1.Introduction

TSPP-GIS and provides a brief discussion on potential future analyses and

conclusions.
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2. State of research

2.1 Determination and simulation of transformation pathways

The energy transition of TSPP implementation in a specific country can generally be

divided into two sides:

Firstly, from the demand side, it is necessary to calculate the total amount of the
residual load profile in the country for the coming decades. Secondly, from the supply
side, one aspect involves designing TSPP specifications that can meet the
requirements of the residual load profile based on the specific conditions of the country.
This includes determining the total capacity and configuration of the TSPP to ensure
reliable and efficient power supply. Another aspect from the supply side is to analyze
the bioenergy and photovoltaic potentials that can support the TSPP in the country.
This entails assessing the availability and feasibility of utilizing bioenergy resources,

such as biomass or biogas, and evaluating the solar potential for PV installations.

In more detail, the entire process or research structure of assessing the potential for

TSPP transition in a certain country, as summarized in Figure 9, can be described as

follows.
Input Data Modelling Tools Interim Results Transition Model Strategy
TSPP - Components TSPP-Layout
TSPP- L | Tspp
TSPP - Efficiency MOD | TSPP-Operation | Model
TSPP - Costs TSPP-Optimisation
Residual TSPP Design
Load Data
Transformation Plans Supply System Model
. Energy
Load Pattern ELCALC Residual Load Pattern Transmc_)n Transition
Multi-Indicat Scenario Strategy
ulti-Indicator-
RE - Supply Patterns Benchmarking (MIB)
TSPP PV Potential
Thermal Power Plant Capacity — Bio-Potential
Transformation Sites
Data
Thermal I?ower Plant TSPP- Transformatlon TSPP
Sites Ranking
. GIS PV / Bio - Potential Atlas
PV / Bio - Resources -
for Transformation

Figure 9: The whole package of TSPP transformation solution [19]

The first step is to collect relevant power generation time series for the country, such

as the annual electricity load curve and the generation curves for all relevant renewable
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2.State of research

energy sources, such as PV, wind energy, hydroelectric power, etc. Additionally, the
actual situation and energy policies of the country need to be considered to determine
the future energy structure and the electricity demand trends for the next few decades.
For example, in the case of Germany mentioned in this thesis, the future German
electricity demand is expected to remain stable or slightly decrease over the next
decades, while the percentage of renewable energy is projected to continuously

increase based on the energy policies implemented [1][4][14].

After collecting the information mentioned above, it will be imported into an analysis
software called ELCALC. Developed by Franz Trieb, this simulation software is used
in this step to determine the total amount of residual load in Germany in the year 2040
before the TSPP transformation, as well as the total capacity required to transform the

conventional power plants to TSPP to supply electricity for this residual load[18].

After obtaining the residual load time series for Germany, the next step is to use
another tool called WSK-MOD to determine the corresponding specifications and the
equipment for the TSPP. This tool allows for the flexible adjustment of layout and
efficiency of each TSPP component, as well as its share in energy production. Through
iterative adjustments, the tool ultimately determines the most suitable TSPP
configuration for Germany, including the specific sizes of its components. With this tool,
the total capacity of the TSPP, as well as the capacity of the steam turbine and gas

turbine within the TSPP can also be determined [18].

With the corresponding specifications for the TSPP in hand, the next step is to use the
ELCALC tool to conduct the simulation once again. However, this time the analysis
includes the transformed TSPP to determine whether the residual load in Germany
can be fully covered by the TSPP after the transformation. During this process, the
scenario will be continuously fine-tuned. ELCALC incorporates a benchmarking
system that evaluates each scenario based on a series of indicators of sustainability,
including carbon emissions, land occupancy, and other factors. Finally, a TSPP

transition strategy that best aligns with the requirements of Germany will be developed.

The aforementioned steps and research achievements regarding ELCALC represent
the latest progress made by my colleague Franz Trieb and other members of TSPP
working group before the start of my PhD research. Through these steps, a
comprehensive TSPP transformation scenario tailored to Germany can be developed,
including the total power of the transformed TSPP, sizes of its components, their
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efficiencies, and the required amounts of different energy sources such as biomass,
PV, and natural gas. My PhD research focuses on the portion highlighted in the green
box in Figure 9, which pertains to addressing the geographical aspects of these power
plants' energy sources, including the installation locations of PV panels and the
distribution of domestic biomass resources, etc. | also participated marginally in the

elaboration, testing and application of TSPP-MOD as documented in [18].

The final outcome will be a compilation of an atlas for the TSPP transformation in
Germany, including the geographical locations of each TSPP, their ranking for the
transformation, as well as the installation locations of their PV panels and the sources
of biomass after the transformation. All the achievements will be integrated into a GIS
software called TSPP-GIS. Ultimately, the complete TSPP transformation plan
consists of TSPP-GIS, TSPP-MOD, and ELCALC in order to produce all information
related to a scenario for energy transformation in the power sector of Germany [20].
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2.2 Definition and quantity structure of the target scenario

According to the paper from Trieb and Thess, a scenario about German TSPP
transformation was carried out in 2020 based on the country's energy policies [20].
Table 2 presents the power capacity and the estimated annual electricity generation
for each kind of power plant according to this scenario. Based on their analysis,
conventional power plants, such as coal-fired power plants and nuclear power plants
will be fully deactivated in 20 years, and at the same time, the PV capacity will be
expanded to about 135 GW, which result in the consequence that the total electricity
demand from German residual load in 2040 will be approximately 213 GWh. To meet
this demand, around 70 GW of TSPP capacity is required to be newly built or
transformed from conventional power plants, including 21 GW from steam turbines and
49 GW from gas turbines. Additionally, considering Germany's solar radiation
conditions, approximately 105 GW of new photovoltaic plants is needed to provide
energy for the TSPP [20].

Meanwhile, the energy sources for different components of TSPP are not the same.
According to the plan, the steam turbines are primarily fueled by Carnot batteries, and
the backup heat source is provided by bioenergy. The bioenergy sources mainly
include crop residues from farmlands, residual wood from forests, and organic waste
such as biomass in urban areas. Energy crops such as corn are not discussed in this
paper, as the goal of TSPP's energy transition is to utilize residual biomass as much
as possible without occupying limited agricultural land. The energy for gas turbines
primarily comes from natural gas, that in the long-term could be substituted by
biomethane. Currently, the efficiency of converting bioenergy to biomethane is
approximately 60%, with the potential to reach 65% in the future [19]. The ideal TSPP
model in the future would rely on roughly 35% solar energy through direct use and
storage and 65% bioenergy as a backup primary energy source, but this paper still

includes the utilization of natural gas.

A detailed description of this scenario can be found in [20]
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Table 2: Energy scenario with TSPP of this thesis according to [20]

Model Year 2020 2030 2040
Renewable Capacity (MW)

Photovoltaic 48500 105000 135000
Wind Onshore 56500 70000 75000
Wind Offshore 8400 12500 14000
Hydropower 5700 5640 5640
Solid Biomass, Wood, Waste 3000 1800 0
Biogas, Energy Crops 4700 0 0
Geothermal Power 38 250 1000
Hydropower Imports 0 250 1000
Thermal Storage Power Plant Capacity (MW)

TSPP Photovoltaic 0 52500 105000
TSPP Steam Turbines 0 10500 21000
TSPP Gas Turbines 0 24500 49000
Fossil Power Capacity (MW)

Gas Turbines 1390 17200 19300
Hard Coal Power Plants 22000 14500 0
Combined Cycles and Combined Heat and Power 28700 15500 0
Other 5700 0 0
Nuclear Plants 9400 0 0
Lignite Plants 21200 7000 0
Storage and Grid Capacity (MW)

Pump Storage 9850 9850 9850
Net Transfer Capacity Import 27000 27000 27000
Net Transfer Capacity Export 23000 23000 23000

2.3 Simulation Results according to ELCALC and TSPP-MOD

Once the TSPP transformation scenario was determined, the next step was to import
70 GW of TSPP into ELCALC to confirm that they covered the German residual loads
well. Figure 10 displays the electricity load time series in Germany during the same
date range as in Figure 3, considering the presence of TSPP [14][20]. From this graph,
it can be observed that the TSPP perfectly showcases the different operational states
mentioned above. During the period from Jan. 29th to Feb. 2nd, the solar photovoltaic
generation is insufficient to produce surplus energy for storage. As a consequence,
stored heat in the thermal storage system is depleted. At this time, biomass boiler and
the gas turbine together with its Heat Recovery Steam Generator (HRSG) act as
backup energy sources to compensate for the shortfall in electricity generation, which

is very flexible and reliable.
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Figure 10: Time series of German power generation with TSPP in 2040 [14][20]

During the period from Mar. 27th to April 2nd, there is ample sunlight and wind power,
generating sufficient electricity to satisfy demand. With the presence of the TSPP, the
surplus electricity generated is used to charge the thermal storage. When it comes to
nighttime, the thermal storage system releases heat to operate the steam turbine. Due
to the continuous availability of wind energy, the peaking gas turbines as well as the
HRSG are idle in this period. On the evening of April 1st, while the thermal storage

capacity is insufficient, the biomass boiler provides the extra necessary heat for the

steam turbine.
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This thesis is based on the work published/ submitted in the following journal

contributions:

l. Assessment of power plant sites and potential PV areas

Pai Liu, Franz Trieb, Transformation of the electricity sector with thermal storage power
plants and PV — a first conceptual approach, Journal of Energy Storage 44 (Part B) (15
December 2021), 103444, https://doi.org/10.1016/j.est.2021.103444.

. Cost comparison of conventional power plants and TSPP

Pai Liu, Franz Trieb, Cost comparison of thermal storage power plants and
conventional power plants for flexible residual load coverage, Journal of Energy
Storage, Volume 56, 2022, https://doi.org/10.1016/].est.2022.106027

Il. Assessment of PV and biomass areas (New approach) and establishment
of TSPP-Atlas

Pai Liu, Franz Trieb, German Atlas of Thermal Storage Power Plants (TSPP) — A First
Approach -, Journal of Energy Storage, Volume 72, Part D, 2023,

https://doi.org/10.1016/j.est.2023.108603
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3.Cumulative part of the dissertation

Also, further research progress regarding TSPP presented in this dissertation have

been published/ submitted in the following journal contributions:

e Franz Trieb, Pai Liu, Gerrit Koll, Thermal Storage Power Plants (TSPP) -
Operation modes for flexible renewable power supply, Journal of energy Storage,
https://doi.org/10.1016/j.est.2022.104282.

e Franz Trieb, Judith Jager, Michael Geyer, Gerrit Koll, Pai Liu, Thermal Storage
Power Plants — Key for transition to 100% renewable energy, Journal of Energy
Storage, https://doi.org/10.1016/j.est.2023.109275.
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3. Cumulative part of the dissertation

Paper I: Assessment of PV Atlas in Germany

Pai Liu, Franz Trieb, Transformation of the electricity sector with thermal storage power
plants and PV — a first conceptual approach, Journal of Energy Storage 44 (Part B) (15
December 2021), 103444, https://doi.org/10.1016/j.est.2021.103444.

The contribution of this paper is described as follows:
Pai Liu: Methodology, Software, Formal analysis, Writing — original draft

Franz Trieb: Conceptualization, Methodology, Supervision, Writing — original draft,
Writing — review & editing.
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ABSTRACT

The paper presents a model algorithm for a global transformation of conventional thermal power plants to
thermal storage power plants (TSPP). TSPP are thermal power stations that provide highly flexible and at the
same time renewable power. The idea behind such transformation is to conserve the firm capacity of the existing
thermal power plant fleet and at the same time substitute the related fuel demand by solar energy. Taking
Germany as a reference case, several ranking criteria were applied to existing power stations in order to identify a
priority list for such transformation. In order to relate the available solar energy potential to each power plant of
this list, a geographic information system was set up in order to quantify and identify suitable land area for
potential PV installations nearby the plants. After briefly recapitulating the potential function and impact of
TSPP in the German national power supply system, the paper proposes a method of ranking existing thermal
power plants and of identifying the required PV potential for their transformation. The preliminary results show

the feasibility of such approach, identify several limitations and provide first ideas for further development.

1. Introduction

A key challenge of transforming the power sector from fossil-fuel-
based to renewable-energy-based generation is the residual load
curve. Expanding renewables causes several disruptive impacts on
operation of conventional thermal power plants, like strong variability
and reduced capacity factors that lead to reduced economic turnover
and higher production cost. In the future, fossil-thermal power plants
will either be shut down or transformed to use renewable instead of
fossil primary energy sources. In the long-term, the residual load must
also be covered by renewable energy, further reducing perspectives for
conventional power plants.

Energy storage is a way to smoothen the variability of power supply
caused by renewable energy sources (such as windless or cloudy
weather). Nowadays several types of energy storage are developed such
as battery storage, pumped storage, compressed air storage, etc. Ger-
many has a pump storage capacity of 38 GWh, battery storage < 0.1
GWh, compressed air storage: 0.65 GWh [1]. Currently installed energy
storage devices have not been designed to meet the demand of residual
loads, but to collect cheap nuclear and coal power during the night and
sell it during daily peak loads. With further installation of photovoltaic

* Corresponding auhtor.
E-mail addresses: Pai.Liu@dlr.de (P. Liu), franz.trieb@dlr.de (F. Trieb).

https://doi.org/10.1016/j.est.2021.103444

power plants and wind turbines, the original night-day cycle of pump
storage is increasingly challenged. Technologies like pump storage,
batteries or high-temperature heat storage are not suited to cover rela-
tively long residual load events. They must rather be considered as op-
tions for short-term buffer storage. For example, in Germany pump
storage plants can provide less than 10 GW capacity for about 4 h
(Table 1). This is not enough to cover the residual load.

In order to resolve this situation, a variety of hybrid (solar/fossil)
power plants with thermal energy storage have been proposed [2-6].
Concentrated solar thermal power generation (CSP) is a typical solution
to this problem. It uses beam solar radiation as primary energy, molten
salt as heat storage media and natural gas backup in order to produce
electricity in the same way as conventional steam cycle power plants,
but with much less fossil fuel input [3]. However, a conventional ther-
mal power plant cannot easily be transformed into a CSP power plant at
any geographic location. For example, Germany has an average daily
direct normal irradiation of only about 2.8 kWh,/m?2, while countries like
Morocco (5 kWh/m?) and Chile (7 kWh/m?), where commercial CSP
plants have been installed, receive much more direct solar irradiation
[7]. Also, in most cases there is not enough land area available nearby
the power plants to install the necessary concentrating solar thermal
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Fig. 11. Power plants selected for transformation to TSPP and related PV areas around the city of Berlin including agricultural land at 200 m alongside the highways
(Closeup from Fig. 6) [20]. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

The ranking criteria of the thermal power plants are still under dis-
cussion and will be updated and optimized in the future. There are also
further possibilities to optimize the analyzing algorithm, for example,
the idea of setting a bigger radius to find the suitable areas for PV until it
fulfills demand is under discussion. Using cultivated land only alongside
main roads could be a viable compromise for large scale PV installations.
Further environmental conditions will be taken into consideration and
improvements will be made to the program algorithm so that a more
accurate transformation plan will emerge.

This method can not only be applied to Germany, but also can serve
as example for other countries in the world. The solar resources of
Germany are not among the best worldwide. Therefore, further analysis
of sunny regions like Chile, Australia or North Africa may reveal the
feasibility of a transformation of thermal power plants to TSPP under
even better conditions.

CRediT authorship contribution statement

Pai Liu: Methodology, Software, Formal analysis, Writing — original
draft, Funding acquisition. Franz Trieb: Conceptualization, Methodol-
ogy, Supervision, Writing — original draft, Writing — review & editing.
Declaration of Competing Interest

We declare that we have no financial and personal relationships with

other people or organizations that can inappropriately influence our
work, there is no professional or other personal interest of any nature or

11

kind in any product, service and/or company that could be construed as
influencing the position presented in, or the review of, the manuscript
entitled.

Acknowledgment

The authors thank Prof. Dr. André Thess for providing the institu-
tional frame and guidance for academic work at DLR and University of
Stuttgart. We are also greatly thankful for the financial support provided
by China Scholarship Council.

References

[1] K. Michels. Energiespeicher und andere Probleme der Energiewende, University
Bremen, 2021. https://www.uni-bremen.de/fileadmin/user_upload/fachberei
che/fbl/iat/AG_Michels/Dokumente/Energiespeicher und_andere_ Probleme_der_
Energiewende.pdf.

M. Schwarzenbart, M. Sauerborn, S. Dittmann, U. Herrmann, Stromspeicher I-
TESS, Studie zur Integration Thermischer Stromspeicher in Existierende
Kraftwerkstandorte, Solar-Institut Jiilich, 2017. Férderkennzeichen, Az.:34.01,
https://www.th-aachen.de/fileadmin/ins/ins_solar_institut/pdfs/180619_S
tromspeicher I-TESS_Kopie.pdf.

A. Gil, M. Medrano, 1. Martorell, A. Lazaro, P. Dolado, B. Zalba, L.F. Cabeza, State
of the art on high temperature thermal energy storage for power generation, part 1
and part 2, Renew. Sustain. Energy Rev. (2010), https://doi.org/10.1016/j.
rser.2009.07.035.

The World Bank CSP Report, Concentrating solar power: clean power on demand
24/7, The World Bank Group, 2021. https://pubdocs.worldbank.org/en/849341
611761898393/WorldBank-CSP-Report-Concentrating-Solar-Power-Clean-Po
wer-on-Demand-24-7-FINAL.

[2]

[3]

[4]



P. Liu and F. Trieb

[5]

[6

=

[7

—

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

C.S. Turchi, M. Boyd, D. Kesseli, P. Kurup, M. Mehos, T. Neises, P. Sharan,

M. Wagner, T. Wendelin, CSP Systems Analysis — Final Project Report, National
Renewable Energy Laboratory, Golden, CO, 2019. NREL/TP-5500-72856, https
://www.nrel.gov/docs/fy19osti/72856.pdf.

F. Klasing, C. Odenthal, T. Bauer, Assessment for the adaptation of industrial
combined heat and power for chemical parks towards renewable energy
integration using high-temperature TES, Energy Procedia 155 (2018) 492-502,
https://doi.org/10.1016/j.egypro.2018.11.031.

SolarGIS, Download solar resource maps and GIS data for 200+ countries and
regions, SolarGIS (2021). https://solargis.com/maps-and-gis-data/download.

F. Trieb, A. Thess, Storage plants — a solution to the residual load challenge of the
power sector? J. Energy Storage 31 (2020) https://doi.org/10.1016/j.
€st.2020.101626.

J.M. Gordon, T. Fasquelle, E. Nadal, A. Vossier, Providing large-scale electricity
demand with photovoltaics and molten-salt storage, Renew. Sustain. Energy Rev.
(2021), https://doi.org/10.1016/j.rser.2020.110261.

O. Dumont, G.F. Frate, A. Pillai, S. Lecompte, M. De Paepe, V. Lemort, Carnot
battery technology: a state-of-the-art review, J. Energy Storage 32 (2020), 101756,
https://doi.org/10.1016/j.est.2020.101756.

McTigue, J., Carnot batteries for electricity storage, Yale blueprint webinars: the
next step? NREL and malta discuss thermal energy storage solutions, December 4,
2019, https://www.nrel.gov/docs/fy200sti/75559.pdf.

T.R. Davenne, An analysis of pumped thermal energy storage with de-coupled
thermal stores, Frontiers in Energy Research (2020), https://doi.org/10.3389/
fenrg.2020.00160.

T. Kelm, J. Metzger, A.L. Fuchs, S. Schicketanz, D. Giinnewig, M. Thylmann,
Untersuchung zur Wirkung veranderter Flachenrestriktionen fiir PV-
Freiflachenanlagen. Kurzstudie im Auftrag der innogy SE, Zentrum fiir
Sonnenenergie- und Wasserstoff-Forschung Baden-Wiirttemberg (ZSW), and Bosch
& partner GmbH (2019). https://www.zsw-bw.de/fileadmin/user_upload/PDFs/
Aktuelles/2019/politischer-dialog-pv-freiflaechenanlagen-studie-333788.pdf.
World Electric Power Plants (WEPP) Database, S&P Global (2021). https://www.
spglobal.com/platts/en/products-services/electric-power/electricity.

Global Energy Observatory, GoogleRoyal KTH, Institute of Technology in
Stockholm, Enipedia, World Resources Institute, Global power plant database,
World Resources Institute (WRI) (2018). https://datasets.wri.org/dataset/globa
Ipowerplantdatabase.

12

[16]

[17]

[18]

[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Journal of Energy Storage 44 (2021) 103444

W.D. Steinmann, H. Jockenhofer, D. Bauer, Thermodynamic analysis of high -
temperature Carnot battery concepts, Energy Technology (2019), https://doi.org/
10.1002/ente.201900895.

H. Zhang, H. Benoit, I. Perez-Lopéz, G. Flamant, T. Tan, J. Baeyens, High-efficiency
solar power towers using particle suspensions as heat carrier in the receiver and in
the thermal energy storage, Renew. Energy (2017), https://doi.org/10.1016/].
renene.2017.03.101.

D. Laing-Nepustil, S. Zunft, Using concrete and other solid storage media in
thermal energy storage systems. Advances in Thermal Energy Storage Systems, 2nd
Ed., Woodhead Publishing Series in Energy, 2021, pp. 83-110, https://doi.org/
10.1016/B978-0-12-819885-8.00004-8. Methods and Applications.

GlobeLand30. Used Data: Cultivated land, Grass land, Shrub land, and Bareland,
2021. http://www.globallandcover.com/home_en.html?type=data.

Picture created with ArcGIS, (2021), ESRI, https://desktop.arcgis.com/en/ar
cmap/.

QGIS, A Free and Open Source Geographic Information System, QGIS (2021).
https://qgis.org/en/site/index.html.

D. Stetter, Enhancement of the REMix Energy System Model: Global Renewable
Energy Potentials, Optimized Power Plant Siting and Scenario Validation, Doctoral
Thesis, University of Stuttgart, 2014, https://doi.org/10.18419/0pus-6855.
ArcGIS, World topographic map ESRI, (2021). https://www.arcgis.com/home/ite
m.html?id=7dc6ceaOb1764alf9af2e679f642{0f5.

World Wildlife Fund, University of Kassel. Global Lakes and Wetlands Database,
World Wildlife Fund, 2021. https://www.worldwildlife.org/pages/global-lakes
-and-wetlands-database.

Global Roads Open Access Data Set (§ROADS), (2021), Used Data: Highways and
main roads, https://sedac.ciesin.columbia.edu/data/set/groads-global-roads-
open-access-v1.

World Database on Protected Areas, International Union for Conservation of
Nature (IUCN) (2021). https://www.iucn.org/theme/protected-areas/our-work/w
orld-database-protected-areas.

The International Union of Soil Science (IUSS), Digital Soil Map of the World, Geo
Network, 2021. https://www.fao.org/soils-portal/data-hub/soil-maps-and-databa
ses/faounesco-soil-map-of-the-world/en/.

Germany’s first commercial agricultural PV system opens, IWR (2021). https://
www.iwr.de/news/deutschlands-erste-kommerzielle-agrar-pv-anlage-wird-eroeffn
et-news37009.


https://www.nrel.gov/docs/fy19osti/72856.pdf
https://www.nrel.gov/docs/fy19osti/72856.pdf
https://doi.org/10.1016/j.egypro.2018.11.031
https://solargis.com/maps-and-gis-data/download
https://doi.org/10.1016/j.est.2020.101626
https://doi.org/10.1016/j.est.2020.101626
https://doi.org/10.1016/j.rser.2020.110261
https://doi.org/10.1016/j.est.2020.101756
https://www.nrel.gov/docs/fy20osti/75559.pdf
https://doi.org/10.3389/fenrg.2020.00160
https://doi.org/10.3389/fenrg.2020.00160
https://www.zsw-bw.de/fileadmin/user_upload/PDFs/Aktuelles/2019/politischer-dialog-pv-freiflaechenanlagen-studie-333788.pdf
https://www.zsw-bw.de/fileadmin/user_upload/PDFs/Aktuelles/2019/politischer-dialog-pv-freiflaechenanlagen-studie-333788.pdf
https://www.spglobal.com/platts/en/products-services/electric-power/electricity
https://www.spglobal.com/platts/en/products-services/electric-power/electricity
https://datasets.wri.org/dataset/globalpowerplantdatabase
https://datasets.wri.org/dataset/globalpowerplantdatabase
https://doi.org/10.1002/ente.201900895
https://doi.org/10.1002/ente.201900895
https://doi.org/10.1016/j.renene.2017.03.101
https://doi.org/10.1016/j.renene.2017.03.101
https://doi.org/10.1016/B978-0-12-819885-8.00004-8
https://doi.org/10.1016/B978-0-12-819885-8.00004-8
http://www.globallandcover.com/home_en.html?type=data
https://desktop.arcgis.com/en/arcmap/
https://desktop.arcgis.com/en/arcmap/
https://qgis.org/en/site/index.html
https://doi.org/10.18419/opus-6855
https://www.arcgis.com/home/item.html?id=7dc6cea0b1764a1f9af2e679f642f0f5
https://www.arcgis.com/home/item.html?id=7dc6cea0b1764a1f9af2e679f642f0f5
https://www.worldwildlife.org/pages/global-lakes-and-wetlands-database
https://www.worldwildlife.org/pages/global-lakes-and-wetlands-database
https://sedac.ciesin.columbia.edu/data/set/groads-global-roads-open-access-v1
https://sedac.ciesin.columbia.edu/data/set/groads-global-roads-open-access-v1
https://www.iucn.org/theme/protected-areas/our-work/world-database-protected-areas
https://www.iucn.org/theme/protected-areas/our-work/world-database-protected-areas
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/faounesco-soil-map-of-the-world/en/
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/faounesco-soil-map-of-the-world/en/
https://www.iwr.de/news/deutschlands-erste-kommerzielle-agrar-pv-anlage-wird-eroeffnet-news37009
https://www.iwr.de/news/deutschlands-erste-kommerzielle-agrar-pv-anlage-wird-eroeffnet-news37009
https://www.iwr.de/news/deutschlands-erste-kommerzielle-agrar-pv-anlage-wird-eroeffnet-news37009

3. Cumulative part of the dissertation

Paper Il. Cost comparison between conventional power plants
and transformed TSPP

Pai Liu, Franz Trieb, Cost comparison of thermal storage power plants and
conventional power plants for flexible residual load coverage, Journal of Energy
Storage, Volume 56, 2022, https://doi.org/10.1016/].est.2022.106027

The contribution of this paper is described as follows:
Pai Liu: Methodology, Software, Formal analysis, Investigation, Writing — original draft.

Franz Trieb: Conceptualization, Methodology, Validation, Supervision, Review &

editing.

35


https://doi.org/10.1016/j.est.2022.106027

3.Cumulative part of the dissertation

36



Journal of Energy Storage 56 (2022) 106027

ELSEVIER

Contents lists available at ScienceDirect
Journal of Energy Storage

journal homepage: www.elsevier.com/locate/est

Ener
Storagg

e

Research papers

Check for

Cost comparison of thermal storage power plants and conventional power [

plants for flexible residual load coverage

Pai Liu™, Franz Trieb"

2 Institute of Building Energetics, Thermotechnology and Energy Storage, University of Stuttgart, Pfaffenwaldring 6, D-70569 Stuttgart, Germany
b Institute of Engineering Thermodynamics, German Aerospace Center DLR, Pfaffenwaldring 38-40, D-70569 Stuttgart, Germarny

ARTICLE INFO ABSTRACT

Keywords:

Levelized cost of electricity (LCOE)
Renewable electricity

Heat storage
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The paper presents a cost comparison of thermal storage power plants (TSPP) with various conventional power
plants. TSPP require less fuel and can better fulfill the demand of variable and intermittent residual loads through
providing a much higher flexibility with their intrinsic heat storage system, also called Carnot Battery. Due to
reduced or completely avoided usage of fossil fuels, TSPP satisfy the goal of reducing greenhouse emissions in the
current world. When comparing the LCOE of conventional power plants, such as biomass, coal, gas turbine and

combined cycle power plants mentioned in this paper, with TSPP, the electricity cost of TSPP is lower than that of
conventional power plants, no matter if they are newly built or obtained from converting existing plants. TSPP
represent an effective hedge against the escalation of fossil fuel market prices as well as against rising CO5 cost
additions. The comparison indicates that TSPP under current conditions are the most cost-effective way to
produce highly flexible power on demand.

1. Introduction: background and motivation

With the global need of decreasing greenhouse gas emissions, many
countries have been shifting the focus of their energy strategy away from
constructing new traditional thermal power plants towards renewable
power generators, such as PV and wind power. However, while variable
renewable power plants account for an increasing percentage of total
power generation, reliably covering the remaining residual load is
becoming a growing challenge.

As countries continue to promote sustainable energy policies, power
from oil, gas and coal will be replaced by renewable sources. On the
other hand, secure, firm and flexible power capacity — up to now pro-
vided by conventional plants on the basis of oil, gas and coal — will still
be needed in the future. The trend towards variable and intermittent
residual loads makes TSPP a viable option for flexible electricity supply.

TSPP are steam power plants that operate very flexibly because of a
built-in heat storage. TSPP can absorb fluctuating electricity from
renewable sources, store it in form of heat, and release it again into the
network as required. Fossil fuels or renewable fuels such as biomass can
deliver the necessary thermal backup power to the steam turbine in
order to ensure reliable power supply at all times, also during irregular
periods without wind and sunshine [1-3].

* Corresponding author.
E-mail addresses: Pai.Liu@dlr.de (P. Liu), franz.trieb@dlr.de (F. Trieb).

https://doi.org/10.1016/j.est.2022.106027

Fig. 1 shows a simplified schematic of a typical TSPP. Electricity from
a large photovoltaic collector field is primarily delivered directly to the
network and only stored when there is no demand for it. This strategy
yields a surprisingly good power-to-power efficiency for solar electricity
that can reach up to 70 %, defined by the weighted average of fractions
directly supplied to consumers (without storage losses) and stored
fractions (about 50/50), considering typical storage efficiencies of Car-
not batteries with electric heater of about 40 % [4,5]. The overall loss of
approximately 30 % can be considered as the price of transforming
variable solar power into dispatchable solar power that can be delivered
to consumers just on demand. Nevertheless, firm capacity and secure
supply can only be provided by fuels, because a heat storage can run
empty. In this context, the core function of the PV generator and the
Carnot battery is to save as much fuel as possible, while the core function
of fuels is to guarantee supply.

Another factor that speaks for TSPP is their high flexibility obtained
from the integrated heat storage. The storage allows to adapt relatively
slow combustion processes to highly dynamic residual load situations
that characterize most supply systems with high variable renewable
energy share. Despite of the fact that TSPP have significant advantages
compared to conventional power plants, from a decision maker's
perspective, price and cost are, and will always be one of the most
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important indicators. In the past decades, conventional power plants
have been considered to be more cost effective than renewable power
plants due to lower investment and fuel costs (e.g. comparing with
biomass and biogas).

Because of speculations and political disruptions, world market pri-
ces of fossil fuels have lately increased dramatically. Fig. 2 shows the
market price of natural gas, oil and coal in the past 3 years [6]. The
highest price is more than three times more expensive than that in July
2019. Under extreme fuel price escalation some plants will have to
temporarily stop generating electricity, which places an additional
burden to reliable grid operation. This dramatic price fluctuation has put
significant pressure on the economic performance of conventional
power plants. Nuclear and lignite plants can produce electricity at lower
cost, but they are not capable of covering highly variable and inter-
mittent residual load patterns.

In order to hedge against the severe impact of rising energy prices, in
the past few months, advanced progresses have been made on various
types of renewable power plants. New technologies have been devel-
oped on solar thermal power plants such as concentrating solar power
(CSP) or integrated solar combined cycle plants [7-9].

In contrast to TSPP, CSP power plants have higher efficiency when
converting solar energy to heat, which is about 50 % annual average,
while the efficiency of PV converting solar energy to electricity is only
about 20 %. However, the concentrated heat from CSP must be sent to
the steam turbine to generate electricity, significantly reducing the
overall efficiency of power generation. Compared to CSP, PV collectors
have following advantages:

e PV convert both the direct and diffuse solar radiation to electricity
and can thus make use of a larger primary solar energy resource than
CSP.

e PV panels are cheaper than solar thermal collectors comparing
square meter prices.

e Operation of PV collectors requires less parasitic power than CSP
collectors.

e In contrast to heat from CSP collectors, electricity from PV can be
used directly without interim conversion to heat.

As a result of those advantages, the introduction of solar thermal
power plants with PV collectors instead of concentrating solar thermal
collectors has become a viable alternative. TSPP are nothing else but
that.

The introduction of COy-cost and/or CO,-taxes represents a
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significant burden to conventional power plants. TSPP, on the other
hand, has no additional cost for this, as locally available, renewable
primary energy is preferably used. These factors lead to a fundamental
change of paradigm when comparing power generation costs from
conventional power plants and TSPP.

Because of the reduced operating hours for fossil power plants,
expensive fuels, and little flexibility of lignite and nuclear power plants,
conventional power plants are no longer the cheapest option when
generating electricity for the residual load. The solution of TSPP is
cheaper because of using renewable primary energy sources, more
flexible because of the integrated heat storage, and emission free. Driven
by these factors, the cost of power generation from conventional power
plants and TSPP needs to be calculated in detail in order to reflect the
specific economic comparison between the two types of power plants,
which is the purpose of this paper.

The paper at hand shows an LCOE-comparison of existing conven-
tional thermal power plants and TSPP under German frame conditions.
In the model analysis at hand, TSPP can be newly built, completely
replacing existing plants, or obtained from a transformation of existing
plants. The paper is organized as follows: chapter 2 presents a basic
configuration and explains the cost composition of TSPP. Also, the cost
difference between the newly built TSPP and a TSPP obtained from the
conversion of a biomass power plant is discussed in this part, yielding a
100 % renewable version of a TSPP. Chapter 3 explains the source of the
different model parameters and the underlying assumptions. Finally,
chapter 4 summarizes the results of this calculation for different types of
power plants. Chapter 5 presents a discussion about the influence of the
CO4, price as well as a sensitivity analysis of several model parameters.
Conclusions and outlook for further work can be found in chapter 6.

2. Method

2.1. Configuration of TSPP and the difference between TSPP and
conventional power plants

TSPP can be newly built or obtained from converting conventional
thermal power plants. In this paper, four types of conventional power
plant configurations will be discussed that have the potential to be
converted to TSPP:

e Biomass power plant

e Coal fired power plant
e Gas turbine power plant

Biomethane
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Turbine

Residual Load
of Power Sector

Steam
Vessel
and
Turbine

i

Direct PV Power

Fig. 1. Simplified schematic of a TSPP.
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Fig. 2. Fossil fuel prices in the last 3 years (Euro per MWhy,) [6,12,13].

e Combined cycle power plant

An important difference between thermal storage power plants and
conventional power plants is the additional PV field as primary energy
input, the electric heater and the thermal storage unit to store electricity
in form of heat. Fig. 3 shows the new components of TSPP after trans-
formation, which should be newly constructed in case of transforming
three types of fossil power plants: steam cycles, gas turbines and com-
bined cycles. Thus, when considering transforming conventional power
plants to TSPP, the following components should be newly built:

For steam turbine power plants (biomass, coal, lignite), the original
main components (steam cycle, steam generator, turbine) will be
considered as backup energy source. One option is to keep the original
steam turbines and add all other equipment accordingly. In this case, the
required PV plant, which is proportional to the size of the steam turbine,
may become very large (a factor of 5 has been found useful under
German conditions [1]). Another option is to replace part of the original
steam turbine capacity by more flexible gas turbines. In this case a new,
smaller steam cycle must be added. The photovoltaic plant is needed as
primary energy source to reduce fuel consumption. A thermal storage
unit, which consists of electric heater, thermal storage tank and storage
steam generator is needed to absorb surplus PV-power and deliver it
later on demand. A gas turbine and a heat recovery steam generator are
optionally installed to cover loads that exceed the capacity of the steam
turbine, if necessary.

Gas turbine power plants already include a gas turbine for TSPP. In
this case, steam cycle components mentioned above are additionally
needed to construct the backup part. The combined cycle power plants
already have gas turbine and steam cycle components, so they only need
the photovoltaic fields and the storage system for transformation. In this
case, the combustion of biomass for steam generation is an additional
option to reduce biomethane consumption. Table 1 shows the extra
needed components for several types of fossil power plants while
transforming to TSPP.

2.2. Cost composition of conventional power plants and TSPP

The method of cost comparison between the conventional power
plants and TSPP is to calculate their LCOE (levelized cost of energy). The
definition of LCOE can been seen below. The annual cost consists of four
parts, which is capital cost, operation cost, fuel cost and CO; cost:

07/2021 07/2022
@@= Coal Oil
Total Annual Cost
LCOE = — -
Annual Electricity Generation
_ CCap[mIAnmal + CO&MAnmml + CFmslAnmml + CCOZ,AmmaI (l)

EAnnual

Table 2 shows the parameters of the LCOE model used here. It is
necessary to mention that all items are given in constant net present
value in 2020.

The annual capital cost Ccapital, Annuat is the annual stationary cost
related to the power plant investment in its entire life including capital
payback and interest rate. Decision makers often use this parameter for
capital budgeting decisions, as it allows them to compare the cost-
effectiveness of various assets with unequal economic lives or discount
rates [10]. Ccapital, Annual is @ function of total investment cost Crayest, Total
and equivalent annual cost factor A, ,, also called annuity.

Capitat Annuat = Cuvest,Torat X Az (2

The total investment cost consists of the EPC cost, EPC contracting
fees and owner's costs. For conventional power plants, EPC costs include
mechanical system costs, electric system costs, civil costs, and indirect
costs. Mechanical system costs are mainly hardware costs of the power
plant equipment, which consists of power equipment (turbine, gener-
ator, etc.), fuel conversion equipment (burner, boiler, etc.), and the
balance of plant (fuel handling, treatment, auxiliaries, etc.) [11]. The
electric system costs are the costs for power supply, such as substations
and switchyards, main & aux power system, etc. [11]. Civil costs consist
of the costs for civil, structural, and architectural work during the power
plant construction, and the indirect costs relate to some expenses like
transport costs, administration costs, office costs, utilities, etc. [11].

When transforming conventional power plants instead of construct-
ing a new power plant, this leads to additional costs named “trans-
formation costs” that are part of the EPC cost. Transformation costs
represent the costs for removing the old unnecessary equipment, as well
as other miscellaneous expenses arising from renovation. Eq. (2) can
also be written as:

Ceapitat nnuat = Chuvest,Toral X Ary = (CEPC + Cree + Comner + CTmn.\y‘brm) X A,
= (CMech + CElm‘ + CCiviI + Clndirecr + CTrz/nsform + C[“ez + COwner) X Ar.f
3

A, +is an equivalent annual cost factor, which is a function of dis-
count rate and the power plant economic life assuming equal annual
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Fig. 3. Transformation of power plants to TSPP. Blue: original components of conventional power plants; Green: new components required for TSPP. A: steam cycle;
B: gas turbine; C: combined cycle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

payment rates: [10].

r

A= m (©)]

The annual operation cost represents the ongoing expenses incurred
from the normal day-to-day operation of the power plant, which consists

of fix operation costs and variable operation costs. Fix operation costs
mainly include the O&M labor costs, contracted maintenance services,
materials, etc. It is calculated by a certain percentage of the total project
investment. The variable operation costs include water treatment costs,
wastewater treatment costs, fly ash and bottom ash disposal costs, etc.
[11]. It is a function of the annual electricity generation Eppyq and the
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Table 1
Additional components required for the transformation of conventional power
plants to TSPP plants.

Gas turbine
power plants

Steam turbine
power plants

TSPP components Combined cycle

power plants

Steam Cycle b \/ -

Gas Turbine v - _

Photovoltaic Plant v YV v

Electric Heater v v v

Thermal Energy v v v
Storage

Backup Heater included in v v

Steam Cycle

Backup Steam included in v v
Generator” Steam Cycle

Storage Steam \/ \/
Generator”

Heat Recovery Steam \/ \/ -
Generator”

# For optimal design, it might be favorable to integrate backup-, storage- and
heat recovery steam generators in one single unit. However, in order to base the
analysis on conservative cost estimates, separate units were assumed here.

b When transforming the steam turbine power plants to TSPP, a new steam
turbine with a smaller capacity and complementing peaking gas turbines will be
constructed in order to keep the overall capacity unchanged. This results in
additional investment costs for the total steam cycle including backup burner
and steam generator.

Table 2

List of model parameters.
A Fix charge rate (Annuity)
r Discount Rate (Net present value) (%)
t Economic Life (a)

Equivalent annual capital cost (€/a)
Total project investment (€)

Annual operation cost (€/a)

Annual fix operation cost (€/a)
Annual variable operation cost (€/a)

Ccapital, Annual
CInvesr, Total
CosM, Annual
Cos&M, Fix, Annual
CoaM, Variable,
Annual
Specific annual fix operation cost (% of total project
investment/a)
Specific variable operation cost (€/MWh)

CFix, spec

Cvariable, spec

Cruel, Annual Annual fuel cost (€/a)

CFuel Fuel cost (€/MWhy,)

Cco2, Annudl Annual CO, cost (€/a)
Cco2 CO,, price (€/t)

Cepc Engineering, Procurement and Construction cost (€)
Cree EPC contracting fees (€)
Cowner Owner's cost (€)

ChMech Mechanical system cost (€)
CEec Electrical system cost (€)
Cindirect Indirect cost (€)

Ctvansform Transformation cost (€)

CTotal Total Annual cost (€/a)

Eannual Annual electricity generation (MWh,)
Mco2, Annual Annual CO, emissions (t/a)

Mpuyel, Annual Annual fuel consumption (MWh,)
Mspec, Fuel Specific CO, emission fuel (t/MWhy,)

specific variable cost factor cyariaple, spec related to electricity generation.

CO&M,AnnuaI = CO&M.Fix,Annual + CO&M,Variablc.Ammal (5)
= Clwvest.Total X Crixspec T Eannual X CVariable spec
Fuel costs consist of the average market price of the fuel and annual
fuel consumption. It is worth mentioning that for TSPP there are mul-
tiple fuels for power generation (mostly biomass + biomethane), and
both fuels have different prices and consumption. The total fuel costs are
the sum of both.

n

Cruel Annual = Z(CFueLi X MFMI,i) (6)

i=1
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For fossil fuel power plants, the cost of carbon dioxide is a non-
negligible part. The CO3 cost consists of the annual CO, emissions and
the CO; price according to the respective policy and market situation.

n

Ccor.anmual = Mcor Amual X Ccoz = E (Mspec,Fueti X Mrueri) X ccon )]
i1

2.3. Comparison of newly constructed TSPP and of TSPP obtained from
transformation

When talking about the transformation of conventional power plants
to TSPP, there are two options for such transformation. One option is
that the old conventional power plant will be completely shut down and
decommissioned, and a TSPP with completely new equipment will be
constructed with the same capacity in order to replace the former power
plant. Another option is to keep the useful parts/equipment (boiler, etc.)
as well as the supporting facilities (electric, etc.) of the old plant as far as
possible, and only the additional equipment required for TSPP will be
newly constructed in order to avoid unnecessary expenses.

In the case of new construction, all the mechanic and electric
equipment must be paid for, as well as the civil costs, owner's costs, etc.
The only cost that is not relevant in this case is the transformation cost.

CTran.\ﬁer =0 (8)

In the case of transformation, according to the turbine type of con-
ventional power plants, the components mentioned in Table 1 need to be
paid for, and the cost of existing equipment will be saved. In addition,
because of the already existing supporting facilities, other costs, such as
electric system cost, EPC contracting fees and owner's costs will be
saved:

Crec =0 ©)
Cree =0 (10)
Cowner = 0 (11)

However, as mentioned above, an additional cost for transformation
will arise. In this paper, this parameter is set to a lump sum of 200 Euro
per kW of power plant capacity.

CTmn:farm =200 €/kW (12)

In case of transformation, the annual capital cost will be simplified
to:

Ccapitat Annual,TsPP = (CMe(-h + Ccivit + Cindirect + CTrmL\'ﬁ)rm) X Ay 13)
3. Data and assumptions

Model parameters will be quantified in the following.

3.1. Economic model parameters

For conventional power plants, information sources are taken from a
capital cost report made by US energy information administration (EIA).
This report presents various types of real conventional power plants and
their investment cost details. Table 3 shows the investment structure of a
50 MW biomass power plant [11]. Data from the EIA report is used in
this paper in order to define reference values for comparison with TSPP.

For TSPP, a cost table in the same format was produced to make the
comparison. The first step is to estimate the mechanical system cost of a
TSPP from simplified extrapolation according to the plant's capacity.
Scale effects are not taken into consideration:

Psr 1spp

Csrrspp = Chtech,origional X (Steam turbine power plants) (14)

Pst 0riginat



