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1 INTRODUCTION

1.1 Motivation

Since the end of the twentieth century, several countries have established mecha-
nisms to promote the installation of renewable energy (RE) generation capacity. In
particular, Germany has witnessed a significant increase in its RE capacity thanks to
the feed-in-tariffs defined in its Renewable Energy Sources Act (in German: EEG) [1].
In 2016, the installed capacity of PV, onshore and offshore wind energy in Germany
reached 40.8 GWe, 45.5 GWe and 4.1 GWe respectively, leading to a total of 90.4 GWe
[2]. As a comparison, Germany’s highest annual electric power demand is currently
around 80 GWel. The RE generation capacity is expected to increase further in the fol-
lowing years.

High shares of RE in energy systems usually lead to two types of balancing issues. The
firstissue is related to the fluctuating nature of the RE production profiles. The power
production profiles of PV and wind power plants depend mainly on two variable me-
teorological parameters: global horizontal irradiance (GHI) and wind speed. There-
fore, the production profiles of these RE plants cannot be scheduled to meet a given
demand. If, for instance, the power output from RE is weak at a moment of high de-
mand, then conventional power production units will have to supply the residual load.
Residual load is defined as the difference between the net electricity demand and the
RE production. On the other hand, if the RE power output is available at moments
with low demand, it is usually curtailed.

The second issue is related to the regional clustering of RE plants. These plants are
usually concentrated in regions with favorable meteorological parameters, such as
high GHI and wind speed values. In Germany, this fact has led to a concentration of
large amounts of onshore and offshore wind energy in the northern states. The trans-
mission capacity to transport the RE production from generators in the north to de-
mand centers in the south is currently insufficient. Although there are national plans
for expanding the transmission capacities, these measures are costly and require sev-
eral years to be completed. Currently, the excess power is either transmitted through
the electric grids of neighboring countries or curtailed by the transmission system
operators (TSO) by means of re-dispatch measures.

Cities and metropolitan regions have potential to integrate RE in their energy systems
and contribute to solving the previously described issues. The German city of Ham-
burg is a good example of the potential of cities in the integration of renewable ener-
gies. Hamburg has significant electricity demand and consumption. With an annual
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Chapter 1: Introduction

electricity consumption of 12.9 TWhe and a peak demand of around 2 GWe in the year
2012, Hamburg accounts for around 2 % of the German total consumption and peak
demand. Although the RE capacity within the city boundaries is small relative to the
city’s demand, the city’s neighboring states allocate large RE production capacities,
especially onshore and offshore wind energy. Furthermore, Hamburg has electricity
and natural gas distribution grids as well as a large district heating grid. This infra-
structure could facilitate the integration of RE by means of power-to-heat (PtH),
power-to-gas (PtG) and central storage technologies. Finally, Hamburg has a conven-
tional power park for the local production of electricity and heat, which could meet
the net demand at moments with low RE production. For these reasons, Hamburg is
chosen in this work as a case study to evaluate the integration of RE in urban energy
systems.

To achieve this, the system can be regarded as an energy island capable of satisfying
its own energy demands by minimizing the exchange of energy flows outside of the
system boundaries. If this kind of regional balancing is replicated in other metropoli-
tan regions, the curtailment of RE, the unplanned power flows through neighboring
transmission systems, and the need of additional transmission lines could be reduced.
In other words, the balancing of RE within self-sufficient metropolitan regions could
lessen the stresses in the national transmission grid, in this case, the German trans-
mission system. Finally, applying similar balancing methods at a national level could
contribute to reduce future transmission bottlenecks in the continental energy sys-
tem, in this case the European transmission system. This is the approach followed in
this work.

1.2 Aim and scope

The goal of the present work is to analyze variations to Hamburg’s centralized energy
park and its operation strategy in order to find ways to increase the share of RE in the
city’s electricity and heat consumption, while reducing the exchange of energy flows
through the system boundaries and ensuring the security of supply.

The reference system of this study is the energy system of the Hamburg metropolitan
region in the year 2012. In addition, eleven system variations are defined in which an
increase in the installed RE capacity is assumed for a representative year in the future
(2050 or beyond). Each of the analyzed system variations are individually modelled
and simulated for this representative year. The demand and potential RE production
profile are the same for all variations. After simulation, a set of energetic, economic
and environmental performance indicators allow the analysis and comparison of the
system variations. These performance indicators include share of RE and combined
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1.3 Outline

heat and power (CHP) in electricity consumption, total annual costs, total annual CO>
emissions and share of RE in district heating consumption.

The variations to the centralized energy park analyzed in this work include fossil
power and combined heat and power plants with and without hydrogen co-firing, PtH
and PtG units as well as hydrogen storage. Centralized variations to the energy park
are favored because they usually have a better economic performance than decentral-
ized schemes. This is, among other reasons, because large scale systems usually have
lower specific investment costs and better efficiencies.

The described variations to Hamburg’s central energy park were conceived in order
to define a so-called “central oriented scenario”. This and other three scenarios are
the subject of research in a larger joint research project [3]. The other scenarios ana-
lyzed within the joint research project are focused mainly on distributed generation,
demand side management as well as gas production and storage solutions. Some of
the sub-system models used in this work were created by the project’s programming
development team.

1.3 Outline

The technologies implemented in the system variations in order to improve the inte-
gration of RE are presented in Chapter 2. These technologies include conventional
power and CHP plants with hydrogen co-firing, electrode boilers, electrolyzers, as
well as hydrogen storage. Besides, this chapter also addresses balancing issues of RE
in different countries and gives an overview of studies addressing these issues with
different approaches.

In Chapter 3, the reference energy system and the system variations are described in
detail. The description includes the definition of the system boundaries and the com-
position of the energy park. The common dataset used in all system variations is also
presented in this chapter. This includes electricity and heat demand profiles as well
as RE production profiles.

The modeling of the energy system variations and its constituting subcomponents is
the main topic of Chapter 4. The subcomponents include the production, storage and
conversion units. The implementation of the selected operation strategies is also de-
scribed in this chapter.

The simulation results are analyzed in Chapter 5 and Chapter 6. These include energy
flow profiles as well as annual energy, costs and CO; emissions balances. The system
variations which achieve a better trade-off between costs, CO; emissions and share of
RE in the system’s energy consumption are identified and discussed. Final remarks
on this work are included in Chapter 7

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den personlichen Gebrauch.



Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den personlichen Gebrauch.



2 CURRENT SITUATION, RESEARCH AND TECHNOLOGIES

2.1 RE integration issues in regional energy systems

Issues related to the regional balancing of electricity production and demand are com-
mon in countries with large variable RE production capacities. To illustrate this point,
balancing issues in China, Denmark and Germany are presented in this section.

According to [4], the government of China requires that all utilities should have 8 %
of RE capacity in their electricity production portfolio by the year 2020. But the in-
stalled wind power production represents already today a challenge for some of the
country’s inter-provincial transmission grids. Besides, most part of the wind parks in
China are located mainly in the north of the country, whereas the hydro plants, which
could be used to balance the fluctuations of RE, are mainly located in the country’s
south and center. Because of the lack of sufficient transmission lines, curtailment has
led to a reduction in the wind energy’s capacity factor despite an increase in installed
capacity. An interesting fact about the Chinese case is that, according to [4] and [5],
controlled trials of electricity dispatch schemes in which RE have feed-in priority
(such as the German scheme) led to conflicts between RE and CHP plants, which are
the primary heating source in Northern China.

Another example of regional balancing issues is offered by Denmark’s “Great Belt
Link”. According to [6], Denmark’s wind parks are mainly located in the country’s
west side (Jutland and Funen), which is synchronized with the central European grid,
whereas the country’s east side (Zealand) is synchronized with the Nordic grid, i.e.
with Finland, Sweden and Norway. Because of this, both regions participate in differ-
ent electricity markets: DK1 for West Denmark and DK2 for East Denmark. The elec-
tricity price in the DK1 market has been traditionally lower than the price in the DK2
market. This is, to a large extent, due to the high wind penetration and the merit order
effect [7]. RE integration strategies, such as the use of electric boilers for district heat-
ing, flourished in Western Denmark mainly due to these favorable electricity prices.
However, on the 26t of August of 2010 both regions got interconnected via the “Great
Belt Link”, a 600 MW High Voltage Direct Current transmission line. This increase in
the available transmission capacity led to an increase in prices at the western side
(see [8] for additional information regarding this effect). With higher electricity
prices, the economic feasibility of RE integration technologies, such as electric boilers,
has been significantly reduced. It has been estimated, that operating hours of these
plants were reduced by 77 %, from around 1,772 h to 400 h [6]. This example shows
that the regional RE integration approach can be in direct conflict with the approach
of increasing the transmission capacity.
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Chapter 2: Current situation, research and technologies

Finally, the regional balancing issues in Germany are addressed. Two evident tech-
nical consequences of these issues are the increasing interventions of the TSO by
means of feed-in management and congestion management measures. The feed-in
management (in German Einspeisemanagement) is defined in § 14 of the EEG and al-
lows the TSO to curtail RE’s power output to avoid situations in the electric grid which
could jeopardize the security of supply. The congestion management (in German
Engpassmanagement) is defined in § 13 of the German Energy Industry Act (EnWG)
[9] and allows the TSO to interfere in the scheduled power production and trade to
avoid situations in which the grid could become unstable. Re-dispatch and counter-
trading are two of these congestion management measures.

A recent example of how these interventions are becoming an increasing concern for
the German TSO took place between January 9t and 11t of 2015 [10, 11]. In this
weekend, the storm fronts “Elon” and “Felix” led to wind speeds of up to 160 km/h,
leading to very high wind power outputs. It was reported that during this period, the
wind power production was up to 30.7 GWei. The geographic and timely imbalance of
production and demand forced the TSO TenneT to intervene with re-dispatch
measures accounting for 4.8 GWey, leading to costs of €6 million. The TSO 50Hertz re-
ported interventions on 6.7 GWel, resulting in costs of around €7 million. This led to
total costs of at least €13 million for the mentioned weekend. According to the Ger-
man law, the costs derived from these measures are then charged to the consumers
by means of increased grid fees. Similar situations were reported by the TSO in Winter
2011/2012 [12].

Another balancing issue in Germany which is worth mentioning is related to the so-
called “dark doldrums” (in German: Dunkelflaute). As reported by [13] and [14], cer-
tain metrological conditions can lead to several days of low wind speeds and low solar
irradiance. Additionally, low temperatures lead to higher electricity demand. Such an
event occurred in the days around the 24th of January of 2017, which led to the fact
that around 90 % of Germany’s power demand had to be supplied by conventional
power plants, such as coal, gas and nuclear power plants. These extreme examples
put in evidence the issues related to increasing RE capacities in regional energy sys-
tems.

2.2 Related research studies dealing with RE integration

Over the last years, several studies have addressed technical and economic questions
regarding the integration of RE in international, national and regional energy systems.
Table 1 provides an overview of selected RE integration studies sorted according to
their geographic scope.
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Table 1 - Overview of related studies

Short Geographic Analyzed Analyzed Time Simulation
Reference . . .
name scope region technologies resolution tool
EWIS market
EWIS [15] International Europe EG 1 hand ms and grid
model,
Netomac
SteinEtal [16] International Europe EG, STOR 1h GAMS/CPLEX
. DIME, DIANA
DENAII [17] National Germany EG, STOR 1h (EWI-Ko1n)
WWSIS [18,19] National USA (West) EG 1h GE-MAPS
. GE-MARS,
EREIS [20] National USA (East) EG 1h PROMOD IV
HK [21] Regional Hong Kong EG, DHG 1h EnergyPLAN
. URBS
AUGS [22] Regional Augsburg EG, DHG, GG 1h (C++ Tool)
BERL [23] Regional Berlin EG, DHG 1h deeco
. : PSS SINCAL.
SYMBIOSE [24] Regional Wien EG, DHG, GG n. a. MATLAB.
InsHHWilh [25] Regional Hamburg EG, DHG, STOR 1h RESSI
Power plant, deeco and
MorbHH [26] Regional Hamburg CHP, electricity 1h
deeco-s
market
Cumulative bal-
. ances: el. energy,
MastPlaHH [27] Regional Hamburg heat, and trans- n. a. n.a
portation
DHG, STOR, re-
ExpHamb [28] Regional Hamburg newable heat 1h BET-SysMod
sources

* EG: Electric Grid, DHG: District heating grid, GG: Gas Grid, STOR: Storage

International studies, such as EWIS [15] and SteinEtal [16] aim to identify power
transmission challenges imposed by high RE in electric grids in very large areas, such
as the European Union. These studies take a rather holistic approach which some-
times includes the modeling of electricity markets and physical power flows. In [15],
a market model calculates dispatching schedules for the energy park of several mar-
ket areas for one year. Each market area is considered as a “copper plate”, i.e. internal
transmission bottlenecks are neglected. Only cross-border transmission limitations
between the market areas are considered by means of Net Transport Capacities. Ad-
ditionally, steady-state load flow simulations of selected operation points with high
regional wind outputs and low demand are conducted with a detailed grid model. This
model considers national transmission capacities. Finally, dynamic simulations of dis-
turbances such as frequency and voltage drops due to short circuits are conducted to
analyze the transient stability of the system with a time resolution of milliseconds.
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National studies, such as DENA II [17], WWSIS [18, 19] and EREIS [20] usually divide
the country into regions, assume production and storage capacities and then perform
energy balances on each region, considering export and import exchanges and trans-
mission limitations between these regions. In some cases, the exchange with neigh-
boring countries is also considered. In studies about Germany, the selected regions
often correspond to the ENTSO-E identification system for the German TSO zones, as
in [17]. In some other cases, the regions are defined according to the states’ political
boundaries accompanied with a detailed transmission grid topology, as in [29]. As an
example of national studies, the DENA II study [17] aims to quantify the required up-
grades in the transmission grid considering the RE production expansion until 2020.
Non-transportable power is identified with the help of electricity market models and
a power transfer model. Different methods for the integration of the calculated non-
transportable power are analyzed, such as the expansion of the transmission lines or
the storage of non-transportable power. The study delivers an estimate of the re-
quired additional transmission lines and makes recommendations for further studies.

Regional studies such as HK [21], AUGS [22], BERL [23] or SYMBIOSE [24] present
diverse approaches and focus on different aspects of regional energy systems. Most
studies conduct yearly analyses with hourly resolution. The RE production profiles
are either given as data sets into the model or calculated within the model based on
regional weather data. Some studies analyze only the electric grid, but others analyze
the heating sector as well. A few studies such as [22] and [24] consider the electricity,
the heating and the gas sectors. An additional distinction between these studies is the
representation of the power and heat production units: several studies apply an ag-
gregated approach, which means that production units of one particular type are rep-
resented with only one “aggregated” unit [21], while a few studies consider each unit
individually. Some studies use linear optimization models with costs minimization as
target function to determine the dispatch schedules of the different production units.
Other studies favor a technical optimization approach, in which meeting the heat de-
mand or both electricity and heat demand is done based on a fix priority system.

Table 1 also includes related studies conducted specifically for the city of Hamburg.
In InsHHWilh [25], the integration of RE in Hamburg’'s Wilhelmsburg quarter is ana-
lyzed. This study considers electricity and heat demand profiles as well as production
profiles of RE within the Wilhelmsburg quarter. The use of thermal storage, lead bat-
teries for electricity storage, and the conversion from power to heat via heat pumps
are investigated. The heat and electricity distribution grids are not modelled in this
study. These are considered as ideal sources in moments when the local production
via RE or storage is insufficient. In MorbHH [26], the electricity market model deeco-
s is used to evaluate the potential economic viability of the newly built, coal-fired
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1,654 MW, power plant Moorburg, located in the south of Hamburg. The study com-
pares this plant with an alternative gas-fired combined-cycle heat and power plant.
Under the assumption of CO; certificate prices of 30 to 70 EUR/t CO, the study con-
cludes that plants like Moorburg are not economically feasible, even with co-genera-
tion. In MastPlaHH [27], Hamburg’s “master plan” for the achievement of the city’s
climate goals [30] is evaluated. This report is mainly based on statistical figures, such
as yearly electricity or heat consumption. Its main goal is the quantification of the CO-
emissions of the city and the evaluation of the effects that certain measures could have
on these. This study favors the so-called consumption-based analysis (in German
Verursacherbilanz) by which yearly energy consumptions are multiplied by average
specific COz emission factors. COz emissions are assigned to the end users, categorized
in industrial, transportation and residential sectors. The alternative to this type of
analysis is the so-called production-based accounting (in German Quellenbilanz) in
which the balancing calculations consider the CO2 emissions of units located in the
analyzed region. The study ExpHamb [28], commissioned by the city of Hamburg in
2014 and published in 2015, discusses alternatives to the coal-fired CHP plant in
Wedel, located at the west site of the city’s district heating grid. The simulation pro-
gram BET-SysMod is used, which consists of a mixed-integer linear optimization
model with hourly resolution. The study analyzes fossil and renewable alternatives to
supply Hamburg’s district heating grid and recommends the use of renewable heat
sources and industrial heat sources, as well as gas-fired CHP units at Hamburg’s west
site. Certain similarities can be found between the ExpHamb study and the present
work, but there are differences regarding their approaches, models, boundary condi-
tions, performance indicators and conclusions. Other studies and projects related to
Hamburg’s energy system are summarized in [31], but are not further discussed in
this work.

Based on the literature review presented above, it can be concluded that there seems
to be no studies following this work’s approach for the non-aggregated, dynamic anal-
ysis of central-oriented RE integration options in urban energy systems, under con-
sideration of the system’s total electricity and heat consumption.

2.3 Central-oriented technologies for RE integration

2.3.1 Conventional power and heat plants

Conventional power plants are essential in the successful integration of RE, because
they have the ability to cover the residual load. Conventional power plant technolo-
gies considered in this work include steam power plants and combined cycle power
plants (CCGT). The option of extracting heat from these plants for district heating pur-
poses, i.e. co-generation, is also considered. These technologies are briefly described
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in this section. The relevant parameters of these representative conventional produc-
tion units are summarized in Table 2.

As a convention, all efficiency values in this work refer to the net nominal production
capacity of the plant, unless part-load efficiency considerations are explicitly stated.
Besides, all efficiencies refer to instantaneous values, unless explicitly stated as an-
nual efficiencies.

Table 2 - Relevant parameters of conventional power plants

Startup time
Maximum Electrical Minimal Ramp rate [h]
power of a efficienc load [%/min] Hot (tor <8 h)
single unit y [% Pnom] @ % Prnom Warm (torr < 48 h)
Cold (torr <120 h)
20-25
Steam power ) . 1.3-1.5
(recirculation 3-6
plant 750 - 1,600 45 -47 steamm gener @ 40 -100 3-5
(hard coal) & 5-10
ator)
Combined- 15-25 49 05-1
cycle power 110-578 58-61 (2GT+1ST 1-1.5
@ 40 -100
plant plant) 2-3

Sources: [32], [33].

Steam power plants are based on the Rankine cycle and consist of a steam generator,
steam turbines at different pressure levels, a condenser, pumps, and feed water heat-
ers. The fuel used in these plants is usually coal. In this work, brown coal is not con-
sidered as a fuel in the future system variations, so that the term coal refers exclu-
sively to hard coal. The power plant Moorburg, located in Hamburg, is a good example
of modern coal-fired steam power plants. It has an electrical efficiency of 46.5 %, de-
fined as
Pel,PP,out (1)

Nelt = = ’
quel,PP,in

where P, pp oy 1S the net electric power output of the plant and Q fuel,pp,in 1S the heat
input from fuel required by the power plant to produce power. This power plant con-
sists of two steam generators with a thermal output of 1,627 MW, each, and two tur-
bine-generator sets with a nominal power production capacity of 827 MW, each. Typ-
ical minimum load for coal-fired steam power plants is around 25 %. Typical ramp
rates, i.e. the maximum allowable power output increment per unit of time, is around
3 to 6 %/min [32].

As the name suggests, natural gas combined-cycle power plants generate electricity
by the combination of the gas and steam cycles. The hot combustion gases leaving the
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gas turbine deliver their heat into the steam cycle by means of a series of heat ex-
changers within a Heat Recovery Steam Generator (HRSG). Because of this combina-
tion, this type of plants achieve very high efficiencies. For instance, the Irsching 5
block is a CCGT unit with a power output of 860 MWe and electrical efficiency of
59.7 % [34]. It consists of two gas turbines and one steam turbine. The flexibility of
these plants is limited by the steam cycle. Ramp rates of around 4 to 9 %/min are state
of the art [32].

Gas-turbine power plants are based on the Joule cycle and usually use natural gas as
fuel. These plants consist of an air compressor, a combustion chamber and an expan-
sion gas turbine. The Relizane power plant in north Algeria is an example of this kind
of plants. With a total net power output of 465 MWe|, this plant consists of three gas
turbines and three turbo generators. The electrical efficiency of this kind of plants is
currently around 40 %. With current ramp rates of around 12 %/min [35], gas-fired
power plants have the highest flexibility of all fossil power plants.

Heating plants are also an important component in urban energy systems. They use
the heat of combustion to produce hot water or steam. Typical fuels are waste or nat-
ural gas. The heat efficiency of a heating plant is defined as

ch,HP,out
o = AL @

)

quel,HP,in

where ch,HP,out is the heat output and Q fuelLp,in 1S the heat input from fuel required
by the heating plant to produce heat. Typical heat efficiency values are around 95 %
[36], which is the value used in this work. Although these plants are usually not con-
sidered as technologies which enable RE integration in the system, the production of
fuels with RE sources (see section 2.3.2) and their usage in heating plants would en-
able this integration.

Finally, the concept of co-generation is briefly described. Co-generation is the simul-
taneous production of electricity and heat in a single generating unit. Large power
plants with co-generation are usually called combined heat and power (CHP) plants.
Large scale CHP plants are mainly steam cycle or combined cycle plants. An example
of a coal-fired steam cycle CHP plant is the plant Tiefstack in Hamburg, with a power
output of 205 MW, and thermal output of 285 MW, [37]. The plant Niehl 3 in Co-
logne is an example of a gas-fired combined-cycle heat and power (CCGT-CHP) plant,
with nominal power and heat production capacities of 452 MWe and 265 MWy, [38].
Smaller CCGT-CHP plants also exist, such as the unit with power output of 138 MW¢,
and a thermal output of 140 MW, located as well in Tiefstack, Hamburg [39].

The electrical efficiency of a CHP plant is defined as
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Pel CHP,out
nel,CHP == (3)
quel,CHP,in

)

where P, cyp ou¢ 1S the net electric power output of the CHP plant and 9, Fuel,CHP,in 1S

the heat input from fuel required by the CHP plant to produce power and heat.

The heat efficiency of a CHP plant is defined as

ch CHP,out
NehcHp = = (4)
quel,CHP,in

)

where Qupcipour IS the heat output of the CHP plant and Qe cypin remains as de-

fined in equation (3).
The fuel utilization efficiency of a CHP plant is defined as

Peicupout T Qencup out

(5)

Seup =

)

quel,CHP,in

where the constituting terms in this equation remain as defined in equations (3) and
(4).

In recent years, several studies have addressed the questions regarding the technical
challenges imposed by increasing shares of RE in electricity consumption [19, 40, 41].
These studies mostly conclude that conventional power plants will be subject to
larger and more frequent mechanical and thermal stresses. Suitable materials, new
component designs (for instance thinner pipe walls for steam generators) and new
operation modes (such as the use of predictive control strategies) are some of the
measures that can contribute to the adaptation of conventional production units to
the new market conditions.

2.3.2 Conversion and storage in other energy forms
Power to Heat

For decades, producing heating water with electric energy has been a technical taboo
for the German energy community. However, with increasing shares of RE in the na-
tional energy park, this type of heating is starting to regain acceptance under the term
of Power to Heat (PtH). The concept behind this term is that the electric power sur-
pluses from RE plants could be utilized to produce heat, despite the inherent exergetic
losses of this process. This loss is generally accepted because the alternative would
be just to curtail the excessive RE output. Instead, PtH units allow the coupling of the
heat and power sectors.

According to [42], there are two main business cases for PtH units. The first possibility
is to activate PtH capacities when the electricity prices are low (for instance due to
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the merit order effect). The second possibility is to activate PtH capacities to offer
negative balancing power.

There are two main PtH technologies commercially available: electric process heaters
and electrode boilers [42]. Electric process heaters consist basically of several heating
rods, contained within a shell, that directly heat water coming from the district heat-
ing return pipeline. Electrically, these heaters are usually connected to low voltage
bus bars. The temperature is regulated via power electronics. On the other hand, elec-
trode boilers are tank-like components with electrodes inside. In this case, water with
high conductivity is heated with an electric current flowing from one electrode to the
other. The temperature is regulated by the positioning of the electrodes in the water.
A heat exchanger then transfers the heat to the district heating grid. Electrode boilers
are usually connected to medium voltage bus bars.

The Power to Heat efficiency of such a unit is defined as

_ ch,PtH,out (6)
Nth,ptH = —P )
el,PtH,in

where ch,PtH’out is the heat output of the PtH unit and P, p;y i, is electric power re-

quired to produce it.

In Hamburg, an electric steam generator with a capacity of 45 MWy, is already in-
stalled (EK Karoline). Plans of installing new units with capacity of 2 x 25 MWy, with
the option of installing additional 2 x 25 MWy, have been reported [39]. Further PtH
examples can be found in Nuremberg (50 MWy,), Flensburg (30 MWw) or Herne
(60 MWw,) [42], [43].

Power to Gas

Hydrogen production via electrolysis is a mature technology which has been used for
decades, mainly in the chemical industry. In the 1990s, electrolysis gained importance
as a way of potentially generating hydrogen with RE to be used in hydrogen fueled-
transportation. Several demonstration projects have been built since then. However,
the recent concerns regarding regional balancing of RE have triggered new interest in
electrolysis as a way of integrating excessive RE power. Power to Gas (PtG) is the term
coined to describe this concept.

Electrolysis is the process of splitting water into hydrogen and oxygen with the help
of electric energy. There are two main electrolysis technologies: alkaline electrolysis
and PEM electrolysis. The main difference between these two technologies is the used
electrolyte. Alkaline electrolysis uses a solution of water and potassium hydroxide
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(KOH) as electrolyte, whereas in PEM electrolysis the electrolyte is a Polymer Electro-
lyte Membrane (PEM). Alkaline electrolysis is the most mature technology, with nom-
inal power capacities around 3.4 MWe per unit. Large arrays consisting of several
units have reached capacities of up to 160 MWel. [44]. On the other hand, PEM elec-
trolysis is a comparatively young technology which currently has nominal power ca-
pacities around 1.0 and 2.2 MW per unit, but large arrays consisting of several units
can also be used to achieve capacities in the multi-megawatt range [45-47].

The lower heating value of hydrogen (LHVy,) equals 120 MJ/kg and the higher heat-
ing value of hydrogen (HHVy,) equals 141.86 M]/kg. The performance of the electro-
lyzer units is determined by the hydrogen production efficiency of the electrolyzer,

defined as

My, gLy,out * LHVy,
)

(7)

NEwy = p
elLELY,in

where My, g1y oue iS the electrolyzer’s hydrogen mass flow output, LHVy, is the lower
heating value of hydrogen and P, g1y i, is the electric power required by the electro-

lyzer to produce hydrogen. In this work, an electrolyzer efficiency of 70 % according
to this definition is assumed, which considers future technology improvements [48].

An overview of the PtG pilot plants can be found in [49]. The description of three of
these PtG pilot plants follows. The first chosen example is the PtG plant in Falkenha-
gen, Germany. This plant generates hydrogen via 2 MW of alkaline electrolyzers and
feeds it directly into the neighboring natural gas transportation grid. The hydrogen
production efficiency of the electrolyzer is reported to be 64 % based on the
HHYVy,[49], which converted to LHV}, leads to a value of 54 %. The second example
is the PtG plant in Hamburg-Reitbrook, Germany. This plant generates hydrogen via a
1.5 MW¢ PEM electrolyzer and feeds it directly into the city’s natural gas grid. The
hydrogen production efficiency of the electrolyzer is reported to be 68 % based on
the HHVy, [50], which converted to LHV},, leads to a value of 58 %.

The third example is the PtG plant in Werlte, Germany. This plant generates hydrogen
via 6.3 MW¢ of alkaline electrolyzers and then converts this into methane via a
methanation process. This synthetic methane is then injected into the grid as bio-
gas [49]. The hydrogen production efficiency of the electrolyzer is reported to be 70 %
based on the HHV}, [49], which converted to LHV}, leads to a value of 59.2 %. Based
on the lower heating value of methane, the electricity-to-methane efficiency of this
plant is reported to be 54 % [51], which represent the ratio of the synthetic methane
mass flow output to the electric power input required by the electrolyzer. The differ-
ence between the hydrogen production efficiency of the electrolyzer and the electric-
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ity-to-methane efficiency is due to the heat losses in the exothermic methanation pro-
cess. These losses can be reduced if this heat would be utilized in other processes of
the plant which require heat [52]. PtG plants with methanation are capable of feeding
gas in the grid unrestrictedly, which is not the case for hydrogen-only PtG plants. Nat-
ural gas grid regulations usually allow only small amounts of hydrogen in the grid.
According to German regulations, applications such as natural gas-fired cars and
some gas turbines currently allow hydrogen concentrations of only 1 to 2 vol% [53],
but hydrogen concentrations in the single-digit range are not considered critical for
less stringent applications.

Hydrogen storage

As previously discussed, the potential of hydrogen injection in the natural gas grid is
limited. Hydrogen storage presents an alternative to directly feeding hydrogen into
the grid. There are mainly three technologies available at the moment for storing gas-
eous hydrogen: compressed gas vessels, metal hydrides and underground storage.

Compressed gas vessels are pressurized tanks made out of metal or fiber reinforced
polymers in which hydrogen is stored at pressures between 350 and 700 bar. The
metal hydride hydrogen storage technology consists of tanks filled with metal hy-
drides which change their chemical composition by absorbing hydrogen. This allows
storing high quantities of hydrogen in relatively small volumes. However, thermal en-
ergy is required to release the hydrogen from the hydrides, and there are still con-
cerns regarding the lifetime loss of the metal hydrides due to high load-unload cycling
[54].

Finally, in underground hydrogen storage, underground salt domes are used to store
large amounts of hydrogen at pressures usually between 45 and 150 bar. Typical ge-
ometrical capacities of this type of caverns are around 70,000 and 580,000 m3. Exam-
ples of these caverns can be found in Teesside, UK (3 x 70,000 m3) and Moss Bluff,
USA (566,000 m3) [48]. Some disadvantages of underground hydrogen storage are
long planning and implementation times and the fact that this type of storage requires
specific geological formations (salt domes) which cannot be found everywhere. De-
spite these disadvantages, this technology is chosen for this work because the Ham-
burg metropolitan region has favorable geographic conditions and because the large
storage capacities attainable with this technology are very appropriate for the cen-
tral-oriented approach of this work.

2.3.3 Recovery of stored energy
Hydrogen obtained with renewable energy can be directly used in chemical pro-

cesses, for transportation or in stationary applications for power and heat production.
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Fuel cells are the technology mostly associated with the conversion of hydrogen to
electric power in stationary applications. However, high investment costs and low
nominal power production capacities reduce the economic feasibility of energy sys-
tems based on this technology. For this reason, alternative technologies for the con-
version of hydrogen to power and heat seem necessary.

CCGT plants are considered in this work as one of the most promising technologies
for integrating renewable hydrogen (RH) in urban energy systems through the injec-
tion of hydrogen into the combustion chamber of the plant’s GT. In the Dow facility in
Stade, Germany, hydrogen was co-fired together with natural gas in GT for several
years [55]. Some studies dealing with the future integration of hydrogen in energy
systems list further examples of hydrogen co-firing in GT and are already assuming
that pure hydrogen GT will be commercially available in the near future [48], [56].
The technical issues of hydrogen co-firing in GT are currently being addressed by gas
turbine suppliers and research groups [57-61]. It has been reported that 15 vol% co-
firing of hydrogen in reheat GTs can be handled [58]. According to [48], GT with single
burner combustors can burn synthetic fuels with around 50 vol% hydrogen content.
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3 METHODOLOGY

As already mentioned in previous chapters, the energy system of the Hamburg met-
ropolitan region is the subject of this investigation. A group of scenarios is defined in
order to analyze technical, economic and environmental aspects of the integration of
RE in future urban energy systems. Every variation shares the same system bounda-
ries but has a different energy park composition and a different operation strategy. In
this chapter, the energy system and the variations analyzed are described. The de-
scription includes the system boundaries, the energy park composition as well as the
data sets used for the calculations.

3.1 System boundaries

The system boundaries determine which demand profiles and which generating units
are considered in the balance. These boundaries are valid for all system variations.
They do not correspond to Hamburg’'s administrative boundaries but are closely re-
lated to the city’s energy distribution infrastructure presented in Figure 1.

The definition of the boundaries for the electric system is perhaps the most important
of all. This does not mean that the heating and gas infrastructures are less important,
but the technical issues derived from increasing shares of RE currently manifests
mainly on the electricity grid. The system boundaries selected for the definition of the
electricity demand are the three transformer stations which connect the transmission
grid (at 380 kV) with the city’s electricity distribution grid (at 110 kV), located in the
north, the east and the south of Hamburg. By making this assumption, electricity de-
mand data made publicly available by the city’s distribution system operator (DSO)
can be directly used. As already mentioned in section 1.1, the approach followed in
this work implies considering the system as an energy island which is able to satisfy
its own energy demands at all times. Electricity exports are avoided either by curtail-
ing excessive RE production or by using switchable loads which allow sector coupling
between different forms of energy such as power, heat and gas. In particular, the use
of electrode boilers for heat production or electrolyzers for hydrogen production is
analyzed. The heat sector is mainly focused on the district heating grid, but other heat-
ing sources of the city such as gas, oil and electricity are also considered. Regarding
the district heating sector, the system boundary is defined by Hamburg’s main district
heating grid shown in Figure 1.
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Figure 1 - System boundaries

The system boundary of the gas sector extends to Hamburg’s gas distribution ring. In
the present work, the gas grid is considered as an ideal source, i.e. capacity limitations
and geographic resolution are not considered. Biogas fed into the grid is not consid-
ered. Hydrogen generated via PtG systems is not fed into the grid, but is first stored
separately and then mixed with natural gas in a second step as described in section
4.2.3.

The four main production sites considered in this work are the East (Tiefstack), West
(Wedel), Center (Hafen), and South (Moorburg) sites, as shown in Figure 1. Currently,
coal-fired CHP plants are located at the East and West sites, a coal-fired power plant
is located at the South site and a gas-fired heating plant is located at the Center site.

3.2 Demand profiles

The power and district heating demand profiles shown in Figure 2 are the starting
point for the definition of all system variations. The power demand reported by Ham-
burg’s DSO [62] corresponds to the year 2012 and has a time resolution of 15 minutes.
It enables the observation of demand fluctuations produced by factors such as day
and night, week-day or weekends, cold days and holydays. The maximum demand
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value reaches 2,011 MWg, the minimum 917 MW, The yearly electric energy con-
sumption equals 12.9 TWhe.

The district heating demand was calculated with the help of a Hamburg-specific char-
acteristic line published in [63]. This characteristic line defines a correlation between
the ambient temperature and Hamburg’s district heating production. In this work the
terms district heating production and consumption are used interchangeably because
the boundary defining the district heating consumption is considered to be at the limit
between the heating producers and the grid so that heat losses in the grid are consid-
ered to be part of the total district heating consumption. The ambient temperature
data provided by [64] was used as an input for the calculation of the load profile. A
time resolution of one day (24 hours average) was selected for the ambient tempera-
ture. Although this time resolution leads to a loss in precision, it allows a better visu-
alization of the sector coupling effects in several system variations. Additionally to the
above described procedure based on the characteristic line, a heating water standard
load profile [65] was superimposed in periods in which the heating demand was be-
low the demand obtained with the standard load profile itself. In this way, the heating
water demand could be considered in summer days with low room-heating demand.
This procedure results in a maximum demand value of 1,250 MW, a minimum value
of around 150 MW, and an annual district heating consumption in Hamburg’s main
district heating grid of 3.9 TWhy,.

Since a general analysis of Hamburg’s energy system is desired, the sole consideration
of the district heating demand becomes insufficient. Therefore, the remaining tech-
nologies involved in the heating market must be also accounted for. Figure 3 shows
the assumed total heating load profile of Hamburg. A total annual heat consumption
of 22.6 TWhy, is assumed, with maximum demand of 6,890 MW and minimum val-
ues around 588 MW, This and other technology-specific heating load profiles were
calculated by scaling the district heating demand profile so that the annual heating
market shares published in [66] could be maintained. According to this publication,
the heating market shares in Hamburg are as follows: 56 % of the market is covered
by gas, 13 % by heating oil, 17 % by the main district heating grid, 5 % by other dis-
trict heating grids, 8 % by electric heaters and the remaining 1 % by other sources.
The resulting heat demand profiles remain unchanged in all system variations.
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Figure 3 - Assumed total heat demand

3.3 Renewable energy contribution

Germany’s RE installed capacity in the year 2012 as published in the TSO’s national
grid deployment plant [29] and the RE deployment targets published in the EEG were
used as a starting point to define the RE contribution in the analyzed reference system
and system variations in the future. The values obtained for Germany were then
scaled down to the analyzed region with a scaling factor of 0.024. This factor was ob-
tained by dividing Hamburg’s annual electric energy consumption by Germany’s con-
sumption in the year 2012 (12.9 TWhe/534.3 TWhel). Then, the installed capacities
of the year 2012 were adjusted so that the share of RE in electricity consumption
would be similar to the value in Germany in the same year, which was 22.8 % accord-
ing to [67]. The installed capacities of the future (referred to as the year 2050) were
adjusted so that the RE potential would be almost equal to the electricity consumption
of the analyzed system. The values resulting from these steps are shown in the col-
umns containing the nominal power production capacity (Pnom) of each RE type for
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3.3 Renewable energy contribution

the years 2012 and 2050. The energy output (Egen) of each RE type was obtained by
scaling the production profiles reported by the TSO (50Hertz and TenneT) in the year
2012 with the Prom factors of Table 3. The only exception to the usage of the published
production profiles are the biomass plants, which are assumed to run continuously
throughout the year to obtain the desired total output.

Table 3 - Installed RE capacities and resulting electricity production potential

2012 2012 2050 2050
Pnom[MWel] Eout [TWhel] Pnom[Mwel] Eout [TWhel]

PV 798 0.67 1624 1.35
Wind (onshore) 747 1.18 3044 4.78
Wind (offshore) 7 0.02 753 2.21
Run-off hydro 106 0.53 101 0.51
Biomass 100 0.57 390 3.41
Total 1758 2.97 5912 12.28

Figure 4 shows the resulting RE production profiles for the reference system (2012)
and the rest of the system variations (2050) together with the system’s power de-
mand. It becomes clear that an increase in the installed RE capacity leads to a reduc-
tion in the residual load and to periods of time with RE surplus. The RE production
profiles used in the simulation have a time resolution of 15 minutes.
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Figure 4 - Renewable energy production profiles for the years 2012 and 2050
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3.4 Definition of system variations

As discussed in section 1.2, the effects of increasing the share of RE in electricity con-
sumption on an energy park consisting of large scale power and CHP plants are ana-
lyzed in the present work. Besides, the effect of implementing central-oriented tech-
nologies for RE integration (see section 2.3) on the overall system is tested. Figure 5
shows an overview of the system variations analyzed in this work. Each variation in-
cludes a description of the changes with respect to the energy park of the preceding
variation. The starting point is the reference system, which represents Hamburg’s en-
ergy park with relatively low RE installed capacities corresponding to the year 2012
as described in the previous section. In all other system variations, a scaled RE in-
stalled capacity corresponding to the year 2050 is assumed (see Table 3). The varia-
tions can be classified in three main branches: A, B and C. In all the system variations
of branch A (variations 1 to 6) a coal-fired power plant, consisting of two blocks, is
considered at the south site. On the other hand, in the system variations of branch B
(variations 7 to 9) it is assumed that one of the blocks at the south site is converted
into a coal-fired CHP plant while the other block remains as a coal-fired power plant.
Finally, the variations of branch C (variations 10 and 11) assume that no coal-fired
plants are installed in the system.

In the reference system and variation 1, the south site (see Figure 1) is equipped with
a coal-fired power plant consisting of two blocks with a nominal power production
capacity of 827 MWe each. At the east site (see Figure 1), a single coal-fired CHP block
with maximum production capacity of 205 MW and 285 MWy, is considered. The
power capacities of all CHP plants represent their maximum power production capac-
ity in condensing mode and the maximum heat production capacity in backpressure
mode and are based on characteristic diagrams published in [37]. Additionally, a
waste-fired heating plant with nominal heat production capacity of 100 MWy, is as-
sumed. This plant delivers its heat directly at the east site or via a heat converter lo-
cated at the center site. Gas-fired auxiliary heaters for the peak heat demand are con-
sidered at the east site (320 MWu) and the west site (25 MWth). At the west site, a
coal-fired CHP plant consisting of two blocks is considered. The first block’s maximum
production capacity is 150 MWe and 215 MW, and the second block’s maximum pro-
duction capacity is 137 MWe and 160 MWuw. The installed heat production capacity of
the heating plant at the center site is 350 MW, and it corresponds to the added ca-
pacity of three gas-fired hot water producers and two steam generators located in this
heating station [36]. A pumped hydro storage similar to the one located in Geesthacht,
Germany, with production capacity of 120 MWe, pumping capacity of 96 MWe|, and
600 MWh of storage capacity is considered in the reference system. For the sake of
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clarity this plant is listed at the center site in Figure 5, since this component remains
unchanged in all system variations.

In variation 2 the energy park considered in variation 1 remains unchanged, except
for the units at the west site. There, the CHP plant is substituted by a gas-fired heating
plant with a heat production capacity of 375 MW, which is equivalent to the heat
production capacity of the coal-fired CHP blocks assumed at this site in the previous
variations.

In variation 3 the energy park considered in variation 1 remains unchanged, except
for the units at the west site. There, the coal-fired CHP plant is substituted by a gas-
fired CCGT-CHP plant with a production capacity of 470 MWe and 220 MWw and a
gas-fired auxiliary heater with a heat production capacity of 180 MW . The CCGT-CHP
plant consists of two gas turbines and a single HRSG and steam turbine. Its configura-
tion and nominal power production capacity are based on the descriptions found in
an application for approval from the year 2012 [68]. The plant’s nominal heat produc-
tion capacity was obtained by conducting a thermodynamic simulation with the pro-
gram EBSILON®Professional. The heat production capacity of the gas-fired auxiliary
heater in this configuration is increased to 180 MWy, so that the total heat production
capacity at the west site remains unchanged with respect to the reference system.

In variation 4 the energy park considered in variation 3 remains unchanged, except
for the fact that a PtH unit with a nominal heat production capacity of 285 MWy, is
considered at the east site. The heat production capacity of this unit equals that of the
CHP plant at the east site. The heat from the PtH unit replaces the heat from the coal-
fired CHP plant in periods of time with RE surplus.

In variation 5 the energy park considered in variation 3 remains unchanged, except
for the fact that an electrolyzer park with a total power rating of 1,200 MW, (30 x 40
MWe) is considered. The hydrogen is produced by the electrolyzers with RE surplus
and then stored in an underground cavern with a geometric capacity of 500,000 m3.
Hydrogen is co-fired in the gas turbine of the CCGT-CHP plant at a constant factor of
60 % of the plant’s required heat input from fuel as long as hydrogen is available. In
periods of time in which hydrogen is not available, natural gas provides all the plant’s
required heat input from fuel. In this variation, it is proposed that a cavern located at
the Harsefeld salt dome is used for hydrogen storage and that a pipeline is installed
to transport the hydrogen to the west site, where the CCGT-CHP plant is located, as
shown in Figure 6. The estimated length of the hydrogen pipeline is 26 km. As a ref-
erence, the hydrogen grid in the Rhine-Ruhr metropolitan region [69] totals about
240 km. According to [70], the Harsefeld site already has caverns used for natural gas
storage and retrofitting the existing storage capacity to allow hydrogen storage seems
possible. Retrofitting a cavern might be less costs intensive than creating one from
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scratch. Still, it is assumed that every component of the energy park is a new installa-
tion, so that the full investment costs related to the cavern preparation are considered.

Variation 1

RE: 2050

South: same as reference system
West:  same as reference system
East:  same as reference system
Center: same as reference system

Variation 2
RE: 2050
Scuth: same as reference system
. West: eeal-fired CHP-(2 blocks): 287 MW, 375- MW,
(\A/j gas-fired heating plant: 375 MWy,
f gas-fired auxiliary heater: 25 MWy,
East: same as reference system
Center: same as reference system

Variation 3

RE: 2050

South: same as reference system

West: coal-fired CHP (2 blocks): 287 MW, th
CCGT-CHP: 470 MW, 220 MWy —
gas-fired auxiliary heater: 180 MW

East: same as reference system

Center: same as reference system

Variation 7
RE: 2050
Reference system South: coal-fired power plant (2 blocks): Lo54 MW,
RE 2012 coal-fired power plant: 827 MW
South: coal-fired power plant {2 blocks): 1,654 MWa West coal-fired CHP plant: 827 MW, 650 MW,
h ; coal-fired CHP (2 blocks): 287 MW, 375 M
West: coal-fired CHP (2 blocks): 287 MW, 375 MWa, o8 o -

gas-fired auxiliary heater: 25 MW Bast: hej‘;;;o;: rs;':::lnce svstem
East:  coal-fired CHP (1block): 205 MWu, 285 MWu |/ o e foronee q;;tem
gas-fired auxiliary heaters: 320 MWu, R o b
waste-fired heating plant: 100 MW
Center: gas-fired heating plant: 350 MWy, Variation 8
heat converter: 100 MWy, RE: 2050

pumped hydro storage: 120 MW, 600 MWh South: fired ] (2 Blocks): 1,654 MWy
coal-fired power plant 827 MW

coal-fired CHP plant: 827 MW.,, 650 MW,
West: coal fived CHP (2 blocls): 287 MW 1 375 MW,
heat from south
Basly  eoeen ol Dl L on D00 il el e,
CCGT-CHP: 470 MW, 220 MWy,
gas-fired auxiliary heaters: 320 MW,
waste-fired heating plant: 100 MW,
Center: same as reference system

Variation 10

RE: 2050

South: esal-fred powerplant{2-blecks - 1H654-MWy
GT power plant (4 blocks): 1,654 MW

WESt. Al firad CHP (') hla. r"‘Lr‘ l_ 297 MIU\ - '27I: MHMH
L_,_ CCGT-CHP: 470 MW, 220 MWy,
‘a\ C)—b gas-fired auxiliary heater: 180 MW,

East: coal-fired CHR {1 block}:- 205 MW, 285 MW,
CCGT-CHP: 470 MWej, 220 MWy,
gas-fired auxiliary heaters: 320 MWy,
waste-fired heating plant: 100 MWy,

Center: same as reference system

Figure 5 - Definition of system variations
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Variation 4

RE: 2050
South: same as reference system
West: CCGT-CHP: 470 MW, 220 MWy
gas-fired auxiliary heater: 180 MWy, Variation 6
East: additional Power to Heat: 285 MW RE: 2050
coal-fired CHP (1 block): 205 MW, , 285 MWy, ’ S
; e, South: same as reference system
EE— gas—flreq aux111aw heaters: 320 MW West: Electrolyzers: 1,200 MW,
waste-fired heating plant: 100 MWw, H; cavern storage: 500,000 m?

Center: same as reference system CCGT—-CHP: 470 MW., 220 MW,

gas-fired auxiliary heater: 180 MWy

Variation 5 East: additional Power to Heat: 285 MWy,
RE: 2050 coal-fired CHP (1 block): 205 MW, 285 MWu,
South: same as reference system gas-fired auxiliary heaters: 320 MWy,
West: Electrolyzers: 1,200 MW waste-fired heating plant: 100 MW,

Hz: cavern stgrage; SOO‘UDU m3 Center: same as reference system

—_— CCGT-CHP: 470 MW, 220 MW

gas-fired auxiliary heater; 180 MW
East: same as reference system
Center: same as reference system

Variation 9

RE: 2050

South: additional Power to Heat: 650 MWy,
coal-fired power plant: 827 MW
coal-fired CHP plant: 827 MW.,, 650 MWuw,

West: heat from south

East: Electrolyzers: 1,200 MW,
H: cavern storage: 500,000 m?
CCGT-CHP: 470 MW, 220 MWy,
gas-fired auxiliary heaters: 320 MW,
waste-fired heating plant: 100 MWy,

Center: same as reference system

Variation 11

RE: 2050
South: GT power plant (4 blocks): 1,654 MW
West: Electrolyzers: 600 MW,
H: cavern storage: 250,000 m?
CCGT-CHP: 470 MWy, 220 MW,
gas-fired auxiliary heater: 180 MW,
East:  Electrelyzers: 600 MW
H: cavern storage: 250,000 m?3
CCGT-CHP: 470 MW, 220 MW,
gas-fired auxiliary heaters: 320 MW
waste-fired heating plant: 100 MWy,
Center: same as reference system
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Variation 6 is a combination of variations 4 and 5. A PtH unit with a nominal heat
production capacity of 285 MWy, is considered at the east site, which produces heat
with otherwise curtailed RE, displacing the heat production of the coal-fired CHP
plant. At the west site, a PtGtCHP plant is installed which consists of an electrolyzer
park with a total power rating of 1,200 MWe), an underground cavern with geometric
capacity of 500,000 m3 located at the Harsefeld salt dome, and a CCGT-CHP plant able
to co-fire hydrogen at a constant factor of 60 % of the plant’s required heat input from
fuel as long as hydrogen is available.

— Hamburg boundary

----- District heating grid

B Production sites

== Hydrogen transport [km]

B Hydrogen production and storage

West (Wede/lvf (_f
F Center (Hafen)* ;
‘/' East (Tiefstack]ﬂ‘)
',"\- ‘\96 '/ L3
/1/ ‘\_/
/‘
Harsefeld

Figure 6 - Hydrogen production, storage, transport, and co-firing

In variation 7 a different approach is pursued which defines the branch B of the vari-
ation overview diagram shown in Figure 5. In this variation, it is assumed that one of
the two coal-fired blocks at the south site is provided with co-generation capabilities.
According to [71], the plant currently located at the south site could actually produce
650 MWy, of heat, and the plant’s operation range goes from 35 to 100 %. In this var-
iation, the CHP plant consists of two blocks with a total power production capacity of
1,654 MW, and heat production capacity of 650 MWy, It is assumed that one block is
operated as a condensing power plant in charge of the residual load and the other
block has co-generation capabilities. Additionally it is assumed that the coal-fired CHP
plant at the west site is removed and its heat contribution is overtaken by the CHP
plant located at the south site.
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In variation 8 the energy park considered in variation 7 remains unchanged, except
for the fact that the coal-fired CHP plant located at the east site is substituted with a
gas-fired CCGT-CHP plant with production capacity of 470 MWe and 220 MWqp.

Variation 9 is similar to variation 8 in most aspects, except for the fact that a PtH unit
with a heat production rating of 650 MWy, is considered at the south site and a PtG
unit with a total power rating of 1,200 MW¢ and an underground salt cavern with
geometric capacity of 500,000 m3 is considered close to the east site for hydrogen
storage. The dimensions of the hydrogen production and storage unit are equal to
those considered in variation 5, but the location is different: in this case it is proposed
that a salt cavern is built in the salt dome located in Hamburg-Reitbrook, as shown in
Figure 6. A hydrogen distribution pipeline of 11 km length is assumed between Reit-
brook and the east site, where the hydrogen is co-fired in the CCGT-CHP plant in such
a way that 60 % of the heat input from fuel required by the plant is covered by hydro-
gen as long as there is hydrogen available. If hydrogen is not available, all the required
heat input is provided by natural gas.

Variation 10 and variation 11 are part of branch C, which was created to evaluate the
consequences of removing coal completely from the analyzed energy system. In vari-
ation 10, the coal-fired CHP plants at the east and west sites are substituted by gas-
fired CCGT-CHP plants with nominal production capacities of 470 MW, and
220 MWy, At the south site, a GT power plant consisting of four blocks, each with a
power production capacity of 413.5 MWe|, is considered.

Variation 11 is an extension of variation 10 but hydrogen co-firing is considered in the
CCGT-CHP plants at the east and west sites. The Harsefeld and Reitbrook sites are pro-
vided with hydrogen production units, salt caverns for hydrogen storage and hydro-
gen transmission pipelines to transport the hydrogen to the CCGTs, as shown in Figure
6. The hydrogen production and storage capacities of both sites together equal the
capacities assumed in variations 5 and 9. That means that the installed capacities at
each of these sites is 600 MW¢ and the cavern size is 250,000 m3. No PtH unit is as-
sumed in this variation due to its negative effect on the share of CHP power in elec-
tricity consumption, as explained in sections 5.5 and 6.3 (see definition of the “CHP
curtailment effect”).

3.5 Evaluation and analysis

Each of the system variations is first analyzed with respect to their time-dependent
behavior by using weekly and yearly plots of the electricity and district heating pro-
duction profiles. This allows the visualization of the consequences of changing the
energy park’s composition and operation strategy. This analysis of the production
profiles is included in chapter 5.
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In a second step, the system variations are analyzed with respect to their costs effec-
tiveness, their environmental impact and their energy balance on a full-year basis.
The costs effectiveness is evaluated by means of the system’s total annual costs. The
environmental impact is measured with the resulting total annual CO2 emissions. The
calculation of these quantities is described in detail in section 4.4. The energy bal-
ances of selected variations are illustrated by means of Sankey diagrams, which pro-
vide a good visualization of the calculated energy flows. This analysis of the annual
performance indicators of the system variations is presented in chapter 6.
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4 MODEL DESCRIPTION

4.1 Modeling of urban energy systems

Urban energy systems today consist mainly of producers, consumers and distribution
grids. In this work, the analyzed system variations were modeled and simulated with
the TransiEnt model library [3] developed in the programming language Modelica
with the simulation environment Dymola. To illustrate the modelling approach, Figure
7 shows the graphical interface of a simplified exemplary system model.

(" P_demand

i_pot

e
7 N
RE

RE power P e :

. =4 oot
production Power o' - 4 v\\
potential production o I_J;::i:] SF 27 ./’ Q)

dispatcher g (héj_ T\ ¥y 7

RE units . CPOWGE \ E‘lxj_/f’

Heat demand prediction i production Coal-fired ectrlc.
power grid

dispatcher power

| _ coalfired plant )
o T
® W

v
T_amb
) flow_tot
Y.
- !
g
D
o |
o)
—
b}
=
—+

o

[

T_amb
el
Q_flow_set [i]
€ 0411-1w

P_set[i|

Ambient \m flow set[i] / - Power [
Temperature e . production |
District | e i P i
heating | dispachey. | District heating grid
gridb . cHDusits, | District hea gorl. ‘
g .

dispatcher

|cHP plant 2

Figure 7 - Exemplary model topology
Regarding the power and heat production, a coal-fired power plant, two CHP plants,

a heating plant and a component for the RE output can be identified. The power and
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Chapter 4: Model description

the district heating grid are also depicted in this figure. The power grid is represented
by a single node model and the district heating grid presents three feed-in points. Fi-
nally, four components are in charge of the superordinate determination of set points:
the district heating dispatcher and the power dispatcher of the CHP units, the con-
densing power plant, and the RE units. The components shown in the figure contain
in turn different systems of equations, characteristic lines, characteristic fields and
interfaces, which enable their modeling with a level of detail adapted for annual sim-
ulations. The contents of the aforementioned components are described in the follow-
ing sections.

4.2 Producer models

4.2.1 Power plants

The power plant model relies on three main parameters: the plant’s nominal electrical
efficiency, power output gradient and a relative part-load efficiency characteristic
line. The part-load efficiency shown in Figure 8 is obtained by multiplying the plant’s
nominal electrical efficiency by the relative part-load efficiency characteristic line of
the type of plant selected. The later were obtained from [72] and [73]. On the other
hand, the dynamic behavior of the plant’s power output is implemented by using lin-
ear time invariant (LTI) elements, a simple rule of proportion and the time constant
definition, according to which the time constant of any system is equal to the time
required for the observed variable to achieve 63.2 % of the set value.
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Figure 8 - Part-load efficiencies of the power plant types considered
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4.2.2 Combined Heat and Power plants

All CHP plants in this work are considered to have a condensing-extraction turbine.
The CHP plant model relies on three main parameters: the plant’s operation limit
characteristic lines (PQ diagram), the plants’ heat input characteristic field, and the
plant’s power and heat output gradient.

Figure 9 shows the PQ diagram and the heat input characteristic field of a CHP plant.
In this diagram, the plant’s heat output is assigned to the horizontal axis, and the
plant’s power output is assigned to the vertical axis. The lines displayed therein define
the operation limits of the plant. All possible operation points can be represented with
a combination of power and heat output located within these operation limits. The
upper limit is determined by the plant’s full-load thermal input. The lower limit is
determined by the plant’s minimum part-load thermal input. The line connecting the
upper and the lower limit is the backpressure line, which represents the maximum
possible cogenerated power output for any given heat output within the plant’s oper-
ation limits. Most of the PQ diagrams used in this work were obtained from [37], but
some of them were calculated with the power plant simulation software
EBSILON®Professional. Figure 9 also shows the heat input characteristic field of a
CHP plant. The diagram shows the required heat input from fuel required by the plant
for any given combination of power and heat output within the plant’s operation lim-
its. The fields used in the CHP models were calculated with the power plant simula-
tion software mentioned before.
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Figure 9 - PQ diagram and heat input characteristic field of a CHP plant
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The dynamic behavior of the CHP plants was approximated with the simplified ap-
proach already described in the previous section, which consists of reproducing the
plant’s rated power and heat gradients by using LTI elements, the rated output gradi-
ents, a proportionality rule and the time constant definition.

In this work, the share of CHP power in electricity consumption (CHP share,el) is not
the total electricity production of the CHP units. Only the electricity produced in co-
generation is considered. For the calculation of the share of CHP power in electricity
consumption, the definition of the plant’s CHP coefficient is used

Eeichp.out
Ocup = (8)

)

ch,CHP,out

where E, cyp oyt 1S the plant’s cogenerated electric energy output, and Qp, cyp oue 1S
the heat output of the CHP plant.

The CHP power is therefore calculated by multiplying the time-dependent heat output
of a CHP plant by its corresponding CHP coefficient. Typical CHP coefficients are pro-

vided in the European CHP directive (see the annex Il in [74]). The CHP coefficients
used in this work are shown in Table 4.

Table 4 - Selected CHP coefficients

Type of unit Default CHP coefficient
Combined cycle gas turbine with heat re- 0.95

covery

Steam condensing extraction turbine 0.45

4.2.3 Power to Gas to Combined Heat and Power plants

In this work, Power to Gas to Combined Heat and Power (PtGtCHP) plants are energy
conversion units in which RE surplus is converted into hydrogen which is then stored
in underground salt caverns. In a second step, the hydrogen is transported via pipe-
line to a site where it is mixed with natural gas and co-fired in a CCGT-CHP plant to
produce power and heat. This type of systems is illustrated in Figure 10.

The amount of hydrogen produced in the electrolyzers is obtained multiplying the
electric power input by the hydrogen production efficiency of the electrolyzer (de-
fined in section 2.3.2) and dividing the product by the lower-heating value of hydro-
gen. In terms of the equation (7) this can be expressed as follows

. _ Mewy " Perpry,in (9)
My, ELY out = LHV
Hy
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Figure 10 - Power to Gas to Combined Heat and Power (PtGtCHP) plant
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The storage of hydrogen is modeled by a mass balance and a logic control algorithm.
The hydrogen stored at a given time step is equal to the hydrogen produced by the
electrolyzer minus the hydrogen sent to the CCGT-CHP unit. The equation involved is

My, stored = My, STOR,in — ™MH, STOR,out (10)

= My, ELY,out — MH,,cCcGT-CHP,in

where My, storeq 1S the hydrogen mass flow being effectively stored in the cavern,
My, sTor,in 1S the hydrogen mass flow sent into the cavern, mgrog oy is the hydrogen
mass flow extracted from the cavern, My, g1y oy remains as defined in (9), and

My, ccor-cup,in 1S the hydrogen mass flow input of the CCGT-CHP plant.

The hydrogen mass flow input of the CCGT-CHP plant is obtained first by calculating
the amount of hydrogen required to produce the desired heat input from hydrogen
combustion in the CCGT-CHP plant and then by running a logic control algorithm
which only allows the co-firing if hydrogen is available. The main equations involved
are

QHZ,CCGT-CHP,in = kco-firing ) quel ,CCGT-CHP,in » (11)

and :
mn . QHZ,CCGT-CHP,in (12)
Hy,CCGT-CHP,in = )
LHVY,
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where QHZ’CCGT_CHP,m is the heat input from hydrogen combustion in the CCGT-CHP
plant, k¢ firing is the hydrogen co-firing rate, Q fuel,ccGT-cHP,in 1S the heat input from

fuel of the CCGT-CHP plant, and My, ccer-cup,in Temains as defined in equation (10).

The fraction of the electricity and heat produced in CCGT-CHP plants by co-firing hy-
drogen produced with RE surplus in PtG units can be considered as renewable. This
phenomenon is called the “RH heat and power contribution” in this work. From an
annual perspective, this contribution is calculated with the following equations

— (T — (T ) 13
Eelty0ut = ftzo Pey iy 0ue * dt = ftzo Nel,ccGT-cHP QHZ,CCGT—CHP,in - dt, (13)

T T .
ch,H out — f= ch,H out dt = f= Nth,cceT-cHP ™ Qu ,CCGT-CHP,in " dt, (14)
2 t=0 2 t=0 2

where E¢ y, oye and Qe oue are the electricity and heat produced with hydrogen
from the PtG units, P, , o, and ch,Hz,out are the power and heat outputs produced
with hydrogen from the PtG units, 1¢; ccr-cup and Nep ccor-cup are the electric and
thermal efficiencies of the CCGT-CHP plant as defined in equations (3) and (4), and
Q'HZJCCGT_CHP'M remains as defined in equation (11).

From these equations, the share of RE in the electricity and district heating consump-
tion provided by the PtGtCHP plants can be calculated as follows

E
el,H,,out
REShare,el,PthCHP = —E ) (15)
el,cons
ch,Hz,out
REShare,DH,PthCHP == (16)
ch,DH,cons

where REgy qr¢ o1 praecup 1S the share of RE in electricity consumption provided by the
PtGtCHP plant, E, ..ns is the system’s electricity consumption (12.9 TWhe),
REsnare pun pececup 1S the share of RE in district heating consumption provided by the
PtGtCHP plant, Q¢ py cons 1S the system’s district heating consumption (3.9 TWhuw),
and E,; y, o as well as Qgp gy, our remain as defined in equations (13) and (14). In var-
iations where PtGtCHP plants are present, these terms are considered for the calcula-

tion of the total shares of RE in electricity and district heating consumption (see sec-
tion 4.4.3).

Besides the terms defined above, the definition of two efficiency sets is required for
the evaluation of PtGtCHP plants with co-firing of hydrogen and natural gas. PtGtCHP
plants have more than one product, and more than one energy source. In this work, a
set of efficiency values for evaluating PtGtCHP plants is proposed. The first set is
called the partial-input-output efficiency set (partial 10) for two reasons: a) it only
takes into consideration the RE electricity input of the plant, dismissing its natural
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gas requirements; and b) it only considers the fraction of the electricity and heat out-
puts which can be attributed to the co-firing of RH. The second set is called the total
input-output efficiency set (total I0) because it considers a) all energy inputs required
by the PtGtCHP plant to function, and b) all its useful outputs.

The partial 10 efficiency set consists of the PtP efficiency, the PtH efficiency and the
PtCHP efficiency of the PtGtCHP plant. The total 10 efficiency set consists of the elec-
trical efficiency, the heat efficiency and the energy utilization efficiency of the
PtGtCHP plant. These sets are used in section 6.2 to analyze the annual performance
of PtGtCHP plants.

The PtP efficiency of a PtGtCHP plant is

P
el,H,,out

Nptp ptGtcHP = D (17)
el,ELY,in

with the constituting terms in this equation as defined in equations (13) and (7).

The PtH efficiency of a PtGtCHP plant is defined as

_ ch,Hz,out (18)
NptH,PtGtcHP = —P )
el,LELY,in

with the constituting terms in this equation as defined in equations (14) and (7).

The PtCHP efficiency of a PtGtCHP plant is defined as

Pel,Hz,out + ch,Hz,out (19)

)

¢ PtCHP,PtGtCHP — p
el,ELY,in

with the constituting terms in this equation as previously defined.

The electrical efficiency of a PtGtCHP plant is defined as

Pel,CHP,out (20)

)

NelptGtcHP = :
Pei gLy in + Qne,in

where Py cyp oue and P g1y in Temain as defined in equations (3) and (7), and Q'NG'L-n
is the heat input in form of natural gas required by the CHP unit to produce power and
heat.

The thermal efficiency of a PtGtCHP plant is defined as

ch,CHP,out (2 1)

Nth pPtGtcHP =

)

Pei gLy in + Qne,in

where Q'CHP’OM remains as defined in equation (4) and the rest of the constituting

terms remain as previously defined.
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The energy utilization efficiency of the PtGtCHP plant is defined as

_ Pel,CHP,out + QCHP,out (22)
fPthCHP -

)

Peigryin + Qne,in

with the constituting terms in this equation as previously defined.

4.2.4 Power to Heat units

According to [42], PtH units are usually connected in parallel to other heat producers
in the heating water system. In this work however, the PtH units are connected in se-
ries with the heating condenser of large scale CHP plants so that the heating water
from the district heating’s return first passes through the CHP plant’s heating conden-
ser and then through the PtH unit. To illustrate how this can lead to a higher electrical
efficiency of the CHP plant, Figure 11 shows a schematic diagram of a CHP plant with
two heating condensers connected in series with a PtH unit. In this example, the first
heating condenser is supplied with steam extracted from the last stage of the middle
pressure turbine (E2) and the second one is supplied with steam extracted from a
previous stage (E1) with a slightly higher pressure level. In this configuration, when
the PtH unit is active, the steam extraction E1 can be gradually closed and the steam
which was previously extracted at E1 can now be sent through the next turbine stage.
By doing so, the power output of the turbine can be kept constant while the heat input
from fuel of the plant’s steam generator is reduced, leading to an increase in the
plant’s electrical efficiency. Besides, the CHP plant is released from its heat production
commitment and its power output can also be reduced. In this work, the PtH units are
designed in such a way that they are able to cover the heat production of a CHP plant
completely. When the PtH unit operates at its nominal operation point, no steam is
extracted from the CHP plant.

In the model, the PtH unit receives a set value defining the amount of heat that the
unit should produce. This set value is transferred directly to the heating water, since
a Power to Heat efficiency of one (as defined in section 3.4) is assumed. The PtH con-
troller operates in such a way that the unit supplies heat within its operational range
as long as RE surplus is available. The set value of the CHP plant’s heat production is
reduced accordingly.
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Figure 11 - PtH connection in series

4.3 Unit commitment and dispatch

In practice, the unit commitment problem is solved with mixed-integer linear optimi-
zation models, where the minimization of costs is the objective function. In this work,
the set values required by the system components are provided by superordinate
power and heat dispatchers implemented in Dymola itself. The optimization algo-
rithm is substituted by logic controllers, which emulate a dispatch schedule based on
a previously defined merit order: the production units are ranked in advance accord-
ing to their fuel costs and electrical efficiency. Although the resulting dispatch sched-
ule is not necessarily the solution with the minimum costs, it represents a reasonable
approximation to common power market conditions today. A crucial advantage is that
this approach reduces the amount of modeling tools required to simulate the analyzed
energy system.

4.3.1 District heating grid dispatcher

The calculation of the heat demand profile of the main district heating grid was de-
scribed in section 3.2. This demand must be covered by several production units. The
district heating dispatcher determines how much of the district heating demand
should be covered by which heat producing unit. There are three main elements
which coordinate this task: the set values of the supply and return temperatures, the
set values of the heating water mass flow at each feed-in point, and finally the load
trimming between blocks located at the same feed-in point.
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The set value of the supply temperature is a property of the district heating grid usu-
ally established in an early design stage and is usually in function of the ambient tem-
perature of the supplied region. For periods of time in which the ambient temperature
is relatively high, the supply temperature is set to the temperature level required by
heat consumers that operate the whole year. For periods of time in which the ambient
temperature is low, the supply temperature is set to a value at which the heating of
buildings is guaranteed. In most cases, the set supply temperature increases propor-
tionally with decreasing ambient temperature so that the required heating water
mass flow, and therefore the power demand of the district heating pumps, are re-
duced. The set value of the return temperature is modeled by means of the so-called
“return feed-in law”, which is based on historic operation values. Both supply and re-
turn set values were obtained from [63].

The district heating grid model consists of four feed-in points at the east, west, center
(Hafen) and center (Spaldingstr.) which deliver the heating water mass flow to a sin-
gle mass flow sink. The set value of the heating water mass flow at each feed-in point
of the main district heating grid was obtained by merging data from [63] and [75].
The result of this procedure is shown in Figure 12. The total amount of circulating
heating water is then allocated to each of the four feed-in points of the analyzed dis-
trict heating grid by means of the set value curves shown in this figure. These curves
already consider the hydraulic restrictions of the grid. The time dependent value of
the total heating water circulating in the heating grid is calculated by dividing the heat
production set value of the whole grid by the enthalpy difference between supply and
return throughout the year.

Finally, the set value trimming between blocks located at the same feed-in point is
also modeled via characteristic lines. In the modeled energy system, this feature is
relevant for modeling the west feed-in point, where the scheduling of two coal-fired
CHP blocks is required. The set-value trimming strategy for these blocks was taken
from [76]. The heat producers at the east feed-in point also require a set-value trim-
ming strategy, which was modeled based on the values presented in [77].

Distribution pumps, pressure control schemes or transport pipelines are not depicted
in the model. However, this simplification does not have a negative effect on the
model’s main performance indicators (e.g. fuel consumption, CO2 emissions, CHP
shares or RE shares) because the operation of the grid remains unaltered between
system variations. Only the types of heat producing units at each feed-in point are
modified.
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Figure 12 - Mass flow set values

In the energy system model, the power production set value of all active producers is

defined by a central control unit. The power production dispatcher is in charge of as-

signing an appropriate operation point for each producer under consideration of the

total power load and each plant’s design parameters and operational limits. The logic

structure of such power production dispatchers is illustrated in Figure 13. The unit

dispatch takes place considering the following assumptions:

CHP plants are operated in must-run mode, which means that they should op-

erate throughout the year to ensure the security of heating supply. The CHP

plants with condensing-extraction turbines are considered to generate at least

as much electric power as required to supply its assigned set heat output value.

In some system variations, some CHP plants also contribute to the coverage of

the residual load (e.g. variations 7 to 11).

The assumption that CHP plants are not switched off at any time is justified by

the following argument: according to the mass flow set values of the DHG

shown in Figure 12, a certain amount of heating water mass flow should be

provided at all times at the east and west sites, even in times with minimum
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heat demand. Turning off the CHP plants at these sites would mean having to
pump cold return water into the supply line. To avoid that, the CHP plants are
not switched off in this work at any time, not even in hot summer days. In such
days, from a fuel consumption and CO2 emissions point of view, it does not
make any substantial difference to send the live steam directly to the heating
condensers (bypassing the steam turbines) or sending the live steam through
the turbines while producing minimum power.

e The RE sources have feed-in priority in the electricity grid. Excessive RE pro-
duction is only curtailed in moments of negative residual load. Residual load is
defined here as the difference between the net electricity demand and the RE
production. The net electricity demand is in turn defined as the total demand
minus the must-run production.

e The positive residual load is covered mainly by the coal-fired power plant at
the south site (variations 1 to 9) and the GT power plant at the south site (var-
iations 10 and 11). Plants with lower power production costs (based on fuel
costs and electrical efficiency) have always priority. Plants with higher power
production costs are activated only if required by the residual load. As said be-
fore, in variations 7 to 11, some CHP plants also contribute to the coverage of
the residual load.
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Figure 13 - Power production dispatcher
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4.4 CO:z emissions, economic and energetic analysis

Besides analyzing the production profiles resulting from the simulation of the differ-
ent system variations, these can be analyzed and compared with a set of relevant an-
nual performance indicators, such as the total annual CO; emissions, total annual
costs, or share of RE and CHP power in electricity consumption. This section describes
the calculation of these values.

4.4.1 COz emissions analysis

The total annual CO2 emissions of the system, in tons per year, are calculated by mul-
tiplying the fuel-specific CO; emission factors (see Table 5) by the fuel consumption
of each of the power or heat producers fired with fossil fuels, as expressed in the fol-
lowing equation
n
Mco,,total = 2 €rueli " Qrueli (23)
i=1

where n is the number of power and heat producers fired with fossil fuels. ef,¢; ; is the
fuel-specific COz emission factor and Q s, ; is the fuel consumption of the ith producer.
The CO2 emissions incurred for the construction or production of the components is
not considered. Since the total annual CO2 emissions of the system are considered to
be the most relevant quantity, the CO2 emissions are not specifically allocated to the
electricity or the heat consumption.

Table 5 - Fuel-specific CO; emission factors (€juer)

Fuel type Fuel-specific

CO: emission factor
[kg/MWh]

Hard coal 337

Natural gas 202

Light fuel oil 266

Waste 162

Biomass, wind onshore, wind 0

offshore, photovoltaic, run-off

hydro
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4.4.2 Economic analysis

The total annual costs, in € million per year, are calculated by adding up the costs of
every component of the energy park. These components include all electricity and
heat producers required to satisfy the system’s energy demand as well as all RE inte-
gration technologies. The costs elements considered in the calculation are the fixed
costs and the variable costs. Fixed costs are the investment costs’ annuities and the
fixed operation and maintenance (0O&M) costs. Variable costs are the fuel costs, the
CO: certificate costs and variable O&M costs. The calculation of the total annual costs
is described in the following equation

n
Ceotar = Z(Cinv it Coam fix,i)

i=1

n

+ (Cfuel,i + Ccozcertificates,i + CO&M var,i)
i=1
3 (24)
= (Cinv,i ’ Pnom,i A + cogm fix,i " Pnom,i)
i=1

n
+ E (Cfuel,i ' quel,i + Cco, certificate " Mco,,i + Cogm var,i Eout,i)
i=1

where n is the number of all system components. Cy,,, ; is the annuity of the fixed in-
vestment costs, Cpgpy rix,; are the fixed operation and maintenance costs, Cy;; are
the variable costs of fuel, Cco, certificates,; are the variable costs of CO: certificates, and
Cosm var,; are the variable O&M costs of the ith system component. ¢;,,,,; are the specific
fixed investment costs, cogy fix,; are the specific fixed operation and maintenance
costs, P, is the nominal power or heat output, and 4; is the annuity factor of the ith
system component. ¢z, ; are the specific fuel costs, Qf,,.; ; remains as defined in equa-
tion (23), cco, certificate are the specific costs of CO2 certificates, mc,, ; are the CO
emissions, and Cpg vqr,; are the specific variable 0&M costs of the ith system compo-
nent.

To allow a better comparability of the system variation, it is assumed that for every
variation, the whole energy park has to be built from scratch, i.e. existing plants or
retrofits to existing plants are considered to be new plants which require full invest-
ment. The different coefficients used for this calculation are presented in Table 6. The
values in this table are based on different sources such as [48, 78-84] and on own
assumptions.

One particular figure on this table must be justified at this point: the specific “fuel
costs” assumed for the electrode boilers and the electrolyzers are considered to be
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zero, since these units are operated with RE surplus. Negative power prices and other
electricity price components such as grid-use fees (Netznutzungsentgelt), CHP-fee
(KWK-Umlage), offshore-fee (Offshore-Umlage), DSM-fee (Abschlaltbare Lasten Um-
lage), RE-fee (EEG-Umlage) are not considered in this work. In fact, since 2017, the
§ 13-6a of the EnWG states that 2 GW of PtH capacity are allowed and the costs re-
quired for the investment in PtH units will be reimbursed to the CHP operators by the
TSO. The TSO will even reimburse the electricity costs incurred by the operators of
these so-called switchable loads (Anschaltbare Lasten). And according to the afore-
mentioned paragraph, if the 2 GW PtH capacity is not achieved, other technologies
would be considered, which suggests that the same conditions (investment support
and electricity price exemption) could apply to PtG plants in the future. This would
very well justify the specific “fuel costs” of zero assumed for PtG and PtH units.

It is assumed that the waste incineration plant has also specific fuel costs of zero. This
kind of plants are usually operated by a municipal or private waste-gathering com-
pany, which in fact charges their costumers for the service of picking up and getting
rid of their garbage. To avoid using negative costs (i.e. incomes) for this work’s calcu-
lations, the specific fuel costs of zero are selected.

Even though the PtG, PtH and waste incineration plants have specific fuel costs of zero,
the rest of the costs components (e.g. investment costs and O&M costs) are considered
in the calculation of the system’s total annual costs.
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Table 6 - Parameters for costs calculations

Spec. Spec. Spec. Spec. Fix Fuel CO2 Var. Annuity
inv. inv. inv. inv. 0&M cert. 0&M term
€/ €/ €/ €/ €/ €/ €/ €/ years
w MWh m3 m w MWh t-CO2 MWh

PV 1.30 - - - 0.035 0.0 - 0.0 20
Wind onshore 1.17 - - - 0.050 0.0 - 18.0 20
Wind offshore 3.00 - - - 0.120 0.0 - 35.0 20
Biomass 2.50 - - - 0.005 3.8 - 19.9 20
Run-off hydro 1.60 - - - 0.032 0.0 - 0.0 50
Coal-fired 1.50 - - - 0.023 10.2 6 1.3 30
power plant

Coal-fired CHP plant 1.50 - - - 0.023 10.2 6 1.3 30
CCGT-CHP plant 0.65 - - - 0.005 25.0 6 3.5 20
Gas turbine plant 0.50 - - - 0.003 25.0 6 5.0 20
Pumped hydro 0.73 0.0 - - 0.003 25.0 - 5.0 20
Gas-fired heater 0.24 - - - 0.005 25.0 6 - 20
Waste incineration 0.24 - - - 0.005 0.0 - - 30
plant

Electrode boilers 0.07 - - - 0.005 0.0 - - 20
Electrolyzers 0.90 - - - * 0.0 - - 20
Hydrogen cavern - - 60 - * - - - 30
Hydrogen grid - - - 1220 * - - - 20
District heating grid - - - 3000 * - - - 20
Gas-fired heaters 0.122 - - - * 25 - - 20
Oil-fired heaters 0.122 - - - * 28.3 - - 20
Electric heaters 0.474 - - - * 29 - - 20
District heat 0.995 - - - * 25 - - 20
Other heaters 0.995 - - - * 25 - - 20
Interest rate (all) 0.07

Notes * Fix O&M costs are assumed to be 5 % of the investment costs

Sources Based on [48, 78-84] and on own assumptions

4.4.3 Energetic analysis

In the energetic analysis, the system variations are compared with the help of three
performance indicators: the share of RE in electricity consumption, the share of CHP
power in electricity consumption and the share of RE in district heating consumption.
These quantities are calculated in every variation and are defined as

_ Eel,RE,cons + Eel,Hz,out (25)
REshare,el -

)
Eel,cons
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Chapter 4: Model description

E I,CHP t
CHPshare,el == e ) (26)
Eel,cons
RE _ ch,RE _ 0.5- ch,waste,out + ch,PtH,out + ch,HZ,out 27)
share,DH — -
ch,DH ch,DH,cons ’

where REg} 4 o; 1S the share of RE in electricity consumption, Eg; rg cons iS the part of
the RE potential which is directly consumed, E,; y, o, remains as defined in equation
(13), Eg cons remains as defined in equation (15), CHPgpgree; is the share of CHP
power in electricity consumption, E,; cyp oy¢ 1S the energy produced by co-generation
in all CHP plants, REsp 4, py is the share of RE in district heating consumption, Qp, zg
is the heat produced with RE sources, Q¢ py remains as defined in equation (16),
Qthwaste,out 1S the heat produced by waste incineration plants (50 % of which is con-
sidered to be of biogenic nature according to[67]), Q¢ pen oue 1S the heat produced by
PtH units, and Qy p, o remains as defined in equation (14).

For the calculation of the energy produced by co-generation in all CHP plants
(Eeicp,out), the calculation method involving the CHP coefficient described in section
4.2.2 is applied. The terms involving the PtH unit and the hydrogen co-firing terms are
used only in the applicable system variations. The terms regarding the hydrogen co-
firing (Erm,,0ut and Qg 1, 0ue) Were described in section 4.2.3.

Besides the aforementioned performance indicators, the definitions of efficiency
terms used in this work are summarized in Table 7. Although these efficiency terms
were presented in previous sections, they are summarized here because they are rel-
evant for the model description.
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4.4 CO2 emissions, economic and energetic analysis

Table 7 - Summary of efficiency terms

Efficiency term Defining equation Equation number
Pe1ppout
Electrical efficiency Moy = ———"— (1)
Q fuel,PP,in
. . _ ch,HP,out
Heat efficiency Mth == (2)
Q fuel, HP,in
Electrical efficiency of a CHP _ Percupout
Net,cHP = 77— (3)
plant Qfuel,cHp,in
. . _ ch,CHP,out
Heat efficiency of a CHP plant Nthewp = 7 (4)
quel,CHP,in
Fuel utilization efficiency of a Percupout + Qencrp,out
Schp = : (5)
CHP plant Qfuercup,in
. . _ ch,PtH,out
Power to Heat efficiency Nenpth = ————— (6)
P el,PtH,in
Hydrogen production effi- _ MH, ELy,out ' LHVH, 7
ciency of the electrolyzer NEtectrotyzer PelELY,in
PtP efficiency of a PtGtCHP Pei,1,,0ut
Nptp,ptGtcHP = 5 (17)
plant PerELy,in
PtH efficiency of a PtGtCHP ch,HZ,out (18)
n g =
plant PEHPLGLCHP Pel,in,ElectrolyzeT
PtCHP efficiency of a PtGtCHP ¢ _ Poyy, + Qunm, (19)
plant PLCHP,PLGLCHP = Pel,in,Electrolyzer
Electrical efficiency of a 0 __ Percupout 20)
PtGtCHP plant CLPLGECHP — p et ELyin + QNG in
Thermal efficiency of a _ Qen,crp,out 21)
PtGtCHP plant ehpeccctp Pevgry,in + Qne,in
P +(
Energy utilization efficiency Epterenr = eLcupout  Qch.crp.out (22)

Pei gLy in T Qne,in
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5 RESULTS: PROFILE ANALYSIS

In the following sections, the operation strategies implemented in each of the system
variations are analyzed based on the production profiles which result from the yearly
simulation of the system models. The yearly power and heat demand profiles pre-
sented in Figure 2 and Figure 3, as well as the RE production profiles presented in
Figure 4 serve as a basis for the simulations. Although these profiles have time reso-
lutions between 15 minutes and one day (see sections 3.2 and 3.3), Dymola’s equation
solver uses a variable time step to solve the system of equations resulting from the
models. The profile analysis of the system variations includes the analysis of the re-
sulting yearly profiles and the analysis of one selected week. The yearly profiles pro-
vide an overview of midterm seasonal effects. The profiles of the selected week facil-
itate the description of the implemented operation strategy and the analysis of short-
term intra-day effects. The week shown is the 8t calendar week, which goes from the
20th to the 26t of February in the reference year 2012.

5.1 Reference system

The reference system consists of RE producers (hydro, biomass, wind and photovol-
taics), one gas-fired heating plant at the center site, one coal-fired CHP plant at the
east and west sites respectively, and one coal-fired power plant at the south site. The
installed RE capacity of the reference system represents the capacity of the year 2012
(see Table 3).

The weekly production profile of the reference system is shown in Figure 14 and can
be described as follows: regarding the electricity production profiles, coal-fired CHP
plants at the east and west sites are regarded as must-run plants and they produce
only as much electricity as required to cover the heat demand. These plants operate
steadily during this observation period. The RE sources display a fluctuating produc-
tion profile which does not exceed the demand profile, therefore no RE curtailment
takes place. The production profile of the pumped-hydro plant cannot be clearly iden-
tified in this figure because it is only used to compensate small differences between
the set values and the actual output of the conventional power producers. The coal-
fired power plant at the south site covers the electricity deficit when the RE and the
CHP plants together cannot fulfill the demand. Regarding the district heating produc-
tion profiles, the waste-fired heater and the heat converter at the center site show a
constant heat production of 100 MWy, in total. The coal-fired CHP plants at the east
and west sites display small production fluctuations during the here displayed week,
which can be traced back to changes in the ambient temperature profile. In the time
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Chapter 5: Results: profile analysis

frame shown here, the gas-fired heater at the center site operates only at a fraction of
its capacity and its heat production is used to cover the peaks of heat demand when
the previously mentioned production units cannot cover the total demand completely.
The gas-fired peak load heaters at the east and west sites are not in operation during
the week shown in this figure.

The yearly production profile of the reference system is shown in Figure 15. Regard-
ing the electricity production, it can be observed that the CHP plants generate in win-
ter more than in summer due to the backpressure operation. The RE production is not
sufficient to cover the entire net demand at any moment. The coal-fired power plant
at the south site covers the residual load and remains active throughout the year. The
production of the pumped-hydro plant cannot be visualized in this figure because of
its small contribution. Throughout the year, no RE curtailment takes place in the ref-
erence system. Regarding the district heating production profiles, the waste incinera-
tion plant at the east site and the heat converter station at the center site produce
almost constantly throughout the year. The CHP plants at the east and west sites pro-
duce more during the cold winter days at the beginning and end of the year. The gas-
fired heaters located at the center site, as well as the auxiliary heaters at the east site,
are also in operation during these cold periods of the year. In summer the heat pro-
duction is evidently less than in winter.
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5.1 Reference system
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Figure 14 - Reference system: weekly production profile (February 2012)
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Figure 15 - Reference system: yearly production profile (2012)
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5.2 Variation 1: increase in RE production capacity

In the first variation, the energy park is in all aspects equal to the energy park of the
reference system, except for the installed RE capacity. The RE production capacity
represents that of the year 2050 (see Table 3), and the operation strategy is equal to
that of the reference system.

The resulting weekly production profile is shown in Figure 16. Regarding the electric-
ity production, the production profiles of the coal-fired CHP plants remain unchanged
with respect to the reference system (see Figure 14). It becomes evident that the RE
production increases significantly. At the same time, the power production of the coal-
fired power plant at the south site is significantly reduced. However, this plant is still
required to cover the residual load in two occasions during the analyzed timeframe.
It is also clear that curtailment of RE takes place on a regular basis. The district heat-
ing production profiles remain unchanged with respect to the reference system. This
means that a) the waste incineration plant at the east site and the heat converter at
the center site produce constantly during the analyzed timeframe, b) the coal-fired
CHP plants present small fluctuation in their heat production, and c) the gas-fired
heater at the center site operates as a peak-load heat producer.

Similar conclusions can be drawn for the yearly production by looking at Figure 17.
Regarding the electricity production, the CHP plants also present a strongly seasonal
behavior, with peak production in winter and reduced production in summer due to
the plants’ backpressure operation. The RE production is significantly increased, lead-
ing to several periods of RE curtailment throughout the year. It becomes also evident
that the RE curtailment is not a particularly seasonal event. Instead, RE curtailment
occurs throughout the year without a recognizable pattern. Although the power pro-
duction of the coal-fired power plant is reduced significantly with respect to the ref-
erence scenario (see Figure 15), it is still necessary in periods of time with low RE
power output. The power production of the pumped-hydro plant is again so small
compared to the total power production, that it cannot be identified in the figure. This
is also true for the rest of the variations, which is why this observation will not be
repeated in the following sections.
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5.2 Variation 1: increase in RE production capacity
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Figure 17 - Variation 1: yearly production profile (2050)
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5.3 Variation 2: gas-fired heating plant at the west site

In the system variation 2, the energy park of variation 1 remains unchanged, except
for the insertion of a gas-fired heating plant which replaces the coal-fired CHP plant
at the west site.

Figure 18 shows the weekly production profiles for this variation. Regarding the elec-
tric power production, the production profile of the coal-fired CHP plant at the east
site remains basically unchanged. However, the power production of the CHP plant at
the west site which was present in the previous variation is now missing. This enables
the integration of a larger amount of RE. It also implies a reduction in the RE curtail-
ment, which can be seen by carefully comparing this figure with the weekly profile of
variation 1 (Figure 16). This becomes especially evident in days in which the RE cur-
tailment is small, such as Monday, Tuesday or Thursday of the considered week. At
the same time, the power production of the coal-fired power plant increases in peri-
ods with positive residual load, such as Monday or Sunday of the considered week,
because this plant must compensate the missing power output of the CHP plant re-
moved from the west site. Regarding the district heating production profiles, the heat
production of the waste incineration plant, the heat converter, the coal-fired CHP
plant at the east site, and the gas-fired heater at the center site remain unchanged.
However, a gas-fired heater is now in charge of the heat production at the west site,
which substitutes the contribution of the removed CHP plant. Although the heat
source at the west site is different, the heat production profile of this site remains
unchanged.

Figure 19 shows the yearly production profiles of this variation. The same observa-
tions done for the weekly profile are valid here. Regarding the electric power profiles,
the fraction of the RE production which can be directly used increases due to the re-
moval of the CHP plant at the west site. The RE curtailment decreases slightly and the
power production of the coal-fired power plant increases slightly to compensate for
the missing CHP plant. Regarding the heat production, it becomes evident that during
winter most of the heat production takes place in gas-fired heaters.
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Figure 18 - Variation 2: weekly production profile (February 2050)
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Figure 19 - Variation 2: yearly production profile (2050)
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5.4 Variation 3: CCGT-CHP plant at the west site

The weekly and yearly profiles of variation 3 can be found in Figure 20 and Figure 21.
The assumption in this variation is that a CCGT-CHP plant is installed at the west site,
replacing the coal-fired CHP plant of variation 1. The operation strategy of this plant
is the same as the strategy assumed for the CHP plants considered so far: the plant
produces only as much power as required to cover the heating demand. This assump-
tion is reasonable considering that the natural gas price is usually higher than the coal
price so that burning the expensive fuel should be avoided if possible.

According to stationary simulations, the minimum electric power output of the CCGT-
CHP plant is above that of the coal CHP plant of the reference system and variation 1.
This has to do with the fact that CCGT-CHP plants have a larger CHP coefficient (in
German Stromkennzahl) than their coal-fired counterparts. For this reason, the
power production at the west site in variation 3 is higher than in variation 1. This
means that, although the share of CHP power in electricity consumption is increased,
RE curtailment increases as well, leading to a reduction in the share of RE in electricity
consumption. The CCGT-CHP plant provides up to 220 MWy, of heat to the west feed-
in point. This limit was also obtained through stationary simulations. To maintain the
heat output of the west site constant, the capacity of the gas-fired auxiliary heater at
this site is increased to 180 MWy,

Figure 20 shows the unchanged production profile of the coal-fired CHP plant at the
east site. At the west site, the power production profile of the CCGT-CHP plant is larger
than the production of the coal-fired CHP plant being replaced, due to the higher CHP
coefficient of the CCGT-CHP plant. This, in turn, leads to an increase in the curtailed
RE profile. Regarding the heat production, the profiles remain unchanged, except for
a) the heat production at the west site, which now takes place at the CCGT-CHP plant,
and b) the auxiliary gas-fired heater at the west site has an output higher than in the
previous variations. Similar conclusions can be drawn for the yearly production pro-
files by analyzing Figure 21. Regarding the power production, the higher power pro-
duction of the CCGT-CHP plant leads to a reduction in the share of RE which can be
used directly, a decrease in the production of the coal-fired power plant and an in-
crease in the curtailed RE power. The seasonality of the heat production profiles is
also evident in this variation. The heat production of the CCGT-CHP plant and the gas-
fired auxiliary heater at the west site are the only difference between this and the
previous variations.
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Figure 21 - Variation 3: yearly production profiles (2050)
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5.5 Variation 4: PtH unit at the east site

The operation strategy of variation 4 can be explained with the help of Figure 22 and
Figure 23. In this variation, an electrode boiler with a heat production capacity of
180 MWy, is added to the energy park of variation 3 at the east site. It is assumed that
this PtH unit is in series with the heat output of the coal-fired CHP plant. The PtH unit
is only operated with otherwise curtailed RE. A PtH efficiency of 1 is assumed for this
unit, which means that for every unit of electric power sent to it, one unit of heat is
fed into the district heating grid. On the other hand, the operation strategy of the coal-
fired CHP plant is altered in such a way that its heat production is reduced when the
heat production of the PtH unit is increased.

The heat contribution of the PtH unit and its effect on the heat production of the coal-
fired CHP unit at the east site can be clearly identified at the bottom of Figure 22. As
seen at the top of this figure, the electricity demand of the PtH unit becomes active
when otherwise curtailed RE is present. This, in turn, leads to a reduction in the actu-
ally curtailed RE. Additionally, an interesting phenomenon becomes evident by ana-
lyzing this figure: during the periods in which the PtH unit is active, the power pro-
duction of the coal-fired CHP plant is reduced. The reason for this behavior is that the
reduced heat production of the CHP plant due to the PtH displacement leads to a re-
duction in its electricity production. This is true for those periods of time in which the
coal-fired CHP plant operates along the backpressure line, which in this case repre-
sents the majority of the operation time. This means that the operation strategy de-
scribed leads to an additional - almost unintentional - increase in the share of RE in
electricity consumption. This phenomenon is called the “CHP curtailment effect” in
this work. Summarizing, using otherwise curtailed RE power to drive the PtH unit
leads to an increase in the share of RE in district heating consumption and, indirectly,
to an increase in the share of RE in electricity consumption.

The CHP curtailment effect can also be observed in the yearly production profiles
shown in Figure 23, in which the electricity production of the coal-fired CHP plant at
the east site is reduced in periods of time in which the PtH unit is active. The PtH unit
increases the share of RE in district heating consumption, reduces the amount of cur-
tailed RE power, and decreases the system’s CO2 emissions due to the CHP curtail-
ment effect. The rest of the heat producing and electricity producing components re-
main unchanged in comparison to variation 3 (compare Figure 23 with Figure 21).
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Figure 23 - Variation 4: yearly production profile (2050)
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5.6 Variation 5: PtGtCHP plant at the west site

In this variation, additionally to variation 3, a large electrolyzer park and a large un-
derground hydrogen storage are installed close to the west site. The electrolyzer park
consists of a cluster of thirty electrolyzer arrays, each having a power rating of
40 MWe, leading to a total nominal power rating of 1,200 MWe. The salt cavern has a
nominal volumetric capacity of 500,000 m3. Of its total hydrogen storage capacity,
37 % is considered to be cushion gas. Regarding the dimensioning of the electrolyzer
park, Figure 24 shows the sorted annual load curve of the RE surplus of this variation
and the nominal capacity of the electrolyzer park. The RE surplus achieves a maxi-
mum value of 2,584 MWe... The nominal capacity of the electrolyzers (1,200 MWe) is
selected taking into consideration the available RE surplus. The electrolyzers’ nomi-
nal capacity lays at 46 % of the maximum RE surplus value. With the current dimen-
sioning, the electrolyzer park operates around 180 days of the year. In order to inte-
grate all the RE surplus in the PtG unit, the electrolyzers’ capacity would have to be
increased by 54 %-points in size. However, this additional capacity would only be
used for around 40 days in the year and would be therefore underutilized. Consider-
ing that the investment costs of the electrolyzer park contribute largely to the sys-
tem’s total annual costs, increasing their installed capacity beyond the current level is
not advisable.

3000 A

— RE surplus
2500 A Electrolyzer park

0 I I I I I I 1
0 50 100 150 200 250 300 350
Days

Figure 24 - RE surplus and electrolyzer park installed capacity

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den personlichen Gebrauch.



5.6 Variation 5: PtGtCHP plant at the west site

The superordinate control of the electrolyzer and cavern system is coupled on the one
hand to the RE production dispatcher and on the other hand to the CCGT-CHP plant
dispatcher. The electrolyzer produces hydrogen only with otherwise curtailed RE
power. Hydrogen is released and sent to the CCGT-CHP plant only if enough working
gas is available. The hydrogen sent to the CCGT-CHP plant is then co-fired in the gas
turbines, in such a way that 60 % of the heat input from fuel required by the turbines
is supplied by the hydrogen combustion. The hydrogen storage was modeled in such
a way that the amount of hydrogen at the end of the year is the same as that at the
beginning of the year.

The profiles obtained with the described operation strategy are shown in Figure 25
and Figure 26. In these figures, the chemical energy stored in form of hydrogen is also
displayed. Only the working gas fraction is shown because the cushion gas fraction
must be kept in the cavern at all times. The power production profiles of the coal-fired
CHP plant, the CCGT-CHP plant and the RE units are equal to the profiles of variation
3. The coal-fired power plant is still required in periods of time with low RE produc-
tion. The heat production profiles remain also unchanged. The main difference be-
tween this variation and variation 3 is that the PtG plant located at the west site is
used to integrate a considerable amount of otherwise curtailed power from RE
sources. As defined in section 4.2.3, the RH contribution to power and heat takes place
by co-firing hydrogen in the CCGT-CHP plant as long as hydrogen is available. This can
be visualized with the help of these figures. Regarding the hydrogen stored in the salt
cavern, it becomes evident, that the level of the hydrogen storage increases when the
PtG plant is active and the hydrogen production is larger than the hydrogen consump-
tion. In the shown week, hydrogen is consumed at all times. From an annual perspec-
tive, the hydrogen storage level increases significantly in periods of time with low heat
demand like summer and decreases in periods of high heat demand. The yearly plot
suggests that the cavern capacity is well utilized in periods of low heat demand. From
around day 160 until day 200 the storage level increases rapidly due to the presence
of high amounts of RE production. From around day 200 until day 250 the storage
level decreases rapidly because the RE production in this period of time reduces dras-
tically. The hydrogen in the cavern is depleted mainly in periods with high heat de-
mand - when the CCGT-CHP plant produces more heat and power - and low RE po-
tential. Despite these few periods of hydrogen depletion, the PtGtCHP plants
effectively contribute to the timely decoupling of RE production and usage.
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Figure 25 - Variation 5: weekly production profiles (February 2050)
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Figure 26 - Variation 5: yearly production profile (2050)
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5.7 Variation 6: PtH unit at the east site, PtGtCHP plant at the west site

5.7 Variation 6: PtH unit at the east site, PtGtCHP plant at the
west site

In this variation, the energy park and operation strategies described in the variations
4 and 5 are merged: a PtH unit is installed at the east site and a PtGtCHP plant is in-
stalled at the west site. Both units work with the same “fuel”: RE surplus which would
be otherwise curtailed. Therefore, an additional merit order is required for these two
components. In this work, the PtH unit has priority over the PtG unit. This is justified
by the fact that, by using the PtH unit, the consumption of coal is reduced. Once the
PtH reaches its maximum capacity, the PtG unit is activated, reducing the natural gas
consumption of the CCGT-CHP plant. In this way, the fuel with the higher specific CO>
emissions, i.e. coal, is substituted first. This is the environmentally favorable solution.
However, the economically favorable solution would require the PtG unit to have pri-
ority over the PtH unit, since the PtG unit allows a reduction in the consumption of
natural gas, which has a higher price than coal in the European fuel price setting as-
sumed in this work.

The results obtained with the described energy park and operation strategy are pre-
sented in Figure 27 and Figure 28, which show the power and heat production pro-
files, as well as the hydrogen storage level. In the weekly plot a combination of the
features found in the previous two variations is shown: the PtH unit at the east site
operates in the presence of RE surplus and the PtG plant at the west site operates with
the remaining RE power potential until reaching their maximum capacities. In the
heat plot, the contribution of the PtH unit and the displacement of the coal-fired CHP
are shown. The weekly plot of the storage level suggests that the RE power consumed
by the PtH unit leads to a reduction in the amount of hydrogen stored in the cavern
(compare Figure 27 and Figure 25).

Also in this variation, the coal-fired power plant is still required in periods with low
RE production. The RH contribution to power and heat due to hydrogen co-firing in
the CCGT-CHP plant can be clearly identified. Despite the presence of the PtH and PtG
plant, RE curtailment still takes place in this variation. However, from an annual per-
spective, the combined action of these units leads to a considerable reduction in the
RE curtailment. Besides, seasonal effects similar to the two previous variations can be
observed, such as the decrease of the hydrogen storage level in winter and its increase
during summer.

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den personlichen Gebrauch.



Chapter 5: Results: profile analysis

e
@

Power [MW

Heat flow [thh]

=
@

Power [MW

Heat flow [thh]

4000

2000

=
ul
o
o

1000
500

4000

2000

Mo.

Mo.

Variation 6 - Power

Variation 6 - District heating

Tue. Wed. Thu. Fr. Sat. Sun.
Variation 6 - Hydrogen stored in cavern
Tue. Wed. Thu. Fr. Sat. Sun.

[ Curtailed RE
I PG plant (West)
N PtH unit (East)
I rumped hydro
I Coal-fired plant (South)
I RE

B CCGT-CHP-H, (West)
I CCGT-CHP-NG (West)
I Coal-fired CHP (East)

Gas-fired heater (West)
I Gas-fired heater (East)

Gas-fired heater (Center)
I CCGT-CHP-H, (West)
I CCGT-CHP-NG (West)
[N PtH unit (East)
I Coal-fired CHP (East)
N waste-fired heater (East)
I Heat converter (Center)

I stored Hydrogen (West)

Figure 27 - Variation 6: weekly production profiles (February 2050)
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Figure 28 - Variation 6: yearly production profiles (2050)
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5.8 Variation 7: CHP plant at the south site replaces plant at the west site

5.8 Variation 7: CHP plant at the south site replaces plant at the
west site

Variation 7, which is the first variation of branch B (see Figure 5), evaluates the effects
of converting the coal-fired power plant at the south site into a coal-fired CHP plant
which completely substitutes the plant at the west site of the reference system. The
results obtained with the selected energy park and operation strategy are shown in
Figure 29 and Figure 30. The CHP plant at the south site is modelled as two independ-
ent blocks: one block has co-generation capabilities, the other block works as a con-
densing power station and provides only residual load once the first block reaches its
full power production capacity. The coal-fired CHP plant at the east site generates
only as much power as required to cover the heating demand (must-run mode). In
Figure 29 the coal-fired CHP block at the south site operates steadily to provide its
corresponding share of heat. The same can be said of the coal-fired CHP plant at the
east site. Compared to the coal-fired CHP plant at the west site being replaced, the
CHP block at the south site has a larger must-run profile (compare Figure 29 with
Figure 16). This has to do with the fact that the nominal power capacity of the CHP
blocks at the west site equals 375 MW, whereas the nominal power of the CHP block
at the south site equals 827 MWe1. The minimum-load limits of both plants are defined
with respect to the plant’s nominal power, which is why the must-run profile of the
plant at the south site is higher than that of the plant at the west site. The higher must-
run production leads to a reduced share of usable RE (compare also Figure 29 with
Figure 16). This, in turn, leads to a higher share of curtailed RE. The residual load is
reduced compared to variation 1. Regarding the district heating, the production pro-
files remain unchanged, except for the fact that the heat contribution of the replaced
plant at the west site is covered by the new CHP block at the south site. Similar con-
clusions can be drawn from analyzing Figure 30. Regarding the electric power pro-
duction, this variation presents a higher total must-run production, a lower residual
load production and a lower share of RE which can be directly used when compared
to variation 1. Regarding the district heating production, the production profiles re-
main almost unchanged when compared to variation 1, except for the fact that, during
the cold winter period, the coal-fired CHP plant at the south site achieves a production
which is slightly higher than that of the coal-fired CHP blocks being replaced at the
west site. This increase in the heat production at the south site leads indirectly to a
decrease in the heat production of the CHP plant at the east site in such a way that the
total heat production remains constant (compare Figure 30 and Figure 17).
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Figure 30 - Variation 7: yearly production profiles (2050)

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den personlichen Gebrauch.




5.9 Variation 8: CHP plant at the south site, CCGT-CHP plant at the east site

5.9 Variation 8: CHP plant at the south site, CCGT-CHP plant at
the east site

As in the previous variation, in this variation the CHP plant at the south site covers
the heat originally supplied by the west site. Additionally, the coal-fired CHP plant at
the east site is substituted by a CCGT-CHP plant. The idea behind this is that the total
annual CO2 emissions could be reduced by means of fuel substitution. Retrofit of CHP
plants with substitution of fuel from coal to natural gas is financially supported in
Germany according to the §7 part 2 of the CHP law [85]. The characteristics of the
CCGT-CHP plant of this variation are the same as those of the CCGT-CHP plant in vari-
ation 3.

The weekly and yearly production profiles of this variation are shown in Figure 31
and Figure 32. In the weekly profiles it becomes clear that the coal-fired CHP block at
the south site produces electricity in the same way as in the previous variation. The
CCGT-CHP plant at the east site produces more electricity than its substituted coal-
fired counterpart (compare Figure 31 and Figure 29). Consequently, the share of RE
which can be directly used is reduced and the amount of curtailed RE is increased.
The residual load required is reduced. Regarding the heat production, most of the pro-
duction profiles remain unchanged, except for the CCGT-CHP production at the east
site, which is slightly less than its substituted coal-fired counterpart. This, in turn,
leads to an increase in the heat production of the gas-fired heater at the east site,
which compensates this difference.

All the above described effects can be found again in the yearly production profile
(compare Figure 32 and Figure 30). The coal-fired CHP plant has the same block set-
up and operation logic as the previous variation. The CCGT-CHP plant is also able to
produce residual power in case the coal-fired CHP block achieves its maximum power
production capacity. This can be identified in a few time periods of the yearly power
production profiles. The increased contribution of the gas-fired heater at the east site
becomes evident in cold winter days, when the total heat production achieves its max-
imum value.
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Figure 32 - Variation 8: yearly production profiles (2050)
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5.10 Variation 9: CHP and PtH units at the south site, PtGtCHP plant at the east site

5.10 Variation 9: CHP and PtH units at the south site, PtGtCHP
plant at the east site

The only difference between this variation and variation 8 is that here a PtH unit is
installed at the south site and a PtGtCHP plant is installed at the east site. The opera-
tion strategy of the PtH and the PtGtCHP units is the same as the one described in
variation 6: both units are only operated with otherwise-curtailed RE, the PtH has
priority over the PtG unit (displacement of fuel with highest specific CO2 emissions),
the hydrogen is released from the storage only if available and only 60 % of the heat
input required by the gas turbines is supplied by combustion of hydrogen.

The weekly and yearly production profiles of this variation are shown in Figure 33
and Figure 34. In the weekly profiles it becomes clear that the switchable demands of
the PtH unit and the PtG plantlead to a reduction in the curtailed RE. Besides, the CHP
curtailment effect can be identified here again: the displacement of the heat produc-
tion at the coal-fired CHP block by the PtH unit leads indirectly to a reduction in the
power production of the coal-fired CHP plant. Furthermore, the hydrogen level of the
cavern storage is clearly dependent on the availability of otherwise curtailed RE and
on the fuel consumption of the CCGT-CHP plant, which is in turn mainly determined
by the heat demand. The fact that the co-firing of hydrogen in a CCGT-CHP plant leads
to an increase in the share of RE in both electricity and district heating consumption
can also be seen in this figure.

In the yearly profiles, the CHP curtailment effect mainly takes place in periods with
high heat demand. Regarding the hydrogen cavern, the main difference between this
variation and variations 5 or 6 is that the cavern is full for a longer period of time in
periods of low heat demand. One of the reasons for this phenomenon is that the CCGT-
CHP plant is located at the east site, and during summer the waste-fired heating plant
provides most of the heat production at this site, leading to reduced hydrogen con-
sumption at the CCGT-CHP plant. Another reason for the higher storage level is that
the must-run production of the coal-fired CHP plant at the south site is higher than
that of the coal-fired CHP plant in variations 5 and 6 (compare coal-fired CHP contri-
butions in Figure 34 and Figure 26). This leads to an increase in the curtailed RE
power and to a higher hydrogen production. It becomes also clear that, under the cur-
rent assumptions, the storage capacity of the cavern and the availability of otherwise
curtailed RE still lead to periods of time in which the stored hydrogen is insufficient
for co-firing in the CCGT-CHP plant.
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5.11 Variation 10: GT power plant at the south site, CCGT-CHP plants at the east and west sites

5.11 Variation 10: GT power plant at the south site, CCGT-CHP
plants at the east and west sites

Variation 10, which is the first variation of branch C (see Figure 5) evaluates the con-
sequences of completely removing coal from the analyzed energy system. The coal-
fired plant at the south site is replaced by a GT plant consisting of four blocks, each of
them with nominal power capacity of 413.5 MW.. CCGT-CHP plants are installed at
the east and west sites. The characteristics of the CCGT-CHP plants of this variation
are the same as the characteristics of the CCGT-CHP plant in variation 3.

The results obtained with the selected operation strategy are shown in Figure 35 and
Figure 36. The CCGT-CHP plant at the east site operates only as a must-run plant, as
seen in its power and heat production profiles. The CCGT-CHP plant at the west site is
capable of contributing to the residual load coverage, which can also be seen in its
weekly and yearly production profiles. Once this plant achieves its maximum produc-
tion capacity, the GT plant starts to produce power to cover the rest of the residual
load, as seen in the weekly power production profile (e.g. on Sunday). If the CCGT-CHP
plant at the west site is capable of providing the entire residual load, the GT plant
remains inactive (e.g. on early Monday). Due to their higher CHP coefficient, both CHP
plants have a higher must-run profile than their coal-fired counterparts, leading to a
reduction in the usable RE and an increase in the curtailed RE. In both figures, the
increased production of the gas-fired heaters at the east and west sites becomes evi-
dent in periods with high total heat production due to the heat production limitations
of the CCGT-CHP plants compared to their coal-fired counterparts.

In the yearly production profiles, the contribution of the CCGT-CHP plant at the west
site to cover the residual load becomes evident. This is true mainly in periods with
large day-night fluctuations of the available RE production. The production profiles of
the waste-fired heater at the east site and the heat converter at the center site remain
also unchanged in this variation with respect to the previous variations.
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Figure 35 - Variation 10: weekly production profiles (February 2050)
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Figure 36 - Variation 10: yearly production profiles (2050)
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5.12 Variation 11: GT power plant at the south site, PtGtCHP plants at the east and west sites

5.12 Variation 11: GT power plant at the south site, PtGtCHP
plants at the east and west sites

This variation has the same energy park as the previous variation: a GT plant at the
south site, one CCGT-CHP plant at the east site and one at the west site. However, hy-
drogen co-firing in the CCGT-CHP plants is assumed in this variation. The hydrogen is
produced in two PtG plants and stored in underground salt caverns. Hydrogen pro-
duction and storage occur close to the east and west sites. Hydrogen is then trans-
ported via pipeline to the CCGT-CHP plants (see Figure 6). The total power capacity of
the electrolyzes and storage capacity of the salt caverns remains unchanged with re-
spect to the previous variations, but these total capacities are divided equally between
both PtG plants: each of them has an electrolyzer power capacity of 600 MW, and a
cavern capacity of 250,000 m3. The results, obtained with the selected energy park
and the operation strategy, are shown in Figure 37 and Figure 38. The operation mode
of the CCGT-CHP plants is the same as in the previous variation, except for the 60 %
hydrogen co-firing scheme already present in other variations with PtGtCHP plants
(compare Figure 37 and Figure 35). The RE surplus used for the hydrogen production
at the east and west sites is divided equally between both PtG plants. The hydrogen
consumed is converted into electricity and heat in both CCGT-CHP plants, as seen in
the figures below. The fact that the amount of hydrogen being used is increased and
the amount of hydrogen being produced is kept constant leads to a lower utilization
of the cavern storage capacities. This is reflected on relatively low storage levels in
both the weekly and the yearly plots. Another observable consequence of the above
mentioned dimensioning issue is that the hydrogen usage is mainly simultaneous
with its production. The yearly profiles put in evidence the behavior of the storage
level of both caverns between the seasons: the cavern at the east site achieves higher
storage levels in summer because the waste-fired heating plant at this site overtakes
most of the heating production in this season, leading to a lower hydrogen utilization
by the CCGT-CHP plant. The operation strategy of the PtGtCHP plants leads, in this
variation, to an almost simultaneous integration of RE in electricity and heat con-
sumption in periods with RE surplus. To achieve a better temporal decoupling of the
hydrogen consumption and production, the operation strategy of the PtGtCHP could
be modified. During winter, hydrogen could be only stored in the caverns and not co-
fired in the CCGT-CHP plants. In summer, hydrogen could be finally co-fired in the
CCGT-CHP plants, leading to a better utilization of the cavern capacity, and to an effec-
tive seasonal RE storage solution.
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Figure 38- Variation 11: yearly production profiles (2050)
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6 RESULTS: ANNUAL ANALYSIS

6.1 Sankey diagrams of representative variations

An overview of the energy and COz emission flows resulting from the annual simula-
tions of the reference system, variation 1, variation 6 and variation 11 is given in Fig-
ure 39, Figure 40, Figure 41, and Figure 42 in the form of Sankey diagrams. The vari-
ations presented in this section are selected because of the following reasons: a) the
reference system and the first variation illustrate the direct effects of increasing the
RE production capacity on an otherwise unchanged energy park; b) variation 6 in-
cludes both RE integration technologies analyzed in this work, namely PtH and
PtGtCHP plants; and c) variation 11 presents low values of total annual CO; emissions
as well as high shares of RE and CHP power in electricity consumption, which makes
it an interesting subject for analysis.

In the Sankey diagrams presented in this section, the energy sources are located on
the left and the system’s annual electricity and heat consumption, together with the
resulting CO2 emissions, are displayed on the right hand side of the diagrams. The
energy conversion units, which convert the different energy sources into heat or elec-
tricity, are shown in the middle. As described in section 3.2, the electricity consump-
tion remains constant and equals 12.9 TWhe for all variations. The heat consumption
in the reference system is considered to be 22.6 TWhw of which 17 % (3.9 TWhuw) is
covered by the main district heating grid, 56 % (12.7 TWhw) by gas, 13 % (2.9 TWhuw)
by heating oil, 5 % (1.1 TWhw) by other heating grids, 8 % (1.8 TWhw) by electric
heaters and 1 % (0.2 TWhw) by other sources. This allocation of the heat market
shares is based on the values published in [66] and was implemented as such into the
model.

According to the Sankey diagram of the reference system, shown in Figure 39, the RE
output is entirely used to cover the system'’s electricity consumption because the RE
power output does not exceed the electricity demand at any point in time. As a con-
sequence, no RE is curtailed in this variation. The coal-fired power plant covers the
residual load and is the system component with the highest electric energy output,
which accounts for 62 % of the electricity requirements of the system. The plant emits
6.1 million tons of CO2 or 51 % of the total annual CO2 emissions of this variation. The
coal consumption of this plant represents the largest fuel requirement of the system.

The coal-fired CHP plants at the east and west sites have a comparatively small elec-
tric energy output because they have a smaller nominal power capacity than the coal-
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Chapter 6: Results: annual analysis

fired power plant and they operate only in must-run mode. Together, these plants re-
quire 6.1 TWh of fuel in form of coal and supply 69 % of the main district heating
consumption. The waste incineration plant and the central gas-fired heaters are re-
sponsible for the rest of the main district heating consumption.

The remaining elements in this figure follow the allocation of the heat market shares
described at the beginning of this section. The gas-fired decentral heaters are respon-
sible for 88 % of the gas consumption and 19 % of the CO2 emissions in this variation.
The electric heaters at the top right of the figure are responsible for 8 % of the sys-
tem’s CO2 emissions, which result from the product of the electric energy input to the
heaters and the specific emission factor of the grid.

Reference system

EH Electric energy [TWh,el]

= Gas [TWh] O TWhel
=m Heat [TWh,th] Cutailed RE
= €O, [Mron]
3 TWhel
=m Coal [TWh] RE Electricity
=l Heating oil [TWh] [1-3 T"\]’hel consumption
inpat
mm Waste [TWh] ¥ 12.9 TWh,el

1.8 TWhth

Electric heaters

Power plant

1.9 TWh,el

Coal CHP plants Heat
24.3 Twh consumption
i1men S 226 TWh,th
2.9 TWhth
- 6.1 Mton
Waste incin. Main
Waste plant | district heating 1.9 Mbon ,
1.0 TWh 0.3 TWh, /
0.2 Mton ¥,
0.3 TWh 0.1 Mton
Central : o
heaters 11TWhth 0.8 Mton p / CO2 ernissions
L3TWh 13.6 Mt
Natural gas District heatin; 26 Micht
145 Twh others
0.8 Mton
129 TWh
Decentral heaters /
2.0 TWhith 0.2 TWhih
3TWh
Heating oil Decentral heaters Others
3.0 TWh

Figure 39 - Sankey diagram of the reference system

According to the Sankey diagram of variation 1, shown in Figure 40, the increased
installed RE capacity leads to an increase in the amount of RE directly used to cover
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6.1 Sankey diagrams of representative variations

the system’s electricity consumption from 3 TWhe in the reference system to
9.5 TWhe in variation 1. At the same time, there is an increase in the amount of cur-
tailed RE, which achieves a value of 2.8 TWhe. Another consequence of the increased
installed capacity of RE is the reduction in the residual load, which translates into a
reduction in the coal-fired power plant’s a) electric energy output from 8 TWhe to
1.5 TWhey, b) coal consumption from 18.2 TWh to 3.6 TWh, and c) COz emissions from
6.1 to 1.2 million tons. Due to this reduction of 80 % in the CO; emissions, the coal-
fired power plant is not the largest CO; emitter of the system anymore.

Variation 1

B8 Electric energy [TWh,el]
= Gas [TWh] 2.8 TWh,el
mm Heat [TWh,th] Cutailed RE
== CO,, [Mron]

=m Coal [TWh]
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= Waste [TWh] 1.5 TWhel

RE Electricity
1.8 TWhel consumption

(input] 12.9 Twh,el

2.6 TWh .8 TWhth

Electric heaters

Power plant

1.9 TWh,el

Coal
. CHP plants 'Heat
9.7 T consumption
04 Mton 22.6 TWh,th
3.9 TWhith :
1 TWh ] 0,8 TWhth =
d yd - 12 Mton
Waste incin. Main
Waste plant | district heating L. MNgger
1.0 TWh 0.3 TWhﬁ 0.2Miton
0.1 Mton '
Central 14 TWheh 0,8 M
. M {a) g
0.3TWh heaters / s e
v C()2 emissions
LITWh - ¢ 8.0 Mt
g B 2.6 Mtan '
Natural gas District heating
145 TWh others 2.7 TWhth
0,8 Mton
12,9 TWh ]
Decentral heaters
f— 2.9 TWh,th 0.2 TWhth
Heating oil Decentral heaters Others
3.0 Twh

Figure 40 - Sankey diagram of variation 1

The electric energy output, coal consumption and CO; emission values of the coal-
fired CHP plants do not change in this variation compared with the reference system,
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because the nominal capacities and the operation strategy of these plants remain un-
changed. The energy flows and COz emissions of the main district heating grid and the
rest of the system’s heat sources remain unchanged except for the electric heaters,
which experience a reduction of 64 % in their CO; emissions with respect to the ref-
erence system because the specific CO2 emission factor of the electric grid is reduced
due to the increased presence of RE. In summary, the total annual CO; emissions are
reduced in variation 1 mainly due to the displacement of the coal-fired power plant
by the RE producers.

Figure 41 shows the annual energy balance of variation 6, in which a PtH unit and a
PtGtCHP plant are present. Compared to variation 1, the presence of these units leads
to a reduction in the curtailed RE from 2.8 to 0.2 TWhe. The PtH unit receives
0.6 TWhe of RE and converts it into heat. The PtG unit converts 2.6 TWhe of RE into
1.8 TWh in form of hydrogen. The amount of RE directly used to cover the electricity
consumption is reduced in this variation with respect to variation 1 by 0.6 TWhe, to a
value of 8.9 TWhe, because the coal-fired CHP plant at the west site is substituted by
a CCGT-CHP plant, which has a higher CHP coefficient. The hydrogen storage cavern
was modeled in such a way that the amount of hydrogen at the beginning and the end
of the year was the same, which means that the 1.8 TWh of hydrogen produced in the
electrolyzers throughout the year are sent to the CCGT-CHP unit. Besides the CO:
emission reduction due to fuel substitution from coal to natural gas at the CCGT-CHP
plant, the use of RH leads to an additional reduction in the plant’'s CO2 emissions,
which attain a value of 0.5 million tons, leading to a fuel-specific CO2 emission factor
for the combined fuel over the year of 111 kg/MWh (0.5 million tons divided by 4.5
TWh, which is the sum of the natural gas and hydrogen inputs to the CCGT plant). As
a comparison, natural gas alone has a fuel-specific CO; emission factor of
202 kg/MWh, as shown in Table 5. The here calculated fuel-specific CO2 emission fac-
tor for the combined natural gas and hydrogen fuel varies from variation to variation,
depending on the availability of RE surplus, so that variations with low RE surplus
would have higher values and vice versa.

The energy output, heat output, coal consumption and CO; emissions of the coal-fired
CHP plant decrease with respect to variation 1 because only the CHP plant at the east
site is considered and due to the CHP curtailment effect caused by the PtH unit at this
site.

The natural gas consumption is increased from 14.6 TWh in variation 1 to 17.4 TWh
in variation 6, an increase of 19 %. The reasons for this are the presence of the CCGT-
CHP plant and an increase in the fuel consumption of the central heaters, which par-
ticipate more in the peak-load coverage at the west site in comparison to variation 1
(compare variation 6 with 1 in Figure 5).
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6.1 Sankey diagrams of representative variations

The energy flows and CO; emissions of the rest of the system’s heat sources remain
unchanged, except for the electric heaters, which experience a reduction of 73 % in
their CO2 emissions with respect to the reference system, because the specific CO>
emission factor of the electric grid is reduced due to the fuel substitution, the in-
creased RE output and the RH power contribution.

Summarizing, the CO2 emission reductions obtained in this variation are mainly due
to the fuel substitution (CCGT-CHP plant instead of coal-fired CHP plant), the CHP cur-
tailment effect caused by the PtH unit and the lower fuel-specific CO; emission factor
of the fuel mix (hydrogen and natural gas) used by the CCGT-CHP plant.

RE
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Figure 41 - Sankey diagram of variation 6

Figure 42 shows the Sankey diagram of variation 11. The coal consumption disap-
pears completely in this variation because the coal-fired power plant is substituted
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by four gas-fired GT blocks, and the coal-fired CHP plants at the east and west sites
are substituted by CCGT-CHP plants. As previously mentioned, since the CCGT-CHP
plants have a larger CHP coefficient than their coal-fired counterparts, the must-run
production of the CCGT-CHP plants is higher. In comparison to variation 6, this leads
to a) a decrease of the RE directly used to cover the electricity consumption (here
8.2 TWhael), b) an increase in the curtailed RE (0.4 TWhel), and c) a reduction in the
residual load, which is mainly covered by the GT power plants (0.3 TWhe). It becomes
clear that the GT power plants are largely oversized, achieving a capacity factor of
merely 2.1 %, calculated as the ratio between the plant’s annual energy production
and the plant’s theoretical annual energy production at full load. Decreasing the in-
stalled capacity of the GT power plants to 827 MW would still be a viable solution,
but this was not done in this work to enable a better comparability of the different
system variations. Reducing the installed GT capacity would lead mainly to a reduc-
tion in the total annual costs due to the reduction in the investment costs.

The natural gas consumption increases from 17.4 TWh in variation 6 to 20.4 TWh in
variation 11, which represents an increase of 17.2 %. In this variation, 2.6 TWh of hy-
drogen produced with RE in the PtG plans are co-fired in the CCGT-CHP plants, assum-
ing that the hydrogen cavern storage has the same level at the beginning and the end
of the yearly simulation. Without the hydrogen co-firing, the natural gas consumption
would be larger.

The energy flows and CO2 emissions of the rest of the system’s heat sources remain
unchanged, except for the electric heaters, which experience a reduction of 82 % in
their CO2 emissions with respect to the reference system, because the specific CO>
emission factor of the electric grid is reduced due to the fuel substitution, the in-
creased presence of RE, and the RH power contribution.

The combined effects of the substitution of coal with natural gas and the presence of
PtGtCHP plants lead to a reduction in the annual total CO2 emissions compared to var-
iation 6 from 7.0 to 6.4 million tons per year, which represents a reduction of 8.6 %.
This is in fact the variation with the lowest CO2 emissions of all.

A more detailed analysis of the conflict between RE and CHP power can be made with
the help of the here presented Sankey diagrams. By analyzing the RE flows of varia-
tions 1, 6 and 11, the following becomes evident: the RE directly used for the electric-
ity consumption decreases from 9.5 TWhe in variation 1 to 8.9 TWhe in variation 6
and 8.2 TWhe in variation 11. The amount of RE being curtailed in variation 1 equals
2.8 TWhe. Although the amount of RE being curtailed decreases to 0.2 TWhe and
0.4 TWhe in variations 6 and 11 respectively, the amount of RE being used in the RE
integration units (PtH and PtG) is actually higher than the 2.8 TWhe curtailed in var-

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den personlichen Gebrauch.



6.1 Sankey diagrams of representative variations

iation 1. This phenomenon can be explained by the fact that the increase in CHP elec-
trical capacity due to the shift from coal-fired CHP plants to gas-fired CCGT-CHP plants
compromises the direct RE utilization. Although the RE integration technologies al-
low an increase in the share of RE in electricity and district heating consumption, the
source of the electricity surplus could be attributed to the increased electric energy
output of CHP plants. This increases from 1.9 TWhe in variation 1 to 2.9 TWhe in var-
iation 6 and 4.4 TWhe in variation 11.

Cutailed RE

RE 0.4 TWh,el

Variation 11

E8 Electric energy [TWh,el]
3 Gas [TWh]

=l Heat [TWh,th]

= CO,, [Mton]
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consumption

18TWhel 129 TWh,el
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" 22.6 TWhyth
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Figure 42 - Sankey diagram of variation 11

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den personlichen Gebrauch.



Chapter 6: Results: annual analysis

6.2 Annual efficiencies of PtGtCHP plants

The partial 10 and total 10 efficiency sets defined in section 4.2.3 (equations (17) to
(22)) can be used to analyze the annual performance of PtGtCHP plants by integrating
over one year the terms which define the sets. Figure 43 shows the Sankey diagram
of the resulting annual energy inflows and outflows to the PtGtCHP plant in variation
6. These values are extracted from the Sankey diagram shown in Figure 41 and are
now used to illustrate the calculation of the annual efficiency sets.

Electricity
2.6 TWh,el production

ElL energy from natural gas 18TWh 0.6 TWhel
[TWh,el] S
ydrogen from RE [TWh] RE PLG - 7777 13 TWhel

== El. energy from RE [TWh,el] Wy
AN
= Natural gas [TWh] 7 TWh CCGT-CHP gy Q3 TWhth
Bm Heat [TWh,th] ‘ o T\J‘::\\:\\
5 Rt
Heat from natural gas [TWh,th] Heat

Natural gas PtGtCHP

El energy from hydrogen production

[TWh,el]
Heat from hydrogen [TWh,th]

Figure 43 - Sankey diagram of the PtGtCHP plant in variation 6

According to the values in the Sankey diagram and the proposed sets of equations, the
annual partial 10 efficiency set of these units is calculated as

T
ft:o Pel,Hz,out dt

T
Jizo PetpLy,in At (28)
Eel,Hz,out _ 0.8

Nptp,PtGtCHP,a =

=————=—=31%
Eel,ELY,in 2.6
T .
ft=0 ch,Hz,out dt
NptH,PtGtCHP,a = —.T
Ji—o PevpLy,indt (29)
0.5
— ch,Hz,out - _19 %

Eel,ELY,in 2.6

T .
ft=0(P31:H2,0U—f + ch,HZ,out) dt

fPtCHP,PthCHP,a = T
ft=0 Peypry,in dt (30)
_ Eel,Hz,out + ch,Hz,out — 0.8+0.5 = 50%
Eel,ELY,in 2.6

where Np.p proecupq 1S the annual PtP efficiency, npey pegecnp o 1S the annual PtH effi-
ciency, and $prcpp pecrenp,a 1S the PtCHP efficiency of the PtGtCHP plant. E;; 4, o, and

Qtnm,,0ue are the electricity and heat outputs from hydrogen from of the PtG units as
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6.2 Annual efficiencies of PtGtCHP plants

defined in equations (13) and (14), and E; g1y in, is the electric energy used by the

electrolyzer to produce hydrogen.

The annual PtCHP efficiency of the PtGtCHP plant is 50 %, which means that 50 % of
the RE sent to the PtGtCHP plant is converted into heat and power. If the same amount
of RE would be used to produce RH in a hypothetical electrolyzer park with nominal
efficiency of 70 %, related to LHV, and then fired in a hypothetical CCGT power plant
with electrical efficiency of 60 % without co-generation, the PtP efficiency would be
of 42 % (100 % RE x 70 % electrolyzer efficiency = 70 % energy in form of hydrogen
x 60 % CCGT electrical efficiency=> 42 % PtP efficiency) and the PtH efficiency would
be of 0 %, since no heat is produced in a CCGT power plant without co-generation. A
similar exercise can be done with a hydrogen-fired central heater with heat efficiency
of 95 %, in which case the resulting PtH efficiency would be of 67 % (100% RE x 70 %
electrolyzer efficiency—=>70 % energy in form of hydrogen x 95 % heat efficiency of
the central heater->67 % PtH efficiency), but the PtP efficiency would be of 0 %, since
no power is produced in a central heater. Furthermore, the annual PtH efficiency of
the PtGtCHP plant indicates that only 19 % of the RE electricity sent to the PtGtCHP
plant is converted into heat. This seems rather small when compared to the PtH effi-
ciency of the PtH unit, which has a value of 100 %. However, the PtGtCHP plant is not
only able to make low temperature heat as the PtH unit does, but it is also able to
produce electrical power - a better product from an exergetic point of view - with a
PtP efficiency of 31 %. Summarizing, PtGtCHP plants enable the usage of RH for the
production of electricity or heat with a considerably high annual PtCHP efficiency
value.

On the other hand, the annual total IO efficiencies, which take into consideration the
total energy inputs and outputs, are also calculated with the values presented in Fig-
ure 43, leading to the following results

T
ft=0 Peichpout At

T R

ftzO(Pel,Electrolyzer,in + QNG,in) dt (31)
Eel,CHP,out _

Eel,Electrolyzer,in + QNG,in 2.6 +2.7

T .
ft:o QCHP,out dt

T .

ft=0(Pel,Electrolyzer,in + QNG,in) dt (32)
QCHP,out _

Eel,Electrolyzer,in + QNG,in 2.6 +2.7

Nel,ptGtcHP,a =

=40%

Nth,ptGtcHP,a —

=26%
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T .
ftzO(Pel,CHP,out + QCHP,out) dt

T .
ft=0(Pel,Electrolyzer,out + QNG,in) dt (33)
Ecupour + Qcupoue 2.1+ 1.4
Eel,Electrolyzer,in + QNG,in 2.6 + 2.7

where 1, prgrcup o 1S the annual electrical efficiency, ¢y, prgecrp,q 1S the annual thermal

¢ PtGtCHP,a —

efficiency and ¢pigecpp o i the annual energy utilization efficiency of a PtGtCHP plant.
Eoi cup,our and Qcpp oy are the electricity and heat outputs of the CHP unit, obtained
by integrating the time dependent outputs described in equation (5). E, grectrotyzer,in
remains as described in equation (30), and Qg i, is the energy in form of natural gas
required by the CHP unit to produce electricity and heat.

When considering all energy inputs required for the PtGtCHP plants to operate, the
annual electricity efficiency of the PtGtCHP plant reaches 40 %, the heat efficiency
reaches 26 % and the unit’s total 10 fuel utilization efficiency reaches 66 %. These
values consider the fact that natural gas can be directly used in the CHP plant, but
hydrogen must be produced out of RE via an electrolyzer park, which comes with ef-
ficiency penalties.

6.3 Summary of annual results

To enable a comparison between the simulation results of the different variations, a
group of relevant quantities was selected. These quantities are: the share of RE in
electricity consumption (RE share, el), the share of CHP power in electricity consump-
tion (CHP share, el), total annual costs (Cost (total)), total annual CO2 emissions
(COz (total)), and the share of RE in district heating consumption (RE share, DH).
These quantities are defined in detail in section 4.4. The results obtained with the
annual simulations are summarized in Figure 44, which displays the system varia-
tions grouped into the three main branches defined in section 3.4. These results are
analyzed and compared in detail in sections 6.4 and 6.5.

The share of RE in electricity consumption (RE share, el) represents only the share of
RE which can be used in the electric grid. This implies that curtailed RE is not consid-
ered in this quantity. In variations 5 and 9, where hydrogen from the PtG unit is co-
fired in the CCGT-CHP plant, the fraction of the electricity generated by the co-firing
of hydrogen is also considered in this term. See equation (25) for details on the calcu-
lation of this value.

In this work, the share of CHP power in electricity consumption (CHP share, el) is not
the total electricity production of the CHP units. Only the electricity produced in co-
generation is considered. See equation (26) for details on the calculation of this value.
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RE share, el [%] Variation 1
CHP share,el  [%)] RE share, el 73.8 Branch A
Costs (total) [M€/a] CHP share, el 9.4
CO, (total) [Mt/a] | Costs (total) 2,493.3
RE share, DH  [%] CO, (total) 8.0
RE share, DH 8.6
Variation 2
West: RE share, el 77.4
gas-fired CHP share, el 4.2
district water heaters | |Costs (total) 2,473.1
CO, (total) 7.6 Variation 4
RE share, DH 8.6 RE share, el 69.6
CHP share, el 12.2
mocﬂ.:“ West Variation 3 \1 Costs (total) 2,554.8 Variation 6
coal -fired gas-fired RE share, el 68.5 East: PtH CO, (total) 7.3 RE share, el 85.8
power plant GTCC-CHP plant CHP share, el 143 — RE share, DH 239 CHP share, el 12.3
| Costs (total) 2,560.2 Costs (total) 2,634.9
CO, (total) 7.5 West: PtG Variation 5 CO, (total) 7.0
RE share, DH 8.6 RE share, el 76.0 RE share, DH 37.4
/ CHP share, el 14.4
Reference system Costs (total) 2,632.1
RE share, el 23.1 CO, (total) 7.1
CHP share, el 9.4 RE share, DH 25.3
Costs (total) 1792.8 A
CO, (total) 13.7 South: Variation 7 Branch B
RE share, DH 8.6 coal-fired CHP RE share, el 62.7
block CHP share, el 9.4
replaces west i Costs (total) 2,498.5
CO, (total) 9.3
RE share, DH 8.6
Variation 8 Variation 9
RE share, el 57.1 South: PtH RE share, el 65.8
East: CHP share, el 13.3 East: PtG _|CHP share, el 10.2
GTCC-CHP plant a0t (total) 2,570.5 "I Costs (total) 2,635.6
CO, (total) 8.9 CO, (total) 8.2
East and west: RE share, DH 8.6 RE share, DH 46.1§
GTCC-CHP plants
South: GT power plant Variation 10 Variation 11 Branch C
RE share, el 63.4 East: PtG RE share, el 70.1
/ _|CHP share, el 183 West: PtG CHP share, el 183
"|Costs (total) 2,493.2 Costs (total) 2,572.6
CO, (total) 6.8 CO, (total) 6.4
RE re DH 8.6 RE re, DH 214

Figure 44 - Summary of result in decision tree format
sented in equation (24), according to which the costs are calculated individually for
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costs are considered. The costs incurred by the heat producers outside of the large
district heating grid are considered as well. The definition of the total annual CO:
emissions (CO: (total)) also corresponds to the one presented in equation (23), ac-
cording to which the CO; emissions are calculated by multiplying the fuel-specific CO2
emission factors by the fuel consumption of each production unit fired with fossil
fuels. In variations where hydrogen is co-fired in the CCGT-CHP plant, the heating in-
put coming from the hydrogen is considered to be free of CO2 emissions.

As defined in equation (27), the share of RE in district heating consumption
(RE share, DH) consists of up to three terms depending on the constitution of the var-
iation’s energy park: the first term is the heat coming from the waste-fired heating
plant, 50 % of which is considered to be of biogenic nature according to [67]; the sec-
ond term corresponds to the heat produced by the PtH unit, which is operated only
with RE surplus; the third term corresponds to the heat produced by hydrogen co-
firing in the CCGT-CHP units, which is calculated according to the description of sec-
tion 4.2.3.

6.4 Comments on each variation

The reference system is the starting point of this analysis. The share of RE in electric-
ity consumption of 23.1 % reflects the value achieved in Germany in the year 2012
well, which according to [67] was 23.7 %. The share of CHP power in electricity con-
sumption equals 9.4 %. The main goal of the German CHP law of 2015 [85] is to in-
crease the power production from CHP plants to 110 TWhe in 2020 and 120 TWhel in
2025. Considering that in 2012 the power production from CHP plants was
106.5 TWhe [86] the aforementioned goals of the CHP law imply an increase of 3.3 %
until 2020 and 12.7 % until 2025 with respect to the year 2012. To reflect this goal of
increasing the role of CHP plants in the energy mix, a similar increase of 12.7 % in the
share of CHP power in electricity consumption is considered to be satisfactory in this
work. Therefore, an increase from 9.4 % in 2012 to more than 10.6 % leads to a sat-
isfactory solution regarding the share of CHP power in electricity consumption. The
total annual costs of €1,792.8 million are only an indicative value which serves as ref-
erence for the other variations. The calculated total annual CO2 emissions of 13.7 mil-
lion tons is consistent with the value published by the Hamburg’s Ministry of Urban
Development and Environment in [87] for the year 2012. The published value equals
14.2 million tons if the CO2 emissions produced by the transportation sector, which
are not considered in this work, are neglected. The share of RE in district heating con-
sumption of the reference system equals 8.6 %, which accounts for 50 % of the heat
produced by the waste incineration plant.
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Branch A

In variation 1, which is the starting point of branch A, the share of RE in electricity
consumption increases 50.7 %-points with respect to the reference system, to a value
of 73.8 %, due to the assumed increase in the RE installed capacity. However, this
leads to a considerable amount of RE being curtailed in periods of negative residual
load, i.e. periods of local RE surplus. These periods are shown in Figure 16 and Figure
17 and result from an increase in the total RE installed capacity from 1,758 MW in
the reference scenario (2012) to 5,912 MW in the rest of the variations (2050). The
share of CHP power in electricity consumption remains constant at 9.4 % because the
CHP plants in this variation remain unchanged with respect to the reference system.
Further evident consequences of an increased RE capacity are the higher total annual
costs of €2,493.3 million (39.1 % increase with respect to the reference system) and
the lower annual CO2 emissions of 8.0 million tons (decrease of 41.7 % with respect
to the reference system). The increase in total annual costs is related to the higher
investment costs of RE. The decrease in the annual CO; emissions is related to the fact
that the positive residual load, which is covered by the coal-fired power plant, is re-
duced due to the higher RE capacity (compare Figure 14 and Figure 15 with Figure
16 and Figure 17). If the curtailed RE of variation 1 would be utilized in some other
form, then the CO2 emissions could be further reduced. The share of RE in district
heating consumption of this variation remains unchanged with respect to the refer-
ence system and equals 8.6 %.

In variation 2 an interesting phenomenon can be observed: by replacing the CHP plant
at the west site with a gas-fired heating plant, the must-run electricity production of
the replaced CHP plant is eliminated. This enables an increase of 3.6 %-points in the
share of RE in electricity consumption with respect to variation 1, to a value of 77.4 %.
However, this also leads to a reduction in the share of CHP power in electricity con-
sumption of 5.2 %-points with respect to variation 1, to a value of only 4.2 %. In fact
this is the variation with the lowest share of CHP in electricity consumption of all. The
total annual costs of this variation are 0.8 % lower than the total annual costs of var-
iation 1. The first explanation for this is the fact that a unit with low fuel costs but
relatively high investment costs (coal-fired CHP plant) is replaced by a unit with
higher fuel costs but low investment costs (gas-fired heating plant) and both effects
compensate each other. The CO2 emissions of this variation remain almost unchanged
with respect to variation 1; they just decrease 4.8 %, to 7.6 million tons. The share of
RE in district heating consumption of this variation remains unchanged with respect
to the reference system and equals 8.6 %.

In variation 3, the share of CHP power in electricity consumption increases 4.9 %-
points with respect to variation 1, to a value of 14.3 %. This is due to the presence of
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the CCGT-CHP plant at the west site, since the CHP coefficient of this plant is higher
than that of the coal-fired CHP plant being substituted. The increase in must-run pro-
duction of the CCGT-CHP plant due to its higher CHP coefficient leads to a reduction
of 5.3 %-points in the share of RE in electricity consumption with respect to variation
1, to a value of 68.5 %. The total annual costs increase 2.7 % with respect to variation
1, to €2,560.2 million, due to the usage of natural gas in the CCGT-CHP plant. This
increase occurs although the investment costs for the CHP plant at the west site are
reduced with respect to variation 1, because the specific investment costs of the CCGT-
CHP plant are lower than the specific investment costs of the coal-fired CHP plant (see
Table 6 for specific investment costs and Figure 5 for installed capacities). On the con-
trary, the total annual CO; emissions in this variation are reduced by 5.5 % with re-
spect to variation 1 to 7.5 million tons. The share of RE in district heating consump-
tion of variation 3 remains unchanged with respect to the reference system and
equals 8.6 %. The following variations of branch A (variations 4, 5 and 6) are based
on the system configuration of variation 3.

In variation 4, additionally to the energy park of variation 3, a PtH unit is installed at
the east site. As a consequence, the share of RE in electricity consumption reaches a
value of 69.6 %, which represents an increase of 1.1 %-points with respect to varia-
tion 3. Intuitively, the PtH unit should not affect the share of RE in electricity consump-
tion, but only the share of RE in the district heating consumption. The CHP curtail-
ment effect, which was first presented in section 5.5 is responsible for the
aforementioned increase: while operating in backpressure mode, a reduction in the
set value of the CHP plant’s heat production caused by the usage of the PtH unit leads
automatically to a reduction in its must-run electricity production. This leads to a re-
duction in the share of CHP power in electricity consumption. On the other hand, this
also means that more RE can be directly used to cover the system'’s electricity demand,
and the share of RE in electricity consumption increases. Despite the additional in-
vestment costs for the PtH unit, the total annual costs decrease 0.2 % with respect to
variation 3 to a value of €2,554.8 million because the PtH unit enables savings on the
coal consumption of the CHP plant. The CO; emissions decrease to a value of 7.3 mil-
lion tons. This represents a reduction of 3 % with respect to variation 3 and is caused
by an increase in the share of RE in electricity and district heating consumption. The
share of RE in district heating consumption of this variation reaches a value of 23.9 %,
which represents an increase of 15.3 %-points with respect to variation 3. This is due
to the presence of the PtH unit, which converts otherwise curtailed RE into heat.

In variation 5, additionally to the energy park of variation 3, an electrolyzer park is
installed together with an underground hydrogen storage close to the west site. The
hydrogen is produced with otherwise curtailed RE and it is co-fired at the CCGT-CHP
plant at the west site. The share of RE in electricity increases in this variation to
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76.0 %, a gain of 7.5 %-points with respect to variation 3. The share of RE in district
heating consumption increases 16.7 %-points with respect to variation 3, to a value
of 25.3 %. These shares are higher than those of variation 3 due to the allocation of
the electricity and heat production with hydrogen to the RE share terms. As described
in sections 4.2.3 and 5.6, this phenomenon is referred to as the RH heat and power
contribution in this work. Furthermore, the hydrogen co-firing in the CCGT-CHP plant
leads to lower natural gas consumption and, consequently, to lower annual CO2 emis-
sions, which decrease 6.1 % with respect to variation 3, to a value of 7.1 million tons.
High investment costs for the electrolyzer park and the underground hydrogen stor-
age lead to higher total annual costs, which increase 2.8 % with respect to variation
3, to a value of €2,632.1 million. Under the current assumptions, the natural gas sav-
ings do not compensate for the investment costs of the PtG unit.

Variation 6 is a combination of variations 4 and 5. A PtH unit is installed at the east
site, which produces heat with otherwise curtailed RE, displacing the heat production
of the coal-fired CHP plant. At the west site, a PtGtCHP plant is installed. In this varia-
tion, the share of RE in electricity consumption increases 17.3 %-points with respect
to variation 3, to a value of 85.8 %, due to the combination of the CHP curtailment
effect and the RH power contribution. The share of RE in district heating consumption
increases 28.8 %-points with respect to variation 3, to a value of 37.4 %, due to the
presence of the PtH unit and the RH heat contribution. In fact, this is the variation
with the highest share of RE in electricity consumption of all, and the highest share of
RE in district heating consumption of branch A. The total annual costs increase only
0.1 % with respect to variation 5, to a value of €2,634.8 million, making it the most
expensive variation of this branch. At the same time, this is the system configuration
with the lowest total annual CO; emissions of this branch. The COz emissions decrease
7.6 % with respect to variation 3, to a value of 7.0 million tons.

Branch B

The branch B starts with variation 7, in which the CHP plant at the west site is elimi-
nated and its heat production is provided by a larger coal-fired CHP plant located at
the south site. Here, the share of RE in electricity consumption decreases to a value of
62.7 % (a reduction of 11.1 %-points with respect to variation 1) because the CHP
plant at the south site has a higher must-run production limit than the replaced CHP
plant at the west site, due to its larger nominal capacity (see definition of variation 7
in Figure 5). A larger power and electricity output implies a larger steam generator.
However, the minimum load limitations of the steam generators (around 25 % of the
maximum load) are largely valid for different steam generator sizes. The total annual
CO2 emissions reach a value of 9.3 million tons, an increase of 16.3 % with respect to
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variation 1, also because of the higher must-run profile of the CHP plant at the south
site. The total annual costs are €2,498.5 million, which represent a slight increment
of 0.2 % with respect to variation 1. The share of RE in district heating consumption
of this variation remains unchanged with respect to the reference system and equals
8.6 %.

Variation 8 builds upon the assumptions of the previous variation, but additionally,
the coal-fired CHP plant at the east site is substituted with a CCGT-CHP plant. The re-
sulting share of RE in electricity consumption decreases 5.6 %-points, with respect to
variation 7, to a value of 57.1 %. This is because the CHP coefficient of the CCGT-CHP
plant is higher than that of the replaced coal-fired CHP plant at the east site. The share
of CHP power in electricity consumption increases 3.9 %-points with respect to vari-
ation 7, to a value of 13.3 %. This is also because of the higher CHP coefficient of the
CCGT-CHP plant. The total annual costs increase 2.9 % with respect to variation 7 to
€2,570.5 million mainly because of the higher fuel consumption and fuel costs of the
CCGT-CHP plant. Although the change of fuel leads to a reduction of 3.9 % in the total
annual CO2 emissions with respect to variation 7, the 8.9 million tons emitted in this
variation are still above the 8.0 million tons of variation 1. The share of RE in district
heating consumption of this variation remains unchanged with respect to the refer-
ence system and equals 8.6 %.

Variation 9 is an extension of variation 8 with additional PtH and PtG units at the
south and east sites. Due to the CHP curtailment effect, the share of RE in electricity
consumption increases to a value of 65.8 %, and the share of CHP power in electricity
consumption decreases to a value of 10.2 % in this variation. Compared to variation 8,
these changes represent an increase of 8.7 %-points and a decrease of 3.1 %-points
respectively. The RH power contribution leads also to this increase in the share of RE
in electricity consumption. The share of RE in district heating consumption increases
37.5 %-points with respect to variation 8, to a value of 46.1 %, due to the presence of
the PtH unit and the RH heat contribution. This is in fact the variation with the highest
share of RE in district heating consumption of all. The total CO2 emissions decrease to
a value of 8.2 million tons, which represents a reduction of 7.8 % with respect to var-
iation 8. However, the achieved CO; level is still at the level of the variation 1. From a
CO2 emissions perspective, the branch B does not bring any advantage with respect to
variation 1. That being said, the total annual costs of €2,635.6 million are 2.5 % higher
than the total annual cost obtained in variation 8, making variation 9 the one with the
highest costs of this branch. These total annual costs are 5.7 % higher than the total
annual cost obtained with variation 1. Therefore, from a CO; emissions and costs per-
spective, variation 9 is not a good alternative to variation 1.
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Branch C

Finally, the results from branch C are addressed. In variation 10 the coal-fired power
plant at the south site is replaced by a GT power plant and the coal-fired CHP plants
are replaced by gas-fired CCGT-CHP plants at the east and west sites. The total annual
costs remain basically unchanged with respect to variation 1. This suggests that the
increase in costs due to the increased use of natural gas instead of coal compensates
the decrease of costs due to the lower specific investment costs of GT and CCGT-CHP
plants with respect to coal-fired power and CHP-plants (see Table 6). The CO2 emis-
sions decrease to a value of 6.8 million tons. This represents a reduction of 15.2 %
with respect to variation 1, due to the substitution of coal with natural gas, which has
considerably less specific CO2 emissions than coal. The share of CHP power in elec-
tricity consumption increases 8.9 %-points with respect to variation 1, to a value of
18.3 %. This is because both CCGT-CHP plants at the east and west sites have higher
CHP coefficients than their coal-fired counterparts. The share of RE in electricity con-
sumption decreases to a value of 63.4 %, which represents a reduction of 10.4 %-
points with respect to variation 1 due to the higher CHP coefficient of the CCGT-CHP
plants. The share of RE in district heating consumption of this variation remains un-
changed with respect to variation 1 and equals 8.6 %. Variation 10 presents a good
alternative to variation 1 because its total annual costs remain almost unchanged,
while its total CO2 emissions are reduced.

In variation 11, additionally to variation 10, PtGtCHP plants are installed at the east
and west sites. The total annual costs are €2,572.6 million, which represents an in-
crease 3.2 % with respect to variation 10 due to the investment costs of the hydrogen
production, storage and transportation system. On the other hand, the CO; emissions
decrease 5.2 % with respect to variation 10, to a value of 6.4 million tons. This is the
variation with the lowest total annual CO2 emissions of all, and is therefore a good
alternative to variation 1. This variation also displays an increase with respect to var-
iation 10 of 6.7 %-points (to a value of 70.1 %) in the share of RE in electricity con-
sumption and an increase of 12.8 %-points (to a value of 21.4 %) in the share of RE in
district heating consumption. This is due to the RH power and heat contribution, mak-
ing it the variation with the highest share of RE in district heating consumption of
branch C. Finally, this variation presents a share of CHP power in electricity consump-
tion of 18.3 %, which represents an increase of 8.9 %-points with respect to variation
1, due to the higher CHP coefficients of the CCGT-CHP plants with respect to their coal-
fired counterparts.
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6.5 Identification of the most promising variations

The simulation results of all system variations can be visualized and analyzed with
the help of the diagrams shown in Figure 45, Figure 46 and Figure 47. These illustrate
the relations between the total annual costs and CO2 emissions, between the share of
RE in electricity consumption and the share of CHP power in electricity consumption,
and between the share of RE in electricity consumption and the share of RE in district
heating consumption, respectively.

The process of selecting the best system variation can be regarded as a multi-objective
optimization process in which the total annual costs and CO2 emissions are objectives
which should be minimized, and the share of RE and CHP power in electricity con-
sumption, as well as the share of RE in district heating consumption, are objectives
which should be maximized. Although no optimization algorithm is used in this work
for the simulations, the variations which better satisfy the above mentioned objec-
tives can be identified with the help of these diagrams.

According to Figure 45, increasing the RE production capacity leads to a significant
decrease in the total annual CO2 emissions, but it also leads to an increase in the total
annual costs (compare for instance the reference system with variation 1). The in-
crease in RE production capacities which currently takes place worldwide makes ev-
ident that society is ready to accept higher costs in order to reduce COz emissions. For
this reason, although variations with fewer costs and less CO; emissions present an
attractive alternative to the current situation, it does not mean that variations which
lead to less CO; emissions but higher costs should not be considered viable. The re-
sults show that all variations within each branch lead to a reduction in the total annual
CO2 emissions, usually coupled with an increase in the total annual costs (compare
variations 1 until 6, variation 7 until 9, and variation 10 with 11).

It is also evident that substituting coal-fired units with gas-fired units leads to a sig-
nificant reduction in the CO2 emissions. In some cases, the fuel substitution also leads
to an increase in total annual costs (compare variation 1 with 3, and variation 7 with
8). In variation 2, the total annual costs decrease slightly with respect to variation 1
(0.8 % reduction) due to the lower investment costs of the gas-fired heater compared
to the coal-fired CHP plant at the west site. In contrast, variation 10 leads to a consid-
erable reduction in the total annual CO2 emissions with respect to variation 1 (15.2 %
reduction), without a significant impact on the total annual costs. This can be ex-
plained by the lower specific investment costs of GT power plants compared to coal-
fired power plants and the fact that, in the 2050 case, the residual load covered by
these plants over the year is quite small, which means that the fuel consumption, and
therefore the annual fuel costs of the GT power plants, are not that high although the
specific fuel costs of natural gas are higher than the specific fuel costs of coal.
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Figure 45 - Total annual costs and CO; emissions

By analyzing branch B, it appears that, under the stringent assumption of this work
regarding the must-run nature of CHP plants, using heat from the coal-fired plant at
the south site leads to an increase in CO2 emissions without an impact on the total
annual costs (compare variation 1 with variation 7). The reason for this increase in
the total annual CO2 emissions is the fact that the CHP plant at the south site has a
higher nominal capacity (and therefore a higher must-run production limit) than the
replaced CHP plant at the west site, as explained in section 6.4.

The use of PtH units to integrate otherwise curtailed RE in the district heating grid
leads to a modest reduction in the total annual CO; emissions due to the CHP curtail-
ment effect without a significant effect on the total annual costs (compare variation 4
with 3, and variation 6 with 5). The use of PtGtCHP plants leads to a decrease in the
total annual CO2 emissions and to an increase in the total annual costs (compare var-
iation 5 with 3, and variation 11 with 10).

As a conclusion, variation 10 offers a good relation between total annual costs and
CO2 emissions. However, since the total annual costs and CO2 emissions are not the
only optimization objectives, all variations are now be compared with respect to the
share of RE and CHP power in electricity consumption.

Figure 46 shows that an increase in the RE production capacity without altering the
must-run production of CHP plants leads to an increase in the share of RE in electricity
consumption, while the share of CHP power in electricity consumption remains un-
changed (compare variation 1 with the reference system).
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The substitution of a coal-fired CHP plant with a gas-fired heating plant allows an in-
crease in the share of RE in electricity consumption, but leads to a decrease in the
share of CHP power in electricity consumption (compare variation 2 with 1). Varia-
tion 2 displays the lowest share of CHP power in electricity consumption of all varia-
tions. The substitution of coal-fired CHP plants with CCGT-CHP plants leads to an in-
crease in the share of CHP power, but to a decrease in the share of RE in electricity
consumption due to the higher CHP coefficient of CCGT-CHP plants (compare varia-
tion 3 with 1).

PtH units lead to a slight increase in the share of RE, but to a significant decrease in
the share of CHP power in electricity consumption due to the CHP curtailment effect
(compare variation 4 with 3). Due to the RH power contribution, PtGtCHP plants lead
to a significant increase in the share of RE, without negatively affecting the share of
CHP power in electricity consumption (compare variation 5 with 3, and variation 10
with 11). Variations 10 and 11 present the highest values regarding the share of CHP
in electricity consumption. The combination of the CHP curtailment effect of PtH units
and the RH power contribution leads to high shares of RE in electricity consumption
(see variation 9 and variation 6).

Variation 6 presents the best performance regarding the share of RE in electricity con-
sumption and satisfies the requirements regarding the share of CHP, defined in sec-
tion 6.4, by reaching a value above 10.6 %. Variation 10, which was the optimal solu-
tion regarding total annual costs and CO: emissions, achieves the best values
regarding the share of CHP, but presents lower values than variation 1 regarding the
share of RE in electricity consumption. In contrast, variation 11, which can be seen as
the second best solution regarding costs and CO; emissions, maintains a performance
similar to variation 1 regarding the share of RE, while keeping the share of CHP in
electricity consumption in the same level as variation 10.
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Figure 46 - Share of RE and CHP power in electricity consumption

There seems to be no European or national goal currently regarding the share of RE
in district heating consumption. Therefore, this quantity is considered in this work as
an additional selection criterion with less weight than the shares of RE and CHP in
electricity consumption. As shown in Figure 47, all variations in which no RE integra-
tion technologies are implemented maintain the same value regarding the share of RE
in district heating consumption, which corresponds to the fraction of the heat output
of the waste-fired heating plant that can be considered renewable. PtH units lead to a
significant increase in the share of RE in district heating consumption (compare var-
iation 4 with 3). PtGtCHP plants lead to a significant increase in the share of RE in
electricity and district heating consumption (compare variation 5 with 3). The com-
bined effects of PtH and PtGtCHP plants lead to the best results regarding the share of
RE in electricity and district heating consumptions (see variations 6 and 9). As previ-
ously stated, the share of RE in district heating consumption has less weight than the
other selection criteria. Although variation 9 presents the highest values regarding
this quantity, it fails with respect to its total annual costs and CO; emission values.
Variation 6 is, as before, the best regarding the share of RE in electricity but it is also
very good regarding the share of RE in district heating consumption. However, its total
annual costs and COz emission values are higher than the variations in branch C. Con-
sidering these facts, variation 11 presents a good compromise between share of RE in
district heating consumption, total annual costs and total annual CO2 emissions.

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den personlichen Gebrauch.



Chapter 6: Results: annual analysis

28
o

Branch A =
BranchB  —
BranchC — e

.
il

.
=

78]
o

W
o

Variation 6

Variation 5
Variation 9 Variation 11

Variation 7 Variation 10
Variation 8

Variation 4
Variation 3

N
o

Variation 1

—
21

Variation 2
Reference system

—
o

Share of RE in district heating consumption [94]
[wd
[#2} o

o

0 10 20 30 40 50 60 70 80 90 100
Share of RE in electricity consumption [5]

Figure 47 - Share of RE in electricity and district heating consumption

In conclusion, two variations can be selected, depending on which performance indi-
cators are given more weight. If more weight is given to the total CO2 emissions than
to the share of RE in electricity consumption, then variation 11 is suggested as the
best choice, because it presents the lowest total annual CO2 emissions, together with
a reasonable increase in total annual costs, as well as satisfactory shares of RE and
CHP power in the electricity consumption. If instead, more weight is given to the share
of RE in electricity than to the total annual costs and CO2 emissions, then variation 6
is suggested as the best choice, because it presents the highest share of RE in electric-
ity consumption and reasonable reductions in the total annual CO2 emissions. Alt-
hough this variation has one of the highest values regarding the total annual costs, the
increase of these costs with respect to variation 1 is moderate. For these reasons, var-
iations 11 and 6 are identified as the most promising system alternatives considering
the assumptions taken in this work.

6.6 Comments on security of supply

As described in section 3.1, the energy system in this work is considered as an energy
island able to satisfy its own energy demands at all times. To achieve this, the installed
power production capacity should be at least as large as the system’s peak electricity
demand. A security of supply factor is defined, as indicator of the system’s ability to
cover its own power demand
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Z?:l Pnom,dispatchable,i (34)

Security of supply factor (dispatchable) =

P demand,max

where n is the number of dispatchable power producers. Conventional power plants,
CHP plants, and biomass power plants are considered in this term. Non-dispatchable
power plants such as PV, onshore wind, offshore wind, run-off hydro, and pumped
hydro storage are not considered. Ppom gispatchabie,i 1S the nominal production capac-
ity of the ih dispatchable power producer. Pyepana max iS the system’s peak electricity
demand, which in this case equals 2,011 MWe..

The security of supply factors of all system variations shown in Table 8 are calculated
using these definitions and the nominal production capacity values, presented in Fig-
ure 5. By analyzing these results, it becomes evident that the system’s dispatchable
components are able to completely cover the system’s peak power demand, even if
the non-dispatchable RE plants were not able to produce any power. This factis in line
with the energy island approach followed in this work.

Table 8 - Security of supply factors of the system variations

Security of supply factor
(dispatchable)
Reference system 1.1
Variation 1 1.3
Variation 2 1.1
Variation 3 1.4
Variation 4 1.4
Variation 5 1.4
Variation 6 1.4
Variation 7 1.1
Variation 8 1.3
Variation 9 1.3
Variation 10 1.5
Variation 11 1.5

Although not analyzed in this work, removing the restriction of a dispatchable secu-
rity of supply factor above 1 would enable a reduction in the system’s total annual
costs due to areduction in the total investment costs. Technically viable solutions with
lower security of supply factors could be achieved by carefully dimensioning the sys-
tem'’s power production capacity while considering cases with low power output from
non-dispatchable RE sources. However, the costs reduction achieved in this way
would come together with higher risks regarding the system'’s security of supply (see
example of the “dark doldrums” in section 2.1). The relation between the system’s
total annual costs, total annual CO2 emissions, and security of supply is hereby con-
firmed.
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7 FINAL REMARKS

High RE power production capacities together with insufficient power transmission
capacities can lead to regional balancing issues between power production and de-
mand. In periods of time in which the RE production exceeds the regional demand,
congestion management measures such as re-dispatch and countertrading are
needed. Nowadays, the curtailment of RE is one of the main instruments to restore
the regional balance. At the same time, for periods of time in which the RE production
lays below the demand, the residual load must be covered with other energy sources
in an economically and environmentally favorable way.

In this work, several variations of an urban energy system were defined, modeled,
simulated and analyzed in an attempt to increase the share of RE in electricity and
district heating consumption, as well as the share of CHP power in electricity con-
sumption. At the same time, a decrease in the total annual CO; emissions of the system
was pursued and the total annual costs of each of the system variations were calcu-
lated.

In a first step, the system boundaries, the input data and the system variations were
defined. Subsequently, the modeled system and its components were described. A de-
scription of the energy producers, the RE integration technologies and the models in
charge of the superordinate unit dispatch was included. The simulation results of each
system variation were first presented in form of weekly and yearly production pro-
files for power and heat. Sankey diagrams were then used to illustrate the annual en-
ergy and CO2 emission flows, which resulted from the simulations. Finally, annual per-
formance indicators were defined and used to compare the annual results and
identify promising system variations.

The results show that fuel substitution, i.e. replacing a coal-fired CHP plant with a gas-
fired CCGT-CHP plant, leads to significant CO2 reductions. But, in the European fuel
price setting assumed in this work, this substitution leads also to higher annual costs
because of the higher price of natural gas with respect to coal.

The results also suggest that adding a PtH unit can contribute to a slight reduction in
the total CO2 emissions without a significant effect on the total annual costs. Substi-
tuting heat from fossil fuels with heat from RE surplus leads to this reduction.

PtGtCHP plants have a considerable impact on reducing the total CO2 emissions, but
have a significant negative impact in the total annual costs. Despite the fact that the
natural gas consumption of these plants is reduced because of the RH co-firing, the
high investment costs of the electrolyzers and the underground hydrogen storage
overweight the fuel costs savings. In the future, a change in the natural gas prices or
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Chapter 7: Final remarks

in the investment costs of electrolyzers could lead to other conclusions regarding the
economics of PtGtCHP plants.

Regarding the sector coupling, the simulations suggest the existence of two interest-
ing phenomena. In this work, these are referred to as the CHP curtailment effect and
the RH power and heat contribution. The CHP curtailment effect appears when a PtH
unit takes over the heat production in periods of high RE production, displacing the
heat production from a CHP unit. For CHP units operating in backpressure mode, a
reduction in the heat production leads to a reduction in the power production, which
indirectly allows the direct utilization of more RE. The RH power and heat contribu-
tion occurs in system variations with PtGtCHP plants. This effect consists of an in-
crease in the share of RE in electricity and district heating consumption because the
power and heat produced with RH can be considered renewable.

The simulations show the conflict between the goals of increasing the share of RE and
CHP power in electricity consumption: RE curtailment increases if the installed CHP
capacity increases due to the must-run characteristics of CHP plants assumed in this
work. PtH units lead to a light increase in the share of RE in electricity consumption
due to the CHP curtailment effect, but also lead to a reduction in the share of CHP
power in electricity consumption. If the must-run characteristic of the CHP plants
would be removed, these could be turned off when the RE surplus is enough to cover
the plants’ power and heat production. However, in this case the CHP curtailment ef-
fect would be higher and the share of CHP power in electricity consumption would be
lower. Only the PtGtCHP plants allow a simultaneous increase in the share of RE and
in the share of CHP power in electricity consumption, as well as an increase in the
share of RE in district heating consumption.

Two variations were identified as interesting alternatives in a future urban energy
system with high shares of RE and a centralized energy park. The results showed that,
in variation 11, the total annual CO; emissions can be reduced by 53.1 % with respect
to the reference system. However, this would lead to an increase of 43.5 % in the total
annual costs. If more weight is given to increasing the share of RE in electricity con-
sumption, then variation 6 is the best choice, because it achieves a share of RE in elec-
tricity consumption of 85.8 %. This comes, however, with an increase of 47.0 % in the
total annual costs with respect to the reference system. A reduction in the system’s
power production capacity could offer a way to diminish the total annual costs. But
this reduction would imply higher risks regarding the system'’s security of supply.

From a technological perspective, achieving a transformation in future urban energy
systems towards lower CO; emissions and higher shares of RE in electricity and heat
consumption seems possible. However, society must decide if it is willing to pay the
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6.6 Comments on security of supply

higher costs associated with this quest. Costs reductions of technologically viable sys-
tem configurations could be possible either by future reductions in the system’s spe-
cific investment costs and specific fuel costs, or by reductions in the system’s security

of supply.
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