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According to the latest energy policy, wind power share
is expected to increase in order to allow Denmark to
become fossil fuel free by 2050. This high wind power
penetration is expected to introduce several challenges
into the power system, such as large power imbalances
or voltage rise. In order to tackle these issues, energy
storage systems represent a possible solution for ab-
sorbing the wind power excess. Concerning the Danish
case, the state-of-the art district heating and gas net-
works comprise perfect energy storage solutions. In this
context, Power to Gas turns out to be an interesting
option in order to inject the electricity excess into the
gas network. This system is based on transformation
of electricity to hydrogen by use of electrolyzers. The
produced hydrogen can be directly injected into the gas
grid or transformed into natural gas in an intermediate
step. The present MSc Thesis focuses on testing the
capability of an alkaline electrolyzer to deliver voltage
regulation and energy management services to a typical
Danish distribution grid with a high wind power pene-
tration. The electrolyzer is integrated with the typical
voltage regulation assets present in a distribution grid.
One of the main targets of this project is to find a con-
trol strategy where the mentioned voltage regulation
and energy management services coexist in a market
environment.
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Preface
This report has been written by group EPSH4-933 on the 3rd and 4th semester at the Department
of Energy Technology at Aalborg University in the period from the 2nd of September 2014 until
the 27th of May 2015. The purpose of this project is to analyze the technical impact of integrating
a P2G system in a typical Danish medium voltage grid.

We as a group would like to thank our supervisors Iker Diaz de Zerio Mendaza and Jayakrishnan
Radhakrishna Pillai for their guidance, patience and support throughout the development of this
project. Additionally, we would like to express our gratitude to Carolina Carmo (INSERO Energy)
and Jesper Bruun (Energinet.dk) for providing us with valuable information and data.

In this project the software DIgSILENT PowerFactory has been used to simulate an electrical
distribution grid and its elements. Additionally, the software Matlab has been used to analyze
data and execute calculations. The present report has been written using LATEX.

Reader’s Guide The used information in the present work has been found in literature, web
pages and reports. The sources are cited through the report and can be found in the Bibliography.
The method for referring to these sources is the IEEE citation style, which refers to the sources
with a [number] by order of appearance. All references can be found on the CD, except the used
books and websites. Additionally, tables, figures and equations are labeled with the number of
the chapter.

The CD attached in the report contains the PDF of the project document, the relevant Power-
Factory and Matlab files and the references that were available in PDF format.
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Abstract
During the recent years, Denmark has progressively increased the share of renewable energy,
which is expected to cover 100% of the total consumption by 2050. In this context, the electric
distribution grid is expected to accommodate a high wind power penetration, which might lead to
voltage rise. In order to simultaneously tackle this issue and make use of the excess wind power,
energy storage systems turn out to be a possible solution. The Danish state-of-the art district
heating and gas networks comprise perfect energy carriers for the mentioned purpose. Power to
Gas consists of the transformation of electricity into hydrogen by use of electrolyzers; it might
become the link between the electricity and gas networks.

The aim of this work is to assess the capability of a Power to Gas system to provide voltage regu-
lation and energy management to a typical Danish distribution grid with a high wind penetration.
For this purpose, the Distribution System Operator possesses an alkaline electrolyzer, which is
integrated with the typical voltage regulation assets present in a distribution grid. Additionally,
a control strategy is developed in order to provide the mentioned voltage regulation and energy
management services in a market environment.

For this purpose, different analysis have been carried out with the software DIgSilent PowerFactory
and Matlab, which include: an assessment of the steady state operation of the case study grid, a
dynamic modeling of the grid elements, different dynamic simulations and the development of a
market strategy. Firstly, the steady state operation was analyzed in order to assess the limits of
the grid, to coordinate the voltage regulation assets and to determine the location and sizing of
the electrolysis unit; furthermore, a hydrogen bleeding strategy was proposed. Secondly, dynamic
models of a wind farm, a Combined Heat and Power plant, an On-Load Tap Changer and an
alkaline electrolyzer have been presented, together with a simplification of the district heating
and gas networks. Afterwards, dynamic simulations have been carried out for different scenarios,
in order to evaluate the grid’s voltage regulation capability and coordination as well as to test the
hydrogen bleeding strategy. Finally, a market strategy has been developed in order to include both
voltage regulation and energy management services while participating in the electricity wholesale
markets.

The steady state analysis revealed that the distributed generation lead to a voltage rise up to
1.13p.u. during maximum generation and minimum load conditions. After testing the different
voltage regulation strategies, the size of the alkaline electrolyzer has been determined to be of
6.525MW in order to bring the voltage within the limits established by the grid codes. The
most significant finding during the dynamic modeling of the grid elements was the capability
limitation of the alkaline electrolyzer during low operational temperature. The dynamic analysis
of the voltage regulation strategy of the alkaline electrolyzer eliminated over/under- voltage in
all buses and decreased losses around 50%; besides, it revealed that the gas network could not
accommodate all the produced hydrogen. The market strategy managed to lower the price of
the produced hydrogen from 2.19 to 1.43DKK/Nm3 and to decrease the active power export
from 38.1 to 23.3MWh during the simulated week, while maintaining a similar voltage quality.
The observed main draw back was an increment of the imported reactive power, from 343.4 to
437.6Mvarh.

The most important finding of this project reveals that the Distribution System Operator can
decide the price to pay for using the local generation to produce hydrogen, while maintaining the
voltage within limits. This implies that the Distribution System Operator can decide the amount
of energy to purchase according to the grid state and market prices, due to the flexible operation
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of the different voltage regulation assets. However, a cost/benefit analysis must be done in order
to implement Power to Gas technology in a profitable way. With a reduction of the currently
expensive costs of the technology, its application could become economically feasible and could
open the possibility to new business opportunities.
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Chapter 1 - Introduction 1

1 Introduction
In this chapter the investigation done is contextualized, and the most relevant topics are presented.
A short review introduces the current situation of renewable energy and discusses the possible
solutions for their extensive implementation. The scope is further focused on the Power-to-Gas
technology, as a promising storage in the Danish energy system. Besides, a literature review
concerning the technical applications of this technology is presented. Subsequently, the scope
and objectives of the project are stated, followed by the used methodology to solve the presented
issues and finally the outline of the thesis.

1.1 Background
During the 20th century, energy demand has been covered by the relatively cheap and available
fossil fuels. Nevertheless, the growing energy demand together with the increasing fuel prices
are expected to bring along price uncertainty and dependence in countries without fuel resources.
In this context, the Danish government has developed an energy strategy with the main target
to become fossil fuel free by 2050, which also responds according to the growing international
concern about CO2 emissions and climate change [1].

According to this plan, Denmark has set the goal of covering half of its consumption with wind
power by 2020. However, the intermittent nature of the wind will lead to the introduction of
several challenges into the power system. Figure 1.1 shows an illustration that exemplifies the
system imbalances for both present and 2050 scenarios.
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2.1  
The transmission system – balancing wind 
power production and electricity consumption

The primary challenge of the transmission system is that 
wind energy will meet 50% of traditional annual electricity 
consumption in 2020. Figure 4 shows fluctuations in tradi-
tional electricity consumption and wind power production 
today and in the future. As is evident from the figure, there 
are no major changes in traditional electricity consumption 

Flexible consumption can help resolve future challenges in the electricity grid. Here it is important to distin-
guish between challenges in the transmission system and challenges in the distribution systems. The system 
operator responsible for the transmission system must balance an electricity system with considerably grea-
ter amounts of wind power, while the grid companies responsible for distribution will have increasing pro-
blems with congestion in local grids, and they will have to incorporate local electricity production from e.g. 
photovoltaic solar modules. If flexible consumption is to become a reality and help meet these challenges, 
the electricity market must be able to manage the new flexibility services as alternatives to e.g. regulating 
power in connection with thermal power plants in the transmission system and grid reinforcement in the 
distribution system. 

up to 2050, because the increased electricity consumption 
following from a greater number of household appliances 
is balanced out by these appliances being more energy effi-
cient. The new electricity consumption from heat pumps 
and electric cars, in particular, has not been included in the 
figure, because the consumption pattern of these techno-
logies depends on whether the potential for flexible con-
sumption is utilised.

On the other hand, wind power production increases 
considerably in 2020 and beyond. It will exceed traditional 
electricity consumption to a far higher extent than today. 
However, there will remain periods when wind power 
cannot meet the full demand. Energinet.dk is responsible 
for maintaining a balance between supply and demand in 
the transmission system. Large-scale and small-scale CHP 
plants and international connections help ensure this. 

In future, flexible electricity consumption can help spur the 
development of new, cheap services for balancing the elec-
tricity system, including regulating power. Today, regulating 
power is primarily delivered via international connections. 
Adjusting electricity consumption relative to wind power 
production can also enhance the market value of wind 
power at times when demand would otherwise be low. 

Figure 4

Today

Normal electricity consumption

Figure 1.1: Wind power and load profile for the present and for 2050 in Denmark [2]

As it can be appreciated in some periods of the 2050 scenario, the wind power generation is
expected to surpass the total consumption at the transmission level. Nowadays, according to
[2], wind production exceeds demand around 100 hours/year, which is expected to significantly
increase in the 2050 scenario. In the context of power regulation, the challenge is how to com-
pensate the error between forecasted and actual wind power, which is around 7% for hour-ahead
forecasts [3]. As wind power generation is expected to increase, as depicted in Figure 1.1, this will
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lead to a bigger requirement of regulation power and reserve capacity by the Danish Transmis-
sion System Operator (TSO), Energinet.dk. Traditionally, in Denmark, regulation power has been
supplied by dispatchable large-scale and small-scale Combined Heat and Power (CHP) plants and,
mainly, international connections [2]. However, the decommissioning of the large-scale units will
lead to a further decrease in the capacity of the reserves.

From the electric distribution level point of view, an increase of consumption and local production
is expected. It is predicted that end users will replace their oil-fired boilers with heat pumps,
their combustion engine cars by EVs and install solar panels on their roofs. This fact will lead
to increased power flows in the medium and low voltage grids, specially during peak demand or
low demand and high production periods, which could lead to line congestion and voltage issues.
Furthermore, voltage rise in the Point of Common Coupling (PCC) of wind farms could be an
additional issue when large units are connected to the distribution level. The presented problems
have to be dealt by the Distribution System Operators (DSOs), who would have to invest in grid
reinforcements. Figure 1.2 shows a combination of four different solutions in order to deal with
the mentioned issues at both transmission and distribution level.

Figure 1.2: Possible solutions for the integration of Renewable Energy Systems (RES) [4]

One of the possible solutions, according to [4], is a reinforcement of grid interconnections. In that
way, the reduction of line congestion can flatter prices, whereas reinforcing the weaker distribution
grids can avoid line overloading. However, grid expansion requires high investments and a very
long implementation process. Besides, it has been predicted that grid expansion cannot comprise
a unique way to tackle the forthcoming challenges.

Demand Side Management (DSM) is another possible solution. It consists of adapting the cus-
tomer’s energy behavior depending on the condition of the grid. Load shifting from peak to
off-peak periods will lead to a better utilization of the distribution capacity. Furthermore, the
implementation of time varying prices, can lead to balance the overall system. The disadvantage
is in the limited DSM capability, even considering the further implementation of electric vehicles
(EV’s) and heat pumps [4].

Another presented solution is Supply Side Management (SSM), which consists of enhancing the
flexibility of power units in terms of frequent start-up and shutdown or quick response. Gas-fired
power plants are the best suited to meet these requirements. However, this solution requires the
modification of the existing power plants, and thus, requires a big investment.

Finally, Energy Storage Systems (ESS) appears to be a promising way to complement the previous
three by matching generation with consumption and adding value to the excess of renewable energy
[4]. They offer excellent capabilities, although they require a remarkable investment. Among the
different large scale storage technologies available nowadays, Figure 1.3 and Figure 1.4 show their
technical performance and the economical potential.
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Figure 1.3: Technical comparison for both power and capacity of the different ESS [4]

D 2.1 / Final / PU – Public 
 

Grant agreement no. 41/65 8 AUGUST 2013 

303417  

 

Figure 13: Relative investment for various electricity storage systems (based on [Hotellier 2012]) 

The broad range of potential usages of hydrogen does not only mean that hydrogen 

can serve several markets in parallel enabling the exploitation of synergy effects, but 

also that a diversification of intrinsic business models in line with the reduction of 

existing market risks can be achieved. 

Figure 14 summarizes the achievable prices for hydrogen in different applications. 

Based on the assumption that hydrogen in the transport sector can be sold in a 

bandwidth between 6 €/kgH2 (hydrogen delivered to refuelling station) and 8 €/ kgH2 

(accepted hydrogen sales price at the refuelling station for end users), it is revealed 

that hydrogen as a fuel provides the most valuable sales pathway. The other 

utilisation pathways may, in fact, offer a larger potential in light of volume, but their 

potential with regard to economic opportunities is clearly below that of the 

transportation sector. 
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Figure 1.4: Economical comparison of the capacity of the different ESS [4]

According to [4], the technologies that have higher potential for long term storage regarding
capability and investment are Power-to-Gas (P2G), synthetic natural gas (SNG), and pumped
hydro storage (PHS). PHS is a mature technology and comprises the largest capacity among
the ESS in Europe, although its implementation in Denmark is unfeasible due to geographical
reasons. P2G is currently at research status and has a few implementations, mainly in Germany [5].
Nowadays the efficiency of P2G conversion is around 60%. Nevertheless, the attention gained
lately by this technology responds to the high flexibility in the hydrogen management. Some
examples of hydrogen management are re-electrification with fuel cells or gas turbines, utilization
in industry and transport sectors, injection into the gas grid and conversion to synthetic natural
gas (methane). However, the available technology presents some limitations regarding low re-
electrification efficiency, which is around 40%, and the limited amount of hydrogen that the gas
turbines and gas network can accommodate.

Furthermore, authors in [6] state that the current technology is not economically feasible today
and it will probably not be, at least, before 2032. In order to make P2G more economically feasible,
an improvement of the mentioned issues has to be achieved, which will suppose a technological
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challenge [5] [4].

The implementation of P2G systems has already been addressed, mainly including a hydrogen
storage and a fuel cell as the re-electrification carrier. [7] lists the opportunities of this technology
in both isolated and distribution grids. Isolated systems based only on hydrogen and intermittent
resources are able to run in a reliable way due to the hydrogen’s long-term storage capacity,
replacing the traditional diesel generators. The wind-H2 system in the island of Utsira (Norway)
is a good example of this application [8]. Moreover, authors in [9] included a supercapacitor in their
wind-H2 stand-alone system in order to mitigate wind power fast fluctuations that electrolyzer
and fuel cell were not able to balance due to their limited dynamics. The same approach was
taken by authors in [10], using a battery storage system (BESS) instead of the supercapacitor.

Regarding the opportunities in distribution grids, [7] states that the hydrogen application is less
evident since the external grid provides the power to balance the local grid. Nevertheless, areas
with large wind farms connected to rather weak grids could suffer active power curtailment [11],
which could be avoided by means of a hydrogen storage system. In this context, authors in [12]
formulate a power management control in order to obtain a desired active and reactive power
output from a wind farm, obtaining an active dispatch out of an inherently passive generator.

Concerning the Danish case, the well developed gas network together with the upcoming wind
power increase make a perfect scenario for the implementation of P2G technology. There is a
unique potential of coupling the electricity system with the gas and district heating grids, as
further explained in Section 2.3. The surplus of wind power can be converted into hydrogen
using electrolyzers, which can be later injected into the gas network. The existing gas turbine
CHP plants could use this hydrogen in order to convert it to both electricity and heat, being an
alternative to the previously mentioned fuel cells as the re-electrification carrier.

Therefore the focus of this project is analyzing the possibility of DSOs to utilize a P2G system for
energy management and voltage support purposes, injecting the produced hydrogen in the gas
network. The term energy management is defined in this work as making use of the locally pro-
duced electricity, transforming it into hydrogen. Furthermore, DSOs which supply both electricity
and gas to their customers, such as DONG Energy, could make a smart use of the electrolyzers.
With the target of producing cheap hydrogen taking advantage of favorable spot market prices,
electrolyzers could simultaneously deal with voltage issues from a congestioned distribution grid.
An existing example of this application is VERDO, a Danish DSO that currently possesses a an
electrolyzer. However, the hydrogen that is produced in this P2G plant is used in the metallurgic
industry of the area.

1.2 Problem Formulation
The scope of this project is to analyze the technical impact of integrating electrolyzers in a typical
Danish medium voltage grid. The analyzed scenario includes large wind power penetration and a
CHP plant, both leading to power quality issues such as overvoltage at their Point of Common
Coupling (PCC). These issues present disadvantages for the DSOs, having to invest on grid
reinforcement. Instead, the grid’s DSO integrates an alkaline electrolyzer to solve the voltage
problems and, at the same time provide energy management services by means of absorbing any
excess generated power.

The main aim of the present project is to develop an operation strategy that simultaneously allows
an effective voltage regulation and energy management strategies. For this purpose, the operation
of the alkaline electrolyzer is to be coordinated with the rest of the voltage regulation assets of
the grid. Additionally, in order to produce cheap hydrogen, the participation of these units in
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the electricity wholesale markets is analyzed as part of the energy management strategy. The
produced hydrogen is assumed to be injected into the natural gas network of the DSO company,
limited by the volume percentage restriction in the Danish gas network. Further re-electrification
or heat generation from the produced hydrogen is not in the scope of this project.

1.3 Objectives
The main aim of the project is to analyze the feasibility of implementing P2G in a distribution
grid and developing a market strategy that provides both voltage regulation and energy manage-
ment services. This strategy intends to use the electrolyzers in combination with typical voltage
regulation assets in order to support a high penetration of wind power from a Danish wind farm.
The realization of this involves the following:

• Steady state analysis of the impact of integrating one or more electrolyzers in a typical
Danish medium voltage grid as a mean of energy storage.

• Development of a dynamic model of the electrolyzer to provide voltage regulation, including
its operational constraints and reactive power control.

• Development of simplifications of the district heating and gas networks, in order to assess
their impact in the electrical distribution grid and the feasibility of the hydrogen bleeding
strategy.

• Assess the capabilities and weaknesses of the electrolyzer in providing voltage regulation.

• Integrate the alkaline electrolyzer together with the typical voltage regulation assests of a
distribution grid

• Technical analysis of the electrolyzer’s participation in the Elspot, Elbas and regulation
markets in order to develop a sub-optimal market strategy for the electrolyzer.

• Development of an operation strategy of the P2G system that integrates the market strategy
together with an effective voltage regulation and energy management.

1.4 Methodology
The main tool for the development of this project has been DIgSILENT PowerFactory. Firstly,
the steady state analysis of the case study grid has been realized in this program, performing load
flow simulations which use Newton Raphson as a calculation method. The development of the
dynamic models of several grid elements has also been implemented using this tool, employing
DSL modules. Finally, RMS simulations have been utilized to assess their time-varying behavior.
On the other hand, Matlab/Simulink has been used to analyze and create input data for the
implemented grid in PowerFactory.

Regarding the applied methodology, it is summarized as following:

• A load flow analysis is performed in the case study grid to assess the capability of the
implemented systems to provide voltage regulation under different situations. In this way a
better understanding of the regulation capacity of this units is gained, as well as the grid
behavior. Additionally, this analysis is utilized to determine the dimension and location of
the implemented P2G system.
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• The dynamic models of the elements of the case study grid are developed or enhanced. The
regulating control of the units has been implemented by following voltage - power factor
droops. Additionally, their coordination is set depending on voltage regulation priorities.

• Time-varying simulations have been used to represent the dynamic behavior of the system,
comparing the different voltage regulating elements.

• An energy management strategy is developed, determining the operation of the P2G system
depending on the grid situation and the market’s price. This strategy is implemented using
a fuzzy logic controller.

1.5 Limitations
The considered limitations of this project are the following:

• The operation of the switches of the case study grid is disregarded; thus, the analysis is
carried out considering the topology of the grid to be radial.

• The model of the wind turbines is simplified to a passive generator, not taking into consid-
eration the dynamics of the wind power curve, shaft and blade angle control.

• The model of the line drop compensation assumes as known both the loads and the CHP
plant behavior.

• The modeling of district heating, gas network and hydrogen storage are very simplified. The
associated delays related to their dynamics are not taken into account.

• It is assumed that the alkaline electrolyzer plant is situated in a remote place and thus, not
able to be connected to the transmission gas network.

• The DSO is assumed to possess the necessary forecasting and decision making tools in order
to implement the proposed market strategy.

• Load flow estimations are used in order to represent the error of real forecasts. They only
include the wind power error.

• A complete cost/benefit analysis of the market strategy is not carried out.

1.6 Outline of the Thesis
The structure of the project consists of several chapters, they are summarized as it follows:

Chapter 1 - Introduction: In this chapter the background information of the chosen topic is
introduced and contextualized according to the Danish case. The scope of the project and the
considered limitations are presented. Moreover, the methodology used is explained.

Chapter 2 - State of Art: This consists of a literature review to investigate the most relevant
topics for the project. These are presented in the form of a state of the art analysis. Being the
main focus of the project, the electrolyzers as well as the Power to Gas (P2G) technology are
presented. Additionally, the Danish electricity market is investigated. Finally, the characteristics
of both the electrical distribution grid and gas network in Denmark are presented.
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Chapter 3 - Integration of P2G in a Distribution Grid - Steady State Analysis: In this
chapter the chosen distribution grid is modeled and analyzed in the software PowerFactory, per-
forming load flow simulations. The integration of the new elements of the grid such as the OLTC,
reactive power control of DGs and electrolyzers is presented in this chapter.

Chapter 4 - Dynamic Model Implementation in DIgSILENT PowerFactory: In this chapter
the dynamic behavior of the wind turbines, CHP plant, OLTC and alkaline electrolyzer is modeled.
The operation of each model is explained and verified.

Chapter 5 - Voltage Support from P2G Systems - Dynamic Analysis: The grid operation is
analyzed with the implementation of the dynamic models presented in Chapter 4. The contribution
of the several elements to provide voltage regulation is assessed and compared.

Chapter 6 - Energy Management from P2G - Dynamic Analysis: The market strategy
for the energy management of the alkaline electrolyzers is presented in this chapter. Several
simulations are included to show the new behavior of the system, comparing the results with the
ones obtained in Chapter 5.

Chapter 7 - Conclusions and Future Work: The summary and conclusions of the project are
presented in this chapter. Additionally, the possible future work based on this project is discussed.





Chapter 2 - State of Art 9

2 State of Art
In this chapter a literature review of the most relevant topics of the project is presented. The
Danish electricity grid and its market are analyzed; the smart energy system is introduced, fol-
lowed by the district heating network and the structure of the gas network; and finally, the P2G
technology is explained.

2.1 Danish Power System
The Danish power grid is divided in two areas: West Denmark and East Denmark. The first
comprises the peninsula of Jutland and the island of Funen and is connected to Germany through
an AC overhead line (OHL) and to Norway through several DC cables. The East Denmark region
is connected to West Denmark and Germany through a DC cable and to Sweden through an AC
cable. Consequently, West Denmark is part of the European grid and East Denmark is part of
the Nordic grid. These two Danish systems are inter-connected through a DC cable since 2010,
meaning they are asynchronous.

Furthermore, the Danish electricity grid is divided in two levels according to the voltage. These
are Transmission, consisting of the networks from 400 kV to 60 kV, and Distribution, including
networks from 60 kV to 0.4 kV [13].

2.1.1 Transmission Grid
The Danish transmission grid is owned and operated by Energinet.dk, a governmental company
that has the role of Danish Transmission System Operator (TSO). Its main responsibilities are
maintaining security of supply, planning and developing the transmission grid according to future
scenarios, supporting green energy production technologies and balancing the production and
consumption. Additionally, Energinet.dk is co-owner of the interconnections with Sweden, Norway
and Germany.

Figure 2.1 illustrates the transmission grid in Denmark as it was in 2014. The different voltage
levels in Denmark are 400, 220, 150 and 132. The type of connection, AC or DC, is also indicated.

Figure 2.1: Existing Danish Transmission System in 2014 [13]
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2.1.2 Distribution Grid
The distribution grid is the responsible to supply electricity to the end user, being their principal
aim to provide reliable quality of supply to the customers. Its voltage levels range from 60 kV
to 400 V. The different distribution systems in Denmark are operated by Distribution System
Operators (DSO). Denmark has 92 different DSO, where the largest is DONG Energy, with more
than 1.000.000 customers [14].

The distribution grids can be built according to different architectural topologies, which can
benefit several aspects such as cost, supply reliability or robustness among others. The three
different topologies are illustrated in Figure 2.2 and explained as following:

• Radial structure - Represents a feeder that consists of several buses connected to each
other by one single line. It is the most used in rural areas due to its simplicity and low cost.
However, if a fault occurs the rest of the feeder becomes compromised until it is cleared.
This means that radial grids are less reliable in this aspect.

• Ring structure - As the name describes, the feeder has a circular structure where each busbar
can supply two buses. In this way, if a fault occurs in any of the lines the security of supply
can be maintained. One of the disadvantages is the increased cost of over-dimensioning the
lines in order to transport a higher amount of load in case of fault.

• Meshed structure - This type consists of several interconnections with buses and other
feeders and networks. Therefore it is the most complex and reliable topology of grid.

Radial Structure Ring Structure Meshed Structure
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Figure 2.2: Single-line diagram of the different grid topologies

The distribution grids in Denmark presented many changes in the last decades. A great number
of distributed generation (DG) units such as wind turbines and small CHP were introduced, pre-
senting several challenges in the distribution grid. Traditionally the power flow was unidirectional,
following the top-down principle. However. the introduction of DGs in the distribution grid cre-
ated reversed power flow, over voltages, grid congestions, etc. On the other hand, the expected
increase of electricity consumption can develop into under voltages.

2.1.3 Grid Codes
In order to ensure operation and protect the electrical grid and the elements that are part of it
several technical regulations have to be followed. These are known as grid codes and consist
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of guidelines that plant owners, grid owners and grid operators have to comply. As Denmark is
the country taken into account in this project, the regulations to follow are mainly imposed by
Energitilsynet, which is the Danish Energy Regulatory Authority, and Energinet.dk, as the TSO.
These grid codes follow the European Standard EN 50160 for what concerns voltage quality.

The aim of this project is to analyze the implementation of an alkaline electrolyzer to provide
voltage support to a medium voltage grid. Therefore, one of the main specifications is the
allowed voltage deviation. As the previous sources mention, the voltage deviation in medium and
low voltage is ±10%. However, as low voltage analysis is not considered in this study, a deviation
of ±5% will be taken into account for the studied medium voltage grid. Therefore the considered
voltage limit ranges from 0.95 p.u. to 1.05 p.u..

Additionally, the generating facilities should also follow the TSO requirements regarding grid
connection. These consist of specifications regarding the properties that the plants should have
such as power factor variation for providing voltage regulation. The exact regulations depend on
the type of generating units of the studied grid, therefore the ones taken into account in this
project are presented in detail in Chapter 3.

2.2 Danish Electricity Market
The deregulation of the wholesale electricity market occurred in 1999. Since then, Danish market
players are free to offer and purchase electricity among them, which has led to an increased free
competition. The agreements are mainly made via Nord Pool, the common market for the Nordic
countries and, less frequently, by bilateral trading. Regulating power is purchased by the TSOs
in the Nordic Regulation Power Market. In Appendix A, the role of the different market players,
the present Nord Pool markets (namely Elspot and Elbas) and the regulation and balancing
power markets are further explained. References [15] [16] [17] [18] [19] are used to support this
background information.

2.2.1 Future Markets
As previously stated in 1.1, the integration of RES in the distribution grid will present new
challenges. A cheaper alternative to grid upgrade can be the creation of a new market to offer
flexibility products to both TSO and DSOs. The Nordic Regulation Power Market is already a
flexibility market, however it only offers services to the TSOs. A new flexibility market could offer
products and settle prices in order to improve the congestion of the distribution grids and the
balance of the transmission grid in a synergistic way. Figure 2.3 shows the integration of this new
market with the different players. Whereas Energinet.dk and DSOs would buy these flexibility
products, balance responsible parties (BRP) or aggregators would offer them in the market.

smart grid  IN DENMARK 2.0  |  15

4 // FOCUS ON MARKET ACCESS
It is central to the concept that mobilising and activating flexibility must be market-
based. This means that the private players must be free to decide to whom and to what 
extent they offer their flexibility, and it must be ensured that the flexibility is priced and 
sold transparently

The use of price signals is central to releasing the 
value of flexible electricity consumption and produc­
tion. However, price signals are not sufficient on their 
own as the response to the price signals cannot be 
guaranteed in advance. Trading in flexibility products 
is the supplementary measure which ensures that 
specific needs for flexibility can be met at all times. 
The aim of the concept is therefore, in the long term, 
to establish an efficient market for trading in stan­
dardised flexibility products.

Today, markets have already been established where 
Energinet.dk procures flexibility products, for ex­
ample the common Nordic regulating power market 
(NOIS). However, there is no similar trading platform 
which allows the grid companies to utilise flexibility 
products as an alternative to grid reinforcements.

TWO DIFFERENT MECHANISMS – PRICE SIGNALS AND FLEXIBILITY PRODUCTS

�The concept basically distinguishes between two different mechanisms for activating flexibility:

¼	 �PRICE SIGNALS (variable grid tariffs and electricity prices), providing a general incentive for customers 
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system.
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example reducing the load in a specified grid area – can be activated as and when needed by grid com­
panies and/or Energinet.dk at an agreed price.
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BRPs placed in congested distribution grids could gain extra benefit by taking part in the new
market. For instance, a producer could decrease its output for avoiding lines overloading, if the
market prices are attractive enough to change its schedule. In the context of this project, an
electrolyzer placed in a distribution grid with high wind power penetration can provide voltage
regulation and help avoiding local bottlenecks. When operated by the DSO, the target would be
to correct the possible voltage deviation, minimizing the impact in the schedule.

2.3 Smart Energy System
Smart grids have been a broadly researched area during the last years, focusing mainly on making
the electricity system more intelligent [2]. The growing interest in ESS (Energy Storage System)
and the need of reducing the fossil fuel dependance in the whole energy system have brought
along the novel aim of integrating together the electricity, gas and district heating systems in an
intelligent way, expanding the concept of smart grid to smart energy system. Denmark has a really
well developed electricity, gas and district heating systems, which makes it a perfect scenario for
exploiting the synergies between these three forms of energy.

Electricity possesses the highest energy quality among the different forms of energy, with effi-
ciencies above 90%. However, its main disadvantage is that it has to be consumed at the same
instant it is produced, having almost no margin to be stored in this form of energy. Heat comprises
the poorest form of energy due to its limited conversion capability and low conversion efficiency,
although the efficiency in its obtainment is near 100%. Moreover, it is easily stored in the range
of hours to days. Gas, namely natural gas and hydrogen, appears to have an intermediate energy
quality; on the other hand, its storage capacity is high. Figure 2.4 represents a possible way to
synergistically exploit these three forms of energy in the Danish context, taking into account their
strengths and weaknesses.

4. Smart Energy – wind power in the district heating and gas sectorsSmart Grid Strategy 27

As part of the government’s innovation strategy, in Decem-
ber 2012 the Ministry of Climate, Energy and Building 
launched a pilot partnership on smart energy with broad 
involvement from the energy sector. There is already consi-
derable activity within the smart grid and there is a fledgling 
interest from the energy sector, RDD institutes and the 
business community in developing towards smart energy. 
However, a fundamental challenge for development of 
smart energy is that the solutions involve many players and 
sectors which do not usually work closely together. The 

4. 

Smart Energy – wind power in the 
district heating and gas sectors

The smart grid agenda has so far primarily focussed on intelligent electricity systems, but in future the smart 
grid should also be incorporated into the gas and district heating grids as part of an integrated smart energy 
system. Denmark has extremely well developed district heating and gas grids and therefore there is a good 
basis to exploit the synergies between the different types of energy and grid. For example, the district heating 
and gas systems can be used to store electricity from wind power in other types of energy for later use when 
the price of electricity is low. The alternative to storing electricity is to export electricity abroad. However, 
this is not necessarily always appropriate as better integration of the electricity, heating and gas sectors can 
help reduce the use of fossil fuels and make up a supplement to biomass in the district heating sector. 

Figure 8. When there is a lot of wind turbine electricity in the grid and the  
price of electricity is low, hydrogen and district heating can be produced. 
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overall objective of the partnership will be to help open up 
narrow thinking within the electricity, heating/cooling and 
gas sectors. In addition the partnership is to promote and 
disseminate the results of demonstration activities in smart 
energy. 

Figure 8 illustrates how the interplay between the electri-
city, district heating and gas systems can be utilised becau-
se of the different processes and technologies which are 
explained in the following section. Figure 2.4: Diagram representing the integration of electricity, gas and district heating

sectors [2]
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The expansion of RES involves an increase of renewable electricity production. The high vari-
ability of wind or PV generation implies periods of lack or surplus of electricity. The excess of
electricity could be transformed into hydrogen or heat, taking advantage of low spot prices. The
responsible units for transforming electricity to heat are heat pumps and electrical cartridges,
whereas electrolyzers are used to produce hydrogen. Taking into consideration the production of
hydrogen, when renewable electricity cannot cover the demand, the deficit could be supplied by
the re-electrification carriers, namely fuel cells and gas turbines.

In the context of the present work, the integration of the three energy sectors can be done
by taking into consideration the implementation of a gas turbine CHP and an electrolyzer in a
distribution grid. Nevertheless, the main focus will be assessing the impact of this integration
into the electrical system. In the following sections, both Danish district heating and gas sectors
will be further explained, as the electrical side has already been described in Section 2.1.

2.4 District Heating in Denmark
Denmark has been, for decades, the worldwide leader in district heating technologies. Heat is
produced in a centralized and local scale, being transported to the end consumers through water
pipes. Nowadays, around 63% of the Danish heat demand is supplied by its efficient district heating
[21]. This heat is mostly produced in CHP plants, which consist of simultaneous production of
both heat and electricity.

During 2012, 74.6% of the electricity production in Denmark was from CHP plants, whereas
73% of the produced heat was generated together with electricity [22]. The rest of the district
heating demand was mainly produced with boilers and, in smaller amount, via electricity heating
elements, namely electrical cartridges and heat pumps. These statistics show the high level
of implementation this technology has in Denmark, both in the electricity and district heating
systems. The scope of the present project regarding district heating will only fall within CHP
plants, therefore, this will be the only technology further explained.

2.4.1 Combined Heat and Power (CHP)
As mentioned previously, CHP technology consists on producing heat and electricity simultane-
ously. The excess heat from conventional turbines is used in order to heat water, used in the
industry and district heating. The use of waste heat leads to achieve higher efficiency and lower
emissions, compared to separate production of electricity in a conventional thermal power plant
and heat in a boiler. As an example, a 5MW combined cycle CHP has an overall efficiency of
75%, whereas the separate production for the same amount of heat and power has an efficiency
of only 50% [23]. As previously explained, this technology has a high degree of implementation
in Denmark. Table 2.1 shows the amount of CHPs and their installed capacity in 2013, where
the higher amount of decentralized plants can be noticed.

Table 2.1: Amount of different CHP types and installed capacity in Denmark in 2013 [24]

Type of CHP Number of units Electricity capacity (MW) Heat capacity (MJ/s)
Centralized units 32 6244 6301
Decentralized units 637 1890 2333
Autoproducers 301 540 1415

CHP units are mainly characterized by their prime mover, which determines their efficiency and
heat to power ratio. The main prime movers are: steam turbines, gas turbines, reciprocating
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engines, microturbines and fuel cells [23]. However, gas turbines is the only type considered in
the present project.

In order to provide flexibility, heat and electricity are decoupled with other heating elements.
These elements are heat storage and boilers (fuel-fired and electric). Excess heat is stored when
electricity spot prices are high and operating the CHP plants is highly profitable. On the contrary,
when electricity spot prices are low and producing electricity is not economically feasible, heat
demand is covered by using the boilers or heat storage, if available [25].

Gas Turbines

The main characteristics of gas turbine generators are summarized in Table 2.2, giving the values
of efficiency, nominal power and heat to power ratio:

Table 2.2: Characteristics of gas turbine generators [23]

Typical capacity (MWe) Heat to power ratio CHP efficiency (%)
0.5-300 0.6-1.1 66-71

The operation of gas turbines is based on the Brayton cycle, which consists of a compressor, a
combustion chamber and an expansion turbine, as depicted in Figure 2.5. Air is first compressed
and heated in the compressor, further heated in the combustion chamber by adding fuel and
finally expansion takes place in the turbine, creating mechanical energy. This energy is used for
driving both generator and compressor.

Figure 2.5: Basic Brayton cycle diagram [23]

An intercooling stage might be included before compression, in order to reduce the compressor’s
work. The high temperatures of exhaust gases can be used for different purposes. In case of
CHP operation they are used to heat water, whereas for combined cycle a Heat Recovery Steam
Generator (HRSG) is used in order to produce steam to run a steam turbine, increasing its electric
efficiency [23].

Gas turbines have low emission levels, high reliability and short start-up time. The main disad-
vantage is their poor efficiency at low loading. Gas prime movers can run with multiple fuels:
natural gas, synthetic gas, landfill gas and fuel oils. Besides, the first commercial units that use
hydrogen as a fuel have already been implemented, as the installed unit in Berlin Brandenburg
Airport by 2G CENERGY®[26] [23].
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2.5 Danish Gas Network
Denmark is one of the few countries that is not dependent on natural gas, it has its own production
of gas from the North Sea which is expected to continue until at least 2025 [27]. Furthermore,
it exports gas to Sweden, Germany and The Netherlands. In 2013 the net production of natural
gas was 4 · 109Nm3, of which 47% was exported [27].

The natural gas is transported to the mainland through offshore pipelines from the production
placements in the Danish continental shelf. Two pipelines transport the gas to Denmark and
another transports gas to The Netherlands. When the gas is onshore a treatment plant evaluates
the quality of the gas. From there the gas is distributed to the customers, to storage facilities
and to the neighboring countries [28].

The gas network is divided in two parts: transmission and distribution. First, the gas is transported
at more than 50bar pressure. The distribution network brings the gas to the end-user, being
transported at lower pressures [29].

The onshore gas transmission network is owned and operated by Energinet.dk. As shown in Figure
2.6, the pipelines transport the gas from north to south and west to east. Along the lines there
are meter and regulation stations (M/R) which ensure that the pressure level is the adequate.
Two subterranean storage facilities are available to ensure quality of supply: Lille Torup in North
Jutland and Stenlille in Zealand, both owned by Energinet.dk [29].

Figure 2.6: The Danish transmission gas network in 2014 [30]

Gas Storage in Denmark

The limited natural gas supply coming from the North Sea results in a need of storage. In cold
days the demand of natural gas can reach approximately 30−33·106Nm3/day, while the pipelines
from the North sea can only transport about 22− 24 · 106Nm3/day.

The storage facility of Lille Torup is placed in an underground salt dome. It consists of 7 storage
cavities which range from 200-300 m high and 50-65 m wide. The total storage is 440 · 106Nm3,
which corresponds to 2 months of gas consumption. Stenlille is an acquifer storage facility which
consists of porous sandstone layers at 1500m depth. Its storage capacity is about 558 · 106Nm3.
[31]
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2.6 Power to Gas Technology
As explained previously in Section 1.1, P2G is a technology with high potential for long-term
storage. Power to Gas consists of utilizing electrolyzers to convert electricity to hydrogen. The
main characteristics of hydrogen are its low density and its high energy content per mass unit,
the highest among all fuels. However, hydrogen is not found in its pure state, and it can only be
produced from fossil fuels and water. The technology that is being investigated for its application
with renewable energies is water electrolysis, the only sustainable source of hydrogen [32]. In the
following, the different technologies of water electrolysis and some applications are presented.

2.6.1 Water Electrolysis Principles
Water electrolysis is a method that consists in applying direct current to water in order to separate
its two elements: hydrogen and oxygen. The current circulates between the anode and cathode
which are separated and submerged in electrolytes, a chemical substance that increases the ionic
conductivity. A separator is placed in between the two electrodes to avoid the elements being
mixed after the separation. Hydrogen is generated at the cathode, since is where the reduction
reaction takes place; and the oxygen is generated in the anode, where the oxidation reaction
occurs. The previous elements form what is known as the electrolysis cell, which are connected in
series or parallel to form an electrolysis module [32]. The types of electrolyzers are distinguished
by the electrolyte that is used, the three different types are the following:

Alkaline Electrolyzer (AE): Alkaline electrolyzers are the more developed type, being known
for over 200 years [33]. This type of electrolyzer uses as electrolyte an aqueous solution. The
most commonly used is potassium hydroxide (KOH) in solutions from 20-30 wt%, which offer the
optimum conductivity and corrosion resistance values [34]. Their lifetime reaches approximately
15 years and the efficiency varies from 47% to 82% [32]. The advantages of alkaline electrolyzers
are their robustness, long lifetime and their ability of producing large quantities of hydrogen [33].

Proton Exchange Membrane (PEM) Electrolyzer: The application of PEM electrolyzers
started in the 1960s, and the first were commercialized in 1978 [32]. The electrolyte used is,
as the name indicates, a proton exchange membrane or polymer membrane. The most used is
perfluorosulfonic acid polymer, also known as NafionTM [35]. This type of electrolyzer, compared
to the others, is very simple and compact [36], presenting efficiency levels from 48% to 65% [32].

Solid Oxide Electrolyzer (SOE): This type of electrolyzers were implemented in the late 1960s,
being the last type of electrolyzers developed. They consist of high temperature electrolysis,
from 600°C to 800°C. Electrolysis is achieved by supplying steam to a porous cathode, which
will be dissociated to oxygen and hydrogen when certain potential is applied [37]. The dense
electrolyte that is normally used is yttria-stabilized zirconia (YSZ) due to its ability to withstand
high temperatures and its good ionic conductivity [32]. The efficiency is higher than the other
types of electrolyzer, however the technology is still under research [38].

Table 2.3 summarizes the types of electrolyzers according to their efficiency and maximum power:

Table 2.3: Comparation between the different electrolysis technologies [32]

Type of electrolyzer Alkaline PEM SOE
Efficiency 47% - 82% 48% - 65% ∼ 75%

Max. power (module) 3.5 MW 1 MW few kW
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2.6.2 Integration of Hydrogen in the Gas Network
The main issue of hydrogen production is its final use. The utilization of hydrogen for the
transportation sector implies the construction of an infrastructure to distribute it [39]. Given this,
a feasible solution is injecting it to the existing gas network [40]. However, there are restrictions
regarding the materials of the pipelines and the energetic limitations of combining both gases
[39]. In order to provide the same energy, the volume of hydrogen needed is three times of
the natural gas [40], which limits the concentration of hydrogen in natural gas. However, the
greatest limitation is due to the materials of the pipelines, storage units and equipment. The
admissible concentration of hydrogen in present natural gas systems was studied in [41]. This
study concluded that most elements of the gas network admit a concentration of 10% by volume
of hydrogen. However, some elements could be deteriorated or cause adverse effects with such a
high concentration of hydrogen. The most sensitive components are underground porous storage,
steel tanks, gas engines and old gas turbines.

2.6.3 Power to Gas Applications
Historically, the two largest water electrolysis plants were installed in Norway, with approximately
135 MW each. The plants were supplied by hydro power, and the produced hydrogen was used
for fertilizer production. However, these plants were closed down as hydrogen could be produced
through other sources at a lower cost [42].

Nowadays, the focus on P2G plants is on re-utilizing the excess renewable production. Recently,
these plants are being developed and installed in several countries for this purpose. Three projects
are presented in the following:

BioCat Project: A new project called P2G-BioCat is being developed in Denmark, its objective
is to design a commercial P2G facility to provide energy storage to the Danish energy system
[43]. The project is coordinated by several companies, being the most important Electrochaea
and Energinet.dk. In this case the surplus electricity from wind power is used to obtain hydrogen,
which will be used to convert biogas into methane. A 1 MW water electrolysis plant, using an
alkaline electrolyzer from Hydrogenics, will be installed in Spildevandscenter Avedøre, one of the
largest waste-water treatment facilities. The final gas will be injected to the local distribution
network and the co-products, oxygen and heat, will be recycled in the waste-water plant [44].

Falkenhagen (Germany): In 2013 the energy company E-ON installed a P2G plant in Falken-
hagen, Germany. It consists of a 2MW alkaline electrolyzer that converts excess electricity from a
wind farm to produce hydrogen. This hydrogen is injected at a rate of 360Nm3/h to the natural
gas network, at a volume rate of 2% [45].

Energie Park Mainz (Germany): A new P2G plant is planned to start operating in spring 2015
in the German city of Mainz. It consists of a 6 MW PEM electrolyzer, and therefore will be the
largest plant operating on surplus electricity from wind power [46].

2.6.4 Conclusion
According to the presented literature review, it is known that the only types of electrolyzers that
are commercialized nowadays are alkaline and PEM. However, the latter is still under development,
while the alkaline electrolyzer can be considered as mature technology. As discussed in Sections
2.6.3 and 2.6.1, alkaline electrolyzer plants are available up to 135 MW, offering efficiencies from
47% to 82% and lifetime of 15 years. For this reason, the alkaline electrolyzer is the type that will
be taken into consideration in this project. Moreover, a PowerFactory model of alkaline electrolyzer
has been presented in [47], which can be used in this project with appropriate modifications.
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3 Integration of P2G in a Distribution Grid
- Steady State Analysis

In this chapter, the case study grid used to test the implementation of Power-to-Gas is presented.
It includes the electrical distribution grid, which receives the main focus in this work, and a
simplification of the district heating and gas networks. First, the electrical distribution grid
architecture and the several elements that the grid includes are defined; namely lines, loads,
transformers, wind turbines and CHP. Then, the simplifications of the district heating and gas
networks are presented. Hence, the study case integrates the three energy systems, previously
explained in Chapter 2.

After the grids are presented, a steady state analysis is performed to investigate its operating
electrical strength, being the primary objective to evaluate the impact of high wind power pene-
tration. This is done by analyzing the voltage and assessing the implementation of the previously
mentioned electrical elements. In order to provide voltage support, an On-Load Tap Changer
(OLTC) in the transformers and operating the wind turbines and CHP at lagging power factor
are integrated. Finally, the implementation of an alkaline electrolyzer is tested to analyze energy
management services and voltage support. It should be noted that this chapter does not include
any dynamic behavior of these elements; these will be considered in the following chapters.

3.1 Grid Architecture
3.1.1 Electrical Distribution Grid
The aim of this project is to investigate the application of P2G in a typical Danish Medium Voltage
(MV) grid with high wind power penetration. For this purpose an European benchmark model of
a 20kV distribution grid is used [48]. As it can be observed in Figure 3.1, the grid consists of two
feeders, each of them supplied by a 110/20 kV transformer. These feeders include several buses
with loads that represent aggregated low voltage grids. The grid includes two types of generation
units: wind turbines located in bus 8 and a CHP plant located in bus 9.

Table 3.1 summarizes the total generation and consumption in the mentioned grid in nominal
installed power.

Table 3.1: Summary of the rated generation and loads in the grid

Installed power of generation and loads

Generation
6 x wind turbines 12 MW
2 x CHP units 5.92 MW

TOTAL 17.92 MW

Loads
Residential loads 43.695 MVA
Industrial loads 15.165 MVA

TOTAL 58.86 MVA

The values and placement of the elements of the grid are based on [48], with exception of the
ratings of the CHP plant and wind turbines. The CHP plant has been sized according to the heat
demand that is committed to, explained later on in Section 3.1.2. The wind turbines have been
upscaled to simulate a typical Danish grid with high wind power penetration. The data of all the
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Figure 3.1: Single-line diagram of the benchmark MV grid [48]

elements of the grid can be found in Appendix B.1. Regarding the value of the loads, their rated
power is specified in both Table B.4 and Table B.5. In order to represent their real behavior, each
load follows a different load profile depending on their type and the season, as specified in Table
B.4.

Two different seasons are taken into account for the simulation of these loads, these are winter and
summer. Each of these scenarios has three different consumption curves representing residential
loads and one for the industrial ones, as can be observed in figures 3.2 and 3.3.
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Figure 3.2: Industrial and residential load profiles during a winter week
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Figure 3.3: Industrial and residential load profiles during a summer week
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According to [49], loads can be modeled as constant power, constant current or constant impedance.
Table 3.2 shows the following modeling approximation for each type of load.

Table 3.2: Load type modeling approximations [50]

Feeder type Constant P [%] Constant Z [%]
Residential and commercial, summer peaking 67 33
Residential and commercial, winter peaking 40 60

Industrial 100 0

In order to simplify the load modeling in PowerFactory, both residential and industrial loads
are aggregated in each bus. The ratio of constant power and constant impedance has been
selected according to the percentages presented in Table 3.2 in proportion to the installed power
of residential and industrial loads. The resulting load modeling for each bus can be observed in
Table B.6 in Appendix B.1. It should be noticed that this is just an approximation, since the
industrial and residential profiles presented in figures 3.2 and 3.3 are not the same.

Finally, the selected test system includes three coupling switches that are opened in normal
operation, marked in green circles in Figure 3.1. This means that the grid can be analyzed
as a radial network when these switches are opened, and as a meshed network when they are
closed. The operation of these switches is normally used in distribution grids in order to improve
reliability of supply and reduce power failure [51]. However, scenarios with closed operation of
these switches are not covered in this project.

3.1.2 District Heating Network
As explained in Section 2.4, district heating is frequently supplied by local CHP plants. In the
present study case it is assumed that the CHP plant provides district heating to 85% of the
households electrically connected to Feeder 1, except load 1 as it represents the aggregation of
several sub networks. For this purpose, Table B.4 in Appendix B.1 shows the rated power of
the domestic load connected to each bus. Assuming that the average installed power of each
household in a residential/rural area is 5 kVA, the number of households connected to buses 2-11
can be estimated, as shown in Table B.10, Appendix B.1. Therefore, district heating has to be
provided to 660 households. The heat demand profile has been obtained by scaling obtained data
from [52]. In order to calculate the heat demand that the CHP plant has to supply, an estimated
25% of district heating losses has been added to the calculated heat profile [53].

The study case CHP plant is assumed to have gas turbine units, as these are the most common
in local district heating [24]. In order to flexibly decouple electricity and heat production, it is
assumed to include a gas-fired boiler and a heat storage tank.

As further explained in Section 4.3.2, the dimensioning of the units has been carried out calculating
the ratio between the yearly heat demand and the yearly produced heat at Skagen’s CHP plant
[54]. The resulting ratio has been applied in order to downscale Skagen’s CHP unit to the present
scenario. It should be noticed that the downscaled CHP has the same heat-to-power ratio of the
Skagen unit, of 0.81. Table 3.3 shows the obtained values.

As the CHP plant output is decoupled from the heat demand that it has to supply, steady state
analysis of the district heating network will be disregarded. A dynamic modeling and simulation
of the latter should be performed in order to assess its influence on the electrical grid.
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Table 3.3: Data of the CHP plant of Skagen and calculated data of the case study CHP

[54] [55]

CHP Data Skagen Case Study
Yearly heat production/demand 35857MWh 16315MWh

CHP units electrical output 13MW 5.9MW

CHP units thermal output 16MW 7.3MW

Heat tank thermal capacity 250MWh 114MWh

Gas-fired boilers output 37.5MW 17MW

3.1.3 Gas Network
As introduced in Section 2.6.2, hydrogen injection into the gas network is expected to take an
important role in the future Danish energy system [2]. Therefore, the use of the hydrogen is
assumed for the present study case. The importance of modeling the gas network responds to
assess the hydrogen injection limitation into it, which is expected to be a volume concentration
of 10% in the near future [41]. In a similar way as for the heat demand, in order to decouple the
hydrogen production from the operation of the CHP plant, a hydrogen storage is connected to
the output of the electrolyzer. Its capacity is assumed to allow flexibility on a seasonal basis.

As it was not possible to find data of the study case gas network, it is assumed that the hydrogen
is injected into the gas pipes feeding the CHP plant, which is expected to operate correctly with a
10% hydrogen concentration [56]. Figure 3.4 shows a sketch of the proposed hydrogen bleeding.

H2 Storage
Alkaline 

Electrolyzer

H2 Bleeding

Gas Network

CHP Plant

CHP 1

CHP 2

Figure 3.4: Sketch of the proposed hydrogen injection in the study case grid

The natural gas flow to the CHP plant has to be estimated in order to assess the hydrogen
limitation. By knowing the CHP units and the gas boilers operation, their efficiencies and the
calorific value of the natural gas, the natural gas flow can be calculated. Table 3.4 shows a
realistic approximation of the mentioned parameters:

Table 3.4: Estimation of relevant parameters for calculating the natural gas consumption
of the CHP plant [23] [57]

Parameter Value
CHP units overall efficiency 70%

Gas boilers efficiency 80%
Natural gas calorific value 12.1kWh/Nm3
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The gas flow [Nm3/h] consumed by the CHP units (V̇CHP ) and gas boilers (V̇boilers) can be
estimated according to Eq 3.1 and Eq 3.2, where Pheat is the produced heat and Pel is the
produced electricity.

V̇CHP = Pel + Pheat[MW ]
0.7 · 1Nm3/h

0.0121MW
(3.1)

V̇boilers = Pheat[MW ]
0.8 · 1Nm3/h

0.0121MW
(3.2)

The calculation of hydrogen production is done later in this chapter, after the electrolysis plant
has been dimensioned. Nevertheless, the hydrogen injected into the gas network has to be
assessed through dynamic simulations, since the storage decouples the hydrogen production and
its injection.

3.2 Steady State Analysis
In this section, the behavior of the electrical distribution grid is analyzed by performing steady
state simulations. This is done to determine the buses to be controlled by the tap changer,
evaluate the need for reactive power compensation and, finally, determine the most convenient
placing of the electrolyzer and its size. Hence, the evaluated scenarios are the following:

• Base Case: without OLTC, electrolyzer and unit power factor in wind turbines and CHP
plant

• Implementation of OLTC: base case with OLTC in transformer

• Reactive Power Dispatch from Wind Turbines and CHP: previous case including reactive
power capability from the generation units

• Implementation of the Alkaline Electrolyzer: previous case including a sized alkaline elec-
trolyzers connected in the most favorable bus

Each of the previous scenarios is analyzed in the two worst case situations: Case 1 representing
maximum generation and minimum load, and Case 2, representing no generation and maximum
load.

In order to simplify the analysis, a time sweep of the winter and summer profiles has been carried
out in both Case 1 and Case 2, and it was observed that the worst cases occur using the winter
profile: the base load is similar for both seasons but the peak load is bigger in winter. Additionally,
in winter the probability of having higher production than consumption is higher. Therefore, in
order to simplify the analysis, both cases will be analyzed using the winter profile of the loads.
The time sweep simulations are also used to determine the hour of the week that presents higher
voltage deviation, being hour 121 for Case 1 and hour 105 for Case 2. The results of these
simulations can be observed in Appendix C.

3.2.1 Base case
In this section the grid is analyzed without the influence of the electrolyzer load and the tap
control of the transformers. The power factor of the wind turbines and CHP is assumed to be 1.
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Case 1 - Maximum Generation

First, a typical cold and windy winter day is represented, in which both wind turbines and CHP
produce at their rated power, 12 MW and 5.92 MW respectively. The simulation has been
performed at hour 121, when the industrial loads are at their minimum (see Figure 3.3), which
is the worst case scenario as previously mentioned. As it can be observed in Figure 3.5, the load
flow simulation shows that buses 3 to 11 surpass the limit of 1.05 p.u., bus 9 being the one with
higher overvoltage with a value of 1.135 p.u. The output of the CHP and wind turbines is bigger
than the downstream loads, having an active power flow of 11.378 MW through TRF1 (Feeder 1)
towards the external grid and Feeder 2. However, the reactive power flow goes from the external
grid to the feeders, being 2.598 Mvar to Feeder 1.
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Figure 3.5: Load flow of the grid in DIgSILENT at maximum generation & without OLTC

It can be noticed that the loading of lines 1-2, 2-3 and 3-8 is above 80% as marked in orange
color. It is observed that the most loaded one is the line connecting buses 3 and 8 with a value
of 88.4%. This is due to the high amount of active power that is transferred from the CHP and
wind turbines towards the external grid. The loading of the transformers are 46.7% for TRF1 and
17.2% for TRF2. Therefore, the grid is well dimensioned as its components can withstand the
worst case scenario. Finally, the losses throughout the lines account for 2.18 MW and 1.64 MVAr
in total.

Case 2 - No Generation

As a second case, it is assumed that neither CHP nor wind turbines produce electrical power. As
previously mentioned, this case is analyzed at hour 105. In Figure 3.6 it can be observed that the
voltage does not surpass 1 p.u. at any bus, being bus 7 the most affected by the voltage drop
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with a value of 0.958 p.u.; although always within the allowed limits. The power flow is now from
the external grid towards the two feeders, being 10.682 MW and 2.670 Mvar towards Feeder 1
and 8.801 MW and 2.533 Mvar towards Feeder 2.
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Figure 3.6: Load flow of the grid in DIgSILENT at minimum generation & without OLTC

In this case, the most loaded line is the one connecting bus 2 to 3 with a value of 19.8%. The
transformer loading of Feeder 1 is 44.0%, whereas for Feeder 2 is 36.6%. Regarding the losses
through the lines they are in this case 0.11 MW and 0.08 MVAr in total.

Summary

According to the previous two cases, the considered grid presents overvoltage in Feeder 1 when the
power output of CHP and wind turbines is high. The allowed voltage limit is surpassed in buses
3 to 11, presenting higher overvoltage in bus 9 with 1.135 p.u.. During periods of no generation,
bus 7 became the most affected one, with a drop of voltage to 0.961 p.u.. Therefore but 9 will
be the chosen to set the control of the OLTC of Feeder 1 when overvoltage occurs, whereas bus
7 will be the reference for undervoltage cases. Regarding Feeder 2, it did not present any voltage
or loading issues; therefore, it will not be taken into account in the rest of the project.

3.2.2 Implementation of On Load Tap Changer
As a key element in the voltage regulation of distribution grids, an OLTC is included in the
transformer that links Feeder 1 with the external grid. This allows regulating the voltage output
of the secondary terminal of the transformer according to the grid requirements. OLTCs usually
include line drop compensation (LDC), which remotely controls the voltage at a predefined load
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center. LDC is based on an internal impedance model that is adjusted to match the line impedance
in order to estimate the voltage drop in the load center. This method is commonly dismissed by
DSOs due to its more complicated operation and inaccuracy increase when implemented in a grid
with intermittent generation [49] [58]. However, it has been proved that when LDC is used the
size of DG that a grid can accommodate is bigger [59] and it avoids the investment on expensive
communications.

Therefore, in this project it is assumed that the transformer uses LDC for estimating the voltages
in buses 9 and 7, which have been proven to have the biggest overvoltage and undervoltage,
respectively. For its implementation, it has been assumed that the voltage and current in the low
voltage side of the transformer can be measured and the load currents can be estimated [58], as
well as the current injected by the CHP plant. Furthermore, the generation located in bus 9 can
be estimated as the difference of the previous currents. Eq. 3.3 and Eq. 3.4 show the voltage
estimation, in [kV], for buses 9 (V9) and 7 (V7), respectively:

V9 ' Vtr − Z13 · I13 − (Z13 + Z38) · I38 − (Z13 + Z38 + Z89) · I89 (3.3)

V7 ' Vtr − Z13 · I13 − (Z13 + Z38) · I38 − (Z13 + Z38 + Z87) · I87 (3.4)

Vtr is the voltage measured in the secondary of the transformer, Zxy is the impedance of the line
between buses x and y and Ixy are the line currents from bus x to bus y. The latter are calculated,
in [kA], as shown in Eq. 3.5, 3.6, 3.7 and 3.8:

I13 ' Itr − I1 (3.5)

I38 ' I13 − I4 − I5 − I6 (3.6)

I89 ' I9 + I10 + I11 − ICHP (3.7)

I87 ' I7 (3.8)

Where Itr is the current measured in the secondary of the transformer, Ix is the current consumed
by the load x and ICHP is the forescasted current of the CHP.

It should be noticed that the load currents have been calculated from their active and reactive
power forecast for a voltage of 1 p.u., obtaining an accurate estimation of the voltage profiles
as shown later in Section 4.4. Since loads are modeled as part of constant impedance and
constant power, representing precisely the voltage dependency of their currents would increase
the complexity of the calculations. Load currents estimation, in [kA], is shown in Eq. 3.9, where
Vn represents the nominal voltage of the grid, in this case 20 kV, and Px and Qx represent the
forecasted active and reactive power of load x.

Ix '
Px + jQx√

3 · Vn
(3.9)
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Finally, the characteristics of the tap changer depend on the specific design of the transformer
[60]. The typical number of tap positions of an OLTC is 32, ranging from ±10% [49]. However
a number of 20 steps ranging from ±4% of the nominal voltage has been assumed, within the
reference values in [61]. Furthermore, a deadband of ±0.04p.u. has been assumed for the voltage
estimation of the LDC, in order to avoid excessive tap changes.

As stated in the previous scenario, the actual voltage in buses 9 and 7 will emulate the LDC
estimation, in order to maintain the voltage within limits. It should be mentioned that bus 9 is
selected to be the controlled bus during Case 1 and bus 7 for Case 2. Consequently, the OLTC
will change its tap position in order to keep the mentioned voltages within limits. As stated in
Section 2.1.3, the voltage limits set for the controlled buses are 0.95 p.u. to 1.05 p.u..

Case 1 - Maximum Generation

When the tap changer control is considered, the voltage in all buses decreases compared to the
base case, however buses 3-11 are still above the limit of 1.05 p.u.. As it can be observed in Figure
3.7, the voltage of bus 9 dropped from 1.135 p.u. to 1.099 p.u. at hour 121. This improvement
has been achieved by changing the tap position of TRF 1 to -10, decreasing the voltage of bus
1 to 0.957 p.u.. The active power flow from Feeder 1 towards the external grid and Feeder 2 is
slightly reduced from 11.378 MW to 11.228 MW, due to increased losses. On the other hand,
the reactive power flow from the external grid towards Feeder 1 has increased from 2.61 Mvar to
2.715 Mvar due to the same reason.
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Figure 3.7: Load flow of the grid in DIgSILENT at maximum generation & OLTC

Regarding the loading of the lines, the most loaded one is line 3-8 with 91.5%. In this case,
the total line losses account for 2.33 MW and 1.79 MVAr. This increase respect to the previous
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scenario is due to higher current through the lines, as the generation and an important part of
the loads are modeled as constant power.

Case 2 - No Generation

When the wind turbines and CHP do not produce any power, the tap position of TRF 1 changes
to 3, increasing the voltage of the secondary by 1.2%. As in the previous section, the load flow
has been performed at hour 105, as it is the most critical. The voltage at bus 7, the most
susceptible to voltage drops as explained in the previous scenario, increased from 0.958 p.u. to
0.971 p.u.. Furthermore, the power flow from the external grid towards Feeder 1 increased from
10.682 MW to 10.771 MW and 2.67 Mvar to 2.685 Mvar due to the higher consumption of the
voltage dependence loads. This can be observed in Figure 3.8.
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Figure 3.8: Load flow of the grid in DIgSILENT at no generation & OLTC

As in the previous scenario, the most loaded line is the one connecting bus 2 to 3 with a value of
19.6%. Regarding the line losses, the total value is 0.11 MW and 0.08 MVAr.

Summary

It can be concluded that the tap changer control presents a significant improvement in the buses
of Feeder 1, although the overvoltage issues persist. Regarding the loading of the lines in Case 1,
it has been observed that it was higher than in the previous scenario, although remaining below
100%. This increase was due to the voltage reduction while transporting the same apparent
power. The improvement in voltage is summarized in Table 3.5.
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Table 3.5: Comparison of critical voltages in Cases 1 and 2 with and without tap control

Without OLTC With OLTC
Case 1 - bus 9, h. 121 1.135 p.u. 1.099 p.u.
Case 2 - bus 7, h. 105 0.958 p.u. 0.971 p.u.

3.2.3 Reactive Power Dispatch of Wind Turbines and CHP
In the previous scenario it was observed that the tap changer was not able to correct the over-
voltage during Case 1. In order to further decrease the voltage, the DSO has the option to send
a command to both wind farm and CHP plant to supply reactive power regulation. As specified
in [62], the plants should supply reactive power regulation according to the instructions from the
local grid operator, as long as the operating limits specified by Energinet.dk’s technical regulations
are followed.

Therefore, in this section, the reactive power capability and capacity requirements of the wind
turbines and CHP are presented.

Wind Turbines

In compliance with Energinet.dk’s technical regulations for wind farms above 11 kW [63], wind
turbine power plants between 1.5 MW and 25 MW should be able to receive any reactive power
set-point within the hatched area in Figure 3.9:

Figure 3.9: Reactive power requirements for wind power plants with a power output range
between 1.5 and 25 MW [63]

As explained later in Section 4.2, the Vestas V80 2MW is the selected wind turbine model for
the wind farm. Regarding its power factor range, it was found that the converter of the wind
turbine is capable of varying it between 0.96 lagging and 0.98 leading [64]. As it can be observed
in Figure 3.9, the inductive power factor requirement is fulfilled but the capacitive power factor
requirement is not. Nevertheless, it will be assumed that the wind power plant has additional
reactive power compensation which allows it to reach the requirement of 0.975 leading, as shunt
capacitors.

Regarding the technical regulation dictated by the TSO in [63] section 5.9.3, it is stated that
"Control form and settings must be agreed with the electricity supply undertaking." Therefore,
it will be assumed that the DSO will be able to make use of the reactive power capability if
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the voltage deviates from the allowed range. Hence, when the maximum active power output is
reached (12 MW), the wind farm has the obligation of absorbing or producing up to 2.689 Mvar
if any voltage issue arises. During no active power output, no reactive power requirement has to
be fulfilled.

CHP

The technical regulation concerning thermal power plants bigger than 1.5 MW states that CHP
plants should be capable of receiving any reactive power set-point within −0.20 ≤ tanφ ≤ 0.40
at nominal maximum power [65]. Based on the reactive power requirements in the PQ curve of
the synchronous generator of CHP units, it can be seen in Figure 3.10a and Figure 3.10b that it
is within the limits of the machine.
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Figure 3.10: PQ capability curve of the CHP units’ synchronous generator and requested
operation points

Furthermore, according to [65], section 11.6, the CHP plant has the obligation of adjusting tan φ
to the minimum (-0.20) if the voltage exceeds the maximum allowed and to the maximum (0.40)
if the voltage goes below the minimum allowed. Hence, if any voltage issue arises, the CHP has
the obligation of absorbing up to 1.18 Mvar or producing up to 2.36 Mvar when operating at the
rated active power. When the active power output is zero, no reactive power requirements have
to be fulfilled.

Coordination of OLTC, Wind Turbines and CHP

In order to provide voltage regulation, the reactive power of the DGs has to be controlled in a
way that does not interfere with the controller of the OLTC. This means avoiding to operate the
DGs in constant voltage mode when implementing a descentralized control [66], i.e. controlling
the voltage of the bus they are connected to.

Instead, a modification of the DGs’ power factor control strategy presented in [67] is implemented.
This descentralized control consists of the following rules, which are depicted in Figure 3.11. It
should be noted that the operation of the DGs is meant to follow the thick line.

• If VDG goes below a lower threshold (V PFC
min ), the power factor adjusts to the lagging

minimum (PFmin)

• If VDG goes above an upper threshold (V PFC
min ), the power factor adjusts to the leading

minimum (PFmax)

• If VDG remains within the mentioned threshold, the power factor adjusts to the rated
(PFPFC)
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Where VDG is the voltage at the PCC of the DG, V PFC
max and V PFC

min are the upper and lower
voltage thresholds from which power factor modification takes place, and Vmax and Vmin are
the upper and lower voltage grid limits respectively. Regarding the power factor, PFPFC is the
nominal power factor, PFmax is the leading minimum and PFmin is the lagging minimum.
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Fig. 1. Simple two-bus system.

the DG bus toward the bulk supply point (BSP). Any fluctuation
in real power brings about a proportional fluctuation of voltage.
This is particularly evident in cases of weak networks where the
line resistance is high relative to its reactance. In power factor
control mode, the ratio is maintained constant, so fol-
lows any variation of , tending to augment the voltage varia-
tion. It is for these reasons that voltage rise is regarded as one of
the major impacts of, and constraints on, the connection of new
DGs on the network, particularly in rural areas [1].

In (1), if was allowed to compensate for the feeder voltage
rise or drop created by by adjusting in the opposite direction
(with ), then voltage could be maintained within limits al-
lowing greater active power export. For voltage rise, this would
be achieved by defining a more leading power factor at which
the generator is to be controlled. Power factor settings could
be specified so that DG operates at lagging power factor to
export reactive power during high demand periods while im-
porting during low demand. While this appears to be a rela-
tively simple approach, it would require analysis to ensure that
voltage is maintained appropriately under all normal operation
cases and may require a degree of central coordination.

B. Voltage Regulation or Power Factor Control

DNOs have hitherto been reluctant to allow any operation by
independent generators, which could potentially disrupt the pas-
sive role of the distribution network to supply demand. Specif-
ically, distributed generators are not permitted to perform au-
tomatic voltage regulation (AVR), an inherent feature of syn-
chronous generators to regulate the terminal bus voltage by ad-
justing their reactive power output, as it may destabilize the
automatic OLTCs of some distribution transformers. A further
reason for the avoidance of AVR in most distributed generation
applications is that should a small generator with AVR con-
trol attempt to correct for voltage drops, it has to inject great
amounts of reactive power in order to raise the bus voltage. This
may result in high field currents and overheating for the gen-
erator, triggering the excitation limit or over-current protection
and disconnecting the generator from the network.

For the above reasons, most distributed generators have been
required by the DNOs to operate in power factor control mode.
PFC is less disruptive for network voltage control devices such
as OLTCs and results in much lower field currents brought about
by voltage drops under AVR control, thereby reducing thermal
stresses on the generator [9].

C. Alternative Voltage Control

1) “Intelligent” Distributed Voltage/Power Factor Control:
Kiprakis and Wallace [5] proposed a voltage control method

Fig. 2. Vector diagram of the generator voltage and current showing the re-
sponse of the “intelligent” distributed controller.

for DGs, which assumes a more flexible attitude from DNOs
concerning the voltage control by DGs. The authors’ target
was to develop a voltage control method capable of keeping
the DGs online during light or heavy demand conditions by
combining the advantages of AVR and PFC. The method was
termed automatic voltage/power factor control (AVPFC), and
its steady-state response has the effect of relaxing power factor
when voltage approaches the statutory limits. Its operation is
depicted in the vector diagram of Fig. 2.

The operating point of the generator (tip of vector ) always
moves along the thick, dashed line. When voltage approaches
the statutory limits, or , the PFC is deactivated and the
DG adjusts the production of reactive power to support voltage.
The generator decreases the ratio when voltage drops to
the lower threshold, , while it increases the ratio
when voltage reaches the upper threshold . Obviously, in
altering the ratio, the power factor is also being changed:
it must be restricted between the minimum and max-
imum operating power factors.

The major advantage of this approach is that it does not re-
quire knowledge of the distribution network as a whole, relying
purely on the voltage signals at its own terminals. As such, the
approach would not require extensive deployment of sensors
and communications equipment and the “intelligence” can be
embedded within the DG control system. However, the con-
trollers would need to be set up such that they did not conflict
with others, e.g., by causing hunting.

2) Centralized Voltage Control: Theoretically, voltage con-
trol of the distribution network can be achieved centrally, in a
similar manner to the transmission system through dispatch of
active and reactive power from distributed generators and other
network elements.

Such an active management scheme would consist of a distri-
bution management system controller accepting voltage, power
flow, and equipment status measurements at selected locations
in the distribution network. The controller would then use state
estimation to estimate network power flow and voltage profiles
before dispatching plant according to economic dispatch from
OPF [4] or a rule-based method.

The downsides to the approach include the necessary invest-
ment in sensors, communications, and dedicated controllers as
well as the balance required to ensure adequate accuracy of the
state estimator.

Figure 3.11: Vector diagram of the DG voltage and its injected current, according to the
intelligent power factor control [67]

The modification introduced in the present study case includes a linear variation of the power
factor from (V PFC

min ) to (Vmin) and from (V PFC
max ) to (Vmax) in order to have a smoother transition.

The assumed parameters for the power factor controller are presented in Section 3.2.4

The settings of the OLTC remain unchanged respect to the previous scenario, with the voltage
deadband set to ±0.04p.u.. When the OLTC starts to operate, after the voltage surpasses the
previously mentioned deadband, the reactive power of the DGs will have already reached its full
capability; therefore, the applied decentralized control should not interfere negatively with the
tap changer controller. The dynamic efficacy of this coordination will be tested in the dynamic
simulations performed in Chapter 5, while its maximum steady state capability is tested in the
present chapter. In the following, the improvement achieved by the explained reactive dispatch is
presented for maximum generation and no generation cases.

Case 1 - Maximum Generation

In this case, the wind turbines and the CHP will absorb the maximum requested reactive power,
2.689 and 1.18 Mvar respectively, in order to bring the voltage within limits, while maintaining
active the OLTC. In this case, the grid is analyzed at hour 121 when the worst case happens. The
voltage has been further decreased; however, buses 7 to 11 still surpass the limit with a value
of 1.066 p.u.. The active power flow through Feeder 1 towards Feeder 2 and the external grid
is decreased from 11.228 MW to 11.09 MW, whereas the reactive power import of Feeder 1 is
increased from 2.715 Mvar to 6.87 Mvar. Regarding the loading of the lines, the most loaded one
is Line 3-8 with 96.6%; whereas the loading of TRF 1 is 54.9%. This loading increases due to
the high reactive power import from the external grid. The absorption of reactive power presents
a notable increase in the total line losses, being 2.60 MW and 2.06 MVAr. The loss increase
respect the previous scenario is 0.29 MW and 0.29 MVAr.

Although the voltage levels improve, this significant increase of reactive power consumption is not
beneficial neither for the DSO nor the TSO. In the case of the DSO, this leads to an important
increase in losses. For the TSO, a significant increase in reactive power demand coming from
many DSOs would require more investment on reactive power compensation and a reinforcement
of the network; otherwise, the security of supply would be compromised by the increased risk of
voltage collapse [68].
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Case 2 - No Generation

As the wind turbines and the CHP have no obligation to provide reactive power when they do
not operate, the results will remain unchanged respect to the improvement achieved by the tap
changer.

Summary

In this section it has been proved that the absorption of reactive power from the wind turbines
and CHP partially corrects the voltage drop, decreasing the voltage from 1.099 to 1.066 p.u., as it
is summarized in Table 3.6. It was also observed that the total losses through the lines increased,
therefore, the utilization of reactive power compensation is not desirable and it will be not be
considered for the sizing of the electrolyzer. This fact assures that the voltage is kept within
limits during steady state operation, without requiring reactive power absorption. Nevertheless,
the dynamic behavior of the OLTC and AE might not be fast enough to correct short term voltage
deviations. Hence, the reactive power capability will be left for voltage support in these extreme
cases.

Table 3.6: Comparison of critical voltages in Cases 1 and 2 with only tap control and with
both tap control and reactive power dispatch

With OLTC OLTC & reactive power dispatch
Case 1 - bus 9, h. 121 1.099 p.u. 1.066 p.u.
Case 2 - bus 7, h. 105 0.971 p.u. 0.971 p.u.

3.2.4 Implementation of the Alkaline Electrolyzer
As explained in subsections 3.2.2 and 3.2.3, the OLTC and reactive power could not bring the
voltage within allowed limits. The grid presents overvoltage when both wind turbines and CHP
are at maximum generation. The high amount of power that has to be transferred to the external
grid leads to a high voltage drop from the generation to the external grid. This can be avoided
by increasing the active power consumption in Feeder 1.

As explained in chapter 2, Power-to-Gas is an emerging technology that can be beneficial in grids
with a high penetration of renewables. Therefore, an alkaline electrolyzer is connected into the
grid in order to provide an effective voltage support and energy management. Only the OLTC is
maintained active for the dimensioning purpose, as explained in the conclusiong of the previous
scenario. Firstly, the placement and size of the electrolyzer will be determined; secondly, the
coordination with the rest of the voltage regulation elements, namely OLTC and reactive power,
is presented; then, the hydrogen produced is calculated; finally, the improvement in the grid is
tested.

Unit Placement

Firstly, the location will be determined by means of load flow sensitivities and losses criteria.
Load flow sensitivities determine how the change of generated/consumed power in different buses
affects the variation of voltage in a certain bus. As previously mentioned in Section 3.2, the bus
with the biggest overvoltage is bus 9. Therefore, load flow sensitivities have been carried respect
to bus 9 at hour 121, the one presenting the biggest overvoltage. The buses that affect the most
to a voltage variation in bus 9 are buses 11, 10 and 9 with sensitivity values of 0.00724 p.u./MW
and 0.00789 p.u./Mvar. Among the three possibilities, the location that leads to lower losses is
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bus 9. This is because buses 10 and 11 do not have generation; thus, the power flow is always
from bus 9 towards them. Consequently, placing the electrolyzer in either bus 10 or bus 11 would
increase the mentioned power flow through these lines, leading to increased losses. Besides, bus
9 is the bus where the CHP plant is connected to, making it physically more feasible to inject the
hydrogen into its gas pipes. Hence, this bus is the chosen one for placing the electrolyzer. Figure
3.12 illustrates the new structure of the grid, including the electrolyzer in bus 9.

  AE

Feeder 1 110 / 20 kV110 / 20 kV

Feeder 2

Bus 12

Bus 0

Bus 1

Bus 3

Terminal(4)

Terminal(5)

Bus 14

Bus 13
Bus 2

Bus 7

T
e

rm
in

a
l(

8
)

T
e

rm
in

a
l(

3
)

Bus 6

Terminal(7)

Terminal(6)

Bus 9

Bus 10

Bus 11Bus 5

Terminal(1)

Terminal

Bus 8
Bus 4

Static Ge..

External Grid

L12

T
R

2
T

R
F

L
in

e
1

2
-1

3
O

H
L

T
R

1
T

R
F

L1

L
in

e
1

-2
O

H
L

L3

L
in

e
3

-4
C

a
b

le

L
in

e
2

-3
C

a
b

le

L
in

e
(1

)

B
re

a
ke

r/
S

..

L
in

e
1

4
-c

O
H

L
L

in
e

1
3

-1
4

O
H

L

L14

L13

Line(4)

B
re

a
ke

r/
S

w
it

ch

L7

Line(6)Line(5)

Breaker/S..

Line(3)

L6

L
in

e
7

-8
C

a
b

le

SG
~

CHP

Wind Turbines

L8

2
-W

in
d

in
g

..

2
-W

in
d

in
g

..

L9

L
in

e
(2

)

Line

L11

L10

L
in

e
1

0
-1

1
C

a
b

le

L5

L
in

e
a

-1
1

C
a

b
le

L
in

e
4

-a
C

a
b

le

L4

L
in

e
4

-5
C

a
b

le

D
Ig
S
IL
E
N
T

Figure 3.12: Single-line diagram of the grid including alkaline electrolyzer load

Unit Sizing

After the location has been determined, the size of the electrolyzers is calculated. This will be
done maintaining the module size presented in [47], therefore the modeled AE units amount to
0.355 MW plus 0.08 MW for the compressor. It should be noted that the electrolyzer is merely
sized for the considered study and the main target is to bring back the voltage within limits and
to provide energy management. An optimal sizing should be done according to annual analysis,
taking into account losses, economical aspects and hydrogen demand.

The sizing is calculated at the worst case scenario, Case 1 at hour 121. The OLTC is considered
but not the reactive power absorption, as explained in the summary of 3.2.3, which leads to a
bigger sizing than if the latter was considered. Hence, the advantages of proceeding in such way
are the avoidance of reactive power absorption and a bigger energy management capability.

The voltage in bus 9 was found to be 1.099 p.u. and therefore at least 0.049 p.u. needs to
be corrected to bring the voltage within allowed limits. The previously calculated load flow
sensitivities of bus 9 gave a value of 0.00724p.u./MW for the active power. As a fast calculation,
the active power necessary in order to correct a voltage deviation of 0.049 p.u. can be estimated
according to Eq. 3.10:

Prequired '
∆V9
∆V9
∆P9

= 0.049p.u.
0.00724p.u./MW

= 6.77MW (3.10)
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Where ∆V9
∆P9

is the load flow sensitivity of bus 9 and ∆V9 is the voltage deviation that has to be
corrected. It should be noted that the varying sensitivity value has been approximated to the
provided one, calculated for Case 1 during hour 121. As the modeled electrolyzer unit is 0.435
MW in total, 15 units are selected, accounting for a total nominal power of 6.525MW . It is
introduced in the grid as a constant power load, as further explained in Section 4.5.

Coordination of OLTC, Wind Turbines, CHP and AE

As explained in Section 3.2.3, the reactive power is not taken into account for the sizing of the
electrolysis unit. However, its coordination is included with the OLTC and AE as it will be used
in extreme situations. Furthermore, it is explained that the coordination of the three units is
necessary to avoid interference with their performance. Hence, the decentralized coordination
strategy presented in 3.2.3 is adapted to integrate the electrolyzer, which operates following a
voltage - active power droop during arising overvoltages. It should be added that the electrolyzer
is assumed to incorporate a power converter, with a size of 0.355 MVA, which also allows reactive
power control. Hence, the latter is additionally controlled according to a voltage - reactive power
droop, but only active during undervoltage situations.

Figure 3.13 shows the proposed control for the absorbed active power and produced reactive power
of the AE. The blue line represents the reactive power control, whereas the green represents the
active power control. The pink area highlights the allowed voltage limits.
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Figure 3.13: Voltage - power droop control of the AE

The priorities for the voltage control coordination is assessed as follows: firstly, when the voltage
surpasses 1.01 p.u. the AE starts regulating, secondly, if the voltage reaches 1.03 p.u. the OLTC
regulation is included and finally, the DGs’ reactive power is triggered when 1.04 p.u. is exceeded.
As explained in Section 3.2.3, this is done by setting the deadbands in an intelligent way. The
implemented coordination can be appreciated graphically in Figure 3.14. It should be noticed
that the usage of reactive power is intended to be minimized by using it only when the voltage is
close to the allowed limit.
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Figure 3.14: Coordination of the OLTC, power factor controller and the AE
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Hydrogen Production

Once the electrolyzer is sized, the produced hydrogen can be calculated. The electrolyzer model
presented in [47], further developed in Chapter 4, calculates the hydrogen output, ṁH2 in [mol/s].
Hence, the total produced hydrogen volume flow, V̇H2 in [Nm3/h], can be calculated according
to Eq 3.11.

V̇H2 =
15∑
n=1

ṁH2 [mol/s] · 3.6 · 103s

1h · 22.4Nm3

103mol
(3.11)

Eq 3.1, 3.2 and 3.11 will determine how the 10% volume concentration limitation will limit the
hydrogen injection. This is assessed in the dynamic simulations performed in Chapter 5. Following,
the electrical implementation of the electrolyzer will be tested in two cases; i.e. maximum and
no generation.

Case 1: Maximum Generation

As for the previous scenarios, a load flow simulation is performed during maximum generation at
hour 121. The OLTC remains active whereas the reactive power does not. As it can be observed
in Figure 3.15, after placing a load of 6.525MW in bus 9 all the buses present voltage within
limits, where the highest voltage found is 1.050 p.u. in buses 7 to 11. The active power export
of Feeder 1 decreased to 6.229 MW, whereas the reactive power import also decreased to 1.589
Mvar.
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Figure 3.15: Load flow of the grid in DIgSILENT at maximum generation, OLTC and 6.525
MW of electrolyzers
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Regarding line losses, the introduction of the electrolyzers leads to an improvement, being now
0.98 MW and 0.66 MVAr. The produced power is now consumed locally, which decreases power
flow along the lines and, consequently the losses. Furthermore, the loading rate of the transformers
and lines is also reduced. The loading of TR1 before implementing the electrolyzers was 54.9%
and now decreased to 26.8%. Regarding the lines, the one with highest loading is now line 3-8
with 59.8%, being 96.6% in the previous scenario.

Case 2: No Generation

The electrolyzers represent an additional load to the grid; hence, the voltage drop has to be
checked during no generation case and maximum electrolyzer load in case it is below the lower
boundary. The load flow simulation is performed at hour 105, when the loads are at their peak.
Figure 3.16 shows that the bus with highest voltage drop is bus 7 with a value of 0.927, surpass-
ing the lower boundary. Furthermore, buses 7-11 present a voltage below the admissible limit.
This means that the operation of the electrolyzers is constrained by a lower voltage limitation.
Regarding power flow import in Feeder 1, it increases up to 18.378 MW and 3.711 Mvar.
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Figure 3.16: Load flow of the grid in DIgSILENT at no generation, OLTC and 6.525 MW
of electrolyzers

In this case, as the external grid has to supply a higher consumption the loading of the lines and
transformer has increased respect to the previous scenarios. Being the loading of TRF1 75.0%
and line 1-2 and 2-3 60.3%. The total line losses are also higher with a value of 1.03 MW and
1.07 MVAr.

In order to estimate the maximum amount of power the electrolyzers can consume without causing
an undervoltage in bus 7, Eq. 3.12 is applied. It should be noted that the voltage in the mentioned
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bus should increase by 0.023 p.u..

Pmax = Prated −∆P = Prated −
∆V7
∆V7
∆P9

= 6.525− 0.023p.u.
0.0124p.u./MW

= 4.67MW (3.12)

Where Pmax is the maximum power the electrolyzer can consume, Prated is the nominal power of
the electrolyzer at full power, ∆P is the amount of power that will produce the desired change
of voltage, ∆V7 is the desired change of voltage and ∆V7

∆P9
is the load flow sensitivity of bus 9.

After reducing the load of the electrolyzers 6.525 MW to 4.67 MW it is found that the voltage
in bus 7 is 0.95 p.u., being the rest of the buses voltage above the lower boundary.

Summary

In this section, the size and location of the electrolyzer have been determined assuming active
OLTC and no reactive power absorption from the DGs. It has been found that 15 electrolyzer
units are necessary in order to bring the voltage within allowed limits. In Case 1 they bring back
the voltage to 1.05 p.u. and in Case 2 they lower the voltage down to 0.927 p.u., below the
admissible limit. Therefore, these units should be only utilized to absorb excess power from the
wind turbines and CHP. The following table 3.7 summarizes the steady state voltage results,
compared to the ones obtained in the previous scenario.

Table 3.7: Comparison of critical voltages in Cases 1 and 2 with reactive power dispatch
and with 6.525 MW of electrolyzers, both with tap control

Q dispatch & OLTC Adding 15 AE units
Case 1 - bus 9, h. 121 1.066 p.u. 1.050 p.u.
Case 2 - bus 7, h. 105 0.971 p.u. 0.927 p.u.

Besides the voltage regulation, the implementation of the alkaline electrolyzer leads to a decrease
in losses and an important reduction of the exported active power through Feeder 1. This means
that it is able to perform energy management, i.e. utilizing the local generation for producing
hydrogen.

3.3 Conclusions
The results of the steady state analysis are summarized and illustrated in this section. Figures
3.17 and 3.18 show the voltage of every bus of Feeder 1 in the different analyzed scenarios.
The results of the Base Case analysis shows that the high penetration of distributed generation
(wind turbines and CHP) leads to violating the maximum allowed voltage, whereas the minimum
boundary is never surpassed. Initially, the highest voltage during Case 1 was 1.135 p.u. at bus
9 and in Case 2 the lowest was 0.958 p.u. at bus 7. The overvoltage was partially corrected by
the OLTC of the substation transformer, although remaining above the allowed limits. In order
to further decrease the overvoltage, the wind turbines and CHP were asked to absorb reactive
power, however, this measure was not enough.

Finally, electrolyzers were integrated in the grid in order to correct the remaining overvoltage
after the application of OLTC. Therefore, reactive power compensation was not considered in this
scenario. According to load flow sensitivities and losses criteria, bus 9 was the chosen one to
connect them to. For the sizing of electrolyzers, 15 modules of 0.435 MW were selected in order
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to bring the voltage within limits and provide energy management services. It should be noticed
that, during Case 2 the operation of the 15 AE units produce undervoltage, as shown in 3.18.
Therefore, the maximum power that the electrolyzers can consume is 4.67 MW.

C 1 i ti & i i l d

1.1

1.15

Case 1: maximum generation & minimum load

1

1.05

ag
e 
[p
.u
.]

Base Case

OLTC

Q di h

0 85

0.9

0.95

Vo
lta Q dispatch

AE

0.85

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Bus 6 Bus 7 Bus 8 Bus 9 Bus 10 Bus 11

Figure 3.17: Voltage results of the performed load flows during Case 1

1

1.05

1.1

1.15

ge
 [p

.u
.]

Case 2: no generation & maximum load

Base Case

OLTC

0.85

0.9

0.95

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Bus 6 Bus 7 Bus 8 Bus 9 Bus 10 Bus 11

Vo
lta

OLTC

AE
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The capability of the grid to accept the described measures to provide voltage support has also
been analyzed. As illustrated in figure 3.19, it can be observed that in Case 1 the loading of the
lines and transformer reaches high values. The worst scenario in terms of loading rates occurs
when the generating units, wind turbines and CHP, absorb reactive power. The highest loading
value occurs at line 3-8 being 96.6%, which is due to the increased transmitted power through
the lines. Regarding the integration of alkaline electrolyzers, it can be observed that the line
loading decreases as the the generated power is consumed locally. However, when there is no
local generation the loading increases as the transmitted power through the lines is higher in order
to supply the AE load.
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Figure 3.19: Line and transformer loading results of the performed load flows during (a)
Case 1 and (b) Case 2

The direction of the active and reactive power flow in Feeder 1 can be observed in Figure 3.20,
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where a positive value means power import from the external grid and a negative value means
power export to the external grid. In Case 1, the decrease of exported power is observed when
the electrolyzer is implemented, as the power produced by the DG is utilized to produce hydrogen
and, at the same time provide energy management services. However, in Case 2, the increase of
imported power is higher than in the previous cases, as the AE load is added to the residential
and industrial loads.
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2

Finally, the total losses through the lines are presented in figure 3.21. It is observed that even
though the voltage is corrected, a significant increase in the line losses appeared when including
OLTC and reactive power compensation reaching 2.60 MW and 2.07 MVAr. However, in Case 1
the losses are compensated when the alkaline electrolyzers are included decreasing by 0.53 MW
and 0.44 MVAr. Regarding Case 2, the line losses increase when the electrolyzer is included, since
the power to supply it comes from the external grid.
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Figure 3.21: Total line loss results of the performed load flows during (a) Case 1 and (b)
Case 2

In this chapter, it has been proved that the introduction of an alkaline electrolyzer enables the
purpose of providing energy management services and voltage regulation by absorbing the excess
production of the distributed generation. However, in order to decrease losses, its operation should
be defined according to the grid requirements and adapted to the local generation, i.e. the CHP
plant and wind turbines.

As the loading of the different components is below the maximum during the worst case scenarios,
its analysis will be disregarded in the dynamic simulations. Focus will be placed on the voltage
magnitude, losses and active and reactive power export from Feeder 1. Furthermore, it should be
highlighted that the limitations of the electrolyzer to consume active power was not taken into
account in this chapter. As mentioned in [47], the operation temperature of the electrolyzer limits
its capacity to produce hydrogen and, therefore, to consume active power. The dynamic behavior
of the OLTC, wind turbines, CHP plant and electrolyzers is presented in Chapter 4, in order to
assess the capability of the electrolyzers to perform the mentioned regulation.
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4 Dynamic Model Implementation in DIgSI-
LENT PowerFactory

In this chapter, the dynamic behavior of the different elements of the study case is modeled. The
models will be developed and simulated in DIgSILENT PowerFactory, and later introduced into
the case study grid that was presented in Section 3.1. The elements that possess an inherent
dynamic behavior are the loads, wind turbines, CHP, the OLTC and the alkaline electrolyzer.

Table 4.1 summarizes the type of owner and control of the mentioned dynamic elements. As the
owners of the the wind turbines and CHP are private producers, the DSO is only able to control
their power factor (pf) in case that voltage issues arise, as previously explained in Section 3.2.3.
Hence, their active power output depends on different criteria: wind speed in the case of the wind
turbines, heat demand and electricity price in the case of the CHP.

Both the alkaline electrolyzer and OLTC are owned by the DSO, thus these elements are modeled
into more detail, as their output can be freely modified by the latter. Nevertheless, the operation
of the OLTC and the electrolyzer might be constrained by their inherent characteristics. For the
OLTC this is the daily tap changes limitation, due to reliability issues, whereas for the electrolyzer
is its operating temperature [47].

It is common for some DSOs to own part of the distribution gas networks such as DONG Energy in
Denmark [69]. Therefore, the DSO can make profit of the hydrogen produced by the electrolyzer
and, at the same time, provide voltage regulation and energy management services to the electrical
grid.

Table 4.1: Owners and available control for the DSO of different elements of the grid

CHP Wind Farm OLTC Electrolyzers Loads
Owner Private Owner Private Owner DSO DSO Private Owners

DSO Control pf control if
voltage issues

pf control if
voltage issues Full Full None

As previously explained in Chapter 3, the CHP plant is assumed to run on natural gas and to
provide district heating to part of the customers of the analyzed grid. Furthermore, the hydrogen
produced by electrolysis is assumed to be injected into the gas network in a limited rate of 10%
of volume. The dynamic modeling presented in this chapter will help to understand both the
electrical behavior of the elements mentioned in Table 4.1 and their interactions with the district
heating and gas networks, through the CHP plant and electrolyzer.

4.1 Modeling of the Loads
As explained in Section 3.1, the loads follow predefined profiles presented in Figures 3.2 and
3.3. For the dynamic simulation, the aggregated load profiles for each bus are inputted as a
measurement file to the grid element. The dynamic behavior of each load is defined by internal
model of PowerFactory, where the user can customize the percentage of static load (constant
impedance) and dynamic load. The characterization of the loads has already been explained in
Section 3.1 and the different ratios are presented in Table B.6.
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4.2 Modeling of the Wind Turbines
The aim of this project is to simulate a Danish electrical distribution grid with high wind penetra-
tion. For this purpose, the modeling of the behavior of a wind farm is necessary as their behavior
might lead to technical issues, as the voltage rise presented in Chapter 3. Therefore, a reasonably
accurate power output of the wind farm is presented in this section, in order to precisely simulate
the potential issues.

The wind farm output is calculated from a time series of wind speed data. Dynamic modeling of
the latter is not included since the control of the wind farm is not on the scope of this project.
Due to this limitation, the wind turbines will be modeled as an active and reactive power time
series coming from a static generator.

According to [70], the Vestas V80 2MW is one of the most common models installed on-shore.
Therefore, it has been the selected model for the present project. Table 4.2 shows the relevant
characteristics of the chosen wind turbine:

Table 4.2: Relevant characteristics of the Vestas V80 2MW turbine [71]

Generator type Asynchronous with variable speed
Rated power 2 MW

Cut-in wind speed 4 m/s
Rated wind speed 16 m/s
Cut-out wind speed 25 m/s
Rotor diameter 80 m
Hub height 67 m

Once the turbine model has been selected and its relevant characteristics are known, the wind
power output from the wind farm can be calculated, as summarized in Figure 4.1 where the
applied software for each step is also mentioned.
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Figure 4.1: Wind farm active power calculation from wind speed measurement

Firstly, the obtained wind speed has to be adapted from the measurement point to the hub
height; next, the wind power extracted from the obtained wind speed is calculated through the
wind power curve; finally, the obtained wind power is inputted through a delay block emulating
the shaft dynamics and multiplied by the number of wind turbines that compose the wind farm.
The final wind farm active power output is sent to DIgSILENT PowerFactory and forwarded to a
static generator.



Chapter 4 - Dynamic Model Implementation in DIgSILENT PowerFactory 43

4.2.1 Wind Speed Adaptation
Wind speed measurements for a summer and a winter week have been taken from [72], with a
sampling of 10s. The measurements have been taken at a height of 12m and not at the hub
height, therefore a wind speed conversion has been done using the method presented in [73]. The
detailed explanation of this method is summarized in Appendix B.2. The result of this conversion
is that the obtained wind speed measurement has to be scaled by the factor of 2.108 as expressed
in the following equation:

v2(67m) = 2.108 · v1(12m) (4.1)

Where v2(67m) represents the wind speed at the hub height, 67 m, and v1(12m) represents the
wind speed at the measurement point, 12 m.

4.2.2 Wind Power Curve
Once the wind speed time series is adapted to the hub height, the power output of the turbine is
calculated throughout the wind power curve. For this purpose the cut-in, rated and cut-out wind
speeds included in Table 4.2 are used, obtaining three different power outputs:

• If wind speed < 4m/s or wind speed > 25m/s −→ P = 0

• If 4m/s < wind speed < 16m/s −→ P = 0.5 · ρ · Cp · πD2

4 · v
3 · 10−6 [MW]

• If 16m/s < wind speed < 25m/s −→ P = 2 MW

Where v is the wind speed in m/s, P is the output active power of the wind turbine, ρ is the air
density in kg/s, and Cp is the power coefficient.

It should be remarked that the Cp applied has been assumed to be constant, with a value of
0.1586. It was calculated in order not to produce discontinuities in the power curve when the
wind speed is 16m/s. Figure 4.2 compares the obtained power curve with the one provided by
the manufacturer. As it can be appreciated, the approximation can be considered good enough
for the purpose of this project.
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(a) Estimated wind power curve

TECHNICAL DATA FOR V80-2.0 MW

Copyright Notice
This document is created by Vestas Wind Systems A/S and contains copyrighted
material, trademarks, and other proprietary information. All rights reserved. No
part of the documents may be reproduced or copied in any form or by any means
such as graphic, electronic, or mechanical, including photocopying, taping, or
information storage and retrieval systems without the prior written permission of
Vestas Wind Systems A/S.

All specifications are for informational purposes and are subject to change
without notice. Vestas does not make any representations or extend any
warranties, expressed or implied, as to the adequacy or accuracy of this
information.
VCS turbines are not available in the USA or Canada.

Power regulation	 pitch regulated 
	 with variable speed

Operating data
Rated power	 2,000 kW
Cut-in wind speed	 4 m/s
Rated wind speed	 16 m/s
Cut-out wind speed	 25 m/s
Wind Class	 IEC IA
Operating temperature	 standard range
	 -20°C to 40°C
	 low temperature option
	 -30°C to 40°C 

Rotor
Rotor diameter	 80 m
Swept area	 5,027 m2

Nominal revolutions	 16.7 rpm
Operational interval	 10.8-19.1 rpm
Air brake	 full blade feathering with
	 3 pitch cylinders

Tower
Type	 tubular steel tower
Hub heights	 60 m, 67 m, 78 m, 80 m 
	 and 100 m

Generator
Type	 4-pole asynchronous with 	
	 variable speed
Nominal output	 2,000 kW
Operational data 	 50 Hz/60 Hz 690 V

Gearbox
Type 	 3-stage planetary/helical

Power curve V80-2.0 MW
Noise reduced sound power modes are available.

Main dimensions

Blade
Length	 39 m
Max. chord	 3.5 m
Blade	 6,500 kg

Nacelle
Height for transport	 4 m
Height installed
(including CoolerTop™)	 5.4 m
Length	 10.4 m
Width	 3.4 m
Weight	 69 metric tonnes

Hub
Max. diameter	 3.3 m
Max. width	 4 m
Length	 4.2 m
Weight	 18 metric tonnes

Tower

60 m (IEC IA)
Weight	 137 metric tonnes

67 m (IEC IIA)
Weight	 116 metric tonnes

78 m (IEC IA)
Weight	 153 metric tonnes

80 m (IEC IIA)
Weight	 148 metric tonnes

100 m (DiBt II)
Weight	 198 metric tonnes
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(b) Wind power curve provided by Vestas [71]

Figure 4.2: Comparison between the estimated wind power curve (left) and the provided
by the manufacturer (right)
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4.2.3 Shaft Dynamics and Wind Farm Active Power Output
In order to approximate the shaft’s dynamics, the previously obtained power vector is introduced
to a time delay block with Matlab Simulink. An inertia value of J = 8.04s was observed in a
DIgSilent PowerFactory template for a 2 MW doubly-fed induction generator (DFIG) wind turbine,
as the Vestas V80 2MW, and therefore has been assumed for this purpose. Since the wind farm
is composed by six wind turbines, this output has been multiplied by this number. The transfer
function applied in this step can be appreciated in Figure 4.1. Neglecting losses, the obtained
power is the active power produced by the six wind turbines.

4.2.4 Integration in DIgSilent PowerFactory
In order to integrate the obtained wind power into DIgSilent Powerfactory, a measurement file
with the previously presented values was created, forwarding an active current setpoint (id) to a
static generator model. Since the voltage is expected to vary during the simulations, the id signal
has to be adjusted proportionally to the voltage (in p.u.) so the power output from the wind
turbine does not vary proportionally to the voltage fluctuations. Hence, the voltage of the bus
where the wind turbines are connected to, i.e. bus 8, is used in order to perform this correction
in the Voltage Adjustment block. Furthermore, a reactive current setpoint (iqref

) coming from
the reactive power control, explained in Section 3.2.3, is forwarded to the static generator. Figure
4.3 shows the composite model created for this purpose.

Wind 
Power 
Plant

Idref

Voltage 
bus 8 Voltage 

Adjustment

Wind Power 
Measurement

Iqref

Id

Figure 4.3: Composite model for the wind farm power output

After running simulations for the selected weeks, the wind farm active power output was obtained.
Figures 4.5 and 4.4 show the power generation, for the selected winter and summer weeks,
respectively.
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Figure 4.4: Wind active power output during the winter week [72]
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Figure 4.5: Wind active power output during the summer week [72]
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Reactive Power Control

The reactive power control introduced in Section 3.2.3 is modeled and explained in the following.
For this purpose, the voltage of the PCC (i.e. bus 8) is taken for implementing the mentioned
control, sending the reactive current reference (iqref

) to the composite model explained in Figure
4.3. Figure 4.6 shows the composite frame of the reactive power control, where id is the output
active current signal of the wind farm model.

iqref
Q Control Wind Farm 

Voltage bus 8

id

Figure 4.6: Composite model for the wind farm reactive power control of the wind farm

The Q control block is further explained in Figure 4.7. The V-pf droop block implements the
power factor controller explained in Section 3.2.3, whereas the Power factor to iq block takes the
power factor set-point and the actual id current output in order to calculate the iqref

set-point.
U represents the current voltage at bus 8, Uref is the reference voltage, i.e. 1 p.u., and therefore
Udiff is the difference between the previous two.

U ref
‐

+U
Pfset

Lag/lead
1

1 sT
V‐pf

 Droop

id

Udiff

Power factor 
to iq

iqref

Figure 4.7: Block diagram of the reactive power control of the wind farm

It should be noticed that the reactive power control is not tested, maintaining a unity power
factor for the simulation results presented in Figures 4.4 and 4.5. Instead, it will be implemented
in Chapter 5 since the settings are changed according to the studied case (with or without AE).

4.3 Modeling of the CHP Plant
As explained in Section 3.1.2, the district heating of the case study grid is supplied by a gas-fired
CHP plant. The present CHP plant is assumed to possess two CHP gas turbine units, gas-fired
boilers and a heat storage tank. The rated power of the CHP units (accounting for the two units),
boilers and the capacity of the heat storage tank have been presented in Table 3.3 in Chapter 3.
The objective of this section is to assess how the district heating demand affects the electrical
behavior of the CHP plant, by obtaining a realistic electrical power output from the latter.

As stated in [25], the ultimate target of the CHP plant is to meet the heat demand and at the
same time obtain a high revenue. Therefore, in order to determine whether the operation of the
CHP units is profitable the Elspot and up-regulation prices are used. When the CHP units are
offline, the heat demand is supplied by the heat storage and/or the boilers. The composite frame
developed for the CHP plant is showed in Figure 4.8. It includes the two CHP units, the heat
storage, the heat demand and the decision-making block of the CHP units’ and boiler’s set-points,
which depend on the current Elspot and up-regulation prices.

Regarding input signals to the CHP units, Pfset determines the value of the power factor of
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Figure 4.8: DIgSILENT PowerFactory composite model of the CHP plant

the generators and lag/lead specifies whether it is lagging or leading. Qin represents the heat
produced by the CHP units and Qboil represents the heat produced by the gas-fired boilers, both
signals being inputted to the Heat Storage. The Elspot and Up-regulation prices are sent to the
block "CHP and boiler set-point", which decides how the CHP plant operates. The obtained
active power setpoint Pset is sent to each CHP unit, and the volume of natural gas required V̇gas
is measured.

In the following, the composite model of the case study CHP plant is explained.

4.3.1 CHP Units
The CHP unit block is modeled in another composite model. It consists of a generator, excitation
system and prime mover/governor. These models, as well the composite frame, have been taken
from the available library in PowerFactory and are described in Appendix B.3. Nevertheless, two
contributions have been made in order to adapt the composite frame to the CHP use.

The first addition is the Power to Heat block, which estimates the heat output of the unit Qin
by applying the power to heat ratio to the produced active power Pt from the Turbine Generator.
The other contribution is the the Power Factor block, which receives the active and reactive
power produced by the generator, P and Q respectively, and the power factor command from
the reactive power control through the signals Pfref

and lag/lead, as explained in Section 3.2.3.
This modifies the set-point of the excitation voltage vcs accordingly and inputs the final excitation
voltage ve to the generator. This control is achieved throughout a PI controller, as illustrated in
Appendix B.3. Finally, the nominal apparent power Snom, the nominal power factor cosθ (both
parameters of the machine) and the rotational speed of the generator ω are sent to the turbine
governor. The explained frame can be observed in Figure 4.9.

The power factor control is included in order to emulate the way the local CHP plants control
their reactive power. During normal operation the power factor is assumed to be one, unless they
receive a command from the DSO. Figure 4.10 shows the test of the power factor controller when
the CHP units are operated throughout the week. It can be observed that the reactive power is
kept close to zero at every moment.
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Figure 4.9: Modified composite model for the CHP units
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Figure 4.10: Active and reactive power output from a CHP unit

Reactive Power Control

In the following the reactive power control that forwards the power factor set-point to the CHP
units is explained. The control is based on the voltage-power factor controller explained in Section
3.2.3. The composite frame of this reactive power control is shown in Figure 4.11. It measures
the voltage in the PCC (i.e. bus 9), implements the mentioned voltage-power factor controller
and sends the power factor set-point to the CHP units.

Pfset

Lag/leadQ Control CHP Plant
Voltage 

bus 9

Figure 4.11: Composite model of the CHP plant reactive power control

The Q control block is further explained in Figure 4.12. The V-pf droop block implements the
power factor controller explained in Section 3.2.3.

U ref
‐

+U
Pfset

Lag/lead
V‐pf

 Droop

Udiff

Figure 4.12: Block diagram of the Q control block of the CHP

It should be noted that the reactive power control is not tested, maintaining a unity power factor
for the simulation results presented in this section. Instead, it will be implemented in Chapter 5
since the settings are changed according to the studied case (with or without AE).
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4.3.2 Heat Demand
The heat demand slot includes a measurement file of the heat to supply during each hour,
accounting for the 660 customers heat demand profile plus a 25% of losses, as explained in
Section 3.1.2.

4.3.3 Heat Storage
As stated in 2.4.1, most part of the CHP plants have a heat storage in order to decouple heat
and electricity production. This system consists of a water tank which receives a heat input
(Qin) from the CHP units and boiler, and has a heat output (Qout), in order to meet the heat
demand. For each of the mentioned heat production units and consumption, the water is assumed
to follow a closed circuit, therefore the mass flow rates from/into the storage can be considered
equal. Hence, the volume of water in the storage can be assumed to be constant. The model of
the Heat Storage slot is presented in Figure 4.13.

State of 
Energy

Q diff

Q in

‐

+

Q out

Storage 
Capacity

Stored 
Energy 

E

Max. cap

Figure 4.13: Model of the heat storage block of the CHP

Besides the heat inputs and output, there is also a heat loss through the walls of the tank, which
has been assumed to be neglectable. Once the input and output heat are known, the thermal
energy in the tank (E) can be calculated according to equation 4.2:

Qin −Qout = dE

dt
(4.2)

Finally, the state of energy of the tank [%] is calculated, from the stored energy and its maximum
storage capacity.

4.3.4 Set-Points of the CHP Units and Boiler
This subsection includes the scheduling of the CHP plant, in which the heat demand is met at the
lowest possible cost. Besides, it includes an estimation of the natural gas consumption according
to its operation. In order to emulate the output of the CHP units as realistically as possible,
the behavior of Skagen’s CHP plant has been observed during the analyzed winter and summer
weeks. Figure 4.14 shows, for the winter week, the heat output from the CHP units and the
current Elspot and up-regulation prices, whereas Figure 4.15 shows the state of energy of the
storage tank.

It can be observed that each of the three CHP units of the Skagen plant are either disconnected
or operating at full power. Furthermore, it can be appreciated that the units start working at full
power when the Elspot price surpasses 250DKK, approximately. During this period the plant also
receives the residual heat from two industries, fulfilling the heat demand thanks to the flexibility
the heat storage provides. Besides, the heat storage remains at the same level after the week.
This indicates that the thermal energy provided by the CHP units and both industries perfectly
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Figure 4.14: Skagen’s CHP units output during the winter week
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Figure 4.15: Skagen’s tank’s state of energy during the winter week

fulfills the heat demand energy. Therefore, in this project, the gas-fueled boilers will replace the
function of the residual heat in the Skagen plant.

A Matlab script was created in order to evaluate the thermal demand the boiler has to supply
throughout the week, assuming the CHP units operate at full power when Elspot or up-regulation
prices go above 250DKK. It was found that the thermal demand would be fulfilled by operating
the boiler at 5.2 MW, in case the CHP units are offline. The obtained schedule of the CHP plant
can be observed in Figure 4.16, whereas the heat storage state of energy is represented in Figure
4.17.
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Figure 4.16: Heat demand, generated heat from boilers and generated heat from one CHP
unit in the winter week
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Figure 4.17: State of energy of the CHP’s heat storage
As it can be observed, even with a simple operation of the boilers, the heat demand is met and the
storage level is kept within limits assuming an initial condition of 50%. This shows the practical
feasibility of this schedule without analyzing the dynamics. A more optimal operation of the
boilers is out of the scope of this project.
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For what concerns the summer week, the operation of the Skagen CHP plant is shown in Figures
4.18 and 4.19.
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Figure 4.18: Skagen’s CHP units output during the summer week

31/3/2015 Skagen Varmeværk

http://www.emd.dk/desire/skagen/ 1/1

Current7 days CO2­emission

EMD International A/S  

Time

ri
ce

(D
KK

/M
W

h)

H
eat(M

W
)

H
ea

t (
M

W
h)

Skagen District Heating, Monday, 2014-07-28 to Sunday, 2014-08-03

Spot price
Regulating power price, Up
Regulating power price, Down
Positive Primary Reserve
Negative Primary Reserve

ption

aste Incineration
Skagen

00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00

500

600

700

800

900

1,000

1,100

1,200

10

15

20

25

0

100

200

300

400

500

600

700

800

Storage content
Storage capacity

Figure 4.19: Skagen’s tank’s state of energy during the summer week

It can be observed that Skagen’s CHP units are only operated for a few hours, where the Elspot
and up-regulation prices were at the highest point of the week, above 300DKK. During the rest
of the week the heat demand was supplied by the residual heat from the industries and the heat
storage. In a similar way as for the winter week, it will be approximated that when the Elspot or
up-regulation prices go above 300DKK, the implemented CHP units will operate at full power.
Executing the same Matlab script, it was observed that the CHP units provide, approximately,
the whole thermal demand throughout the week. Hence, the boilers do not have to operate. The
obtained scheduling of can be observed in Figure 4.20, whereas the heat storage state of energy
is represented in Figure 4.21.
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Figure 4.20: Heat demand, generated heat from boilers and generated heat from one CHP
unit
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Figure 4.21: State of energy of the CHP’s heat storage
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As for the winter week, the heat demand is fulfilled and the storage is kept within limits, showing
the feasibility of the obtained operation schedule.

Once the behavior of the CHP is known, its natural gas consumption can be estimated. For this
purpose, Eq. 3.1 and 3.2, presented in Section 3.1.3, are implemented within the set-point blocks
of the CHP units and boiler. Figures 4.22 and 4.23 show the gas consumption, in [Nm3/h],
during the winter and summer weeks, respectively.
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Figure 4.22: Gas consumption of the CHP in [Nm3/h], during the winter week
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Figure 4.23: Gas consumption of the CHP in [Nm3/h], during the summer week

4.4 Modeling of the Line Drop Compensation and Tap Changer
Controller

As shown in Chapter 3, the OLTC was able to correct the voltage in bus 9 from 1.134 p.u. to
1.098 p.u.. A realistic modeling of the LDC and the tap changer controller will determine how
effective is the OLTC at regulating the voltage during a dynamic simulation. The applied OLTC
controller frame can be observed in Figure 4.24. The LDC estimates the voltages in buses 7
and 9, v7 and v9, which are inputted to the Tap Changer Controller, as well as the current tap
position. The new tap position is sent to the Sample and Hold block, which is the responsible
to send the final tap position signal to the transformer of Feeder 1 (TRF1) every 60 seconds, as
determined by the Clock.

Clock

Sample and 
Hold

Tap Changer 
Controller

TRF 1

Line Drop 
Compensation

input

Num tap

Num tap

V9

V7

Figure 4.24: Composite frame of the OLTC controller

As explained in Section 3.2.2, the voltage in nodes 7 and 9 is estimated by the LDC. Its composite
frame, included in the OLTC controller frame, is showed in Figure 4.25. The estimation of these
voltage are obtained by using the equations presented in Section 3.2.2.
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Figure 4.25: Composite frame of the Load Drop Compensation

The State Estimation block receives the active power and reactive power forecast from all the
loads in Feeder 1, P1→11 and Q1→11, and from the CHP plant, PCHP and QCHP . Additionally,
the measured voltage and current in bus 1 are also used for the calculation, R and I being their
real and imaginary parts.

For the loads, the forecast represents the actual consumption for a voltage of 1 p.u.. In the case
of the CHP plant, the forecast is assumed to be its actual output, taking into account that its
active power output can be predicted according to the electricity prices and that the way the
reactive power is controlled is known. Within the State Estimation modeling, the LDC equations
presented in Section 3.2.2 are implemented in order to estimate the voltage in buses 9 and 7. The
accuracy has been tested for a 24 hour simulation, obtaining an error average of 0.00085 p.u. for
bus 9 and 0.00023 p.u. for bus 7. It can be concluded that the accuracy is good enough for the
purpose of triggering a tap change.

Moving to the Tap Changer Controller block, in Figure 4.24, it takes the LDC voltage estimations
from buses 7 and 9 and the current tap position from the transformer TRF1. The logical sequence
that leads to a tap change, forwarded to the sampler, is explained as follows:

• Voltage measurement is compared with 1 p.u.

• Positive and negative voltage deviations are compared with a deadband

• If the positive deviation of v9 is bigger and the current tap position is not in the lower limit,
the controller sends a command to reduce one tap

• If the negative deviation of v7 is bigger and the current tap position is not in the upper
limit, the controller sends a command to increase one tap

• The output of the controller is the new tap position if a tap change has been commanded
or the old tap position if it has not

In order to limit the rate of tap changes the output of the controller is sampled and forwarded to
the transformer TRF1 as the desired tap position. Besides, this signal has also been taken in order
to count the number of tap changes throughout the simulation. As stated in [74], increasing the
number of tap changes per day reduces the lifetime of the OLTC. Due to the high wind penetration
the voltage is expected to fluctuate significantly, leading to a high amount of tap changes if the
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settings of the controller are not correctly adjusted. [61] states that, in normal grid conditions,
the tap changer should be operated between 10 and 20 times per day. Therefore, the number of
tap changes will be kept below 140 during the week simulations in Chapter 5. In order to achieve
this, the sampling rate was set to 60 seconds whereas the deadband is modified in each scenario
according to its voltage regulation priority. A test of the controller is presented in the following.
Figure 4.27 shows the current tap position according to the voltage in bus 9, presented in Figure
4.26, during a 24 hour simulation.
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Figure 4.27: Current tap position of TRF1

4.5 Modeling of the Alkaline Electrolyzer
In order to integrate the Power to Gas technology in the case study grid, the implementation
of the alkaline electrolyzers is presented in this section. As stated in Chapter 3, the owner and
controller of this component is the DSO of the grid. The main purpose of their implementation
is to provide voltage regulation and energy management services, by absorbing the surplus power
of the wind turbines. Furthermore, it is expected to participate in the wholesale markets in order
to produce cheap hydrogen. At the same time, the hydrogen produced will be injected to the gas
network respecting a constraint of maximum 10% of volume, as stated in section 2.6.2.

As mentioned in section 3.2.4, 15 electrolyzer modules are utilized in the present work. In the
following, the control of these units and their implementation in PowerFactory is presented. Firstly,
the composite frame shown in Figure 4.28 is used.

As it can be appreciated, the voltage in the PCC of the AE, i.e. bus 9, is measured in order
to determine, in the Dispatch slot, the active and reactive power set-points, Pin and Qin, of
each electrolyzer module. These signals are sent to the AE frame which determines the active
and reactive power outputs from the electrolyzer module (Pe and Qe), the compression power
(Pcomp and Qcomp) and the produced hydrogen (V̇H2). These values are multiplied by the selected
number of modules in the present work, i.e. 15 units.

Finally, the resulting active and reactive power from both electrolysis and compression are for-
warded to constant power loads, which link the modeling with the electrical grid. The total
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Figure 4.28: Composite frame of the control, modeling and grid implementation of the 15
electrolyzer modules

produced hydrogen is sent to the hydrogen storage, explained further on in this chapter. From
the previous explanation of Figure 4.28 it can be inferred that the most important slots are the
Dispatch, which determines how the electrolyzers are controlled, and the AE Frame, which con-
tains the dynamic behavior of the electrolyzer. In the following, these two slots are explained in
detail.

4.5.1 Active and Reactive Power Dispatch
The block diagram of the Dispatch slot is presented in Figure 4.29. Its structure is very similar
to the applied in the reactive power control of the wind turbines and CHP plant. The voltage
deviation (Udiff ) is calculated, U being the measured voltage at bus 9 and Uref 1 p.u.. This signal
is sent to the V Droop after a first order delay of 10 s has been added, in order to facilitate the
convergence of the simulation. The V Droop slot calculates the active power set-point from the
voltage deviation by means of a droop, as explained in the voltage control coordination presented
in section 3.2.4. The same applies for the reactive power set-point.

U ref
‐

+U Pin

Qin

1
1 sT

V Droop

Pe

Udiff

Figure 4.29: Block diagram of the active and reactive power control of the 15 electrolyzer
modules

Nevertheless, an addition to this coordination has been made. As explained in [47], the operating
temperature of the electrolyzer determines its capacity to consume active power; hence, there
might be periods where the actual active power consumption cannot meet the set-point and risk
of overvoltage appears. In order to avoid these plausible situations, if the voltage is bigger than
1.04 p.u. the electrolyzer is commanded to absorb reactive power according to Eq. 4.3.

Qabsorb = β · (Pin − Pe) (4.3)

Where Pin is the given active power setpoint, Pe is the actual active power consumed and β is
the substitution rate, presented in [75], which is selected to be the ratio between the reactive and
active power voltage sensitivities of bus 9. Theoretically, by applying this rate, the effect in the
voltage of the absorbed reactive power would be the same as the active power that cannot be
consumed. In a similar way as the reactive power controller of the wind farm and CHP plant, the
control of the electrolyzer set-points will be tested in Chapter 5.
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4.5.2 Alkaline Electrolyzer Frame
In the following, the model of the electrolysis module applied in the case study is presented. It
is based on the mathematical model developed by [34] and the PowerFactory model described
in [47]. The first describes the AE model, dividing it in three submodels: thermodynamic,
electrochemical and thermal; whereas the latter developed a model that implements the previous
alkaline electrolyzer model in the software PowerFactory, including a compressor for storing the
produced hydrogen in higher pressures. In order to calculate the hydrogen produced, Eq. 3.11
(section 3.2.4) has been added into the electrochemical submodel. Additionally, an adaptation for
achieving reactive power control has been done in order to emulate the power converter interface,
which allows independent active and reactive power control. The model has been simplified and
does not include the detailed description of the power converter and DC busbar. The data of this
model can be found in Appendix B.4.

Figure 4.30 illustrates the composite frame, which gives an overview of the several elements taking
part in the model. It consists of several slots representing the reactive power measurement, load
control and the alkaline electrolyzer model.
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Figure 4.30: Composite frame of the alkaline electrolyzer module

The signals sent to the Load Control slot are the active and reactive power command for the
set-point of the electrolyzer-converter module, (Pin and Qin). These signals come from a higher
control level which simultaneously controls the 15 electrolyzer modules, and the measurement of
the reactive power provided by the converter, depicted in Figure 4.28. The Load Control output
signals are the electrolyzer cell voltage (Ue) and the mass flow rate of the electrolyte (ṁe), which
are inputted to the AE Plant, and the reactive power consumed by the electrolyzer (Qe). This
last slot determines the produced hydrogen (V̇H2), the temperature of the electrolyte (Te), the
active power consumed by the electrolyzer unit (Pe) and the active and reactive power consumed
by the compressor (Pcomp and Qcomp).

In the following the Load Control and AE Plant slots are explained into more detail.

Load Control of the Alkaline Electrolyzer

In order to control the consumed active power (Pe) and temperature of the electrolyte (Te), the
voltage of the electrolyzer cell (Ue) and the electrolyte mass flow (ṁe) are used, respectively.
In order to achieve this control a PI controller has been used in both cases, as explained in the
model provided by [47]. In this way, the needed electrolyte mass flow to maintain the temperature
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within limits is found, whereas the consumed power of the electrolyzer is controlled through the
applied voltage at the electrolyzer.

Furthermore, the reactive power control (Qout) that emulates the power converter interface has
been added. The latter is controlled according to a direct reactive power command (Qin) coming
from a higher level control. The reactive power signal is limited by the nominal apparent power
of the converter and the active power that it is delivering at each moment. This limitation is
implemented in the Limiter block. The block diagram of the Load Control slot is shown in Figure
4.31.
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Figure 4.31: Block diagram of the load control slot of the alkaline electrolyzer

Alkaline Electrolyzer Plant Model

The model of the electrolyzer is divided in four submodels: the I-U characteristic, the thermal
model, the hydrogen production and the hydrogen compressor. Figure 4.32 illustrates the block
diagram of the AE.
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Figure 4.32: Block diagram of the alkaline electrolyzer

As previously explained, the input signals of this block diagram are the voltage of the electrolyzer
cell (Ue) and the electrolyte mass flow (ṁe) and the output signals are the active power consumed
by the electrolyzer unit (Pe), the temperature of the electrolyte (Te) and the active and reactive
power consumed by the compressor (Pcomp and Qcomp). The internal variables are the current
applied to the electrolyzer (Ie), the voltage of the electrolyzer cell (Ucell) and the flow rate of
produced hydrogen (ṁH2). The four submodels are detailed in the following:

U-I characteristic: The voltage-current curves are used to define the kinetic behavior of the
electrolyzer when a certain temperature is applied. An empirical U-I relationship was presented
in [34], which defined the electrolyzer voltage depending on the number of cells, its resistance
characteristics, the temperature of the electrolyte and the DC current drawn, among others. These
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U-I curves have been produced for several temperatures, applying for this purpose the equations
presented in [47], and later introduced as look-up tables in the I-U block in PowerFactory. The
results of this can be observed in Figure 4.33.
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Figure 4.33: U-I characteristic curves for different temperatures of the alkaline electrolyzer

Thermal Model: This model is used to determine the temperature variation of the electrolyte,
which is influenced by the electrolyte mass flow. It is derived through the following energy balance
equation:

Ct
dTe
dt

= Qgen −Qloss −Qcool (4.4)

Where Ct is the thermal capacitance of the electrolyzer. The term Qgen represents the internal
heat generation of the electrolyzer, Qloss is the total heat loss and Qcool is the cooling demand.

The internal heat generation of the electrolyzer depends on its consumed power and efficiency, the
heat loss is calculated by the temperature difference of the electrolyzer and the ambient divided
by the thermal resistance, and the energy needed for cooling depends on the circulation of the
electrolyte through the heat exchanger and its temperature.

Hydrogen Production: The production rate of hydrogen (ṅH2 in mol/s) is defined by Faraday’s
electrolysis law as it follows:

ṅH2 = ηF
ncI

zF
(4.5)

Where z is the number of electrons transferred in the reaction, in this case 2, and F is the Faraday
constant, which is 96485C/mol. The Faraday efficiency (ηF ) is found as the difference between
the produced hydrogen and the maximum in theory. In order to have the production of hydrogen
(ṁH2 in kg/s), the molar mass of the hydrogen (MH = 1.00794g/mol) is used as it follows:

ṁH2 = ṅH2 ·MH · z
1000 (4.6)

In order to calculate the hydrogen volume flow rate, Eq. 3.11 is additionally implemented in this
block.

Compressor: In this model, the active (Pcom) and reactive power (Qcom) consumed by the
compressor are determined. This unit compresses the hydrogen up to 150 bar in order facilitate
its storage afterwards. The compression includes an intermediate cooling stage, therefore it is
divided in two parts (W1 and W2):
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Pcom = ṁH2(W1 +W2) (4.7)

Qcom = Pcom · tan
(
cos−1(0.88)

)
(4.8)

4.5.3 Test of the Alkaline Electrolyzer Module Model
The described model has been tested by giving different active and reactive power set-points.
Figure 4.34 shows the temperature of the device, whereas Figure 4.35 shows the given set-points
for the active power and the actual active power consumption.
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Figure 4.34: Operating temperature [°C] of the 355kW alkaline electrolyzer
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Figure 4.35: Active power set-points (red) and actual consumption (blue) [MW] of the
355kW alkaline electrolyzer

As stated in [47], the active power consumption of the electrolyzer is limited by its operating
temperature. When the set-point is changed around t = 2.7h, the device takes around 2h to
change its power output. As seen in the temperature plot, the slow thermal dynamics of the
device are the responsible of the upper power limitation. However, a fast upwards or downwards
response will occur as long as the temperature is kept close to the rated (80°C).

From approximately t = 11h to t = 16.5h the electrolyzer undergoes stand-by operation, leading
to a temperature decrease. After the stand-by period the electrolyzer was requested to run at full
power, reaching the set-point after 15min, which was due to the temperature fall during stand-by
operation. Therefore, effectively controlling the temperature of the device is crucial in order to
provide fast regulation services (down-regulation or effective voltage support).

In the following, the reactive power controller is tested. Since it is provided by the converter, the
reactive power capability will depend on its rated apparent power and on the measured active
power output from the electrolyzer. As it can be appreciated in Figure 4.36, the reactive power
set-point is set to the rated, i.e. 0.355Mvar. It can be appreciated that the actual reactive power
is below the set-point for most part of the hours, due to the relatively high active power output,
observed above in Figure 4.35, and the limited converter rated power of 0.355MVA.
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Figure 4.36: Reactive power set-points (red) and actual output (red) of the alkaline elec-
trolyzer

Finally, Figure 4.37 shows the active and reactive power from the compressor. It can be appreciated
that during full power its consumption is nearly 0.08 MW, which accounts for around 20% of the
rated power of the electrolyzer.
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Figure 4.37: Active (blue) and reactive power (red) from the compressor

4.6 Modeling of the Hydrogen Storage
As presented in Section 3.1.3, the hydrogen produced in the electrolysis plant is injected in the
gas pipes of the CHP plant. It is additionally stated that the size of the storage is assumed to be
planned for a seasonal purpose; therefore, only the hydrogen variation will be presented. Figure
4.38 shows the applied composite frame in order to calculate the hydrogen variation.

AE Modules

CHP Plant

H2 Storage

VH2

Vgas

Figure 4.38: Composite frame of the hydrogen storage

The volume flow rates of the produced hydrogen (V̇H2) and consumed gas (V̇gas) were calculated
in the models of the AE and the CHP plant, respectively. Hence, the volume variation of hydrogen,
in [Nm3], can be calculated integrating Eq. 4.9, assuming that a 10% of hydrogen concentration
is constantly bled into the CHP’s gas pipes. This equation is implemented in the H2 Storage
block.

dVH2
dt

= V̇H2 − 0.1 · V̇gas (4.9)

The test of this model will not be assessed since the results it presents depend on the operation
strategy of the electrolyzer.
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4.7 Conclusions
The most important finding of the implementation of the different dynamic models is presented
in this section. This is the significant difference between the active power ramp rates of the
wind farm and CHP units respect to the one of the electrolyzer. Figures 4.39, 4.40 and 4.41
show, respectively, the fast dynamics of the wind farm output, the quick start-up of the CHP gas
turbine units and the slow start-up of the electrolyzer, assuming an ambient temperature as initial
condition.
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Figure 4.39: Wind farm active power output
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Figure 4.40: CHP unit 1 active power output
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Figure 4.41: Electrolyzer’s active power consumption

It has been measured that the electrolyzer takes 132 min to reach full power from cold start-up.
When compared with the ramp rates of the wind turbines and CHP units, it is expected that the
electrolyzer would not be able to adapt its active power consumption to the production of the
distributed generation units, in order to provide effective voltage regulation.

Furthermore, when analyzing the participation in the different wholesale markets, namely Elspot,
Elbas or regulation power, it is crucial to understand the capability limitation of the AE due to the
temperature. If the device is not able to meet with the market schedule, this could bring economic
consequences to the DSO. A solution for this issue will be presented in Chapter 6. Regarding
the following chapter, the consequences of the active power capability limitation will be mitigated
with reactive power.
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5 Voltage Support from P2G Systems -
Dynamic Analysis

In this chapter the effectiveness of the P2G implementation to provide voltage regulation is
assessed. For this purpose, the results of simulating the case study grid incorporating the models
mentioned in Chapter 4 are presented. These are presented as done in Chapter 3, starting with
the base case and sequentially integrating the OLTC, reactive power control of wind turbines and
CHPs, and finally the alkaline electrolyzer units. Each scenario is simulated during a winter and
summer week, i.e. 168 hour. Furthermore, the hydrogen bleeding strategy proposed in Chapter 3
is tested in the scenario including the electrolyzers. It should be noted that, as Feeder 2 nor the
loading of the components of Feeder 1 did not present issues, they are not taken into account in
the simulations carried out in this chapter.

5.1 Base Case
In this scenario, the grid is analyzed without the influence of the OLTC, power factor control of
the DG units and alkaline electrolyzer. The presented results are used to give an overview of the
operation of the grid. These are the following: a) power flow of Feeder 1, b) DG production and
c) voltage in the most critical buses. As presented in Chapter 3, the buses that present higher
values of over and undervoltage are bus 1, 7 and 9, and therefore, the voltage results will be
presented for these nodes. These results are presented in both winter and summer scenarios.

5.1.1 Winter Scenario
The dynamic behavior of the grid is analyzed using the winter profiles of the DG, i.e. wind turbines
and CHP, and the loads. Figure 5.1 illustrates the obtained results regarding power flow of the
external grid, production of the DG units and the voltage of the most critical buses during the
winter week.

The power flow of Feeder 1, in plot a), reflects the situations where power is supplied to the
MV grid (positive value), and when power is absorbed by the external grid (negative value).
It is observed that the periods that the studied grid is supplied by local production account
approximately for the same energy as the ones supplied by the external grid, as confirmed later
in Table 5.1.

The high fluctuation of power of the wind farm can be observed in plot b), where the active power
of the wind farm and the CHP units is plotted. The CHP power output follows an "ON/OFF"
behavior as it was modeled to follow the behavior of a typical CHP plant, as explained in Section
4.3, and therefore its production ranges from 0 to 3 MW per CHP unit. Regarding the wind farm,
its power output is dependent on the wind speed, and thus ranges from 0 to 12 MW.

Plot c) shows the voltage of the most critical buses, where the upper and lower voltage limits are
highlighted in a red dashed line. It is observed that the voltage of buses 7 and 9 surpasses 1.05
p.u. whenever the wind turbines and CHP units produce simultaneously. The maximum voltage
is 1.122 p.u. at bus 9. Similarly, when the CHPs and wind turbines have low production the
voltage of buses 7 and 9 drops below 1 p.u., however, no undervoltage issues are observed, being
the minimum 0.957 p.u. at bus 11.

Figure 5.2 shows a close-up of day 1, where the highest peak of voltage is observed in bus 9. In
this graph the high voltage fluctuation due to the wind power can be appreciated, affecting the
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Figure 5.1: Results of the grid in base case, during a winter week

graphical representation of the voltage.
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Figure 5.2: Results of the grid in base case, during day 1 of the winter week

Finally, Table 5.1 summarizes the values of generation, load, active and reactive power import
from the external grid to Feeder 1 and the losses throughout the week. It is observed that the
losses correspond to a 4.77 % of the loads.

Table 5.1: Total generation, load, external grid import and losses, during the winter week

Generation Load P Import Q Import Losses
1134.39 MWh 1249.35 MWh 174.60 MWh 339.2 Mvarh 59.63 MWh

5.1.2 Summer Scenario
In this section, the dynamic behavior of the grid is analyzed utilizing the summer profiles of wind
turbines, CHP and loads. Figure 5.3 illustrates the obtained results regarding power flow of the



Chapter 5 - Voltage Support from P2G Systems - Dynamic Analysis 63

external grid, production of the DG units and the voltage of the most critical buses.
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Figure 5.3: Results of the grid in base case, during a summer week

Plot a) shows the active and reactive power flow from Feeder 1. It can be observed that the peak
value of active power is slightly lower than in the winter case, due to the reduced consumption
of the loads.

Plot b) depicts the operation of the wind farm and CHP plants in summer. It can be noticed
that they produce less than in the winter scenario, specially the CHP plants due to the lower heat
demand, as explained in Section 4.3.

It can be seen in plot c) that the voltage of buses 7 and 9 presents overvoltage, however for a
shorter period than in the winter scenario. The influence of the operation of the CHP can be
easily spotted, as the voltage rises considerably. The highest value occurs at bus 9 with 1.117
p.u., as it can be observed in Figure 5.4, which illustrates a close-up on the first 24 hours. It can
be observed that value of the voltage within a day ranges from below 1 p.u. to over 1.1 p.u..
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Figure 5.4: Results of the grid in base case, during day 1 of the summer week

The values of generation, loads, import from the external grid and losses are summarized in Table
5.2. All values have decreased respect to the winter scenario, except for the value for active power
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import. This value has increased as the local generation has decreased considerably. On the other
hand, the losses have decreased considerably, as they now account for 2.41 % of the load.

Table 5.2: Total generation, load, external grid import and losses, during the summer week

Generation Load P Import Q Import Losses
426.02 MWh 714.15 MWh 305.31 MWh 160 Mvarh 17.18 MWh

5.2 Voltage Support from OLTC
The aim of this section is to show the results of implementing the OLTC to the case study grid,
previously analyzed in Section 5.1. This is done in order to assess the operation of the OLTC
before the implementation of power factor control in the DGs and the alkaline electrolyzer. The
presented parameters are the following: a) external grid power flow, b) DG production, c) tap
changer positions and d) voltage in the most critical buses.

5.2.1 Winter Scenario
In this scenario, the grid is analyzed with the implementation of the OLTC utilizing the winter
profiles of wind turbines, CHP and loads. Figure 5.5 gives an overview of the operation of the
grid, presenting the most important results.

Compared to the scenario without the application of an OLTC, presented in Section 5.1.1, plots
a) and b) present the same active power values, as the generation and consumption of the grid
remains unchanged. However, the reactive power consumption and export of Feeder 1 has slightly
increased.

Plot c) shows the behavior of the tap changer by showing its position. It can be observed that
the tap changer operates most of the time at the negative half, thus correcting overvoltage by
decreasing the voltage of bus 1. It is observed that the lower position of the tap changer is
reached during several hours of the week. The total number of tap changes at the end of the
week is 149. However, as mentioned in Section 4.4, the recommended number of taps per week
is below 140. Therefore in this case it is surpassed, but still within an acceptable range.

As it can be seen in plot d), the voltage in buses 7 and 9 still presents overvoltage in several hours
of the week, reaching a maximum of 1.111 p.u. in bus 9. However, compared to the previous
scenario, the overvoltage issue has been improved as highlighted in the black dashed circle. This
improvement has been achieved by decreasing the voltage of bus 1 to nearly 0.95 p.u.. The
main disadvantage of the implementation of the OLTC is that its slow dynamics create over- and
under-voltage issues, as highlighted in purple dashed circles. These spikes occur due to quick
changes of power as can be seen in plots b) and c).

Figure 5.6 shows the behavior of the OLTC and the voltage in day 1. As it can be appreciated,
the voltage of bus 1 follows the same behavior as the tap changer position and the voltages of
buses 7 and 9 are regulated accordingly. The slow dynamics of the OLTC are appreciated in the
highlighted purple areas. The first represents the undervoltage that occurs when the tap was at
a low position and there is a sudden decrease of power generation. The second represents the
oposite case, when the tap changer was at a high position, and a sudden increase of local power
occurs.
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Figure 5.5: Results of the grid with OLTC implementation, during a winter week
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Figure 5.6: Results of the grid with OLTC implementation, during day 1 of the winter week

Table 5.3 summarizes the weekly values of generation, load, import from the external grid and
losses. The value of generation remains as the previous scenario. In case of the load, its value
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throughout the week has decreased due to the voltage decrease, since they are not modeled
as constant power. Consequently, the active power import has decreased. On the other hand,
the reactive power import presents an increase of 0.8 MWh. Finally, the losses have increased,
which as mentioned in 3.2.2, it is due to the higher current through the lines as the voltage has
decreased. They account for 5.09 % of the consumption of Feeder 1.

Table 5.3: Total generation, load, external grid import and losses, during the winter week

Generation Load P Import Q Import Losses
1134.39 MWh 1234.94 MWh 163.41 MWh 340.0 Mvarh 62.83 MWh

5.2.2 Summer Scenario
In this subsection, the influence of the implemented OLTC is analyzed during the summer week.
Figure 5.7 shows the obtained results that illustrate the behavior of the grid and its components.
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Figure 5.7: Results of the grid with OLTC implementation, during a summer week
Plot a) shows the power exchange of Feeder 1. The active power remains unchanged respect
to Section 5.3, however the reactive power exchange has increased. Plot b) illustrates the DG
production, which remains unchanged respect to the previous scenario.

Plot c) represents the tap position of the OLTC, where it can be observed that, as in the winter
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case, it usually operates in the negative half and thus correcting overvoltage. The number of taps
per week is 111, being below the recommended number of taps per week.

As shown in plot d) the implementation of the OLTC decreases the voltage of buses 7 and 9,
as highlighted in the black circle. However, as previously explained, the slow response of the
tap changer mechanism creates under- and over-voltage issues at certain occasions, such as the
marked in purple circles. These occur when there are sudden changes of power from the local
generation and the tap position change is slower. In this case the highest voltage occurs at bus
9 with 1.106 p.u. and the lowest at bus 7 with 0.931 p.u..

The mentioned under and overvoltage issues caused by the OLTC are shown into more detail
in Figure 5.8, highlighted in purple. The first marked area represents the overvoltage issue,
happening when there is a sudden increase of power, in this case both from CHP units and wind
farm. The second highlighted area occurs due to a drop of wind power. The slow dynamics of the
OLTC can be appreciated in both cases. As in the winter case, it can be seen that the behavior
of bus 1 is determined by the tap position.
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Figure 5.8: Results of the grid with OLTC implementation, during day 1 of the summer
week

The weekly values of generation, consumption, import from the external grid and losses for the
summer week are summarized in Table 5.4. It is observed that all values are very similar to the
previous scenario, without the implementation of OLTC. The losses in this case account for 2.52
% of the total consumption.

Table 5.4: Total generation, load, external grid import and losses, during the summer week

Generation Load P Import Q Import Losses
426.15 MWh 712.83 MWh 304.80 MWh 160.50 Mvarh 17.98 MWh

5.2.3 Summary
As observed in both winter and summer scenarios, the implementation of the OLTC presents
a noticeable improvement in the voltage of the grid. This is due to the capability to increase
or decrease the voltage of bus 1, and consequently the rest of the buses of the grid. In the
winter case the number of tap changes surpassed the recommended number of 140 changes per
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week, however in the summer scenario it remained within limits with only 111 changes. It has
been observed that the OLTC has slow dynamics and triggers under- and over-voltage when a
sudden change of power occurs. Finally, it has been noted that the losses through the lines and
transformer have increased in both winter and summer cases.

5.3 Voltage Support from Reactive Power Dispatch
In this section the utilization of reactive power dispatch from wind turbines and CHP plants is
analyzed, additionally to the tap changer. As mentioned in Section 3.2.3, the DSO is able to
demand these units to absorb or supply reactive power. According to the technical regulations
provided by Energinet.dk, wind turbines should be able to operate within 0.975 lagging and 0.975
leading power factor [63], whereas the CHP should be capable to operate within −0.20 ≤ tanφ ≤
0.40 [65]. This reactive power capability is implicit in the V-PF droops and the assets coordination
presented in Section 3.2.3, which are to be tested in this Section.

5.3.1 Winter Scenario
In this subsection, the combination of OLTC and reactive power dispatch from the DGs is analyzed
during a winter week. The obtained results are summarized in Figure 5.9.
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Figure 5.9: Results of the grid with reactive power dispatch, during a winter week
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Plot a) illustrates the active and reactive power flow from Feeder 1. It can be noticed that the
reactive power supply has increased compared to the previous case. This increase is due to the
ability of the DGs to absorb reactive power in order to decrease the voltage.

Plot b) shows the behavior of the wind farm and the CHP units. As it can be appreciated, the
implemented control of the reactive power dispatch, previously explained in Section 3.2.3, gives a
set-point to these units to consume reactive power, depending on the needs of the grid. However,
reactive power absorption or consumption is only available when the units are operating. For what
concerns active power, it remains unchanged respect to the previous scenarios.

As shown in plot c), the tap changer covers a bigger position range than in the previous scenario,
operating from position 5 to -10. It can be observed that the reactive power dispatch has relieved
the tap changer, as it does not reach the minimum position. The number of tap changes per
week has also decreased, being 63.

Finally, the voltage of buses 1, 7 and 9 can be seen in plot d). The combination of OLTC and
power factor control of the DG units has decreased the voltage, as the upper limit is only surpassed
in limited moments. The highest voltage has also been decreased, from 1.111 p.u to 1.078 p.u..
This significant improvement is due to the fast response of the DG units to absorb reactive power.
The voltage is decreased by increasing the apparent power through the lines and thus increasing
the voltage drop. However, the consequence of reducing overvoltage using reactive power is the
creation of undervoltage in buses 1, 7 and 9.

Figure 5.10 provides a zoom in the first 24 hours of the simulation, showing the behavior of the
DG units, the position of the OLTC and the voltage at the most critical buses.
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Figure 5.10: Results of the grid with reactive power dispatch, during day 1 of the winter
week

It can be seen that reactive power absorption only occurs when the units are operating and voltage
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support is required. The issue regarding the slow response of the OLTC is still visible at hour
16, as marked in purple. However, compared to the previous scenario shown at Figure 5.6, the
overvoltage peak has decreased.

Table 5.5 presents the total results of generation, load, active and reactive power import from
the external grid to Feeder 1 and the losses of this feeder. It can be observed that the reactive
power import increased by 64.5 MVArh, as the DGs have the capability to absorb reactive power
to provide voltage support. Consequently, the losses have increased accounting for a 5.32% of
the load.

Table 5.5: Total generation, load, external grid import and losses, during the winter week

Generation Load P Import Q Import Losses
1134.39 MWh 1236.30 MWh 167.78 MWh 404.50 Mvarh 65.85 MWh

5.3.2 Summer Scenario
In this subsection, the combination of OLTC and reactive power dispatch from the DGs is analyzed
during the summer week. The obtained results are summarized in Figure 5.11.
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Figure 5.11: Results of the grid with reactive power dispatch, during a summer week
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Plot a) shows the active and reactive power supplied or absorbed from the external grid. The
supply of reactive power increases as the DG units consume it to provide voltage regulation, while
the active power remains unchanged.

Plot b) represents the behavior of the wind farm and the CHP units. The consumption of
reactive power occurs whenever the units are producing power, in order to contribute to decrease
the voltage. However, as the operation of the DG units is lower in the summer scenario, the
capability of using reactive power dispatch is also lower.

The behavior of the tap changer is depicted in plot c), where it can be seen that its position
mostly remains in the negative half, thus contributing to decrease the overvoltage. Regarding the
number of tap changes per week, it also presents a considerable decrease, being only 44.

The result of the implementation of reactive power dispatch can be seen in the voltage, shown
in plot d). The overall voltage has decreased, however some peaks still remain due to the
slow response of the tap changer. The highest voltage, occurring at bus 9 has decreased from
1.106 p.u. to a value of 1.073 p.u.. As mentioned in the winter scenario, it is observed that
the implementation of reactive power dispatch has decreased the voltage of the grid, producing
undervoltage.

Figure 5.12 provides a zoom into the first day of the simulation, where the previously mentioned
issues can be observed into more detail. The decrease in voltage due to the slow dynamics of the
OLTC are still visible, since the voltage of buses 7 and 9 present undervoltage, as highlighted in
purple.
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Figure 5.12: Results of the grid with reactive power dispatch, during day 1 of the summer
week

Table 5.6 shows the values of generation, consumption, active and reactive power import and
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grid losses at the end of the week. In this case, the import of reactive power does not present a
big increase as in the winter case. This is due to the reduced time of operation of the DG units
compared to the winter case. The losses account for a 2.62% of the load, a higher value than in
the previous scenario.

Table 5.6: Total generation, load, external grid import and losses, during the summer week

Generation Load P Import Q Import Losses
426.15 MWh 712.80 MWh 305.44 MWh 178.70 Mvarh 18.66 MWh

5.3.3 Summary
In this section, the integration of reactive power compensation together with the OLTC has been
analyzed. As seen in both winter and summer scenarios, the overvoltage issue presented in Section
5.2 has been improved. Overvoltage is now limited to extreme cases of sudden power increase,
partly due to the issue presented by the slow dynamics of the OLTC. On the other hand, the
implementation of reactive power compensation is not ideal as it creates undervoltage in bus 1.
As specified in Figure 5.12, the OLTC decreased the voltage to nearly 0.95 p.u. by changing its
position, and the reactive power flow aggravates it further. Therefore, it should only be utilized
in extreme conditions

As summarized in Tables 5.5 and 5.6, the reactive power import to the grid increased, as the CHP
units and wind turbines utilize reactive power to create a voltage decrease. Consequently, the
losses increased, with values of 5.32% and 2.62% of the total consumption in winter and summer
cases respectively.

5.4 Voltage Support from Alkaline Electrolyzers
As it has been previously analyzed in sections 5.2 and 5.3, the implementation of an OLTC
and reactive power dispatch from wind turbines and CHP units is not enough to correct the
overvoltage that the grid presented initially, as explained in Section 5.1. Therefore, the aim of
this scenario is to evaluate the efficacy of implementing a Power to Gas System in order to provide
voltage regulation to the studied distribution grid. A first steady state analysis was carried out in
Section 3.2.4, where its location was determined to be in bus 9, and have a size of 6.525 MW.
Furthermore, the coordination of the the OLTC, DGs’ reactive power and alkaline electrolyzer,
presented in the mentioned Section, is now tested.

As done in the previous scenarios, the presented results for the winter and summer cases include
the active and reactive power flow from Feeder 1, the production of the DG, operation of OLTC
and the voltage profile during the week. Additionally, the basic parameters of the electrolyzer
units are presented, such as active and reactive power consumption, operating temperature and
hydrogen production.

5.4.1 Winter Scenario
Figure 5.13 illustrates the results of the implementation of P2G in the distribution grid during
winter scenario. It can be seen in plot a) that the power exported to the external grid is consid-
erably lower, as part of the locally produced power is now utilized by the electrolyzer units. This
result demonstrates the capability of the installed electrolyzers to provide energy management
and, at the same time provide voltage support.
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Figure 5.13: Results of the grid with P2G implementation, during a winter week

It can be seen in plot b) that the active power production of the DGs remains unchanged. However,
it can be observed that the reactive power from the wind turbines and CHP units is only utilized
at the moment of start-up of the CHPs in order to decrease the overvoltage, as a sudden increase
of active power occurs.

Plot c) shows the position of the OLTC, where a reduced number of tap changes is observed
throughout the week, being 61 in total. Its operation has been reduced by half since it starts
operating when the voltage deviation is higher than ±3%. In this scenario the electrolyzer units
have priority in terms of voltage regulation as explained in Section 3.2.4.

The voltage profile of buses 1, 7 and 9 is shown in plot d). The improvement in the voltage profile
due to the integration of alkaline electrolyzers is visible, as the allowed limits are not surpassed.
The highest voltage corresponds to bus 9 with a value of 1.0499 p.u. and the lowest occurs in
bus 7 with a value of 0.9513 p.u..

Figure 5.14 provides a zoom of the first 24 hours of the simulation, presenting the previous plots
b, c and d. As previously mentioned, the voltage remains within the limits. As highlighted in
the black rectangle, the voltage of buses 7 and 9 presents a sudden increase from 0.975 p.u. to
1.0499 p.u., due to the start-up of the CHPs. As the peak lasts 10 seconds, the OLTC does not
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sense it, and its position remains unchanged.
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Figure 5.14: Results of the grid with P2G implementation, during day 1 of the winter week

Figure 5.15 represents the most important parameters in the operation of an alkaline electrolyzer
unit. The active power set-point and the actual output are shown in plot e), where it is observed
that the AE is able to reach the demanded power most of the times. Nevertheless, it is important
to mention that between hours 120-144 the temperature fell below 60 °C and the set-point was
not reached.

It is observed that the minimum consumption of the AE is 4.6 kW. This is due to the I-U
characteristic of the electrolyzer cell when its operation temperature is near 80 °C. The minimum
voltage of the AE module’s active power PI controller is selected to be 257.4 V, parameter obtained
from [47]. When dividing by the number of cells in parallel, i.e. 180, the resultant voltage per
cell is 1.43 V. When checking with 1.43 V and 80°C in the look up table presented in Figure 4.33,
the obtained current is not zero; hence, the power consumption remains slightly positive.

Plot f) shows the reactive power output of one AE unit. It is observed that the current output
follows the set-point, with negligible deviation. Reactive power is consumed whenever the active
power cannot reach its set-point, and provided when it is required to correct undervoltage.

The capability of reaching the set-point is determined by the temperature of the electrolyzer,
which is illustrated in g). The rated temperature at which the electrolyzer can flexibly adapt to
its set-point is 80 °C, as explained in Section 4.5.3. Therefore, it can be appreciated that the
active power set-point was reached when the operating temperature was 80 °C. As previously
explained, when the temperature fell below 60 °C, the electrolyzer could not reach the active
power set-point. It should be noticed that this mismatch was compensated, in terms of voltage,
with the reactive power absorption coming from the electrolyzer’s converter.
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Figure 5.15: Alkaline Electrolyzers parameters, during a winter week

Figure 5.16 provides a zoom in day 6 of the winter week simulation. The set-point and actual
active power, plot e), and the temperature of the alkaline electrolyzer, in plot g), are shown in
order to observe in detail the dependance on the temperature, as previously mentioned.

120 122 124 126 128 130 132 134 136 138 140 142 144
0

0.1

0.2

0.3

0.4

Time [h]

A
ct

iv
e 

P
ow

er
 [M

W
]

 

Power Set-point Actual Output

120 122 124 126 128 130 132 134 136 138 140 142 144
20

40

60

80

Time [h]

T
em

pe
ra

tu
re

 [º
C

]

e)

g)

Figure 5.16: Alkaline Electrolyzers parameters, during day 5 of the winter week

The values of generation, consumption, power flow from Feeder 1 and the grid losses are sum-
marized in Table 5.7. It can be observed that compared to the previous scenario, which included
reactive power compensation from the DGs and OLTC regulation, the final value of the active
power consumption and active power import have increased due to the implementation of 15
electrolyzer units. The reactive power import has decreased, as the regulation utilizing the re-
active power capacity of the DGs is limited to voltage variations higher than 1.04 p.u.. On the
other hand, the utilization of the P2G system contributes to reduce the losses of the grid, as the
excess power of the DG units is consumed locally, being a 2.18 % of the consumption, while in
the previous scenario it was 5.32 %.
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Table 5.7: Total generation, load, external grid import and losses, during the winter week

Generation Load P Import Q Import Losses
1134.37 MWh 1521.65 MWh 420.45 MWh 343.40 Mvarh 33.17 MWh

Additionally, the hydrogen production, injection and storage variation should be analyzed, as
depicted in Figure 5.17. Plot h) shows the AE’s hydrogen production and plot i) depicts the
injected hydrogen into the CHP’s gas pipes, both in [Nm3/h]. The resulting volume variation in
the storage can be observed in plot j).
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Figure 5.17: Hydrogen storage relevant variables, during a winter week
The limitation of hydrogen injection is observed, as the value of produced hydrogen is around 7
times higher than the injected one. The analyzed week is a particularly cold winter week, where
the CHP plant has to produce more heat than in any other period of the year; hence, the gas
consumption should be proportionally high. The fact that the hydrogen storage variation is highly
positive under the mentioned circumstances shows that relying only on the hydrogen injection in
order to supply the produced hydrogen is infeasible. Therefore the excess hydrogen has to be
somehow utilized. The possible solutions in order to consume the produced hydrogen could be
the following: direct connection to the gas transmission network, local hydrogen loads such as
hydrogen mobility and providing to local SNG (Synthetic Natural Gas) plant or hydrogen fired
CHP units. However, the analysis of these solutions is beyond the scope of the present work.

5.4.2 Summer Scenario
In this subsection, the testing of the implementation of the Power to Gas system is carried out in
the summer week. Figure 5.18 shows the results obtained for this simulation.

The active and reactive power flow through Feeder 1 is represented in plot a), where it can be
seen that the active power export to the external grid is lower due to the additional load of the
alkaline electrolyzers.
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Plot b) represents the active and reactive power from the wind farm and CHP units. The active
power production remains unchanged, while the reactive power is now only used in extreme
situations such as start-up of the CHPs or a sudden change of power from the wind farm. It can
also be seen that reactive power is only utilized when the voltage is higher than 1.04 p.u., as
explained in Section 3.2.4.

The operation of the OLTC is illustrated in plot c), where it can be seen that its operation has
been highly reduced, as it starts regulating from a deviation of ±3% of the voltage. Therefore,
the total number of tap changes per week is 44.

The voltage results are presented in plot d), where the improvement respect to Section 5.3 can
be observed. It should be noticed that the voltage surpasses the upper limit in two occasions, as
the electrolyzer is not able to reach its set-point, where the highest peak is 1.06 p.u. at bus 9.
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Figure 5.18: Results of the grid with P2G implementation, during a summer week

Figure 5.19 provides a zoom in the first 24 hours of the simulation, showing the previous plots b
c and d. The highest overvoltage peak can be observed in plot d) highlighted in black, between
hours 7 and 8. It can be seen that it occurs when the CHP starts operating. At the same time,
the tap changer was set at position 0, and due to its delay, it takes time to reach a lower position.
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Figure 5.19: Results of the grid with P2G implementation, during day 1 of the summer
week

The most relevant parameters of one electrolyzer unit are represented in Figure 5.20. The active
power consumed by one unit is shown in plot e), where it can be seen that its operation is
decreased in the summer scenario. As a consequence of low operation, it can be seen that the
active power set-point is not met after a period of standby, as for example in the fifth day of
simulation. Plot f) shows the reactive power that is consumed and supplied by the converter of
the electrolyzer. As in the winter case, the set-point is reached during all week.

The temperature of the electrolyzer is shown in plot g), where the decrease due to standby is
observed. The temperature drops from 80 °C to 27.7 °C at hour 113. It can be appreciated that,
during that period the electrolyzer is less capable to meet the given set-point. Finally, plot h)
presents the produced hydrogen, which is directly dependent on the consumed power shown in
plot e).

Figure 5.21 provides a zoom in the fifth day of the simulation, in order to see in detail the period
where the temperature has reached the lowest value and the electrolyzers are required to provide
voltage regulation. It can be seen in plots e) and h) that the capability to reach the set-point
is totally dependent on the temperature, as the consumed active power is closer to the set-point
when the temperature is closer to 80 °C.

Table 5.8 summarizes the obtained results for the generation, load, active and reactive power
import from Feeder 1 and its losses. As in the winter case, the values of load and active power
import have increased due to the implementation of the electrolyzers. Regarding the value of
reactive power import, it has decreased to the value obtained in Section 5.2.2. Additionally, the
value of the losses in the grid has also decreased from 2.62 % of the consumption in the previous
scenario to 1.35 % with the P2G system.
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Figure 5.20: Alkaline Electrolyzers parameters, during a summer week
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As in the winter scenario, the hydrogen production, injection and storage variation are analyzed.
Plot h) shows the hydrogen production of the AE unit and plot i) depicts the injected hydrogen
into the CHP’s gas pipes, both in [Nm3/h]. The resulting volume variation in the storage can
be observed in plot j).

It can be observed that the hydrogen increment in the storage is still positive, although smaller
than in the winter week (15000 vs. 40000 Nm3). This is due to the less frequent operation of the
electrolyzer, as the average voltage is not as high as in the winter case. This result also confirms
the need of an additional hydrogen demand.

Table 5.8: Total generation, load, external grid import and losses, during the summer week

Generation Load P Import Q Import Losses
426.15 MWh 793.89 MWh 378.63 MWh 160.5 Mvarh 10.75 MWh

Figure 5.21: Alkaline Electrolyzers parameters, during day 5 of the summer week
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Figure 5.22: Hydrogen storage relevant variables, during a summer week

5.4.3 Summary
As observed in both winter and summer cases, the voltage of buses 1, 7 and 9 are within the limits,
except for a very short period of time in the summer week. Another important improvement was
found regarding grid losses, which were reduced by half in both cases. Therefore, it has been
found that the integration of of alkaline electrolyzers in the case study grid results to be efficient
in voltage support and energy management.

5.5 Conclusions
In the present chapter three different voltage regulation strategies have been tested, besides the
base case which did not have any voltage regulation. Table 5.9 shows relevant values concerning
the voltage quality, grid losses, reactive power import and number of tap changes. The voltage
quality parameters include the average deviation from 1 p.u. (∆V ) and the time the voltage
surpasses the allowed limits (T|∆V |>0.05).

Table 5.9: Voltage quality, grid losses, reactive power import and number of tap changes
during the analyzed cases

Base Case OLTC OLTC & DGs OLTC, DGs & AE
Winter Summer Winter Summer Winter Summer Winter Summer

∆V [p.u.] 0.040 0.023 0.024 0.018 0.019 0.016 0.017 0.015
T|∆V |>0.05 56.0 h 14.3 h 16.5 h 4.3 h 35 min 27 min 0 s 7 s

Losses [MWh] 59.6 17.2 62.8 18.0 65.8 18.7 33.2 10.8
Q Import [Mvarh] 339.2 160.0 340.0 160.5 404.5 178.7 343.4 160.5
nº Tap Changes - - 149 111 63 44 61 44

The base case presents a voltage profile which would not allow the case study grid to operate
under normal conditions. The first improvement can be appreciated with the introduction of the
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OLTC, with a significant flattering of the voltage profile. However, the voltage profile is out of
the allowed range during a significant period of time and the amount of tap changes during the
winter week surpass the recommended limit, leading to a decreased life time of the mechanism.

The introduction of the reactive power of the DGs drastically improves the voltage profile and
reduces significantly the stress of the OLTC. The amount of time the voltage surpasses the grid
codes’ limits is in the range of minutes during the week. Nevertheless, Figures 5.9 and 5.11 (in
Section 5.3) show short term voltage overshoots due to the slow dynamics of the tap changer
controller. The same applies for the OLTC case, aggravated by the fact that there is no extra
voltage support. Continuing with the DG’s case, the big amount of reactive power required for
the voltage regulation increases significantly the reactive power import and the losses. As stated
in Section 3.2.3, this is not beneficial neither for the TSO nor the DSO.

Finally, with the implementation of the the alkaline electrolyzer the voltage profile is further im-
proved. The time where the voltage is beyond the limits, due to transients, becomes insignificant
and within the recommendations stated in [76]. It should be reminded that first order delays
were added to the voltage measurement for both wind turbines and AE, in order to facilitate the
convergence of the simulation. These delays do not represent the real behavior of the controllers
and are the main responsible of the mentioned transient overvoltages. Regarding losses, they are
reduced more than in any other scenario due to the local consumption of the generation. The
reactive power import, since its usage was limited when the voltage was above 1±0.04p.u., is re-
duced to a similar magnitude as in the base and OLTC cases, whereas the OLTC is barely stressed.
The results in terms of voltage quality, losses, reactive power import and tap changes make this
strategy the most reasonable technical solution, although some aspects need to be improved.
These are, operational temperature below the rated that lead to a capability limitation and the
lack of dependence on market prices. If these are not taken into account, the consequences for
the DSO would be not consuming power it purchased in the markets and purchasing unnecessary
energy during high prices, respectively.

Operating the AE reduced the reverse active power flow through TR1; however, the fact of
providing energy management services is not explicitly analyzed. For this purpose, the following
questions have to be addressed in order to improve the existing AE’s voltage regulation strategy,
which include the previously presented issues:

• Regarding the energy management strategy, what is the price the DSO would be willing to
pay in order to reduce the reverse power flow through TR1?

• Taking into account the capabilities/limitations of the AE based on its operating tempera-
ture, is it feasible to participate in the main wholesale markets?

These questions will be addressed in the next chapter, with the aim of creating an energy man-
agement strategy which complements with the existing voltage regulation including all OLTC,
DGs’ reactive power and AE.
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6 Energy Management from P2G Systems
- Market Strategy and Dynamic Analysis

In this chapter an improvement of the voltage regulation strategy provided in Section 5.4 is
presented. As stated in Chapter 5, the active power absorbed by the electrolyzer did not take into
consideration the electricity market prices. Moreover, providing energy management services, i.e.
minimizing the active power export through TR1, was not explicitly analyzed. Therefore, the aim
of this chapter is to develop a market strategy that copes with both the voltage regulation and
energy management requirements. Nevertheless, the market strategy will need to deal with two
different issues:

• The capability of the AE is limited by its operation temperature, which might bring eco-
nomical consequences when participating in the electricity markets

• Energy management and voltage regulation are services which have a benefit for the DSO,
although the associated economical benefit of these services cannot be easily established in
this specific work

Regarding the dynamic analysis, the AE control models depicted in Figure 4.28 and Figure 4.29,
in Section 4.5, will be modified in order to incorporate the active power set-points of the presented
strategy. Additionally, a new coordination of the OLTC, reactive power of the DG and active and
reactive power of the AE will be presented in order to keep a balance among different constraints:

• Maintaining the voltage within the allowed limits, as in the results obtained in Section 5.4

• Daily number of tap changes below 20

• Reduce as much as possible the active power deviations from the schedule

• Keep the reactive power import as low as possible

In the following section, the market strategy is explained and the steady state hourly results are
presented, both technical and economical. Furthermore, the economical results are compared to
the average values obtained in Section 5.4, in order to determine the achieved improvement.

6.1 Market Strategy - Steady State Analysis
6.1.1 Introduction
The purpose of this section is to provide an overview of the developed market strategy. Firstly,
the approach taken in the strategy is explained, where the different markets, the market players
and the process to determine the schedule of the AE, are introduced. Secondly, a detailed scheme
of the strategy is presented, where the differentiated parts in which the bid is calculated, are
explained. This explanation includes the data exchange between the differentiated parts and the
flowchart with the logical sequence of the market strategy.
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Approach: markets, players and scheduling process

The target of the implemented market strategy is to schedule the hourly operation of the AE
according to the technical requirements of the grid and the market prices. For this purpose, the
different markets in which the AE takes part and the different players involved in the bidding
process are introduced. In the following, the most important characteristics of the analyzed
markets are presented, in order to know the different time windows in which the bids have to
be made. The analyzed markets are: the spot market (Elspot), the intraday market (Elbas) and
the regulation power market. The presented information has been taken from Appendix A, where
more detailed information about the electricity markets can be found. As explained in Section
2.3, a new market for flexibility is still to be introduced, where the grid companies can avoid
congestion by participating in it. Therefore, the implemented strategy only takes into account
the currently existing markets.

• Elspot: This market closes at 12:00 am the day before delivery and bids are made for a 24
hour period corresponding to a natural day.

• Elbas: Bids can be forwarded from the closing of the Elspot market until 1h prior operation.
The bidding period is assumed to be one hour. When deciding the volume of the bid, the
already purchased power in the spot market has to be taken into account.

• Regulation Power Market: Bids have to be forwarded before 17:00 the day prior operation;
nevertheless, they can be modified up to 1 hour before. The minimum size of the bids is
10 MW and the bidding period is 1 hour. The regulation power has the peculiarity that it
is activated only when the TSO requires it. Furthermore, activation time should not take
longer than 15 minutes. It should be noticed that the electrolyzer might not be able to
fulfill this condition if its temperature is not high enough. Since the AE is a load, only down
regulation is considered.

In the following, the market players, i.e. DSOs and BRPs, are presented.

• DSOs: Normally they do not participate in the electricity markets. However, as study grid
DSO requires active power for the electrolyzer, it will purchase electricity directly in the
wholesale markets. For this purpose, it has to have an agreement with a BRP in order
to balance the schedule. In this context, the DSO forwards the bid to the BRP, who is
responsible for placing the bid in the market. As stated in Section 2.2, DSOs are expected
to be customers of the upcoming flexibility market. However, this flexibility market is not
completely developed nowadays and DSOs have to obtain the flexibility by scheduling the
electrolyzer in an intelligent way. In other words, instead of aggregators and BRPs offering
products to the DSOs in the flexibility market, these have to create the flexibility on their
own.

• BRPs: They possess agreements with different producers, traders and big consumers, which
includes the DSOs. They receive the bid forwarded by the DSO, aggregates it with the bids
forwarded by the rest of the BRP’s customers and places the aggregated bid in the market.
This is relevant when analyzing the participation of the DSOs in the regulating power market
as the rated power of the AE is 6.525 MW but the minimum bid is 10 MW. Thus, it is
assumed that the BRP possesses more regulation capacity that allows the bid to reach 10
MW.
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Once the markets are known, the scheduling process can be summarized as depicted in Figure
6.1, this includes the data exchange between the different assets and players. First, the DSO
forwards the bid to the BRP according to: the previously purchased power in the closed markets
and a load flow forecast that includes this purchased power. The latter aggregates the bid with
the ones coming from other customers and places it in the market. Once the prices are revealed,
the power that the AE purchases in that market is known and added to the purchased in the
already closed markets.

DSO BRP

Grid Markets

bid

AE Purchased power

Aggregated 
bidprices

Load flow 
forecast

AE purchased 
power

Figure 6.1: Basic scheme of the scheduling process

It should be noticed that the DSO is assumed to possess the ability of forecasting the grid state,
which might not be a realistic for many DSOs. Therefore, this assumption implies a limitation of
the proposed market strategy. Furthermore, it is evident that the grid forecast that determines the
bid for a specific market has to be done before the closing of the market. Therefore, a day-ahead
forecast is suggested for the spot market, a 4 hour-ahead forecast for the intraday market and
an hour-ahead for the regulation power market. It should be noted that in the approach taken in
this project, the forecasts are not done as such but simplified with load flow estimations, which
implies another limitation of the proposed strategy. A further analysis of the load flow estimations
is presented later on in Section 6.1.2.

In the following, the process of the DSO to formulate a bid according to the grid state forecast
are specified. As an introduction, a basic scheme of the parts included in the process and the data
exchange between each of them are presented in Figure 6.2. These are the load flow estimations,
active power requirements functions and decision making.

Load Flow 
Estimations

Active Power 
Requirements 
Calculation

Decision 
Making

Grid State 
Variables

AE Power 
Requirements bid

DSO

From grid

From market

To BRP

Figure 6.2: Basic scheme of the bidding process

Firstly, the detailed bidding process the DSO follows is explained. This includes more detailed
description of the different blocks presented in Figure 6.2. Nevertheless, these three parts will be
explained in detailed in Sections 6.1.2, 6.1.3 and 6.1.4, since they conform the core of the market
strategy.
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Detailed bidding process

As previously explained, the bidding process incorporates three differentiated parts. These are
load flow estimations for each market; calculation of the active power requirements according
to the estimations; and the decision making, where a bid is forwarded to the market. A brief
explanation of each is presented as follows:

• Load flow estimations: as presented before, they emulate the load flow forecast that the
DSO is assumed to realize.

• Active power requirements: calculation of the active power that the AE has to absorb in
order to bring the voltage within limits (voltage regulation requirement), cancel the active
power export from Feeder 1 (energy management requirement) or the maximum power it
can absorb in order not to cause undervoltage (maximum power requirement).

• Decision making: fuzzy logic decision maker which, with the obtained active power require-
ments and different constraints, calculates the bid.

Figure 6.3 shows a detailed scheme of the implemented strategy for participating in each market.
The sequence of the strategy is implemented as follows: first, a load flow estimation is done for
each hour of the bidding period, taking into account the schedule of the AE in the markets that
have already closed. Then, the voltage in bus 9 (V9), V-P sensitivity in bus 9 (dV9/dP9) and power
export from Feeder 1 (Pexp) are used in order to implement functions that calculate the voltage
regulation (VR), energy management (EM) and maximum power (MP) requirements. Afterwards,
the decision making is determined according to the results obtained from the mentioned functions
and a bid is forwarded to the BRP that the DSO is associated with. The bid is limited by
the available capacity (6.525 MW) minus the power purchased in market(s) that already closed.
Finally, the market prices are revealed; hence, the power that the AE absorbs in that market is
known. The total is used in order to calculate the load flow estimation for the next market.

Calculation of 
VR, EM and 
MP functions

Decision 
Making

PAE 
Determination

Market Price

PAE PAEm(DKK) 

PVR 

PEM 

PMP 

V9 

Pexp

Load Flow 
Estimation

dV9 /dP9

DKK

PAE 

DSO BRP & Markets

Figure 6.3: Detailed scheme of the market strategy

The logical flowchart of the developed market strategy is shown in Figure 6.4. As it can be seen, it
begins in the hour h = 1, which is the first hour of the week. Then, the voltage regulation (VR),
energy management (EM) and maximum power (MP) requirements are calculated for that hour,
according to the load flow estimations implemented for the market mn. Finally, the bid is made
according to the mentioned requirements. The same is repeated during each hour until the last
hour of the week is reached (h = 168). After the market closes, the market prices are revealed by
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Nord Pool; hence, the active power the AE is scheduled to consume during the bidding period,
PAE , is known. This flowchart is applied for each of the markets where the AE participates in,
starting with the market that closes more in advance (spot market), continuing with the intraday
market and finishing with the one that closes the nearest to the hour of operation (regulation
market).

It should be noticed that the algorithm does not follow the natural timing of the bidding process
in each market, which would be as follows. The day before operation, a day ahead load flow
estimation is done for the 24 hour period of the next day; accordingly, a bid is made for this
period. For each of the 24 hours of the period, a new estimation is made when the current time
is 4 hours prior to the hour of operation; accordingly a bid is forwarded to the intraday market.
If some energy is traded in this market, between 1-4 hours before operation, the same load flow
estimation is updated and a bid for the same single hour is forwarded to the regulation market.
In this algorithm, the bidding periods last 168 hours for the three markets, since the load flow
estimations are already known. This fact responds to a simplification purpose, but it emulates in
a feasible way the real timing of the bidding process.
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Figure 6.4: Overall flowchart of the market strategy

In the following sections, the load flow estimations, the active power requirements and the decision
making method, i.e. determining the bid, are presented. They conform the core of the market
strategy; thus, they are explained into detail.
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6.1.2 Load Flow Estimations
As previously explained, a load flow estimation is made for the generation and the consumption;
a day-ahead estimation is made for the spot market; and an hour-ahead for the intraday and
regulation markets. The purpose of these estimations is to emulate the error in the forecasting
method that the DSO implements. In both estimations it is assumed that the generation of the
CHP plant and the consumption of the loads are known. However, it should be remarked that
this is not completely certain for the CHP plant. As stated in Section 4.3, the CHP participates
in both spot and up regulation markets. However, only accurate predictions can be made for
the spot market in both day-ahead and hour-ahead estimations. Additionally, predictions in the
up regulation market could not be made accurately, since activation signals are sent a maximum
of 15 minutes before the actual activation. Hence, assuming that the CHP’s market behavior
is known, implies a limitation in the estimation method; even though the power that the CHP
purchases in the regulating power market is significantly lower than in the spot market

Regarding the estimation errors of the wind power, normal distribution parameters have been
taken from [77]. Parameters for day-ahead estimation have been taken for the Danish power
system, whereas the hour-ahead ones have been approximated by taking them for the German
power system, since the reference did not provide hour-ahead errors for the Danish one. With the
obtained normal distribution parameters, i.e. average (µ) and typical deviation (σ), an hourly time
series of power errors (Pforec) has been calculated and added to the actual wind power (Pactual),
which has been obtained by calculating an hourly average of the power output presented in Section
4.2. Eq. 6.1 shows the applied calculation for each hour of the week:

Pforec(h)[MW ] = Pactual(h)[MW ] + 12[MW ] · normrnd(µforec, σforec) (6.1)

Where 12 MW is the installed wind power in the case study and normrnd(µforec, σforec) is a
Matlab function that creates random values that belong to a normal distribution characterized
by µ and σ. Figure 6.5 shows the hourly average of the actual wind power compared to the day
ahead and hour ahead estimations.
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Figure 6.5: Actual hourly wind power vs. hour and day ahead estimations

Once the estimations of generation and consumption are known, power characteristics are created
for the 168 hours of the analyzed weeks in order to input these values to PowerFactory. It should
be noticed that the load characteristics are already created since they were used in Chapter 3. A
modified time sweep in DIgSilent Programming Language (DPL) is run for the 168 hours in order
to write into a file the following variables: voltage in bus 9 (V9), active power export though TR1
(Pexp), voltage sensitivity in bus 9 respect to the injected active power in bus 9 (dV9/dP9) and
AE active power consumption (PAE). It is important to remark that the OLTC has been left in
the tap position tap = 0 during the time sweep.
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6.1.3 Active power requirements
As previously introduced, the active power requirements can be defined as the active power that
the AE has to absorb in three different situations, which will determine the AE’s bid in the market
after the decision making:

• The minimum active power to bring the voltage below an upper boundary (PV R), calculated
in the voltage regulation (VR) algorithm.

• The necessary active power to cancel the active power export from Feeder 1 to the external
grid (PEM ), calculated in the energy management (EM) algorithm.

• The maximum active power the AE can absorb, maintaining the voltage above a lower
boundary (PMP ), calculated in the maximum power (MP) algorithm.

In order to implement these algorithms, the three variables obtained from the load flow estimation
time sweep are sent to a Matlab script, namely: the voltage in bus 9 (V9), the voltage sensitivity
in bus 9 respect to the active power injection in bus 9 (dV9/dP9) and the active power export
from Feeder 1 (Pexp). It should be noticed that the parameters of the algorithms do not vary
depending on the analyzed market, but the outputs might do. This is due to different inputs from
the load flow estimation according to each market, which will lead to different outputs. In Figure
6.4 it can be seen that when the market changes the load flow forecast is updated, which changes
the inputs for the VR, EM and MP functions. In the following, the algorithms for obtaining the
voltage regulation, energy management and maximum power requirements are presented.

Voltage regulation function

The active power requirement for voltage regulation (PV R) is defined as the minimum active
power that the AE has to absorb in order to bring V9 down to 1.033 p.u.. This is taking into
account that the OLTC also contributes in voltage regulation by varying its tap position down to
tap = −5. It should be noticed that 1.033 p.u. has been chosen instead of 1.05 p.u., which is the
upper limit. This responds to two reasons: the presence of big voltage fluctuations in the dynamic
simulation, which require a voltage margin in order not to surpass the upper limit, and the fact
that the deadband of the OLTC is exactly ±0.033 p.u.. Furthermore, limiting the tap position
down to tap = −5, when the OLTC’s capacity goes down to tap = −10, intends not to stress
the OLTC with excessive tap changes. As explained in Chapter 5, the reactive power capability
of the DGs is not included in the schedule. The reason for it is that its absorption is not desirable
since it increases losses at the distribution level and the need of reactive power compensation at
the transmission level. The flowchart of the voltage regulation algorithm is presented in Figure
6.6.

The term ∆V9/∆tap is the voltage sensibility in bus 9 to a tap change in TR1. As stated in In
Section 3.2.2, each tap change varies the voltage in bus 1 by ±0.4%p.u.. According to Eq. 3.3,
a simplification can be made and also assume that V9 varies ±0.4%p.u. with each tap change in
TR1. The logical sequence of the flowchart is explained as follows:

• For each of the hours of the week, V9 and dV9/dP9 are read from the load flow estimation.

• V9 is compared to 1.033 p.u.. If it is equal or smaller there is no need to absorb power
and PV R = 0. If it is bigger, the OLTC will try to lower the voltage until the tap position
tap = −5 is reached or V9 is smaller than its deadband, 1.033 p.u..
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Figure 6.6: Flowchart of the voltage regulation algorithm

• After the OLTC corrects the voltage, V9 is again compared to 1.033 p.u.. If it is equal or
smaller there is no need to absorb power and PV R = 0. If it is bigger, the AE will absorb
the necessary active power in order to lower the voltage down to 1.033 p.u., according to
V9 and dV9/dP9.

Energy management function

Moving forward to the energy management power requirement (PEM ), the function is defined as
the necessary power the AE has to absorb in order to decrease to zero a positive active power
export through TR1, maintaining the voltage in bus 9 below 1.033 p.u. at the same time. Hence,
this function includes the voltage regulation plus the energy management functions.

In order to understand the effect that the energy management has on the voltage of bus 9, load
flow simulations have been carried out representing the hour with highest and lowest demand,
i.e. hours 105 and 121, as presented in Section 3.2, both in maximum generation scenario.
Additionally, the tap changer position of TRF1 was selected to be tap = −5. In each case, the
active power of the AE was selected to be the necessary to reduce the active power export to
zero.

The results of these load flows showed that for the biggest load hour the active power absorbed by
the AE was 6.7 MW and the voltage in bus 9 was 1.01 p.u.. On the other hand, in the case of the
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lowest load, the absorbed active power was 13.4 MW and the voltage of bus 9 1.04 p.u.. It should
be noticed that, in both cases, the active power consumed by the AE is higher than its rated
power; nevertheless, the purpose of this example is just didactic since the maximum generation
scenario is quite improbable. The most important conclusion that can be inferred from this is
that, depending on the loads state, the energy management power might satisfy the voltage
regulation condition, i.e. V9 ≤ 1.033, or not. Hence, the energy management algorithm will
chose the maximum AE power between the required for energy management (EM) and voltage
regulation(VR), in order to fulfill both targets. Figure 6.7 shows the flowchart of the energy
management algorithm:
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Figure 6.7: Flowchart of the energy management algorithm

The logical sequence of the energy management algorithm is now explained:

• For each hour of the week, V9, dV9/dP9 and Pexp are read from the load flow estimation.

• Pexp is compared to zero. If it is smaller it means that there is active power import and
there is no requirement for the AE to absorb power. In this case, the power absorbed by
the AE should be the minimum necessary to bring the voltage below 1.033 p.u., therefore
PEM = PV R. If it is bigger than zero, there is active power export and PEM is selected
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to be Pexp in order to cancel it. Consequently, the voltage V9 is estimated to be reduced
according to Pexp and dV9/dP9.

• In case of selecting PEM = Pexp, V9 is compared again to 1.033 p.u.. If it is equal or
smaller there is no need to regulate the voltage and PEM does not change. If it is bigger,
the OLTC will try to lower the voltage until the tap position tap = −5 is reached or V9 is
smaller than its deadband, 1.033 p.u..

• After the OLTC actuates, V9 is compared once again to 1.033 p.u.. If it is equal or smaller
there is no need to regulate the voltage and PEM does not change. If it is bigger, the AE
absorbs the necessary extra power, in addition to Pexp, in order to bring V9 down to 1.033
p.u.., according to V9 and dV9/dP9.

The following remarks should be made regarding this algorithm. First, the power that the AE
absorbs in order to cancel the power export is approximated to the actual export. Actually, an
export will remain when selecting this power for the AE, since the losses are expected to decrease.
Second, if the voltage remains higher than 1.033 p.u. after the AE absorbs the energy management
power, the OLTC will use its capacity to bring down the voltage in order to avoid purchasing extra
power for voltage regulation. Finally, the possibility of incurring in an undervoltage when absorbing
energy management power is null, as showed in the didactic example provided above.

Maximum power function

Finally, the maximum power function (PMP ) is presented. As explained later in Section 6.1.4,
there might be periods of low prices where running the AE at full power is beneficial for the DSO.
Nevertheless, this option could lead to undervoltage and therefore it will not always be possible.
Provided this, the maximum power function is defined as the maximum power that the AE can
absorb in order to maintain the voltage above 0.967 p.u., while utilizing the tap changer up to the
position tap = 5. As it can be appreciated, it is the opposite function of the voltage regulation
algorithm. Figure 6.8 shows the flowchart of the developed algorithm:

The logical sequence of the maximum power algorithm is explained in the following:

• For each hour of the week, V9 and dV9/dP9 are read from the load flow estimation.

• The AE’s power is selected to be the rated, which implies PMP = 6.525. V9 updated
accordingly to that power consumption increase.

• V9 is compared with 0.967 p.u.. If it is equal or bigger there is no need to vary PMP . If it
is smaller, the OLTC will try to rise the voltage until the tap position tap = 5 is reached or
V9 is bigger than its deadband, 0.967 p.u..

• After the OLTC corrects the voltage, V9 is compared again with 0.967 p.u.. If it is equal
or bigger there is no need to vary PMP . If it is smaller, the AE will decrease its active
power consumption in the necessary amount in order to rise the voltage up to 0.967 p.u.,
according to V9 and dV9/dP9.

Concluding the present subsection, it should be stated that, during each hour of the week, the
following condition is always fulfilled, provided the definition of the three mentioned functions:

PV R(h) ≤ PEM (h) ≤ PMP (h) (6.2)
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Figure 6.8: Flowchart of the maximum power algorithm

This fact will be decisive in order to understand the decision making rules presented in the following
subsection.

6.1.4 Decision making
As stated in the introduction of the present section, the decision making determines the AE’s
power bid forwarded to the BRP, who aggregates bids from different players in the markets. The
bid is a function of PV R, PEM and PMP . An optimal bid could be done by means of solving a
linear programming method, where the objective function would include maximizing the benefit of
the DSO, having as constraints the voltage limits and the maximum and minimum power that the
AE can absorb. This benefit can be described as the revenue from the produced hydrogen minus
the investment in the electricity markets. Nevertheless, the DSO’s benefit of obtaining energy
management services cannot be explicitly calculated. For this reason, the bid is determined by
means of implementing fuzzy logic decision, as further explained in the following.

Short introduction to fuzzy logic

A fuzzy logic system consists of nonlinear mapping of an input data vector into a scalar output,
having the peculiarity of handling simultaneously numerical and linguistic data. Therefore, it has
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a great potential for solving problems that are inherently complex to model [78]. In every fuzzy
logic system, numerical inputs that belong to linguistic variables are assigned to linguistic terms
in a certain degree of truth, normally within the range of [0,1]. For example, a spot price of
245 DKK/MWh can defined as 0.5 medium price and 0.5 high price. In this case, the price is
the linguistic variable, high and medium are the linguistic terms and 0.5 is the membership µi.
Membership functions are the responsible to convert the numerical prices into fuzzy ones, in the
process known as fuzzification. The next step is converting the fuzzy inputs to numerical output
by means of IF-ELSE rules. Continuing with the spot price example, the fuzzy rules could be
stated as:

"If the spot price is high, then the purchased power is 1MW"

"If the spot price is medium, then the purchased power is 2MW"

In order to obtain a numerical output, a defuzzification is to be made. Normally, it is done by
using the center of gravity method, shown in Eq. 6.3.

U =
∑i
n=1 µ(ui) · ui∑i
n=1 µ(ui)

(6.3)

Where u is the output and µ(ui) is the membership of each variable ui. Therefore, for the previous
example, the purchased power (P ) would be calculated as described in Eq. 6.4.

P = 0.5 · 1 + 0.5 · 2
1 = 1.5MW (6.4)

It should be noticed that the fuzzy rules normally assign fuzzy outputs to the fuzzy inputs, instead
of numerical outputs as it is stated in the example. Nevertheless, choosing directly the numerical
output turns out to be a shortcut in the method and it fits better with the determination of the
AE’s power bid. The structure of a typical fuzzy logic system can be observed in Figure 6.9.

A Short Fuzzy Logic Tutorial

April 8, 2010

The purpose of this tutorial is to give a brief information about fuzzy logic
systems. The tutorial is prepared based on the studies [2] and [1]. For further
information on fuzzy logic, the reader is directed to these studies.

A fuzzy logic system (FLS) can be defined as the nonlinear mapping of an
input data set to a scalar output data [2]. A FLS consists of four main parts:
fuzzifier, rules, inference engine, and defuzzifier. These components and the
general architecture of a FLS is shown in Figure 1.

Figure 1: A Fuzzy Logic System.

The process of fuzzy logic is explained in Algorithm 1: Firstly, a crisp set
of input data are gathered and converted to a fuzzy set using fuzzy linguistic
variables, fuzzy linguistic terms and membership functions. This step is known
as fuzzification. Afterwards, an inference is made based on a set of rules. Lastly,
the resulting fuzzy output is mapped to a crisp output using the membership
functions, in the defuzzification step.

In order to exemplify the usage of a FLS, consider an air conditioner system
controlled by a FLS (Figure 2). The system adjusts the temperature of the
room according to the current temperature of the room and the target value.
The fuzzy engine periodically compares the room temperature and the target
temperature, and produces a command to heat or cool the room.

1

Figure 6.9: Typical structure of a fuzzy logic system [79]

The explained fuzzy logic theory has been obtained from [79] and [78], which the reader is
suggested to check for further information. In the following the fuzzy logic system is presented
for the case study purpose.

Fuzzy logic decision making

The numerical input values for the studied fuzzy logic system are the market prices. The different
fuzzy terms assigned to the market price are low, medium and high. The membership functions
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of the fuzzy terms are chosen to be triangular; as represented in figure 6.10. The equations of
the membership functions can be found in Appendix D.
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Figure 6.10: Membership functions for the market prices

A spot price analysis has been done for the DK1 area during year 2014. After statistically analysing
the data, it was found that the average price was 228 DKK/MWh. Besides, approximately
50% of the spot prices during that year stayed within the range [200,260] DKK/MWh. Hence,
230 DKK/MWh was selected to be the medium price, 200 DKK/MWh the low price and 260
DKK/MWh the high price. It should be remarked that it has been assumed that the DSO can
predict tendencies in the electricity prices and that the same price boundaries apply for the intraday
and regulation markets. The flexibility of this method relies on the possibility that the DSO has
to change the price boundaries according to its predictions.

The applied fuzzy rules are presented in Table 6.1, where the active power to purchase is associated
to a fuzzy term, i.e. market prices. It should be recalled that, for a certain hour, it is always true
that PV R(h) ≤ PEM (h) ≤ PMP (h), which helps to understand the applied rules.

Table 6.1: Fuzzy rules for the decision making

Low price Medium price High price
PMP (h) PEM (h) PV R(h)

It is understandable that when the price is high the purchased power is the minimum and viceversa.
It should be noted that the study case presents a big wind power penetration and the spot prices
are correlated to the wind power, as shown in Figure 6.11.
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Figure 6.11: Correlation between spot price and wind power generation in DK1 area during
2014

It can be observed that a slight linear correlation exists between the elspot price and the wind
production, since a low wind power production leads to higher prices and viceversa. This means
that, if a big wind power generation leads to a drop of the spot price, the full capacity of the
AE will be purchased in the market. If the opposite occurs, and an absence of wind produces an
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increase of the spot price, the purchased power will be zero since the absence of wind will not
produce overvoltage. Nevertheless, the method is prepared to withstand no correlation between
wind power and market price since the OLTC provides flexibility in the voltage regulation.

For the defuzzification process, the center of gravity method is applied and the power bid is
defined as in Eq. 6.5. It should be noticed that the memberships µLow, µMed and µHigh vary
with the price according to Figure 6.10. In the following the constraints applied to the output of
the fuzzy logic decision maker are presented.

PAE(h) = µLow · PMP (h) + µMed · PEM (h) + µHigh · PV R(h) (6.5)

AE’s power constraints

In the following, the power constraints imposed to the AE’s power consumption are presented.
Firstly, the temperature constraint is analyzed and subsequently, the constraints are applied to
the results obtained in the fuzzy logic decision maker.

As stated in the conclusions of Chapter 4, the electrolyzer requires approximately 132 minutes
to reach full power from cold start. This limitation might compromise the participation of the
electrolyzer in the different markets, not reaching the scheduled active power set-point. In order
to avoid this, three different solutions are proposed:

• Estimate the evolution of the temperature and limit the purchase of power for the operation
hour n+ 1 according to the temperature of the device at the end of the hour n.

• Use additional sources of heat in order to maintain the temperature at the rated value, i.e.
80°C.

• Operate the electrolyzer at the minimum power so its temperature does not go below 80°C.

The first proposed solution has a complex execution, whereas the second does not appear in the
literature and might present technical issues in its implementation; therefore, the last proposed
solution is implemented in the present work.

It was found out that giving the electrolyzer module a set-point above 0.053 MW (0.067 MW
including compression power), the temperature remained constant at 80°C. Hence, a minimum
of 1.005 MW, accounting for the 15 units, will be purchased in the spot market in order to keep
the temperature at the rated and assure full regulation capability. However, it should be noticed
that there is a minimum load requirement in order to produce hydrogen without compromising
its purity. In [47] this minimum stated to be within the range 15-20%. The calculated minimum
for the temperature limitation is of 14.9%; hence, it is assumed that the produced hydrogen will
not possess any quality issue.

Once the fuzzy logic decision maker calculates the active power for each of the markets, upper
and lower limitations have to be applied to the obtained values:

• For the spot market, the upper limitation is the rated capacity of the AE (6.525 MW)
whereas the lower is the minimum power in order to maintain the AE’s temperature at
80°C (1.005 MW).

• For the intraday market, the upper limitation is the difference between the rated capacity
and the power traded in the spot market, whereas the lower capacity is zero.
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• For the regulation market, the upper limitation is the difference between the rated capacity
and the power traded in the spot and intraday markets, whereas the lower capacity is zero.

Figure 6.12 shows an example of a bid forwarded to the spot market for hour 27 during the winter
week. The lower power limit, at 1.005 MW, is the result of the voltage regulation algorithm
after adding the minimum power limitation, which is associated to the highest prices. The upper
power limit, at 6.525 MW, is the result of the maximum power algorithm after adding the upper
limitation, associated to the lowest prices. In between, around 2.7 MW, the result of the energy
management algorithm can be appreciated, for a price of 230 DKK/MWh. The bid varies linearly
between the highest and medium power and the medium and the lowest power.
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Figure 6.12: Bid in the spot market for hour 27, winter week

In the next subsection, the steady state results obtained with this scheduling method are presented.

6.1.5 Hourly results
As a conclusion of the market strategy, the steady state results are presented in order to give
the reader an idea of the implications of the scheduling. Only the winter week will be taken
into account, since the wind power generation is bigger and leads to more technical issues, as
determined in Section 5.4. For carrying out the time sweeps, the OLTC has been switched to
voltage remote control of bus 9 in order to emulate its dynamic behavior; however, the actual
deadband cannot be emulated and the behavior is just an approximation. The analyzed technical
results include the following: voltage in bus 9 [p.u.], active power export through TR1 [MW] and
active power consumption of the AE [MW]. Figures 6.13, 6.14 and 6.15 show, respectively, the
named variables.
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Figure 6.13: Voltage in bus 9 in the market case, winter week
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Figure 6.14: Active power export through TR1 in the market case, winter week

0 24 48 72 96 120 144 168
0

1

2

3

4

5

6

7

Time [h]S
ch

ed
ul

ed
 P

 E
le

ct
ro

ly
ze

r 
[M

W
]

Figure 6.15: Alkaline electrolyzer’s active power consumption in the market case, winter
week

It can be observed that the voltage in bus 9 is kept within limits. However, during some hours it
is out of the range [0.967,1.033] p.u., which was the target of the algorithm. Most part of the
voltage values that are out of this range are close to it, as a result of the inaccuracy of the load
flow estimation. Additionally, it should be noticed that the actual value of wind power generation
was applied in the time sweep. Despite the estimation inaccuracies, the power export is just
positive during a few amount of hours, in which the AE is not operated at full power. This fact
is due to high prices in the market.

Regarding economical aspects, Table 6.2 shows the traded energy, the total price and the average
price per MWh for both cases, throughout the winter week. As a reference, the results are
compared with the ones obtained in Section 5.4. In order to distinguish the two cases, the first
will be referred as the market case, whereas the second will be referred as the voltage regulation
case. For the obtained results in the voltage regulation case, the AE is only expected to participate
in the spot market. Furthermore, it should be noticed that the variables plotted in Figures 6.13,
6.14 and 6.15 have not been showed for the voltage regulation case. This decision responds to
the different nature of the data, which comes from the dynamic simulation and includes other
variables not considered as the dynamics of the tap changer and the DGs’ reactive power.

Table 6.2: Economical comparison between the market and the voltage regulation cases

Market Case Voltage Regulation Case
Traded energy [MWh] 656.3 278.9
Total price [DKK] 148970 81083

Avg. price [DKK/MWh] 227.0 290.7

It can be observed that in the market case the electrolyzer purchases more energy, probably
due to favorable prices and requirement for implementing energy management. Furthermore,
selecting 1.005 MW as minimum power also contributes to increase the purchased energy. Due
to the previous facts, the electricity bill is accordingly higher. On the other hand, the intelligent
way of selecting the power according to the price leads to a significant decrease in the average
price of the purchased electricity, even though the method is penalized by the minimum power
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to purchase. The same market strategy was performed without including the minimum power
constraint, giving the following results: the same energy was purchased (656.3 MWh) for a lower
price, both absolute (125164 DKK) and average (190.7 DKK/MWh).

Concluding this section, the market strategy maintains the steady state voltage within the limits
that were chosen for the algorithm during most part of the hours. Furthermore, it leads to an
insignificant active power export through TR1 and the average price of the purchased MWh is
reduced respect to the voltage regulation case. Nevertheless, these results have to be further
tested in the dynamic simulation, where the voltage undergoes severe fluctuations and the tap
changer tends to operate over the recommended limit. The dynamic analysis is presented in the
following section; in which the obtained results are expected to be the final finding in the present
master thesis.

6.2 Dynamic Analysis
In the present section, the AE scheduling method that was presented in Section 6.1 is tested in
a dynamic simulation; the results are presented and compared to the ones obtained in Section
5.4. For this purpose, the AE control models have to be adapted to incorporate the scheduling;
moreover, and a new coordination of the OLTC, DGs’ reactive power and AE is discussed. In the
following, the modification of the AE models is presented.

6.2.1 Adaptation of the AE control models
In the beginning of Section 4.5, the composite model of the control of the AE and the block
diagram, where the active and reactive set-points are determined, were shown in Figures 4.28
and 4.29, respectively. When giving a schedule to the AE, the set-points should not be directly
calculated from the voltage deviation with a V-P droop, but from a file containing the schedule.
This will emulate the set-point signals sent by the DSO to the AE according to the schedule.
Figure 6.16 shows the new composite frame which contains, in the Pe setpoint slot, a measurement
file with the schedule. It should be noticed that the active power signal of the AE module (Pe)
is not fed-back to the AE Dispatch slot anymore.
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Figure 6.16: Modified AE’s control composite frame for the market case

It might be noticed that the modifications are almost insignificant; however, the calculation of the
set-points is completely different from the presented in Figure 4.29. Regarding the active power,
it is achieved in a similar way as the primary control in a prime mover’s governor: the set-point
is fixed and slight power variations are added according to the frequency fluctuations, with a f-P
droop. For the present case, the voltage is the equivalent to the frequency. For what concerns
the reactive power control, the V-Q droop presented in Section 4.5 is maintained. The difference
is that now it does not depend on the active power mismatch, hence the absence of the Pe signal
feed back. This is due to the minimum active power that assures that the temperature will never
go below 80°C, leading to a quick response. Furthermore, the reactive power will "regain" an
important role in the coordination, as explained in the next subsection. Additionally, the settings
of the presented droops will be presented in the mentioned. Figure 6.17 shows the new set-point
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calculation block diagram.
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Figure 6.17: Modified AE’s set-point calculation block for the market case

Discussion

It is interesting to mention that other control alternatives have been analyzed. The first alternative
was simply giving the AE the schedule set-point, not allowing the reference to vary due to high
voltage fluctuations. The result is a decreased voltage regulation capability, which leads to an
excessive tap changing and to surpass the upper and lower voltage limits during a significant
number of times.

The second alternative was adding a PI controller instead of the droop, so the power variations
added to the schedule try to keep the voltage in the reference. The reference voltage is the
obtained in the hour-ahead load flow estimation after adding the schedule of the AE. It would
need to be added to the DSL block, represented in Figure 6.17, with an additional measurement
file. The obtained voltage results are very promising, since the AE manages perfectly to follow
the reference. However, the AE deviates excessively from the schedule and the reason is not only
due to the wind power estimation inaccuracy. The fast dynamics of the AE normally keep the
voltage within the range [0.967-1.033] p.u., as it is the purpose of the scheduling method, which
is within the deadband range of the OLTC. Due to this fact, the OLTC does not have time to act
provided its slow dynamics and the deadband range. Therefore, the AE is correcting more voltage
than it was scheduled; specifically, the voltage it had scheduled plus the voltage that the OLTC
was expected to correct plus the voltage variation due to the wind power estimation inaccuracy.
It should be reminded that according to the different algorithms, the OLTC was expected to vary
its tap position by ±5 taps. Concluding, it should be added that this method would be really
interesting if the OLTC was provided with communications that allowed a tap position set-point.
Theoretically, the AE would be capable of correcting the power mismatch of the wind farm in the
electricity market by increasing its own, achieving a really good voltage quality.

6.2.2 Coordination of the OLTC, DGs’ reactive power and AE
As explained in the previous discussion, the OLTC undergoes an excessive tap changing when the
dynamic voltage regulation capability of the electrolyzer is not available. This strategy was applied
with the same coordination presented in Section 5.4, where the reactive power was only used to
avoid over/under-voltages. The OLTC, as shown through Chapters 3-5, is a really useful device for
providing voltage regulation; however, it possesses slow dynamics and the tap frequency changing
is limited due to reliability issues. Therefore, it is not able to smooth the voltage fluctuations
introduced by the wind power.

The question arising at this point is the following: how can the voltage be kept within admissible
limits in the dynamic simulation, without incurring in excessive tap changing, big deviations from
the schedule of the AE or reactive power import? Since all the voltage regulations assets appeared
to be somehow constrained, the approach taken in this project is dismissing the constraint that
appears to have less economical consequences for the DSO, which is not limiting the reactive
power import.
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In the coordination of the OLTC, reactive power of the DGs and active and reactive power of the
AE, the reactive power will be activated the first, just when the voltage surpasses 1± 0.023p.u..
The reactive power control strategy for the DGs, as explained in Section 3.2.3, follows a V-pf
droop, whereas for the AE, it was previously explained that it follows a V-Q droop. In the case of
a positive voltage deviation, approximately 50% of the reactive power capacity of all components
is used when the voltage reaches 1.033 p.u.. On the other hand, in the case of a negative voltage
deviation, all the regulating capacity is released when the voltage reaches 0.967 p.u.. The reason
why only half of the reactive power capacity is used in case of positive voltage responds to the
bigger capability that it has, as the reactive power output depends on the current active power
output. Hence, during low voltage periods, the absence of DG generation leads to lack of reactive
power to bring up the voltage. During high voltage periods, the reactive power capability is
considerably higher; therefore, in order to limit its usage, the capability is limited. Regarding the
operation of the OLTC, it starts acting when the voltage surpasses the ±0.033p.u. boundary.
Finally, the AE’s active power is varied just before a voltage issue arises, its deadband is set at
±0.04p.u. and it will act at full power when the voltage surpasses the allowed range. It should
be noticed that in the AE’s droop, the power output is a variation from schedule (∆PAE) and
not an absolute value (PAE). Figure 6.18 illustrates the explained coordination:
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Figure 6.18: Modified coordination of the voltage regulation assets for the market case

It should be noticed that in the margin between the ranges [0.96-0.967]p.u. and [1.033-1.04]p.u.
there is no power variations coming from the voltage regulation assets; this is done in order to
allow the OLTC to act without influence. The reactive power that acts prior to the OLTC has the
purpose of avoiding excessive tap changing, whereas the AE’s active power and rest of reactive
power that is deployed after ±0.04p.u. has the purpose of avoiding the consequences of the
OLTC’s slow dynamics. In the next subsection, the dynamic simulation results are analyzed. The
simulation includes the schedule, the AE’s model adaptations and the presented coordination.

6.2.3 Results
In this section the technical and economical results of the market strategy are presented. In the
following, the technical results of this implementation are compared to the results obtained in
Section 5.4. The results regarding the behavior of the grid are presented in Figure 6.19.

Plot a) shows the active and reactive power flow through Feeder 1. As in Chapter 5, positive values
represent power transfer from the external grid to Feeder 1, whereas negative values represent
power transfer from Feeder 1 to the external grid. Therefore, it can be observed that in this case
the import of active power is significantly higher. This is due to the constant operation of the
electrolyzers, as their priority is to follow the market prices. Furthermore, it has been calculated
that the active power exports have been reduced from 38.1 MWh in the voltage regulation case
to 23.3 MWh in the market case. This means that the implemented market strategy leads to an
increased use of the local generation; i.e. a more effective energy management strategy. Regarding
the reactive power, it can be appreciated that its consumption is higher, resembling the results
obtained in Section 5.3. This a result of the important role that the reactive power has in order
to maintain the voltage.
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Plot b) presents the active and reactive power production and consumption from the CHP units
and wind farm. The active power production remains unchanged, whereas the reactive power
absorption from the DGs is higher, as it is used to correct undervoltage.

A significant change is seen in the behavior of the tap changer, shown in plot c). In this case
the function of the OLTC is to correct undervoltage, as its position remains in the upper half,
thus increasing the voltage of the secondary of TRF1. This is caused by the constant operation
of the electrolyzer and the lower reactive power generation of the DGs. In Section 5.4 the OLTC
operation was mainly restricted to overvoltage situations. Therefore the number of tap changes
per week has increased, being 89.

Finally, plot d) illustrates the obtained voltage profiles of buses 1, 7 and 9. The voltage of all
buses is within limits, except the two overvoltage peaks at hours 9 and 161, accounting for a total
of 30 seconds. Even though the voltage during the voltage regulation case did not surpass the
limits at any point, only 30 seconds of overvoltage during a whole week is admissible for a normal
operation of the grid as showed in the recommendations presented in [76]. The overvoltages are
caused by the sudden start-up of the CHPs and wind farm, while the position of the OLTC is
above 0. The voltage average deviation ∆V increases from 0.017 p.u to 0.020 p.u., which shows
a bigger oscillation in the voltage for the market case.
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Figure 6.19: Results of the grid implementing the market strategy, during the winter week
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The operation of one alkaline electrolyzer unit is specified in Figure 6.20. Plot e) shows the
active power setpoint and the actual output. It can be seen that the active power setpoint of the
electrolyzer is more steady, as its priority is to follow the predefined market, whereas the results
presented in chapter 5 included a highly fluctuating setpoint in order to compensate voltage
imbalances. A remarkable difference is seen in the actual active power output, since it is able to
follow the setpoint. This improvement is due to the constant temperature of 80 °C, shown in plot
g).

The reactive power setpoint and actual output are shown in plot f), where it is seen that its actual
consumption and production range from 0.2 to -0.2 Mvar, rarely reaching the defined setpoint.
This occurs as the regulation of the reactive power is limited by the converter capacity. Thus, it
is observed that the reactive power is only used when the active power output is not maximum.
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Figure 6.20: Alkaline Electrolizer parameters, during the winter week

Finally, the results of the produced hydrogen, hydrogen injected in the CHP’s gas pipes, and
volume variation in the storage, are presented in plots h), i) and j). The fact that the AE
consumes more energy in the market case than in the voltage regulation case leads to a higher
hydrogen surplus in the storage.

Table 6.3 summarizes the obtained results for the generation, load, active and reactive power
import from Feeder 1 and its losses. For the market case, the values of load and active power
import have increased due to the bigger energy consumption of the electrolyzers in the mentioned
case. Regarding the value of reactive power import, it has increased respect to the voltage
regulation case since it is the first to be activated in the coordination. Consequently, the value of
the losses in the grid has increased in absolute terms; although, in relative comparison with the
load it has decreased from 2.2% to 1.9%.

In the following, the economical results are presented, which include: the price of the purchased
power of AE in the electricity market(s), the hydrogen produced and the average price of that
hydrogen. It is interesting for the DSO to know the associated cost/benefit of running the
electrolyzer. It should be noticed that in the economical results presented in Section 6.1, the
electricity purchased for the AE was shown, but not the hydrogen. It should be recalled that the
hydrogen production is only modeled for the dynamic simulation.
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Market Case Voltage Regulation Case
Generation [MWh] 1134.4 1134.4

Load [MWh] 1899.1 1521.7
P Import [MWh] 799.8 420.5
Q Import [Mvar] 437.6 343.4
Losses [MWh] 35.1 31.2

In order to determine the electricity bill in the market case, the consumption over the schedule has
to be determined for each hour and purchased in the balancing market, as explained in appendix
A. Prices for balancing power for consumption have been acquired for the studied period. The
market penalization has to be added to the electricity bill resulting for the trade, which was been
presented in Table 6.2. For the voltage regulation case the electricity bill is already calculated in
the previously mentioned table; it is assumed that the device only participates in the spot market
and does not have to purchase any balancing power.

Analyzing the power deviation from schedule of the AE throughout the week, it was calculated
that the device had periods with an over consumption, accounting for 0.21 MWh, which cost
an extra of 63 DKK in the balancing market. It is interesting to show that the periods of under
consumption account for 0.37 MWh. It should be noted that the DSO purchased this energy
in the markets but did not make benefit out of it. Table 6.4 shows the total price, produced
hydrogen and average price of the hydrogen for the analyzed week. As it could be expected from
the first results provided in 6.1, the price and energy in the market case are much bigger whereas
the price of the produced hydrogen has been significantly reduced from 2.19 to 1.43 DKK/Nm3.

6.3 Conclusions
In this final chapter a market strategy has been presented and evaluated, comparing the obtained
technical and economical results with the ones from Section 5.4, known as voltage regulation case.

Table 6.3: Total generation, load, external grid import and losses comparison between the
market and voltage regulation cases, winter week

Figure 6.21: Hydrogen storage relevant variables, during the winter week
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Table 6.4: Economical comparison between the market and the voltage regulation cases

Market Case Voltage Regulation Case
Total price [DKK] 149033 81083

Produced H2 [103Nm3] 104 37
Price H2 [DKK/Nm3] 1.43 2.19

The main purpose of the market strategy is to reduce the price of the produced hydrogen and the
positive power export through Feeder 1, while respecting the constraints of the grid. These have
been accorded to be: voltage within limits, tap changes limitation and maintaining the reactive
power import as low as possible. Table 6.5 shows a summary of the dynamic simulation results
of both the market and the voltage regulation case. Where ∆V represents the average voltage
deviation, and T|∆V |>0.05 represents the amount of time that the voltage limits were surpassed.

Table 6.5: Dynamic simulation results’ summary for both market and voltage regulation
cases, winter week

Market Case Voltage Regulation Case
∆V [p.u.] 0.020 0.017

T|∆V |>0.05 [s] 30 0
nº Tap Changes 89 61
Q Import [Mvar] 437.6 343.4
Losses [MWh] 35.1 31.2

P Export [MWh] 23.3 38.1
Produced H2 [103Nm3] 104 37

Total price [DKK] 149033 81083
Price H2 [DKK/Nm3] 1.43 2.19

The results clearly show the advantages and the disadvantages of the market strategy. The
hydrogen price and the active power export are clearly reduced, as these are the main purposes of
the implemented strategy. On the other hand, some technical variables are compromised in the
process. These are, mainly, the reactive power import and, in less magnitude, the tap changes
and the losses. However, voltage quality remains almost unchanged, as the voltage limits are
only surpassed for a few seconds. The increase of the reactive power import responds to the
way the voltage regulation resources are coordinated; it should be reminded that the mentioned
is activated the first. The reactive power import increase is the main responsible of the losses
increment. Regarding the behavior of the OLTC, it undergoes more stress although within the
reliability limits. Despite the reactive power releases the OLTC from been further stressed, the
market strategy requires an increased use of its capability in order to allow a flexible operation of
the AE, so the voltage regulation and market participation become more decoupled.
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7 Conclusions and Future Work
7.1 Conclusion
The aim of this project was to analyze the capability of a Power to Gas system to provide
energy management and voltage regulation services to distribution grids with high wind power
penetration. The focus has been placed on the arising issues that the Distribution System Operator
might encounter with the upcoming increase of renewable energy systems in medium voltage
grids. For this purpose, a benchmark 20 kV distribution grid was modeled and analyzed in the
DIgSILENT PowerFactory simulation software. The grid consists of two feeders, which include
several buses with aggregated loads, a wind farm and a CHP plant. In addition to the electrical
distribution grid, simplifications of the district heating and gas networks are introduced in order
to evaluate their interactions with the electricity network. The district heating network represents
the aggregated heat demand that the CHP plant has to provide, whereas the gas grid represents
a hydrogen storage and the natural gas flow towards the CHP. The hydrogen is assumed to be
injected to the CHP pipes with a volume limitation rate of 10%.

Firstly, the steady state behavior of the grid was analyzed taking into consideration two worst
cases. These are (1): when the local generation, i.e. wind farm and CHP, are producing maximum
power output and the loads are at their minimum, and (2): when there is no local production
and the value of the demand is maximum. The results of the base case analysis, without any
voltage regulation of grid assets, revealed that the most affected buses are 7 and 9 by overvoltage
and undervoltage, respectively. It was found that the overvoltage in the first case surpassed the
allowed voltage limits, determined by the grid codes. Further analysis in conducted with the
application of an On-Load Tap Changer and reactive power compensation from the wind turbines
and CHPs, as they are commonly used by system operators. However, their regulating capacity
was not enough to rectify the high voltage deviation of the grid. Finally, the implementation of
electrolyzers to bus 9 was assessed, as it is the most affected node regarding overvoltage. The
size of the P2G system was determined to be the minimum in order to bring the voltage within
allowed limits. Thus, 15 alkaline electrolyzer modules, accounting for a load of 6.525 MW, were
implemented to the OLTC scenario. The reactive power capability of the CHP and wind turbines
was not taken into account in the sizing. However, it was included in the coordination with the
OLTC and electrolyzer, with the purpose of being activated during the dynamic simulations just
before the voltage surpasses the allowed limits.

In order to incorporate the time-varying behavior of the assets in the grid, the dynamic models
of its elements have been presented. As the CHP plant and the wind farm are assumed to be
owned by private entities different from the DSO, they have been modeled as passive generators.
Thus, the DSO can only regulate the power factor within the limits specified in the grid codes.
More focus has been placed in those components where the DSO possesses full control for voltage
regulation, i.e. OLTC and alkaline electrolyzer. Therefore, the most important implementations
are the active and reactive control of the alkaline electrolyzer, the Line Drop Compensation
model of the OLTC and the power factor control of the CHP plant and wind turbines. Within the
models of the mentioned elements, decentralized voltage regulation coordination is implemented
by adjusting the deadbands of the different voltage droops and OLTC controller. Furthermore,
the heat and hydrogen production from both CHP and electrolyzer were modeled in order to
represent long-term dynamic models of the district heating and gas network respectively.

The dynamic behavior of the case study grid was analyzed by assessing the coordinated voltage
regulation strategy of the previously mentioned elements. Regarding the voltage profile, the
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obtained results corroborated the findings in the steady state analysis. The OLTC, both on its
own and together with the reactive power capability, is not able to bring the voltage within
admissible limits. Furthermore, the excessive reactive power import when using the DG’s reactive
power capability leads to a significant increase of the grid losses. The voltage issues are corrected
with the implementation of the P2G system which, at the same time, reduces the grid losses
by almost 50% and demands negligible reactive power absorption for the DGs. Nevertheless,
it was found that the regulating capacity of the alkaline electrolyzer was restricted by a low
operating temperature which has resulted from stand-by periods. Furthermore, providing energy
management services with the electrolyzer is not explicitly analyzed; the electrolyzer responds only
to voltage signals and not to market prices. These issues are intended to be addressed by means
of implementing an intelligent market strategy for the P2G system. Regarding the hydrogen, it
was observed that the bleeding strategy cannot handle all the hydrogen that is produced during
the process.

As the final contribution of this Master Thesis, a market strategy that copes with energy man-
agement and voltage regulation has been developed. Additionally, it was intended to respect the
technical constraints faced during the dynamic analysis of the case study, namely: voltage limits,
daily tap changes below the maximum recommended bounds and reactive power absorption. For
this purpose, an algorithm that estimates the different power absorption requirements of the elec-
trolyzer has been developed. Additionally, a fuzzy logic decision system that determines the bid
in the market has been implemented and new control models and voltage regulation coordination
have been proposed. The results from the dynamic simulation showed an increased consumption
of the locally generated energy and a significant reduction in the cost of the produced energy, from
2.19DKK/Nm3 to 1.43DKK/Nm3. These benefits have been obtained by providing flexibility
from the alkaline electrolyzer in the voltage regulation. However, the consequences are that the
voltage is closer to the limits, the reactive power absorption increases significantly and the grid
losses and tap changes present a slight increase. Nevertheless, the voltage remains within the
recommended limits and the tap changes do not surpass the reliability constraint, which shows
the feasibility of the proposed market strategy and validates the economical improvement it can
provide. However, a cost benefit analysis has to be done to confirm the economical improvement
of the presented strategy.

As the final conclusion of the present project, it can be stated that P2G is a very promising
technology that might have an important role in the future integrated Danish energy system,
which is expected to interconnect in a flexible way the electrical, district heating and gas networks
to integrate more wind power. The scope of this work has been focused on the electrical behavior
of the alkaline electrolyzer, which has been satisfactory tested to provide voltage regulation and
energy management services under electricity market conditions. For this purpose, its operation
has been coordinated with other typical voltage regulation elements of a distribution system,
namely OLTC and reactive power. The findings of this project reveal that the DSO can decide
the price to pay for using the local generation to produce hydrogen, while maintaining the voltage
within the admissible limits. This fact gains importance when placed in the context of the future
interconnection of the three energy sectors, where the decision of transforming electricity to
gas/hydrogen will not only depend on the availability of the electricity but also on its price, which
are not always correlated. Nevertheless, in order to implement the technology in a profitable way,
a cost/benefit analysis must be done. At present, there is a just a limited amount of ongoing
P2G projects, since the technology is expensive and still in research status. With a reduction of
the capital, maintenance and operation costs in the near future, a P2G operation strategy, as the
presented in this Master Thesis, could become economically feasible and open the possibility to
new business opportunities.
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7.2 Future Work
In this final section, the relevant tasks that could be interesting to explore as future work are
presented.

• Operating the grid in meshed configuration: in the analyzed case study, the operation of the
switches was disregarded and the topology of the grid was permanently radial. Nevertheless,
the DSO might close the switches in order to optimize the load flow or improve reliability
under contingency situations.

• Dynamic modeling of the wind turbines: their dynamic model, including the wind power
curve, rotor blade angle control and shaft, could be presented in order to increase the
accuracy of the active power generation.

• Grid state forecasting: in order to develop the market strategy, a load flow estimation was
applied in order to represent the errors arising from a real forecast. Implementing a real
grid state forecast method would help to assess, in a more realistic way, the technical and
economical impacts of implementing the proposed market strategy.

• Forward hourly direct signals to the OLTC with the desired tap position: in Section 6.2 a
PI controller was proposed in order to keep the voltage according to an hourly set-point. It
was observed that the voltage profile is kept almost perfectly at the set-point and the AE
could absorb the wind farm’s deviations from schedule. In order to achieve this, an hourly
tap position signal has to be forwarded to the OLTC.

• Dynamic modeling of the district heating and gas networks: the dynamic simulations have
been carried out without incorporating the possible delays associated to the water and gas
flow dynamics, which might have lead to further operational constraints.

• Additional hydrogen consumption: the proposed hydrogen injection strategy was not able
to utilize all the production from the alkaline electrolyzers, hence, additional consumption
is required. Possible solutions for its use include: direct connection of the AE to the
transmission gas network, transforming the hydrogen into synthetic natural gas, include
hydrogen mobility in the public transport of the area and including hydrogen-fired CHP
plants.

• Intelligent temperature control method to allow complete disconnection of the electrolyzer:
as shown in section 6.1, the electricity bill from participating in the electricity markets would
be further reduced if the lower power constraint is not respected. This method would require
predicting the temperature of the device and timing the start-up, which can take up to 132
minutes.
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A Electricity and Gas Market
In this chapter additional information about the electricity and gas market is presented.

A.1 Electricity Market
A.1.1 Roles
At present, these are the players in the electricity market and their role [15]:

• Producers: they generate electricity and offer it in Nord Pool or directly to the trader
through a bilateral agreement.

• Traders: they purchase electricity in Nord Pool or directly from a producer and resell it to
the end customers in the retail market.

• Balance Responsible Parties (BRPs): these players are committed with the TSO to balance
their production and/or consumption according to the schedule. Every producer and trader
needs to have an agreement with a BRP or be one by themselves.

• End users: they purchase electricity from the traders in the retail market. Since 2003 the
retail market is deregulated and each end user can chose his own supplier.

• TSO: as mentioned in 2.1.1, Energinet.dk is the Danish TSO. It is mainly responsible of
assuring the security of supply and balancing of the system.

• Grid companies: they operate the distribution grids and control the metering data of the
BRPs, which they have to provide to the TSO.

• Companies with supply obligation: those who supply end users that have not exercised their
right to choose another supplier.

• Nord Pool: common wholesale market for Denmark, Norway, Sweden and Finland.

A.1.2 Wholesale Markets
As stated previously in A.1.1, most part of the agreements take place via Nord Pool, where the
offers from producers and traders meet through a bidding system that assures balance for each
hour. In Nord Pool the day ahead (Elspot) and the intraday (Elbas) submarkets take place, which
are coordinated in order to assure balance between production and consumption at every hour. In
order to support these markets in real time, regulating power is purchased and sold in the Nordic
Regulation Power Market.

A.1.2.1 Elspot Market

Before 12:00 noon the day before operation, producers and traders submit their bids to Nord Pool.
These bids represent how much a player is willing to buy/purchase at a certain price. Figure A.1
represents the forwarded bid from a player in charge of both production and consumption parts,
for a certain hour:

This means, for instance, that the player will buy 50 MWh if the price is 1.5 EUR cents/kWh or
lower, sell according to the ramp if the price is between 2.25 and 2.5 EUR cents/kWh or produce
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Figure A.1: Forwarded bid from a Norwegian player [17]

exactly his own demand if the price is between 2 and 2.25 cents/kWh [17]. In Nord Pool all the
forwarded bids, as the previously mentioned, are placed together forming an aggregated curve,
for both production and demand. Regarding the Danish production aggregated curve, local CHP
production and wind power (P0 production) have low marginal cost due to feed-in tariffs [15].
This fact, together with their extended implementation in Denmark, leads to a drop in the spot
price, when the P0 production is high, and to price volatility. An example of production and
demand aggregated curves is presented in Figure A.2:

Figure A.2: Aggregated curves and formation of spot price [16]

It can be appreciated that both curves intersect in one point, which will determine the turnover
and the system price (spot price) at which the system will be balanced. This date is published
at 13:00 pm the day before operation. The spot price represents the marginal cost of the most
expensive production bid activated and the marginal cost of the cheapest demand bid activated.
This price will apply for the activated bids in all areas participating in Nord Pool. However, the
interconnections or transmission lines within a country might be congested. In this case, the
market is split in different pricing areas where the ones with overproduction become low price
areas, due to the inability to balance with demand bids over the spot price. The opposite applies
for the underproduction case. Denmark has two pricing areas, DK1 (West Denmark) and DK2
(East Denmark), connected by the Great Belt HVDC transmission line [16] [15].

Not all the agreements are settled directly via Nord Pool. There are also some bilateral agreements,
like the future contracts, in which producers and traders agree to exchange a certain amount of
power at a certain price, during a selected period. Both place the agreed amount of exchanged
energy in Nord Pool but they have to compensate each other for the difference between the agreed
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price and the spot price. Therefore, these agreements are also called financial contracts [17].

A.1.2.2 Elbas Market

After the closing of the spot market and prior to the hour of operation changes in production
or consumption might occur. An improved wind forecast or an unexpected outage in a power
plant can alter the programmed balance of the system. Therefore, a market in order to correct
imbalances in the spot market is required. This is the main function of the intraday or Elbas
market, which closes one hour before operation. These agreements can also be done bilaterally
between players within the same pricing area [15].

A.1.2.3 Reserves and Regulating Power Market

Further imbalances, after the hour before and during the hour of operation, might occur. These are
caused by the BRPs’ forecasting imprecision or due to some outage, as explained previously. These
imbalances are corrected by the TSO, Energinet.dk, buying upwards or downwards regulating
power. There are different kinds of regulating power, namely: primary regulation, secondary
regulation and tertiary regulation or manual reserves. Figure A.3 shows the amount and time of
the activated power for the three types of regulation:

2.3. THE ENERGY MARKETS

Figure 2.7: Regulating power

The primary control is commonly referred to as frequency control. The ENTSO-E guidelines/agree-
ments state that the frequency control should be activated if the frequency deviates from the pre-set
50Hz by more than ±20mHz. The frequency control should be fully operational within 30 seconds
of a deviation greater than 20mHz. The need for regulating power is rather limited in terms of the
amount of power needed.

The secondary control (or Load Frequency Control) is utilized to support and relieve the primary
control. The secondary control reserves must be active no later than30 seconds after a deviation has
occurred and the deviation in frequency must be within the limits no sooner than 15 minutes [13]
after the regulation has begun.

The tertiary control covers the activation of manual reserves which are activated if the system unbal-
ance is not restored for the hour of consumption.

The regulating power is an interesting topic when looking into flexible consumption and demand
side management. The flexible units covered in this project, namely the EV and HP, are both capable
of interacting with the balancing-market and assisting when in need for regulating power. The EVs
will be able to directly and actively assist with both up- and down regulation of power, by consuming
power or delivering power back to the grid (V2G). The HPs will also be able to assist, but in a more
passive role than the EVs. The HPs will be able to stop consumption for some amount of time when
there is a power deficiency as well as consuming when there is a surplus of energy in the grids.

Wind turbine production usually represents a low price in the markets since wind power production
is supported by taxes paid for by the end-consumers. As a fictitious example to illustrate the system,
assume the following:

• The cost for producing 1 MWh by use of a traditional generator is 1€

• The cost for producing 1 MWh by use of a wind turbine is 2€

• The owner of the wind turbine receives a tax-support of 1.2€ per produced MWh

These simple statements reveal two interesting details. With the focus on green energy in Denmark, it
has become less lucrative to produce power by conventional methods since the competitive position
of the traditional generators has been artificially decreased. On the other hand it has become more
lucrative to produce energy by green alternatives such as wind turbines due to the tax-support. The

15

Figure A.3: Activated power and time of activation for primary, secondary and tertiary
regulation [80]

Primary regulation comprises a frequency dependent control, which activates when frequency goes
beyond 49.9-50.1 Hz (normal regulation) and 49.5-50.5 Hz (disturbance regulation). Secondary
regulation has longer activation times. This reserves can be activated manually, in the most part
of the cases in the Nordic countries, or automatically, with the Load Frequency Control (LFC).
Primary and secondary regulation are not traded in the regulation market. Tertiary regulation is
always activated manually and it involves the activation of more amount of power compared to
the primary and secondary regulation. The main requisite is that the power is activated before
15 minutes after request. For this purpose Denmark has an automatic system for offer entry and
offer activation, while other countries activate their reserves via telephone call. Tertiary reserves
are, at the moment, the only ones present in the Nordic Regulation Power Market [18].

Tertiary regulation services are offered by the Balance Service Providers (BSPs), which are nor-
mally BRPs. Their offers have to enter the market not later than 17:00 pm the day before
operation, but they are susceptible to be modified until one hour before delivery. Minimum and
maximum amount of power offered is 10 and 50 MW, respectively. Energinet.dk purchases these
offers from the BSPs via the regulation power market or via bilateral agreements (i.e. future
contracts). Activation of bids goes from the cheapest to the most expensive, provided that there
are no bottlenecks that prevent power transfer. The price for all activated bids will be the price
of the most expensive activated bid. If there are bottlenecks the market will be split in different
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pricing areas, as in the case of the spot market. In order to ensure security of supply, Energinet.dk
needs to have available enough reserves for balancing the system in case of failure of the bigger
production unit. For this purpose, it signs future contract with the BRPs. The reserve market is
where the TSO and the BRPs meet for closing these kind of contracts [19].

As previously stated in A.1.1, imbalances are produced by the BRPs. This means that their actual
production or consumption, measured during the hour of operation, differs from the schedule.
Therefore, if they have a negative imbalance this energy has to be bought from the Energinet.dk.
If the imbalance is positive Energinet.dk will buy the surplus. This energy is bough in the so called
balancing market and it is closely related to the regulation power market. Whereas the regulating
power is used in order to correct the systems’ imbalance the balancing power is purchased or
sold in order to correct the BRPs’ individual imbalance. The price to pay by the BRPs for the
balancing power depends on the direction of the system’s imbalance: if the system has a surplus,
the BRPs that incur in a negative imbalance (correcting the system’s surplus) buy this energy at
spot price. If they have a surplus (further increasing the system’s imbalance) Energinet.dk buys
this energy at the upwards regulating power price. The opposite applies in case of a power deficit
in the system. P0 producers are exempt to pay for balancing power. Through the PSO tariff
Energinet.dk covers the cost of the P0 producers’ imbalances, as well as the feed-in tariffs that
apply for them as explained in A.1.2.1 [19] [18].

A.2 Gas Market
The Danish gas market is liberalized since 2004, which means that every customer is free to
choose its supplier. Nowadays there are three available capacity trading facilities [81]:

A.2.1 GasPoint Nordic
GasPoint Nordic is the wholesale market of natural gas. It was previously known as NordPool
Gas, however, since 2012 it is owned by Energinet.dk and thus the name was changed. The
gas exchange is offered in several time ranges: for the next day, the next month, within a day,
within a weekend, within a month and finally physical delivery in Denmark and Germany. It is an
anonymous and real-time electronic system where traders can place purchase and bids on sales
all the time.

A.2.2 Gas Transfer Facility (GTF)
GTF is a virtual trading facility operated by Energinet.dk. It enables intra-day gas trading among
shippers before and during a day. GTF is only the mean of communication between the shippers
and it is a free service.

A.2.3 PRISMA
PRISMA is the facility that enables trading gas capacity across European borders. The shippers
can participate in four different auctions: day-ahead, per month, per quarter of a year or per year.
There are three entry-exit points in Denmark: Nybro, the entry point of the gas from the North
Sea; Ellund, in the border with Germany; and Dragør, in the border with Sweden.
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B Data of the Elements of the Grid
In this appendix all the data used to model the elements of the grid is summarized. This includes
data for the grid elements, such as lines, transformers, loads and generation units; followed by
the data used for the alkaline electrolyzer model; the adaptation of the CHP model; and finally
the gas storage in the grid.

B.1 Network Elements Data
The elements of the grid such as lines, transformers and loads are specified in the following tables.

In table B.1 the positive sequence parameters are defined respectively for the two types of lines
used in this project.

Table B.1: Positive sequence parameters of the two different types of lines

Type of line R [Ω/km] X [Ω/km] B [µS/km] Inom [A]
Overhead Line (OHL) 0.510 0.366 3.17 500

Underground Cable (UC) 0.343 0.274 47.5 500

The following table specifies the type and length of each line:

Table B.2: Line data

From bus To bus Line type Distance [km]
1 2 OHL 2.82
2 3 UC 3.42
3 4 UC 0.61
4 5 UC 0.56
5 6 UC 1.54
6 7 UC 0.24
7 8 UC 1.67
8 9 UC 0.32
9 10 UC 0.77
10 11 UC 0.33
11 4 UC 0.49
3 8 UC 3.45
12 13 OHL 0.389
13 14 OHL 2.99
14 8 OHL 2.00
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In table B.3 the data for the different transformers of the grid is given:

Table B.3: Transformer data [48], [82]

Parameters Feeder TRF CHP TRF
Rated Power 25 MVA 3.3 MVA

Rated Voltage HV 110 kV 20 kV
Rated Voltage LV 20 kV 6.3 kV
Copper losses - 28 kW
No-load losses - 4 kW

The rated values of the residential loads are specified in table B.4, the apparent power and the
power factor are specified for each bus. Additionally the type of load profile used is specified.

Table B.4: Rated power, power factor and profile type of the residential loads of the system

Bus Apparent Power [MVA] Power Factor Load Profile Type
1 15.300 0.98 1
3 0.285 0.97 2
4 0.445 0.97 3
5 0.750 0.97 1
6 0.765 0.97 2
8 0.805 0.97 3
10 0.490 0.97 1
11 0.340 0.97 2
12 15.300 0.98 1
14 9.215 0.97 3

The following table summarizes the rated power and power factor values of the industrial loads:

Table B.5: Rated power and power factor of the industrial loads of the system

Bus Apparent Power [MVA] Power Factor
1 5.100 0.98
3 0.265 0.85
7 1.500 0.85
9 2.200 0.97
10 0.080 0.85
12 5.280 0.95
13 0.350 0.85
14 0.390 0.85

Table B.6 specifies the constant impedance and power coefficients that have been used to model
each load of the grid. These have been calculated using the values presented in Table 3.2, the
rated power of the loads and the type of load.
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Table B.6: Constant power and impedance coefficients of the loads of the grid

Summer Winter
Bus P [%] Z [%] P [%] Z [%]
1 75.25 24.75 55 45
3 82.9 17.1 68.91 31.09
4 67 33 40 60
5 67 33 40 60
6 67 33 40 60
7 100 0 100 0
8 67 33 40 60
9 100 0 100 0
10 71.63 28.37 48.42 51.58
11 67 33 40 60
12 75.47 24.53 55.39 44.61
13 100 0 100 0
14 68.37 31.63 42.44 57.56

B.2 Wind Turbine Data and Modeling
In order to adapt the obtained wind speed, measured at 12 meters [72], to the hub height of the
chosen wind turbine a conversion method has been applied, as graphically described in Figure
B.1.
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Figure B.1: Wind speed measurement extrapolation to hub height [73]

As observed, the measurement in point A has to be extrapolated to the point B at 1000m, where
the wind is not influenced by the surface objects. From point B to point C the geostrophic wind
is assumed to be constant whereas from point C to point D the extrapolation is done in the same
way as for points A and B. Theses extrapolations can be expressed with the same equation [83]:

v2(z2) = v1(z1) ·
ln
(
z2
z0

)
ln
(
z1
z0

) (B.1)

Where v1 and v2 are the wind speeds at heights z1 and z2, respectively, and z0 is the roughness
length. The measurements were taken in an environment of flat buildings, assuming a z0 of 1.5m.
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The wind turbines are assumed to be located in the countryside, in a place surrounded with high
crops and scattered objects. Therefore, z0 is assumed to be 0.25m [84]. The final conversion is
expressed with the following equation:

v2(67m) = v1(12m) ·
ln
(

1000
1.5

)
ln
(

12
1.5

) · ln
(

67
0.25

)
ln
(

1000
0.25

) = v1(12m) · 2.108 (B.2)

B.3 CHP Models and Data
The different elements of the gas turbine model are presented in this section. First, the data of
the generator is presented in Table B.7:

Table B.7: Gas turbine generator data

Parameters Value
Rated power [MW ] 3.3
Rated voltage [kV ] 6.3
Stator resistance [p.u.] 0.0504
Stator reactance [p.u.] 0.1
Synchronous reactance d-axis [p.u.] 1.5
Synchronous reactance q-axis [p.u.] 0.75
Transient reactance d-axis [p.u.] 0.256
Sub transient reactance d-axis [p.u.] 0.168
Sub transient reactance q-axis [p.u.] 0.184
Transient time constant d-axis [s] 0.53
Sub transient time constant d-axis [s] 0.03
Sub transient time constant q-axis [s] 0.03
Inertia time constant [s] 0.54

The block diagram of the gas turbine governor of the CHP is shown in Figure B.2 and its data is
summarized in Table B.8. The speed governor is a so called (GAST) which uses a P controller
to regulate the speed drop of the CHP.
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Figure B.2: Block diagram of the GAST governor of the CHP [82]
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Table B.8: Gas turbine governor data

Parameters Value
Speed droop [p.u.] 0.05
Controller time constant [s] 0.4
Actuator time constant [s] 0.1
Compressor time constant [s] 3.0
Ambient temperature load limit [p.u.] 1.0
Turbine factor [p.u.] 2.0
Controller min. output [p.u.] 0.0
Controller max. output [p.u.] 1.0

Figure B.3 shows the block diagram of the excitation system of the gas turbine, a so called
AVRESAC5A, slightly modified to receive the vcs command from the power factor controller.

Ve

1
a

a

K
sT

11
f

f

sK
sT

2

3

1
1

f

f

sT
sT




1

esT

eK

( )
1, , 2, 2

Se efd
E Se E Se

Vmax

Vmin

‐ ‐

+

+

+

+

Voltage control  Safety control

Vcs

Figure B.3: Block diagram of the excitation system of the CHP [82]

In table B.9 the data of this excitation system is given:

Table B.9: Excitation system data

Parameters Value
Measurement Delay [s] 0.02
Controller Gain [p.u.] 200
Controller Time Constant [s] 0.03
Exciter Constant [p.u.] 1.0
Exciter Time Constant [s] 0.8
Stabilization Path Gain [p.u.] 0.05
Stabilization Path 1th Time Constant [s] 3
Stabilization Path 2th Time Constant [s] 0
Stabilization Path 3th Time Constant [s] 0
Saturation Factor 1 [p.u.] 3.13
Saturation Factor 2 [p.u.] 1.73
Saturation Factor 3 [p.u.] 4.18
Saturation Factor 4 [p.u.] 4
Vmin Controller Output Minimum [p.u.] −20
Vmax Controller Output Maximum [p.u.] 20
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Figure B.4 shows the implemented power factor controller. According to the actual power factor
and the set-point, the reactive power error is measured. This error is forwarded to a PI controller,
which determines the excitation voltage set-point vcs. This control has been created from a
similar one proposed in [82].

Reactive Power 
Error 

Measurement

P

Q

pfsetp

Lag/lead

Qe Vcs

Figure B.4: Block diagram of the power factor controller

The following table shows the estimated number of houses in the buses that include residential
loads. This was used to determine the aggregated heat demand.

Table B.10: Estimated number of households in each bus

Bus nº households
1 5433
3 100
4 156
5 264
6 174
8 129
10 172
11 119
12 5433
14 3239

B.4 Alkaline Electrolyzer Model
The parameters used to model the alkaline electrolyzer are defined in this section. Where Table
B.11 defines its general parameters.

Table B.11: General parameters of the alkaline electrolyzer

Parameter Value
Rated Power [kW ] 355
Operation Pressure [bar] 7
Number of Cells 180
Max. DC voltage [V ] 342
Min. DC voltage [V ] 257.4
Max. Operation Temperature [°C] 80
Ct [J/°C] 5.38e6

memax [kg/s] 1.3
memin [kg/s] 0.01
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C Additional Simulations
In this appendix the additional simulations carried out in order to analyze the grid are presented.
The following 4 figures present the time sweep simulations carried out in order to determine the
worst case scenario and at the same time the hour of the week that is most affected by voltage
drop.
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Figure C.1: Time sweep representation of the bus voltages using winter profile at Case 1
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Figure C.2: Time sweep representation of the bus voltages using winter profile at Case 2
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Figure C.3: Time sweep representation of the bus voltages using summer profile at Case 1
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D Fuzzy Logic Controller
The equations that defined the membership functions are the following:

µLow =


1 for price < 200

price−230
200−230 for 200 ≤ price ≤ 230

0 for price > 230
(D.1)

µMedium =


1 for price < 200

price−200
230−200 for 200 ≤ price ≤ 230
price−260
230−260 for 230 ≤ price ≤ 260

0 for price > 260

(D.2)

µHigh =


0 for price < 230

price−230
260−230 for 230 ≤ price ≤ 260

1 for price > 260
(D.3)
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