a baseload power output. Stichting 
DTP (2020) shows that on average, battery storage capacity would be around 0.034% of the 
annual load, which is stated to be very small compared to wind and solar-PV required storage 
capacity. In addition, by reducing the required grid connection to the baseload capacity instead 
of peak load capacity, major cost reductions can take place. 
 
Other studies have been devoted to the allocation of the costs in DTP technology. Firstly, 
Hulsbergen (2019) quantifies the investment costs (CAPEX) of a 30 km and 50 km T-dams at 
20,000 M€ and 40,000 M€, respectively. Every 20 meters, these dams have a hydro turbine in 
the root dam, which adds up to 1500 and 2500 turbines in total. These turbines combined have 
an installed capacity of 4.3 and 15.5 GW, respectively. In addition, he quantifies the operational 
and maintenance costs (OPEX) at 47 €/kW/year and 26 €/kW/year, respectively. Finally, the 
resulting levelized cost of energy (LCOE) according to Hulsbergen is 0.12 €/kWh for 30 km dams 
and 0.07 €/kWh for 50 km dams. Stichting DTP Netherlands (2020) presented a more detailed 
financial analysis for calculating the LCOE, accounting for several additional financial aspects 
like network costs. The range of LCOE, again dependent on 𝑉𝑚𝑎𝑥and 𝐿 variability, is 0.013 - 
0.057 €/kWh when considering the 𝑉𝑚𝑎𝑥 of the North Sea. This range of LCOE shows a high 
potential, considering the expected LCOE of large-scale renewable technologies in 2025 would 
be around 0.16 €/kWh for offshore wind, 0.03 €/kWh for onshore wind, and 0.03 €/kWh for 
solar PV (EIA, 2020). Especially taking into account the TWh scale in which a DTP dam will 
generate electricity, this technology could become a promising competitor in renewable 
energy deployment.  
 
Building a large-scale DTP dam impacts the marine environment significantly due to 
hydrodynamic disturbances that are induced by the dam. Berlee et al. (2019) performed 
research on the potential impact on marine life and elaborated on the possible opportunities 
that such a dam would pose. After interviewing a wide variety of stakeholders, they conclude 
that the negative ecological impact of a large-scale dam would be minimal. In addition, the 
dam poses a variety of opportunities in increasing biodiversity, providing conservation benefits 
and improving overall marine ecosystem health. 
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A wide variety of research on DTP has already been performed. DTP has been evaluated based 
on indicators for technological performance, financial viability, spatial implementation, 
ecological consequences and hydrodynamic deviation. The results demonstrate the position of 
being a promising electricity generation technology for the future decarbonised power system. 
However, research focusses on DTP as a stand-alone technology and discusses the 
performance of the technology in an isolated state, rather than looking at the technology as 
part of a power system. Van Zuijlen et al. (2019) show that capacity factors (mean power 
delivered over the year divided by peak power) of individual power generation technologies 
are highly dependent on power system scenarios. This underlines the importance of power 
system context for determining the actual performance of DTP. Hence, a knowledge gap can 
be distinguished in the performance of DTP integrated in a decarbonised power system.  
 
Vice versa, it is important to consider the influence of DTP on the system and the role it may 
fulfill. The overall performance of systems and of its components can be influenced by the 
addition of a new components. Research suggests that DTP has the potential of taking a 
baseload provider position in the grid, as tidal movement never stops and twin dams could 
capture phase differences (Hulsbergen, 2019; Hulsbergen et al., 2008). Again, these 
suggestions are based on stand-alone DTP research, disregarding the integrated systems 
performance. Taking into account the growing dependency on intermittent energy sources, 
like solar PV and Wind, systems reliability and grid balancing becomes more challenging. Mileva 
et al. (2016) show that intermittent renewable power systems heavily depend on storage 
facilities to balance the grid and to guarantee reliability of the system. The influence of DTP as 
a potential baseload provider on these intermittent power systems could therefore play an 
important role in the overall systems performance, hence describes another important 
knowledge gap in current research. 
 
The aim of this research is to obtain knowledge on the performance and role of DTP integrated 
in a power system context. This context can be established by using an existing power system 
model, in which the DTP technology can be integrated. By analysing the changes in the overall 
systems performance and the specific DTP performance with a case study location in the 
Netherlands, this integrated view on DTP can be achieved. 
 
The research aim can be summarized in a main research question: 
 
“What is the potential role and performance of an optimised DTP dam in a future decarbonised 
power system?” 
 
To answer this main question, several sub-questions will be addressed: 
 

1. What is the optimal DTP dam configuration and what are the accompanied techno-
economic parameters? 

2. What is the hourly generation profile of DTP in the optimal configuration? 
3. What is the role of DTP integrated in the system, considering changes in system 

performance and composition when DTP is integrated? 
4. How does the performance of DTP change when integrated into a power system? 

 
Chapter 3 describes the methodology that will be used to address these questions. 
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2. Methodology 

As shown in figure 2, four main stages in the methodology can be distinguished: data collection, 
DTP optimisation, system optimisation and results analysis. The white blocks show the main 
methodology that will be discussed in chapter 3. The grey blocks represent the sensitivity 
analysis sections that will be discussed in chapter 5. The methodology and sensitivity analysis 
will be applied to a case study location on the Dutch coastline. 

 
In the data collection stage, all input parameters are collected that are necessary for optimising 
the DTP dam and the power system context. In order to answer sub-question 1, an optimisation 
model is created that optimises the DTP characteristics within the constraints of the case study 
location in the Netherlands. Within this DTP optimisation stage, an hourly tidal movement 
profile is included to determine the hourly output of the dam, hence address sub question 2. 
The optimal DTP characteristics and generation profile are then integrated in the existing 
power system context to address sub question 3 and 4. A power system optimisation model 
(PLEXOS) is used, that simulates long-term capacity expansion and short-term unit 
commitment and economic dispatch (UCED), according to different scenarios and 
configurations. The system optimisation stage generates results on system performance and 
composition with integrated DTP technology, hence can be used to address sub-question 3. In 
addition, results on technological performance of DTP integrated in the system context will be 
assessed in order to address sub-question 4. 
 

Figure 2: Methodology flowchart overview 
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3.1 Data collection 

Five categories for input data can be distinguished, corresponding with figure 2: 
 

- DTP power output parameters 
- DTP techno-economic parameters 
- Hourly profile harmonic tidal movement 
- Storage parameters 
- Power system context 

 
In this chapter, all five data sets will be discussed. If applicable, the accompanied mathematical 
derivation will be shown.  
 

3.1.1 DTP power output parameters 
 
Literature shows different mathematical approaches to calculate the maximum power output 
of a DTP dam. These pathways mostly depend on the dam configurations that have been 
chosen, combined with the selection of hydrodynamic aspects. Table 1 shows an overview of 
all parameters that have been included in this section, coming from three main sources that 
have been used while composing the DTP dataset. The values in bold have eventually been 
used for calculating the actual dam output. 
 
Table 1: DTP parameter overview 

DTP Parameters 
References 
Antea Group (2018) 
T-Shape 

 
Mei (2019) 
I-Shape 

 
Stichting DTP (2020) 
Y-Shape 

𝑉𝑚𝑎𝑥[m/s2] 
Maximum water velocity 

0.2 – 2.4 0.7 – 1.3 0.6 – 1.2 

𝐿𝑟𝑜𝑜𝑡  [km] 
Dam length 

20 - 100 20 - 90 30 - 60 

𝐿𝑏𝑟𝑎𝑛𝑐ℎ [km] 
Branch length 

- - 20 

𝑔 [m/s2] 
Gravitational acceleration 

9.81 9.81 9.81 

𝜌𝑤𝑎𝑡𝑒𝑟  [kg/m3] 
Water density 

1,023 103
 1,023 

𝑍 [m] 
Water depth 

30 30 30 - 35 

𝜂 [%] 
Turbine efficiency 

80 80 85 

𝑏 [%] 
Opening % dam root 

14 8.38 8 

𝑘 [-] 
Loss coefficient 

5.5 - 1.85 

𝑎 [-] 
Discharge factor 

2/3 - - 
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The first step in calculating the potential power output of DTP dams concerns the 
hydrodynamic aspects, namely calculating the waterhead ∆𝐻 across the dam. I, T and Y dams 
create different deviations in tidal dynamics and thus result in different waterheads.  
The maximum waterhead, denoted as ℎ0, of an I shaped dam can be determined on the basis 
of the hydrodynamic calculations performed by Mei (2019) as follows:  
 

(1)    ∆𝐻𝑚𝑎𝑥𝐼 =
2𝜔𝑉𝑚𝑎𝑥𝐿𝑟𝑜𝑜𝑡

𝑔
 

 
I shaped dams create the smallest waterhead of the three possible configurations, as they do 
not have branches connected to the main dam that capture the added mass (Liu & Zhang, 
2014; Stichting DTP, 2020).  For the T and Y shaped dams, equation 1 can be rewritten into the 
black parts of equation 3 and 4, respectively (Stichting DTP, 2020). Equation 4 is based on an 
optimised Y angle of 40°. 
 
Equation 1 describes the maximum waterhead that disregards any loss of waterhead that is 
caused by the induced waterflow thru the turbines. In order to consider these losses, the 
parameter 𝑏 is introduced that describes the opening percentage of the dam root. The higher 
the turbine radius 𝑅𝑡𝑢𝑟𝑏𝑖𝑛𝑒  , the higher the turbine surface area 𝑆𝑡𝑢𝑟𝑏𝑖𝑛𝑒  and the higher the 
opening percentage 𝑏. Equation 2 shows the derivation of 𝑏, with 𝑆𝑤𝑒𝑡 being the wet (i.e., 
underwater) surface area of the dam around a single turbine. 
 

(2)    𝑏 =  
𝑆𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝑆𝑤𝑒𝑡
 

 
The loss coefficient 𝑘𝑡𝑢𝑟𝑏𝑖𝑛𝑒  describes the losses in waterhead per opening percentage 𝑏, and 
is assumed to be 3.6 (Walraven, personal communication 28 October 2020). This combined 
factor should be multiplied with the waterhead to compensate for the outflowing water and is 
therefore added to equation 3 in blue. Equation 4 also includes this factor, but in addition 
compensates for the increased dam length caused by angled Y branches. This extra wet dam 

𝐶𝑛𝑠 [-] 
Correction factor North Sea 

1.7 1 1.7 

𝑇 [s] 
Tidal wave period 

43,200 43,200 43,200 

𝜔 [Hz] 
Tidal frequency 

- 
2𝜋

43200
 

2𝜋

43200
 

𝑅𝑡𝑢𝑟𝑏𝑖𝑛𝑒  [m] 
Turbine radius 

- 4 4 

𝑆𝑡𝑢𝑟𝑏𝑖𝑛𝑒  [m2] 
Turbine surface area 

- 50.265 50.265 

𝐿𝑖𝑛𝑡𝑒𝑟  [m] 
Space between turbines 

- 20 20 

𝑁𝑡𝑢𝑟𝑏𝑖𝑛𝑒  [-] 
Number of turbines 

- 
𝐿𝑑𝑎𝑚

𝐿𝑖𝑛𝑡𝑒𝑟

 
𝐿𝑑𝑎𝑚

𝐿𝑖𝑛𝑡𝑒𝑟

 

𝛴𝑁𝑡𝑢𝑟𝑏𝑖𝑛𝑒  [-] 
Turbine factor 

- Equation 5 Equation 5 
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surface creates a reduced effective opening percentage 𝑏, which increases the waterhead. 
Therefore, an extra factor (𝐿𝑟𝑜𝑜𝑡/(𝐿𝑟𝑜𝑜𝑡 + 2𝐿𝑏𝑟𝑎𝑛𝑐ℎ  )) is added to compensate for this effect. 
 
 
(3)    
 
(4)    
 
 
 
 
The compensation factor 𝐶𝑛𝑠 is used to include the non-linear relation between the waterhead 
and the 𝑉𝑚𝑎𝑥, as Svasek empirically proves by numerical calculation with a Finite Elements 
(FINEL) model (Svasek, 2020; Stichting DTP, 2020). This correlation is caused by the added mass 
factor that describes the added force created by the interaction of underwater bodies 
(Paidoussis, 2014). This compensation factor is therefore a location specific parameter that 
depends on the local 𝑉𝑚𝑎𝑥. The higher the 𝑉𝑚𝑎𝑥, the higher this compensation factor should 
be. For the North Sea this factor lays somewhere in between 1.7 – 2.5 (W. Walraven, personal 
communication 28 October 2020), when considering a 𝑉𝑚𝑎𝑥 range of 0.8 – 1.2 m/s. In this 
research, a compensation factor of 1.7 will be used. 
 
In order to calculate the peak power output, the generic formula (power) = 
(pressure)(area)(velocity) can be applied. Mei (2019) proposes to apply this formula to a single 
turbine 𝑛, and multiply this power output with a factor Σ𝑁  to calculate the output of 𝑁 
turbines. The summation factor Σ𝑁  is calculated for varying dam lengths with different 𝑁 of 
turbines based on equation 5. The different resulting factors are coupled to certain dam 
lengths and integrated in the maximum power output equation 6.  
 

(5)     Σ𝑁 =  ∑ (1 −
𝑛2

𝑁2)

3

4𝑁
𝑛=0  

 

(6)   𝑃𝑚𝑎𝑥 =  𝜂𝜌𝑔𝑆𝑡𝑢𝑟𝑏𝑖𝑛𝑒√2𝑔∆𝐻𝑚𝑎𝑥
3/2

∗ 𝛴𝑁 

 
The proposed Free Flow hydro-turbines have a cut-in speed with water velocities of 3-5 cm/s 
(FishFlow, 2017; Stichting DTP, 2020). These low water velocities are about 3-5 % of an average 
𝑉𝑚𝑎𝑥 in the North Sea and occur only about 5% of the time (see figure 3). Therefore, in order 
to simplify the generation pattern and disregard these minor losses, the turbine cut in speed 
is assumed to be at water velocities > 0 cm/s. The Free Flow turbines are resilient and designed 
for open sea facilities that need to withstand extreme weather conditions and high-water 
velocities (FishFlow, 2017). Therefore, in line with Stichting DTP (2020), the turbines are 
assumed to not have cut-off water velocities. 
 
The successive step in composing a DTP input dataset, is calculating the peak load hours that 
can be applied during a year. In line with the aim of this research, this peak load hours will be 
determined by optimizing a complete decarbonized power system. Nevertheless, it is 
important to consider the dam in an isolated state to see what the optimal peak load hours 

𝛥𝐻𝑚𝑎𝑥𝑇 = ((2𝐿𝑟𝑜𝑜𝑡 + (
8

𝜋
) 𝐿𝑏𝑟𝑎𝑛𝑐ℎ) 𝜔𝑉𝑚𝑎𝑥/𝑔) 𝐶𝑛𝑠 ∗ (1 − 𝑏 ∗ 𝑘𝑡𝑢𝑟𝑏𝑖𝑛𝑒) 

𝛥𝐻𝑚𝑎𝑥𝑌 = (
(2(𝐿𝑟𝑜𝑜𝑡+

1

2
𝐿𝑏𝑟𝑎𝑛𝑐ℎ)+(

8

𝜋
)∗𝐿𝑏𝑟𝑎𝑛𝑐ℎ)𝜔𝑉𝑚𝑎𝑥

𝑔
) 𝐶𝑛𝑠 ∗… 

 

… (1 − 𝑏(
𝐿𝑟𝑜𝑜𝑡

𝐿𝑟𝑜𝑜𝑡+2𝐿𝑏𝑟𝑎𝑛𝑐ℎ
) ∗ 𝑘𝑡𝑢𝑟𝑏𝑖𝑛𝑒)  
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would be. In this isolated state, the peak load hours can be determined by following the tidal 
movement created by the astronomical tides. An estimation formula, equation 7, has been 
composed to simplify the tidal movement over a year, and hence estimate the total energy 
over a year in TWh (Stichting DTP, 2020). By substituting equation 7 in equation 8, an estimated 
2,957 full load hours per year can be found, which will be used as a reference to compare to 
the actual hourly profile. 
 

(7)    𝐸𝑎𝑛𝑛𝑢𝑎𝑙 = ∫ (𝑠𝑖𝑛4(𝑡/(
12.421

2𝜋
)) ∗ 𝑃𝑚𝑎𝑥 𝑑𝑡

8760

0
 

 
 

(8)    𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑 ℎ𝑜𝑢𝑟𝑠 =  
𝐸𝑎𝑛𝑛𝑢𝑎𝑙

𝑃𝑚𝑎𝑥
 

 
 

3.1.2 Hourly harmonic tidal movement profile  
 
Because the hourly generation profile of the dam is crucial for determining the actual 
performance, real time harmonic tidal movement should be included. Harmonic tidal 
variations describe the tidal movements that are being caused by the Earth-moon and Earth-
sun interactions. Due to interplanetary gravitational attraction, combined with the rotation of 
the planets, semi-diurnal and spring-neap tidal movement emerges (Neill et al., 2016). Semi-
diurnal movement occurs twice daily, well known as the ebb and flood cycle, and is caused by 
the earth’s rotation on its own axes. The spring-neap effect is caused by the 29.5-day lunar 
cycle and creates an (almost) fortnightly spring tide and neap tide cycle. 
 
Antea (2018) derived the real-time astronomic tides from the European Continental Shelf 
Model (ECSM), and integrated these harmonic variations in their DTP generation profile. The 
mathematical derivations haven’t been published, but by extracting the proportional changes 
in power output from their model, a time-series can be composed with a varying load factor 
that mimics the changes in power output according to the harmonic tidal movement. This time-
series will be applied to the 𝑃𝑚𝑎𝑥 to simulate the actual hourly generation pattern of a DTP 
dam. Figure 3 shows the load factor for an average month in the North Sea that will be applied. 
This results in a total of 2,960 full load hours, which is very close to the 2,957 in the estimation 
formula. 
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3.1.3 Techno-economic parameters 
 
The total capital requirements (TCR) of a DTP dam entail the total initial investment that has 
to be made to construct a fully functional dam. The construction of a DTP dam is yet to be 
done; hence the accompanied costs will be estimated based on costs prognosis reports and 
similar projects. The costs per kW installed capacity for DTP dams varies with the configuration 
(e.g., branch length, turbine capacity) and location specific parameters (i.e., water velocities 
and water depth). The capital costs for building the dam can, however, be brought down to 
several fixed components: 
 

- Caissons filled with stone and sand 
- Construction costs 
- Project management 
- Maintenance room(s) with spare parts 
- Contingency (10%) 
- Turbines 
- Highway on dam for maintenance 
- Spare parts inventory 
- Living quarters 
- Wiring and substations 
- Interest during construction (IDC) 

 
In general, the capital costs for the dam root 𝐶𝑟𝑜𝑜𝑡 is estimated at around 400 M€/km, including 
all the aforementioned cost components except for the IDC (Hulsbergen 2019; Stichting DTP 
2020). However, the capital costs per kilometre depend on the generator capacity per turbine 
and the consequential capacity of the electrical components. Because the actual size of the 
turbines, and the space between the turbines, is assumed to be constant, turbine capacity itself 
can vary according to the waterhead. In general, 52% of the total costs of tidal power and hydro 
power installations consist of electrical and mechanical components that depend on the 
capacity (Mishra et al., 2012; Vasquez & Iglesias, 2016). If the capacity of the turbines 

Figure 3: Load factor for the dam power output in an average month in the North Sea according to Antea (2018). 
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increases, 52% of the total project costs are affected, and will therefore also increase. With the 
assumed fixed turbine size, 48% of the project costs are not affected by an increased turbine 
capacity. 
 
In the estimated 400 M€/km by Hulsbergen (2019) and Stichting DTP (2020), a generator 
capacity of 10 MW per turbine is assumed. If 52% of the 𝐶𝑟𝑜𝑜𝑡 is scaled according to the 
capacity per turbine, this results in 20.8 M€/km/MW. The remaining 48% of the estimated 
price per kilometre will be assumed to stay constant when capacity increases or decreases, 
which is 192 M€/km. Equation 9 describes the resulting 𝐶𝑟𝑜𝑜𝑡 in M€/km, with 𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒 in MW. 
 
(9)   𝐶𝑟𝑜𝑜𝑡 = 192 + 20.8 ∗ 𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒  
 
Capital costs for the dam branches 𝐶𝑏𝑟𝑎𝑛𝑐ℎ  are estimated at around 40M€/km, which excludes 
the components with italic notation in the component list (Hulsbergen 2019; Stichting DTP 
2020). The total TCR is calculated according to equation 10. The IDC is estimated similarly as 
the IDC in the model by Van Zuijlen et al. (2019), whereas it is evenly spread over all 
construction years. The estimated building time of such a dam is 5 years, which is comparable 
to the building time of the Afsluitdijk (Rijkswaterstaat, 2020; Stichting DTP, 2020). The TCR will 
be used as an input parameter for DTP in the energy modelling software. 
 
(10)   𝑇𝐶𝑅 =  𝐶𝑟𝑜𝑜𝑡 ∗ 𝐿𝑟𝑜𝑜𝑡 + 𝐶𝑏𝑟𝑎𝑛𝑐ℎ ∗ 𝐿𝑏𝑟𝑎𝑛𝑐ℎ + 𝐼𝐷𝐶 
 
Besides the initial investment, running a DTP dam also requires fixed costs for operating and 
maintaining the dam. According to literature, the fixed operational and maintenance costs 
(FOM costs) are estimated at 1.4% of the TCR (Hulsbergen 2019; Stichting DTP 2020). 
Compared with for example offshore wind projects, where the FOM/TCR ratio lays between 2 
and 5%, 1.4% seems realistic (InnoEnergy 2014, Algemene Rekenkamer 2018, Stehly et al. 
2017). The FOM costs will also be used as an input for the energy modelling software. 
 
In addition, the isolated LCOE will be calculated in order to compare the TCR and economic 
lifetime of DTP technology with other technologies. A dam can be functional for at least 60 
years. Therefore, the investment period is also assumed to be 60 years, with a discount rate of 
8% (Van Zuijlen et al., 20/.18). The funding costs can therefore be described according to the 
general present value formula shown in equation 11, with 𝐶𝑎𝑛𝑛𝑢𝑎𝑙  being the periodic payment, 
𝑇𝐶𝑅 being the present value of the capital investment, 𝑟 being the discount rate and 𝑛 being 
the economic life. 
 

(11)   𝐶𝑎𝑛𝑛𝑢𝑎𝑙 = 𝑇𝐶𝑅 ∗  
𝑟

1−(1+𝑟)−𝑛
 

 
 
Equation 12 describes how the LCOE can be calculated using the annual TCR payment 𝑃, the 
fixed operational and maintenance costs 𝐹𝑂𝑀 and the annual generated energy 𝐸𝑎𝑛𝑛𝑢𝑎𝑙 . 
 

(12)   𝐿𝐶𝑂𝐸 =
𝐹𝑂𝑀+𝐶𝑎𝑛𝑛𝑢𝑎𝑙

𝐸𝑎𝑛𝑛𝑢𝑎𝑙
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3.1.4 Storage parameters 
 
Whilst finding the optimal dam configuration, storage options at the dam location are 
considered. Techno-economic parameters of the most suitable storage technology for the DTP 
dam will be evaluated. These parameters will be used as an input for the storage optimisation 
described in section 3.2.2. 
 
For simplification purposes, only the most commonly used batteries in utility scale stationary 
storage are considered, namely Li-ion batteries (Tsiropoulos et al. 2018). These batteries have 
the ability to quickly charge and discharge electricity, which is necessary in DTP dams 
considering the relatively fast tidal deviations. Several Li-ion battery types are being used in 
storage projects, depending on the exact purpose it serves. Lithium Nickel Manganese Cobalt 
Oxide (Li-ion NMC) batteries are well-established batteries that already dominate the EV 
market and are named as a promising battery for large scale energy shifting applications 
(Tsiropoulos et al., 2018; Battery University, 2019a). In this research, the simulated storage 
facility will be comprised of Li-ion NMC batteries.  
 
 
Alfen (2019) published a datasheet with technical specifications for their utility size energy 
shifting battery. Their so called HighDense™ utility battery uses Li-ion NMC chemical storage, 
and is able to store 3.692 GWh per battery with roundtrip efficiencies of 97.2%. IRENA (2018) 
stated in their battery tool, that on average the power conversion unit in an energy shifting 
facility would have around 1/8 power in kW of the installed capacity in kWh. 
 
IRENA (2018) published a tool for calculating the expected costs and lifetime of electrical 
energy storage in 2030. For large scale Li-ion NMC batteries, used for energy shifting, this tool 
gives an estimated 112 €/kWh storage capacity and includes the power conversion unit and 
energy storage unit. Including an evenly spread IDC over 5 years of construction time, 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒  

results in 1389 €/kWh. Maintenance costs for the storage facility are estimated at 1.5% of the 
investment costs, which is assumed to be the 𝐹𝑂𝑀𝑠𝑡𝑜𝑟𝑎𝑔𝑒 . Finally, by 2030, the tool shows that 

Li-ion NMC batteries are expected to have a lifetime of around 13 years when used in energy 
shifting applications. This is assumed to be the economic lifetime of the battery. 
 
Table 2: Storage parameter assumptions for a Li-ion NMC battery with an energy shifting application (IRENA, 2018). 

 
 
 
 
 
 
 

3.1.5 Power system context 
 
An existing western European power system model is used to simulate the system context. The 
model made by Brouwer et al. (2016) is a simplified representation of the western European 
power system, with national power grids acting as interlinked copper plates. The 

Parameter  

𝜂𝑠𝑡𝑜𝑟𝑎𝑔𝑒   97.2 % 

𝑘𝑊ℎ ∶  𝑘𝑊   8 : 1 
𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒  13 years 
𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒   139 €/kWh 
𝐹𝑂𝑀𝑠𝑡𝑜𝑟𝑎𝑔𝑒   2.08 €/kWh 
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representation entails all parameters for modelling demand, generation technologies, storage 
technologies, transmission capacities and fuels in a Western European power system for 2050. 
Predictive scenarios are included with 40, 60 and 80 % RES in future low-carbon power 
systems, using different optimisation techniques. Van Zuijlen et al. (2019) continued with the 
model and executed model runs with different core scenarios in favourable/unfavourable 
weather conditions. The model by Van Zuijlen et al. (2019) will be used for integrating the DTP 
technology.  
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3.2 DTP optimisation 

3.2.1 Optimise DTP configuration 
 
Chapter 3.1.1 describes the optimal dam characteristics that have been derived from current 
research, this section describes the optimal configuration of the dam using these 
characteristics. The optimisation takes place by varying the 𝐿𝑟𝑜𝑜𝑡 / 𝐿𝑏𝑟𝑎𝑛𝑐ℎ ratio for certain 
dam lengths. Both lengths have a significantly different impact on the power output following 
equation 4, and on the 𝑇𝐶𝑅 following equation 10. Changing this ratio must happen within 
certain boundaries, as the dam length is subordinate to spatial constraints. Managing the 
spatial constraints in a DTP project requires monitoring the overall dam length, which is the 
length of the dam if the root was a continuous line until the end of the branches (see figure 4). 
This 𝐿𝑑𝑎𝑚 can be calculated according to a simple goniometric function (with 𝛼 being 40°): 
 
 
 
 
 
 
 
(13)   𝐿𝑑𝑎𝑚 = 𝐿𝑟𝑜𝑜𝑡 + 𝐿𝑏𝑟𝑎𝑛𝑐ℎ ∗ cos (𝛼) 
 
 
 
 
 
 
 
 
 
 
Table 1 shows that current research on DTP uses dam lengths between 20 and 90 km for the 
Dutch coast line. However, considering the highly crowded North Sea area (Rijkswaterstaat, 
2021), the maximum 𝐿𝑑𝑎𝑚 is assumed to be 50 km. The second location specific parameter 
that will be applied, is the Vmax. The Vmax in the North Sea ranges between 0.8 and 1.2 m/s 
(Rijkswaterstaat, 2021). The average Vmax of 1 m/s is assumed, in line with current research 
on DTP (Hulsbergen, 2008; Mei, 2019; Stichting DTP, 2020). These assumed parameters will be 
discussed and tested in the DTP sensitivity analysis section 5.1. 
 
The different dam lengths are optimised using the excel linear programming solver, which 
applies the optimal dam characteristics, location specific parameters and the derived techno-
economic parameters shown in section 3.1: 
 
 
 
 
 

Figure 4: Visualization of DTP lengths. 
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Objective:  

- Minimize 𝐿𝐶𝑂𝐸 
 
By changing variables: 

- 𝐿𝑟𝑜𝑜𝑡 
- 𝐿𝑏𝑟𝑎𝑛𝑐ℎ 

 
Subject to constraints: 

- 𝐿𝑟𝑜𝑜𝑡 + 𝐿𝑏𝑟𝑎𝑛𝑐ℎ ∗ cos(40) < 𝐿𝑑𝑎𝑚  
- 𝐿𝑟𝑜𝑜𝑡 > 100 𝑚 
- 𝐿𝑏𝑟𝑎𝑛𝑐ℎ > 100 𝑚 

 

3.2.2 Optimise storage capacity 
 
The optimised dam configuration will be used for applying two different battery balancing 
types: On-site balancing (OS) and Grid balancing (GRID). OS balancing consists of battery 
storage that is directly connected to the dam, and balances the production pattern towards a 
steady baseload, so called baseload levelling (Kim et al., 2019). This battery is assumed to be 
behind the meter (BTM), and therefore balances the pattern towards the baseload before 
entering the grid. Figure 5 shows an example of a daily DTP generation profile, with the blue 
line representing the baseload. 
 

 
 
Two situations can be distinguished: Supply > Baseload and Baseload > Supply. When the 
supply exceeds the baseload (blue surface area in figure 4), the battery charges. When the 
baseload is higher than supply (red surface area in figure 4), the battery discharges. Table 3 
shows the different flows of electricity according to the load filling principle. The baseload in 
this table refers to the maximum achievable baseload over a year, when considering efficiency 
losses of charging (𝜂2) and discharging (𝜂1). As mentioned in section 3.1.4, the roundtrip 
battery efficiency is assumed to be 97.2 %. The corrected baseload is therefore calculated 
based on equation 14. 
 

Figure 5: Load leveling of a daily DTP generation profile to baseload (blue line) 
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(14) 𝑃𝑏𝑎𝑠𝑒𝑙𝑜𝑎𝑑 =
𝐸𝑎𝑛𝑛𝑢𝑎𝑙 ∗ 97.2 % 

8760
    

 
Table 3: On-site storage flow table 

 
The storage facility will have an inventory 𝐼𝑡 that describes the stored power in kWh. An excel 
model was created that simulates the charge and discharge cycles described in table 3, applied 
on the generation pattern described in section 3.1.2. Figure 6 shows the monthly changes in 
storage inventory 𝐼𝑡 when the flow characteristics are applied to the generation pattern. 
 

 
By balancing the power supply on-site with a storage facility, several advantages emerge: 
 

- Balanced electricity has a higher market value (AFRY 2020). 
- Prevent peak loads going into the grid and hence prevent extra grid balancing and 

congestion costs for the grid operator. 
- Reduce costs for DTP dam to grid connection due to lower required connection 

capacity. 
- Induce a RES baseload to replace traditional baseload plants. 

 
However, the OS balancing does not take different demands into consideration. This dam and 
storage combination would function like a baseload plant that is not able to ramp up or down, 
nor adjust to the system needs. Therefore, a front of the meter (FTM) storage option is 
considered, that does take the demand into consideration. By connecting the storage facility 
not directly to the dam, but to the grid, balancing can occur depending on the actual demand 

Flow 
number 

Flow description 
Situation 1: Charge 
Supply > Baseload 

Situation 2: Discharge 
Baseload > Supply 

I Dam to grid Baseload Supply 

II Dam to storage Supply - Baseload 0 

III Storage to grid 0 Baseload - Supply 

IV Decrease in storage  𝐼 0 (Baseload-Supply) * 𝜂1 

V Increase in storage  𝐼 (Supply - Baseload) * 𝜂2 0 

Figure 6: OS Battery storage charge/discharge cycles for a month 
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and production of other RES. This storage option will be called GRID-Storage. For simplification 
purposes, the GRID storage battery will be scaled according to the OS storage optimisation. 
 
The battery optimisation will be performed based on cost minimisation, hence minimisation of 
the required storage capacity required for balancing the generation pattern. The total capital 
requirements for the battery storage, 𝑇𝐶𝑅𝑠𝑡𝑜𝑟𝑎𝑔𝑒 , can be calculated by using equation 15. 𝐼𝑚𝑎𝑥 

describes the storage cap and hence determines the costs of the battery. 
 
(15) 𝑇𝐶𝑅𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ∗  𝐼𝑚𝑎𝑥 

 
The required capacity and starting inventory of such a battery facility can be calculated using 
simple linear programming with the excel solver, whereas 𝐼𝑡 is calculated based on the flow 
conditions in table 3. 
 
Objective:  

- Minimize 𝑇𝐶𝑅𝑠𝑡𝑜𝑟𝑎𝑔𝑒  

 
By changing variables: 

- Storage cap (= 𝐼𝑚𝑎𝑥) 
- 𝐼𝑠𝑡𝑎𝑟𝑡  

 
Subject to constraints: 

- Storage inventory 𝐼𝑡 > 0 
- 𝐼8760 >= 𝐼0 

 
When calculating the LCOE of a dam with storage facility, a corrected electricity production 
should be used, as the stored electricity will suffer from charging and discharging losses. These 
losses are accounted for in the baseload, and the corrected production can therefore be 
calculated with equation 16. 
 
(16)    𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑃𝑏𝑎𝑠𝑒𝑙𝑜𝑎𝑑 ∗ 8760  
 
By applying the minimized 𝑇𝐶𝑅𝑠𝑡𝑜𝑟𝑎𝑔𝑒 , the 𝐿𝐶𝑂𝐸 of a dam with storage facility can be found: 

 

(17)   𝐶𝑎𝑛𝑛𝑢𝑎𝑙𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 𝑇𝐶𝑅𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ∗  
𝑟

1−(1+𝑟)−𝑛
  

 

(18)   𝐿𝐶𝑂𝐸𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =
𝐹𝑂𝑀 + 𝐹𝑂𝑀𝑠𝑡𝑜𝑟𝑎𝑔𝑒 +  𝐶𝑎𝑛𝑛𝑢𝑎𝑙 + 𝐶𝑎𝑛𝑛𝑢𝑎𝑙𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
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3.3  System optimisation 

For the system optimisation, PLEXOS modelling software is used. PLEXOS is advanced energy 
modelling software, that can be used to build, optimise, simulate and evaluate energy 
systems. In this research, the PLEXOS Power System application is used, as only the power 
system functionality is considered for determining the performance and role of DTP, rather 
than including the entire energy system (heat, gas etc.). 
 

3.3.1 Compose power system portfolios 
 
A power system portfolio will be composed in PLEXOS, consisting of the power system context 
provided by Van Zuijlen et al. (2018), and the optimised DTP and storage configurations. The 
western European power system structure proposed by Van Zuijlen et al. (2019), consisting of 
interlinked national grids, is adopted. The optimised DTP configurations are integrated in the 
system by connecting them to the Dutch national grid. 
 
The techno-economic parameters, the generation pattern and 𝑃𝑚𝑎𝑥 will be calculated for 
different dam modes and thus according to different storage configurations. Table 4 shows the 
three different modes that will be considered, with the assumed location specific parameters. 
 
Table 4: An overview of the DTP modes 

DTP mode Storage [GRID/OS/no] 𝑳𝒅𝒂𝒎 [km] 𝑽𝒎𝒂𝒙 [m/s] 

DTP OS-Storage OS 50 1 
DTP GRID-Storage GRID 50 1 
DTP no 50 1 

 
Two base power system portfolios will be composed: A reference portfolio without DTP and a 
portfolio with the DTP modes. The reference portfolio will be a representation of the portfolio 
used by Van Zuijlen et al. (2019). The DTP portfolio will be that exact same portfolio, only with 
the addition of the DTP modes as extra optional generator and storage objects.  
 

3.3.2 System scenarios 
 
For both portfolios, three different power system scenarios will be run, similarly as proposed 
by Van Zuijlen et al. (2018): 
 
Table 5: Base scenarios used for optimisation with their most relevant constraints. 

 

Scenario Demand (GW) 
Transmission 
capacity (GW) 

Net CO2 (Gt yr-1) iRES capacity (GW) 

Reference 3,400 63 0.0 Freely optimised 
70% iRES 3,400 63 0.0 1385 
-1.1 Gt 3,400 63 -1.1 Freely optimised 
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The Reference scenario represents the most freely optimised system and is therefore purely 
driven by cost minimization within the constraints of table 5. The 70% IRES scenario optimises 
with at least 70% of the electricity generation from IRES. The fixed iRES generation capacity is 
allocated to specific countries according to the predictions of the ENTSO-E (2018). The -1.1 Gt 
scenario optimises with a negative emission cap of -1.1 GtCO2, which represents the estimated 
necessary mitigation of emissions in order to comply with the contribution of Western Europe 
in the Paris Agreement (Van Zuijlen et al., 2019). Besides the constraints shown in table 5, the 
system optimizes with a Greenfield approach. This approach disregards the existing 
composition of the power system, hence optimises a new system from scratch. 
 
In total, every scenario will be run 4 times. Run 1 will be performed with the reference 
portfolio, run 2-4 will be performed with the DTP portfolio using the three different DTP 
modes. 
 

3.3.3 Short-term and Long-term modelling  
 
PLEXOS is an energy modelling tool that can perform detailed power system optimisations and 
simulations on different timescales. Two optimisation modules have been used for optimising 
all scenarios, namely the Long-term (LT) and Short-term (ST) modules. 
 
The LT module simulates the optimal capacity expansion decisions, while minimizing system 
costs with a yearly resolution. Hence, this module will provide a cost-optimised power system 
portfolio for 2050 according to aggregated demands and constraints. This optimised portfolio 
gives insights on the DTP investment decisions and possible changes in system composition 
when DTP is integrated.  
 
The resulting portfolio from the LT module is used as a fixed portfolio for the ST module. The 
ST module provides a more detailed optimisation with an hourly resolution, and simulates the 
unit commitment and economic dispatch (UCED), while minimizing total generation costs 
(Brouwer et al., 2016). The ST module gives insights on the performance of DTP integrated in 
the system and the possible changes in the system performance when DTP is integrated.   
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3.4  Results Analysis 

In the results analysis, the performance of DTP in the system is assessed, and the performance 
of the system with DTP. A general method will be adopted, in order to compare the UCED and 
capacity expansion results from the different model runs. Generator specific parameters will 
be compared using change graphs. These graphs show the differences in specific parameters 
that are caused by the addition of DTP modes to the system, and are composed by using 
equation 19: 
 
(19) [𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑐ℎ𝑎𝑛𝑔𝑒 𝑣𝑎𝑙𝑢𝑒] =  

[𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑤𝑖𝑡ℎ 𝐷𝑇𝑃 𝑚𝑜𝑑𝑒] −  [𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒] 
 
By analysing these generator specific results, generator capacity expansion and UCED decisions 
can be assessed, and the potential role of DTP as a substituting generator in the system can be 
evaluated. 
 
After determining the role of DTP, the effect of different DTP modes on the general systems 
performance will be analysed by using several system performance indicators:  
 

- Net emissions [MtCO2/yr] 
- IRES Curtailment / IRES Generation [%] 
- Annualized CAPEX [billion € / yr] 
- Annual OPEX [billion € / yr] 

 
Vice versa, the effect of different system scenarios on the performance of DTP will be assessed, 
using three main technological performance indicators: 
 

- LCOE [€/kWh] 
- Annual curtailment [MWh / yr] 
- Average capacity factor [%]  
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4 Results 

4.1 Intermediate DTP results 

Table 6 shows the intermediate results obtained by calculating the optimal dam configuration 
for the Dutch case study by minimizing the LCOE. As proposed in section 3.2.1, a maximum 
water velocity of 1 m/s and a maximum dam length of 50 km are assumed as location specific 
parameters. 
 
Table 6: Optimised DTP configuration and output in isolated state. 

 
 
 
 
 
 
 
 
 

 
From table 6, the input parameters for system integration can be distinguished. The dam 
output and LCOE in isolated state will not be included in the input parameters, as they are 
influenced by system context. Table 7 shows the input parameters used in PLEXOS to create 
the DTP generator and storage objects. 
 

Table 7: Resulting input parameters for DTP objects in PLEXOS. 

 

4.2 System results 

Figures 7 & 8 show the change graphs for the system results with the addition of DTP modes. 
The results from the DTP-OS mode have not been included in these graphs, as the system 
composition didn’t change significantly when on site balancing of the dam output occurred. In 
addition, the overall DTP output was higher in the bare DTP mode without balanced generation 
due to efficiency losses in on-site storage. Therefore, the OS mode was excluded from the 
result graphs as this storage option doesn’t seem to be of added value to the system, nor to 
the DTP output. 

 
3 The harmonic tidal profile is included in PLEXOS by addition the hourly rating factor described in section 
3.1.2, which results in 2960 maximum achievable full load hours.  
4 Batteries will need to be replaced every 13 years, but the overall dam function will remain for 60 years. 
5 The baseload profile is a stable capacity factor of 100%, according to section 2.2.2, which results in 8760 
maximum achievable full load hours with the assigned maximum capacity. 

Parameter Results 

𝐿𝑏𝑟𝑎𝑛𝑐ℎ   41 km 
𝐿𝑟𝑜𝑜𝑡

  18 km 
𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒   14 MW 
𝐶𝑟𝑜𝑜𝑡   490.4 M€/km 
∆𝐻  4.4 m 
𝐸𝑎𝑛𝑛𝑢𝑎𝑙  34 TWh 
𝐿𝐶𝑂𝐸  0.037 €/kWh 
𝐿𝐶𝑂𝐸𝑠𝑡𝑜𝑟𝑎𝑔𝑒   0.044 €/kWh 

Object 
Max 
Capacity 

FOM Build costs 
Economic 
lifetime 

Capacity factor 

DTP 11.4 GW 16 €/kW/yr 1150 €/kW 60 yr Harmonic tidal profile3 
GRID-Storage 256 GWh 2 €/kWh/yr 139 €/kWh 13 yr - 
DTP + OS-Storage 3.7 GW 18 €/kW/yr 1289 €/kW 60 yr4 Baseload profile5 
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Figure 7 shows the changes in installed capacities and change in annual technology generation 
compared to the scenarios without DTP as an additional option to the system. In all scenarios, 
the system choses to build the DTP dam according to the input parameters shown in table 7. 
In the Reference + DTP and -1.1 Gt + DTP scenario, the installed dam capacity replaces around 
4 GW of nuclear installed capacity, which is about 10% of the total installed capacity of nuclear6 
power in the scenarios without DTP. In both scenarios, 3 - 4 GW additional capacity in (bio)gas 
generation technology is necessary to complement DTP in replacing the nuclear firm capacity. 
Although net installed capacity increases by 0.7% in the Reference + DTP scenario, and 0.5% in 
the -1.1 Gt + DTP scenario, the accompanied build costs are reduced by 2.5% and 0.2%, 
respectively. The lower investment costs of DTP (1150 €/kW) compared to nuclear power 
(5300 €/kW) is the main cause of these build cost reductions. In the 70% iRES + DTP scenario, 
other system changes occur due to the forced system composition that results in total absence 
of nuclear capacity. Instead of replacing nuclear, DTP replaces iRES capacity of onshore wind 
and bio energy, which results in a 0.2% net increase in installed capacity, and 0.3% net increase 
in build costs. 
 
The DTP GRID scenarios show significant differences compared to both the DTP scenarios, and 
the scenarios without DTP. The storage facility allows more iRES generation in the Reference + 
DTP GRID scenario from an additional 50 GW utility PV and 6 GW offshore wind capacity. This 
increased iRES capacity combined with the storage facility replaces more nuclear capacity (15 
GW) and at the same time reduces the required gas-OCGT capacity by 24 GW. For the other 
two scenarios, (bio)gas capacities are also reduced, because the need for gas next to DTP is 
reduced by the additional storage capacity. In all three scenarios, the GRID storage unit reduces 
net build costs significantly, mainly due to the reduced nuclear, gas-OCGT and biogas build 
costs. 
 
Figure 8 shows the changes in annual generation and accompanied changes in variable system 
costs. In the Reference + DTP and GRID scenarios, net variable cost reduction takes place of 
4.0% and 4.8%, respectively. In both scenarios, a 7% reduction of gas-OCGT generation7 highly 
contributes to these cost reductions, due to the relatively high variable costs related to gas-
OCGT generation8. In the 70% iRES scenarios the dam and storage unit also cause major 
reductions in variable system costs due to reduced gas-OCGT generation, with net reductions 
of 0.5 and 1.4 billion €, respectively. The generation figure also shows that a significant 
reduction of bioenergy generation is induced by the addition of DTP in the 70% portfolio. The 
DTP generation replaces 7% of the bioenergy that was generated in the equivalent case, and 
the storage unit causes an additional 3% reduction of bioenergy generation. In the -1.1 Gt 
scenarios, the dam generation is complemented with gas-CCGT + CCS in order to replace the 
nuclear capacity and complying to the emission constraints. A positive change in DAC 
generation is visible when DTP and storage are added to the system. This indicates reduced 
usage of DAC, as DAC uses power and therefore has negative generation values (see equation 

 
6 See Appendix 1 for the total installed capacity figures. 
7 See Appendix 2 for the total annual generation figure. 
8 Variable costs of gas-OCGT are 11 € MWh-1, which is by far the highest of all generation technologies. 
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8). Due to the additional storage capacity in the GRID scenarios, battery9 usage is reduced by 
reduced 4 to 11%. 

 
9 The battery object is a fixed battery capacity, consisting of national prospections for EV-battery capacity that 
is available for grid balancing (Van Zuijlen et al., 2018) 

Figure 4: Changes in installed capacity in the western European power system (upper) and the accompanied change in build costs (lower) compared to 
the equivalent scenarios without the DTP option for the Dutch node proposed to the system optimization. 
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Figure 7: Changes in annual generation in the western European power system compared to the equivalent scenarios without the DTP option for the 
Dutch node proposed to the system optimization. Only significant changes are shown (> 10-3 %). 
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Figure 5: Changes in annual generation in the western European power system (upper) and the accompanied change in variable system costs (lower) 
compared to the equivalent scenarios without the DTP option for the Dutch node proposed to the system optimization. 
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Table 8 shows the changes in systems performance when DTP modes are integrated to the grid 
and the aforementioned system composition changes occur. The performance indicators 
considering costs show significant reductions in total annual costs for both OPEX and 
annualized CAPEX. Only the 70% iRES + DTP scenario has an increased annualized CAPEX, which 
is caused by the low reduction of build costs in bio energy + CCS compared to the additional 
build costs of DTP (see figure 7). The net emissions column shows varying results, which can 
be explained by using the generation changes in figure 8. In the Reference + DTP scenario, 
negative emissions increase by generating more power with bio energy + CCS generators. 
According to the input data composed by Van Zuijlen et al., the overall emission impact of 
these generators is negative, and more emissions can be stored by increasing their utilization. 
For Reference + DTP GRID even more emissions are stored, but higher gas CCGT utilization 
results in overall higher net emissions. In the 70% iRES scenarios, reduced capacity and 
generation of bio energy + CCS also causes a drop in negative emissions, and therefore results 
in significantly higher net emissions. The -1.1 Gt scenario results show that DTP combined with 
gas CCGT + CCS seems to be a suitable replacement for DAC in order to achieve lower net 
emissions. The optimised system with DTP is able to achieve net emissions of -1.1 Gt, while 
without DTP in the optimised system this target cannot be met. The addition of DTP doesn’t 
influence the iRES curtailment rates significantly, as the ratio remains relatively stable within 
the scenario runs.  
 
Table 8: System performance indicators for the western European power system with integrated DTP modes in different 
scenarios. All scenarios have been run for using the favourable weather ST scenario from Van Zuijlen et al. (2018). 

 

4.3 Integrated DTP results 

Table 9 shows the impact of the system scenarios on the technological performance of the DTP 
dam. In both the Reference and the -1.1 Gt scenario, DTP performance is really close to the 
maximum achievable performance, with curtailment rates varying between 0.02 and 0.06 % of 
the maximum dam output in isolated state. This indicates high utilization of DTP capacity and 
translates into average capacity factors of around 31.5% and thus an LCOE of around 0.04 € / 
kWh. The 70% iRES scenarios show reduced DTP performance with roughly 23 and 15 % 
curtailment rates for DTP and DTP GRID, respectively. In the 70% iRES + DTP scenario, this 
results in a 43% increase of LCOE. In the 70% iRES + DTP GRID scenario, a significant part of 

 
10 The curtailment ratio is calculated by dividing the total iRES curtailment over the total iRES generation. 
11 The annualized CAPEX is calculated according to equation 11, with discount rate 𝑟 = 8%. 

Scenario DTP Mode 
Net emissions 
(MtCO2 /yr) 

iRES 
Curtailment 
ratio10 (%) 

OPEX 
(b€ / yr) 

Annualized 
CAPEX11  
(b€ / yr) 

Reference none - 17.44 11.1 96.14 119.2 
 DTP - 18.06 11.4 93.73 118.8 
 DTP + GRID - 16.47 10.7 92.75 117.2 
70% iRES none - 26.75 5.4 81.86 219.7 
 DTP - 17.05 5.8 81.56 220.2 
 DTP + GRID - 16.56 5.1 79.80 218.2 

-1.1Gt none - 1,022 11.2 191.9 356.0 
 DTP - 1,212 11.0 191.1 355.3 
 DTP + GRID - 1,210 11.1 190.6 352.6 
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these utilization losses is compensated, as the curtailment rates decrease significantly with a 
consequential increase in LCOE of 28%. 
 
Table 9: Technological performance indicators DTP integrated in the western European power system model in different 
scenarios. 

 
 
 
 
 
 
 
 

5 Sensitivity analysis 

5.1 DTP sensitivity 

This section describes the sensitivity of DTP dam characteristics when boundary conditions 
change. 𝑉𝑚𝑎𝑥  sensitivity is tested within the range of 0.8-1.2 m/s, complying with realistic 
maximum water velocities in the North Sea. 𝐿𝑑𝑎𝑚 sensitivity is tested ranging from 20 to 80 
km, in order to evaluate different length restriction scenarios for the North Sea. By optimizing 
the resulting 35 dam configurations, figure 9 has been composed. 
 
Figure 9 shows that when varying 𝑉𝑚𝑎𝑥 with any dam length, 𝑃𝑚𝑎𝑥 ranges from – 28 % to + 24 
%, compared to the reference output at 1 m/s. The sensitivity range stays constant for all dam 
lengths, which shows that the relative sensitivity of dam capacity does not depend on the dam 
length.  However, the CAPEX responsiveness shows different results, as sensitivity to 
𝑉𝑚𝑎𝑥 variations lays between + 24 % to – 19 % at 20 km dam length, and + 7 % to – 3 % at 80 
km dam length. For a 50 km dam, the highest CAPEX (i.e., with a 𝑉𝑚𝑎𝑥 of 0.8 m/s) would be 
1378 €/kW, which is a 16% increase compared to the case study input data. The 𝑃𝑚𝑎𝑥 of in this 
scenario would be 8.16 GW. These sensitivity results are used as an input for the Unfavourable 
𝑉𝑚𝑎𝑥 sensitivity run.  
 
In addition, a Restricted 𝐿𝑑𝑎𝑚 sensitivity run is composed, consisting of running the model with 
a restricted 𝐿𝑑𝑎𝑚 of 30 km, with the reference speed of 1 m/s. This scenario gives a CAPEX of 
1801 €/kW and a 𝑃𝑚𝑎𝑥 of 3.2 GW as input data.  
 
Table 10: Input data sensitivity DTP sensitivity runs. 

 
 

Scenario DTP Mode 
Average capacity 
factor (%) 

Annual curtailment 
(GWh) 

LCOE (€/kWh) 

Reference DTP 31.48 7.265 0.0397 
 DTP + GRID 31.39 8.060 0.0398 

70% iRES DTP 23.62 7,714 0.0529 
 DTP + GRID 26.35 5,196 0.0474 

-1.1 Gt DTP 31.11 217.8 0.0402 
 DTP + GRID 31.56 140.8 0.0396 

Sensitivity run 𝑳𝒅𝒂𝒎 [km] 𝑽𝒎𝒂𝒙 [m/s] 𝑷𝒎𝒂𝒙 [GW] CAPEX [€/kW] 𝑷𝒕𝒖𝒓𝒃𝒊𝒏𝒆 [MW] 

Unfavourable 𝑉𝑚𝑎𝑥  50 0.8 8.16 1378 6.67 

Restricted 𝐿𝑑𝑎𝑚 30 1 3.2 1801 10.3 



 

  33 

 
The red line in figure 9 shows the investment decision threshold for DTP, and indicates the 
maximum CAPEX that can be used in order to build the dam. This threshold is at around 75% 
increase of CAPEX compared to the optimal case study configuration, set at 2010 €/kW. If the 
investment costs increase more than 75%, the DTP dam would not be built in a cost-effective 
portfolio. 
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Figure 6: Sensitivity analysis on DTP configuration for 𝑉𝑚𝑎𝑥 and 𝐿𝑑𝑎𝑚. 
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5.2 System sensitivity 

Two sets of sensitivity runs will be performed in the LT module, using system sensitivity 
scenarios and alternative DTP configurations. The system sensitivity scenarios will show the 
influence of changing system parameters on the DTP capacity expansion decisions. The 
alternative DTP runs will show the influence of changing DTP parameters on the general 
capacity expansion decisions. 
 
Table 11 shows the different sensitivity runs that will be performed and the accompanied input 
data. All sensitivity runs have been performed with the bare DTP mode, and only LT simulation 
took place in order to evaluate investment decisions. The resulting system composition is 
described in appendix 3, this section only describes the changes. 
 
Table 11: Constraints and parameters for the system sensitivity runs. These runs have been performed using the optimal bare 
DTP mode. 

 
 
 
 
 
 
 
 

Figure 10 shows the changes in installed capacities for all sensitivity portfolios and for the 
reference portfolio with DTP sensitivity parameters. In all scenarios, PLEXOS chooses to build 
the DTP dam as part of the cost optimal solution. Even in the Low iRES costs scenario, DTP 
appears to be a cost-competitive technology. In this scenario, the dam capacity (11.4 GW) 
replaces an even larger capacity of PV and Offshore wind (15.6 GW), combined with an 
additional 0.95 GW capacity of Gas OCGT. In the Low nuclear scenario, mainly offshore wind is 
replaced by DTP, as the nuclear capacity is pre-installed and cannot be replaced. For the No 
neg CO2 scenario, DTP replaces both nuclear and wind capacity in the cost-optimal solution. 
The replacement of wind next to nuclear appears to be caused by the increased importance of 
nuclear in this mix. No negative emissions can occur and therefore, more low-carbon 
technologies are needed. 
 
The DTP sensitivity runs in the reference portfolio show that higher costs and lower capacity 
do not influence the investment decision to build DTP. Looking at the investment threshold 
(red line) in Figure 9, these sensitivity runs have been performed in the cost-effective area with 
the CAPEX being less than the threshold. The replaced nuclear capacity, and accompanied 
increase in gas OCGT capacity are scaled according to the reduced DTP capacity in these 
sensitivity runs. 

 
12 The low nuclear scenario entails a fixed reduced nuclear capacity, based on the country specific reduction 
goals for 2050 (Van Zuijlen et al, 2018) 
13 The low iRES scenario entails using lower build costs for all iRES and is based on the low cost iRES scenario 
from Van Zuijlen et al. (2018) 

Sensitivity run Allow biogas Allow nuclear Low iRES costs 

Unfavourable 𝑉𝑚𝑎𝑥   x x  

Restricted 𝐿𝑑𝑎𝑚 x x  

No neg CO2  x  

Low nuclear 
capacity12 

x   

Low iRES costs13 x x x 
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6 Discussion 

In this research, several uncertainties, policy implications and limitations compared to other 
studies can be distinguished. This section discusses the influence of these aspects on the 
results interpretation.  
 

6.1 DTP uncertainties 

In the intermediate results was found that a 50 km DTP dam could produce a max capacity of 
11.4 GW and produce a predictable pattern with 2960 full load hours. However, several 
uncertainties exist that could influence these intermediate results:  
 

- Wind & Weather influence: Wind and weather partly determines the water velocities 
and therefore also affects the tidal movement (NOAA 2020). When disturbances occur 
in the harmonic tidal movement, DTP dam output would also be affected. The impact 
of these disturbances on the actual power output have not been considered in this 
study, while this could influence the generation pattern and reliability of a DTP dam. To 
which extend these external factors influence the power output is yet to be looked at, 
and should therefore be explored in further DTP research.  

- In the methodology section, a compensation factor 𝐶𝑛𝑠 is described that compensates 
for hydrodynamic properties that cause a different relationship between waterhead 
and water speed. Following equation 4, this compensation factor induces a major 
uncertainty in the initial power calculations. Changing the factor within the 1.7-2.5 
range that is proposed in literature, dam output increases up to 56% compared to the 
resulting optimal case. Further research should be done on testing the hydrodynamic 
properties of a dam at such a scale, which should be enforced with real data on the 
hydrodynamic properties. 

- The twin dam concept, proposed by Hulsbergen (2008), is not considered in this 
research due to time constraints and lack of hydrodynamic data on the tidal phase 
differences. This could be an interesting option to level out the intermittent pattern of 
the dam and should therefore be looked at in future research. 

 

6.2 Storage limitations 

In the results, we found that the OS storage option doesn’t contribute to the systems 
performance. The addition of OS storage doesn’t affect system composition, and the capacity 
factor of DTP is reduced. However, research shows that batteries that interact directly with 
intermittent energy sources can actually be of added value to the system (Kim et al., 2018; 
Görtz, 2015). Several shortcomings can be defined for the storage method, and indicate that 
storage could be a useful addition for the DTP technology: 
 

- The baseload levelling strategy that is proposed would be a very inefficient way of using 
battery capacity. Load levelling according to an optimised baseload would disregard 
any changes in demand and supply in the power system. By using a more integrated 
baseload, that also depends on the supply and demand within the system, the results 
of the OS mode could turn out to be more favourable. 
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- The size of the battery seems unrealistic with an installed battery capacity of 256 GWh, 
which is higher than the global installed utility scale battery storage in 2020 (IEA, 
2019a). By scaling the battery according to alternative balancing methods like time 
shifting, ramp support or peak shaving, more realistic capacities could be found (Görtz, 
2015). 

 
In addition, two assumptions in the storage method have been made that should be addressed 
in future research: 
 

- The proposed GRID battery capacity is assumed to be the same size as the optimised 
OS battery, while the battery itself is not used by the dam directly. The results from the 
DTP+GRID mode would therefore not really be representable for evaluating actual DTP 
function, but would only evaluate the addition of an oversized Li-ion battery to the 
Dutch node in the western European power system. 

- No battery cycle- or self-degradation is included for simplification purposes. The 
influence of degradation could, however, reduce the battery performance up to 20% 
per 2000 cycles (Battery University, 2019b). 

 

6.3 Capacity expansion uncertainties 

DTP was found as part of the cost optimal solution after running long term capacity expansion 
module in PLEXOS. However, capacity expansion modelling in PLEXOS contains several 
shortcomings, that could influence the DTP investment decision: 
 

- The majority of the system composition is optimised based on a greenfield approach. 
This means that the system is able to optimise mostly from scratch, with limited pre-
fixed objects. This is a simplification of reality as the system will develop towards 2050 
instead of instantly replacing the entire system. For this study, the initial investment 
decision for DTP would be highly influenced by an existing power system composition. 
However, because the role and performance of DTP can be evaluated correctly with 
this approach, only the investment decision results would be uncertain. Further 
research should be done on financing such projects and elaborating on the investment 
decision and timing.  

- The western European power system model uses a wide variety of cost predictions, 
that are obviously very uncertain towards 2050. In addition, no similar projects have 
been built yet, hence the cost assumptions related to DTP also seem uncertain.  
However, the sensitivity analysis points out that DTP is 75% cost robust, and would 
therefore still be part of solution within a 75% cost range. In addition, the DTP 
investment decision is still positive when low iRES costs are applied, and proves 
robustness towards lower system costs. 

- The model doesn’t account for sub-national transmission and capacities, due to the 
assumption that regions are considered copper plates. This could influence the DTP 
performance and investment decision, as grid connection and local capacity could pose 
problems for integrating the technology in the national grid. Further research should 
be done on looking at grid connection and capacity, in order to fit such a large power 
capacity into the national power system. 
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6.4  Policy implications 

The findings suggest that building a DTP dam on the Dutch coastline could be beneficial for the 
Dutch and European power system. Therefore, policy makers should seriously consider 
building such a dam. Several positive policy implications emerge that are not considered in this 
research: 
 

- The results show, that the dam has the potential to reduce the total European power 
system costs by 200 M€ on average. This would reduce the required governmental 
expenses on power system development, whilst still meeting emission goals. 

- Building a DTP dam is proven to be more cost-effective than nuclear power, hence less 
nuclear capacity has to be built to reach the emissions targets. Due to the public 
resistance towards nuclear power, building less nuclear could be a beneficial policy 
implication. 

- Building a dam at the Dutch shore creates several potential coupling opportunities. Sea-
farming, offshore wind maintenance, coastal protection, hydrogen production, and 
many more coupling opportunities for the Dutch government arise when a dam is being 
build. These coupling opportunities combined can create a potential value of 150 – 300 
million € / yr (Stichting DTP, 2020). 

- If the Netherlands become the pioneering country in deploying DTP technology, they 
would have the potential to become the global lead market, similar as Denmark with 
wind turbine technology (Huber, 2008). Gaining such a lead market position could 
create a global export potential of 475 - 575 billion € (Stichting DTP, 2020). 

 
Not only positive implications arise with the deployment of a 50 km dam on the Dutch 
coastline, but also several challenges can be defined. Overcoming these challenges is crucial 
for realising a DTP project, without governmental support no project at such a scale can be 
realised: 
 

- The most apparent challenge that arises, come from spatial limitations. The Dutch 
coastline is a very busy area, and placing a dam at this scale would pose an enormous 
challenge to fit in the existing system. In addition, the Dutch government allocated 
large sea-areas to offshore wind deployment for the near future (red areas in figure 
11). 

- The long term environmental and ecological consequences of a DTP dam pose another 
negative policy implication, as the dam needs to adhere to all environmental marine 
regulations in the North Sea. If the dam would be built, monitoring and regulating the 
impact on the marine environment will be an important role to fulfil by governmental 
institutions. 

- Due to the magnitude of the investment, governmental support through subsidies 
seems inevitable. Currently, a wide variety of subsidy instruments have been devoted 
to renewable energy deployment, of which the subsidy sustainable energy (SDE++) has 
the largest budget share with 8.9 billion € in 2019 (Rijksdienst, 2021). An important 
policy implication arises in allocating a suitable subsidy instrument and fitting such an 
investment in the current governmental budgeting. 
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Figure 8: Map of the allocated areas on the Dutch coastline  
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7 Conclusion 

Current research on DTP shows that the power generation technology in isolated state has a 
promising potential for providing vast amounts of renewable energy. However, the actual 
potential of DTP can only be determined with an integrated view on the technology. This paper 
provides the integrated view, and evaluates the integration potential of an optimised DTP dam 
in the future western European power system. 
 
DTP was found to be part of the cost optimal power system for 2050, by modelling the capacity 
expansion based on system cost minimisation. The results show, that deployment of a DTP 
dam would be more cost efficient than expanding nuclear, wind and solar-PV capacity. Cost 
sensitivity proves that the threshold for the cost optimal position of DTP lays at 75% investment 
cost increase. In addition, DTP prolonged its cost optimal position in a scenario that assumes 
low costs for iRES. These cost sensitivities display the robustness of DTP in the cost optimal 
system portfolio. However, the optimisation assumes a greenfield approach, hence implies 
building the power system from scratch. Further research should be done on the possible 
implications of acknowledging established power system components in the optimisation. 
 
The role of DTP in the cost optimal portfolio was evaluated according to optimisation of UC & 
ED based on generation cost minimisation. In scenarios with a high degree of baseload 
technologies, DTP mainly replaces nuclear generation. When combined with flexible power 
generators, like gas fired power plants, DTP can be considered as an alternative to fulfil the 
role of a low-carbon firm technology. In scenarios without firm baseload technologies, DTP 
replaces iRES generation, and proves to be able to fulfil the role of an intermittent renewable 
power source as well. The possibility to install a battery facility on the DTP dam site could 
increase the ability of the power system to store surpluses from intermittent renewable energy 
sources, hence enabling more renewable capacity on the grid. However, the battery facility 
would not be suitable for balancing the DTP output towards a baseload. This would negatively 
influence the overall performance of DTP due to overall 2% efficiency losses.  
 
The addition of DTP contributes mostly positive to the system performance. Operational and 
capital system costs that have been reduced up to 2.5 % and 0.5 % respectively, whilst the net 
emissions are reduced up to 19% and the ratio of iRES curtailment remains stable. DTP could 
therefore be considered a favourable alternative for the aforementioned technologies, 
considering an improved general system performance. 
 
The performance of DTP in integrated state shows promising results, as the average capacity 
factors lay between 31 and 32 %, hence the LCOE remains competitive compared to other iRES 
sources when DTP is integrated. Only in highly intermittent systems, the capacity factor drops 
significantly to 23 %, and additional battery capacity is necessary to prevent excessive 
curtailment. 
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8 Appendices 

Appendix 1: System installed capacities 

 
 

Appendix 2: System total generation 
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Figure 9: Installed capacities for all scenarios and different DTP modes. 

Figure 10: Annual generation for all scenarios and different DTP modes. 
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Appendix 3: Installed capacities sensitivity runs 
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