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Abstract

The amount of incoming solar radiated energy to Earth is far greater than
any other current energy source. Among the existing technologies to harness
the energy from the Sun there is concentrating solar power (CSP). One of the
main advantages of CSP is that is dispatchable, meaning that these systems
can provide power even when the Sun is not shining. However, CSP technolo-
gies are currently undergoing challenges which hinder their development such
as operating variabilities casued by the fluctuations of the Sun or the fact
that these systems are not yet cost competitive with respect to conventional
technologies or even other renewables.

One way of improving the technical and economic performance of con-
centrating solar power plants (CSPPs) is through increasing their operational
flexibility. One key aspect of operational flexibility is the capability for fast
starts. In this way it is possible for the CSPP to harness the solar energy as
soon as it becomes available, thus producing more energy and potentially in-
creasing its profitability. Over 90% of currently installed CSPPs make use of a
steam turbine to generate electricity. Although steam turbines are the most
widespread energy convertion equipment worldwide, they are not currently
designed with the operational flexibility required by the CSP application.
Steam turbine start-up speed is limited by thermal stress and differential ex-
pansion. If not carefully controlled both of these phenomena either consume
component lifetime or even result in machine failure.

One aim of this work was to understand the optimization potential on
the transient start-up operation of steam turbines installed in CSPPs. For
this, one focus area was to develop and validate a thermo-mechanical steam
turbine transient model in order to study these thermal characteristics in
the machine. Once having done that, the work continued towards using the
model to analyze potential improvements and thermal constraints to steam
turbine start-up operation. The improvements consisted of reducing start-
up time through retrofitting measures to keep the turbine warm during cool-
down periods. The constraints analysis focused on axial differential expansion
behavior.

Furthermore, a subsequent aim of this work was to quantify the improve-
ments of steam turbine start-up time reduction with respect to power plant
performance and profitability indicators. As such, a CSPP techno-economic
performance model was developed including the turbine thermal behavior ob-
tained from the component specific model. This modeling approach including
two levels of detail allowed for the particularities of the steam turbine com-
ponent to be included within the dynamics of the power plant and thus be
able to connect the perspectives of the original equipment manufacturer with
that of the plant operator when considering novel strategies related to turbine
operation. Reductions of up to 11.4% in the levelized cost of electrictiy were
found in the studies that were carried out within this work.
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Sammanfattning

Mängden solinstrålning som når Jorden överstiger flera gånger om alla
andra förnybara energikällor. Koncentrerad solkraft (CSP) är en existeran-
de teknologi för att tillvarata solens energi, där en av de största fördelarna
är dess reglerbarhet vilket möjliggör kraftproduktion även vid tillfällen ut-
an instrålning. CSP-teknologier genomgår nu utmaningar som hindrar dess
vidare utveckling. Några av dessa utmaningar är driftvariationer som följd
av variationer i solinstrålning och det faktum att dessa system ännu inte är
konkurrenskraftiga jämfört med konventionella teknologier eller rentav andra
förnybara tekniker.

En möjlighet att öka den tekniska och ekonomiska prestandan hos koncen-
trerande solkraftverk (CSPPs) är genom ökad driftflexibilitet, där en viktig
aspekt är möjligheten till snabb uppstart. Därmed blir det möjligt att utnyttja
solinstrålningen så fort den blir tillgänglig, vilket ökar mängden alstrad energi
och möjliggör ökad lönsamhet. Över 90% av alla CSPPs utnyttjar en ångtur-
bin för att alstra elektricitet. Trots att ångturbinen är den internationellt mest
utbredda energiomvandlingsutrustningen är den i nuläget inte designad för de
driftvariationerna som krävs vid CSP-tillämpningen. Uppstartstiden begrän-
sas av termiska spänningar och variationer i temperaturutvidgning, som måste
övervakas noga för att undvika haveri eller reducerad komponentlivslängd.

En målsättning med detta arbete var att förstå potentialen av optimera-
de uppstartsprocesser av ångturbiner hos CSPPs. För detta utvecklades och
validerades en transient termo-mekanisk ångturbinmodell för att studera de
termiska egenskaperna. Med modellen färdigställd fortsatte arbetet med att
utnyttja modellen till att analysera potentiella förbättringar och de termis-
ka begränsningarna för ångturbinstart. Förbättringarna bestod i reducerad
uppstartstid genom eftermonteringsåtgärder för att bibehålla materialtem-
peraturer under avstängning. Analysen av begränsningarna fokuserades på
differentiell axiell temperaturutvidgning.

Vidare fokuserades arbetet på att kvantifiera förbättringarna av upp-
startstid på kraftverksprestanda samt lönsamhetsindikatorer. Detta genom-
fördes med en termo-ekonomisk CSPP-modell som utvecklades för att model-
lera prestanda tillsammans med de termiska egenskaperna från ångturbinsmo-
dellen. Modellen, med två abstraktionsnivåer möjliggjorde att ångturbinens
termiska beteende kunde modelleras inom dynamiken av ett kraftverk och
därmed koppla ihop tillverkarens och operatörens perspektiv av kraftverket
vid utvärdering av nya strategier relaterade till ångturbindrift. Studierna visar
på möjlighet till minskade energikostnader med 11.4%
Nyckelord:
Koncentrerande Solkraft, Ånturbiner, Transienter, Uppstart.
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Chapter 1

Introduction

The amount of incoming solar radiated energy to Earth is far greater than any
other current energy source [2]. When considering the rapidly increasing worldwide
electricity demand, the non-renewable nature of fossil-fuels and the rising CO2 emi-
ssions, it seems appropriate to look into solar energy as one of the renewable energies
that could be part of the solution of these issues. Among the existing technologies
to harness the energy from the sun there is concentrating solar power (CSP). The
basic principle of CSP technologies is that the solar energy is first transformed into
heat by means of collectors/mirrors that focus the incoming sunlight onto a smaller
receiver area. Then, this thermal energy is absorbed by a heat transfer fluid and
can be used to produce electricity by means of a conventional power cycle.

One of the main advantages of CSP technologies is that, by having the inter-
mediate conversion to heat, thermal energy storage can be easily and cost-effectively
integrated into CSP systems providing it with dispatchability. Therefore, these sys-
tems can provide power even when the sun is not shining. Another advantage of
CSP is its potential to provide commercial scale bulk electricity production [3],
which originates from the combination of the novel technologies that collect and
absorb the heat from the sun with the proven power generation technologies that
produce electricity by means of spinning a turbine. Among existing CSP plant
technologies, tower-based configurations show the best projected growth trajectory
and will play a more prominent role in the next generation of installed plants [4].

However, despite this promising scenario, the combination of mature power
cycles and novel solar collectors does not come without challenges. On the technical
side, the inherent fluctuations of the solar supply pose new operating requirements
that affect the annual power output of the plant. On the economic side, CSP
tower systems have not yet reached competitive prices with respect to conventional
technologies [5] or even other renewables such as solar photovoltaics or wind [6]
leading to a hindrance of its actual and forecasted deployment [7].

Among the proposed roads [4] [8–10] to address the technical and economic
challenges mentioned above, the strongest focus relies on the most innovative parts
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2 | INTRODUCTION

of a CSP plant since its where the industrial learning curve is less mature and can
potentially derive high cost reductions. Nevertheless, within the proposed avenues
for improvement the need for flexible power block equipment in order to adapt to
the solar fluctuations is also highlighted. Through improved operating flexibility,
energy losses during transient operation can be mitigated, leading to an increase
in the energy production of the CSP plant. This, in turn, improves its profitability
and availability.

The potential improvements in relation to the power block, being based on
well established technology, are expected to be comparatively lower than those from
the solar components. Also, cost reductions in the power block will be driven largely
by factors outside the CSP industry [9]. This sets the CSP sector in a vulnerable
position of not being yet large enough to influence power block stakeholders for
components customized with the flexibility of the application. However, future
energy scenarios [11] expect that the growth rates for renewable energy sources will
lead to 5-10% increase in their global share. The higher penetration of renewables
in the grid requires increased flexibility of power block operation, regardless of the
application. As such, striving for flexibility is in the best interest for both CSP and
conventional power generation industries. Yet, the know-how towards achieving
this lies in between the separate entities.

Within CSP technologies, over 90% of all installed capacity is based on Ran-
kine power generation cycles [12], a technology that has been available since the
19th century. In this regard, given that this power conversion equipment has been
traditionally implemented for base-load generation, some of the components are
not currently designed with the required operational flexibility for CSP. One key
aspect of improving power block flexibility is looking into the capability for fast
starts. The number of start-up cycles endured by CSP plants is greater than those
in base load plants [13], with multiple starts possible during a 24h period. This
high variability in working conditions results in negative effects for crucial power
plant components.

In general, the start-up procedure of steam power plants is time consuming
due to constraining factors established to ensure the integrity and lifetime of plant
components. One overarching problem is the wear due to thermal stress endured
over several start-up cycles. Thus, the start-up constraints are mainly related to
controlling the thermal response of critical thick-walled components. The steam
turbine [14] and the steam generator [15] are typically highlighted as components
with an intricate start-up operation. The challenge of boiler operation is to deliver
the steam at the minimum allowed conditions for intake to the turbine while res-
pecting the established permissible temperature and pressure ramp rates [16, 17].
Analogously, turbine start-up operation consists of controlling the ramp rates of
rotational speed, load and admission steam conditions in a way such that the maxi-
mum stress does not exceed a life consumption related limit [18].

Considering that the disposition of the steam generator and the turbine in the
power plant layout is sequential, so are their respective contributions to the overall
start delay of the plant. One could argue which component is the most critical, when
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in fact they are both contributing to power production losses when not optimized
for the solar fluctuations. From the perspective of a plant operator, their control
over the plant start operation is overridden at the time of turbine start-up by
the control system pre-defined by the turbine manufacturer, removing the notion
that they have a choice over how to run their component. Previous experience
has evidenced that the steam produced by the solar field was not fully utilized for
power production [19], which supports the idea that the steam turbine can limit
the start-up of the whole power plant. Additionally, while the steam generator
configurations vary among CSP technologies, depending on which are the fluids
involved in the heat exchange process, steam turbine technology remains uniform
throughout the global installed capacity. Thus, an improvement on the turbine
component would have a solid impact to the installed fleet of solar steam turbines.
As such, in this work the focus component for CSP plant start-up optimization is
the steam turbine while recognizing that the steam generator component is also a
relevant line of research.

Steam turbines are the dominant technology for producing electricity world-
wide [20]. The fundamental working principle of steam turbines consists of trans-
forming the internal energy of high-temperature, high-pressure steam into kinetic
energy and then into mechanical work that rotates the turbine shaft [21]. In order
to achieve this, the main components of a turbine are a rotor, a casing, stationary
vanes and rotating blades as shown in Figure 1.1.

Although steam turbines for solar applications are designed with features
which allow a high thermal flexibility, such as the barrel casing design of the high
pressure turbine (HPT) and the slim design of the low pressure turbine (LPT) [22,
23], operational power plant requirements demand full utilization of this flexibility.
It is therefore desirable that the turbine is able to start as fast as possible, so that
the power plant can harness the energy of the sun as soon as it becomes available.
As mentioned previously, start-up conditions are characterized by high thermal
stress states which compromise the lifetime of the turbine [24]. Therefore, there
is a trade-off to be made between start-up speed and the lifespan of the machine
when looking into improving this operating phase.

Figure 1.1: Main components in a steam turbine
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The initial thermal response of a steam turbine during transient startup con-
ditions is characterized by the temperature differences of the incoming steam which
result in temperature gradients within the turbine metal [25]. Such temperature
gradients are the ones that provoke the life consuming thermal stresses. To avoid ex-
cessive thermal stresses during start-up, the manufacturer specifies start-up curves
which limit the rate at which the turbines can reach full load. The purpose of the
curves is to maintain thermal stresses under a set temperature dependent limit [19].

The initial turbine temperature and component thickness are considered among
the factors that aggravate the thermal stress the most. With regards to the for-
mer, it is desirable that the steam and the metal temperatures at the initial phase
are matching in order to avoid stress shocks. With respect to the latter, thick
walled components are subject to greater temperature gradient differences through-
out their thickness and thus resulting in more critical stresses. Both these factors
lead to longer time-span before reaching nominal steam conditions. As a general
rule, the warmer a turbine is before start the faster the startup can be [14]. As
such, one potential improvement for turbine start-up times is to simply keep the
turbine warm during cool-down periods.

Besides thermal stresses, the temperature gradients in the turbine also have
the potential to provoke, in the worst case, axial rubbing. This is the result of the
rotating and stationary parts of the turbine coming into contact due to different
rates of axial thermal expansion. Thermal expansion is another phenomena occur-
ring in the turbine during its start and is mainly caused by the axial temperature
gradients in a component and can have different effects depending on how the com-
ponent is heated or fixed in space. Differential expansion is defined as the difference
of thermal expansion between the casing and the rotor. In a turbine, it is desirable
that the stationary and rotating parts do not come into contact since it would re-
sult in machine failure. Turbine manufacturers establish axial clearances to allow
for this differential behavior between components by studying their expansion du-
ring the design phase. However, this process is not directly linked to the design of
permissible transient conditions for the start-up curves within the industrial value
chain. Instead, this property is monitored separately and it can trigger a stop of
turbine operation in a situation of undesired values. For that reason, in studies
considering faster turbine starts it is also important to assess their impact on the
differential expansion behavior of the turbine.

In order to accomplish faster start-up speeds while still ensuring safe operation
of the turbine, it is crucial to understand the thermal characteristics of the machine.
As thermal stresses, differential expansion and start-up curves are temperature de-
pendent, accurate prediction of the temperature gradients within the steam turbines
is thus necessary to be able to optimize the operation of existing steam turbines,
as well as improve the flexibility of the next generation of turbines. It is therefore
useful to develop tools that can predict and give insight on the induced temperature
gradients. In this work, a steam turbine thermo-mechanic transient model has been
developed for this purpose. Moreover, the modeling tool has been validated against
measured data and compared against other models. Once validated, the turbine
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model has been implemented in studies concerning start-up time reduction and
differential expansion behavior during nominal and faster starts.

Furthermore, in order to ensure that the flexibility measures being investi-
gated in this work indeed provide an overall benefit to CSP plant performance
it is important to also capture the operating dynamics of the whole system. For
this, a techno-economic performance model of a relevant tower-based CSP plant
has been developed. By coupling this to the steam turbine level studies it has
been possible to evaluate different flexibility measures at CSP plant level and to
understand the full impact of improving steam turbine component flexibility to the
annual performance of the CSP plant system.

1.1 Objectives and Methodology

1.1.1 Research Aim
This work was set out with two main objectives:

• To investigate the imposed demands and optimization potential on the start-
up operation of steam turbines installed in concentrating solar power plants,

• To quantify the concentrating power plant performance improvements asso-
ciated to increasing turbine start-up flexibility as well as the associated costs.

In order to achieve the above objectives, a series of intermediate steps were carried
out. Such steps also translate into different research questions that were addressed
throughout the development of this project. The investigation process as well as
the main research questions are listed and described below.

1.1.2 Research Tasks
The method of investigation of this present work first consisted of the de-

velopment of a steam turbine heat transfer transient model that would accurately
capture the thermal behavior of steam turbines during start-up operation. The
model was also to be generally applicable with respect to the heat transfer, adapt-
able with respect to geometry and fast calculating. Such requirements may be of
conflicting nature, therefore the next step of the investigation consisted of verifying
that the model was capturing the behavior of the actual turbines being modeled.

The next step of the work involved using the turbine model tool in studies
related to potential start-up time reduction measures. Such reductions are possible
without making any changes to the operational design of the turbine by simply
keeping the turbine warm during offline periods. Striving towards a faster start-up
operation, either by implementation of the aforementioned measures or by designing
new start-up schedules, can result into the appearance of other thermal constraints.
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As such, the research also focused on understanding the thermal phenomena cu-
rrently limiting steam turbine start-up. More specifically, on whether thermal di-
fferential expansion can become a constraint in the context of faster turbine starts.

In parallel to quantifying and understanding the potential improvements and
thermal constraints at turbine level the work also developed in the scope of system
level modeling. The first step in this regard was to develop a dynamic CSP plant
model corresponding to the same plant of the available turbine models. Then, the
level of detail of the power plant model was increased to include turbine transients
and associated control strategy during start-up. In that way, the power plant and
its corresponding turbine model could be used together in order to establish a two
level of detail modeling test case. It was then necessary to create relevant links
between both models in order be able to capture the details at component level
within the dynamics at system level. With this, it was then possible to quantify
the impact of turbine start-up improvements on the techno-economic performance
of the power plant.

In summary, the investigation procedure consisted of the following:

• Develop a generally applicable, adaptable and fast-calculating steam turbine
thermo-mechanic modeling tool,

• Perform validation studies on the steam turbine modeling approach,

• Quantify potential turbine start-up time reductions through the implementa-
tion of measures that keep the turbine warmer during cool-down periods,

• Investigate differential expansion as a potential constraint in the context of
faster starts,

• Generalize findings related to operational improvements at steam turbine
level,

• Develop a techno-economic CSP plant tower-based model with increased de-
tail level on turbine start-up controls,

• Establish a test case comprising two-level of detail modeling of the overall
CSP plant dynamics and the thermal behavior of the corresponding turbine,

• Build connections between power plant model and turbine models to capture
the desired transients and their respective improvements,

• Quantify turbine improvements at power plant level with regards to under-
standing the benefits and costs of such more aggressive turbine operation.
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1.1.3 Research Questions
The main research questions sought to be answered within this work were the
following:

• Does the developed steam turbine model capture the transient thermal pro-
perties within the turbine metal satisfactorily?

• What are the potential start-up time reductions that can be achieved by
keeping the turbine warm during offline periods through different measures?

• Do faster turbine start-ups present thermal limitations not being considered
at the moment in the design of start-up schedules?

• What are the potential improvements that can be achieved in concentrating
solar power plant performance though increasing turbine start-up flexibility?
Can these be generalized and applied to all solar turbines?

1.2 Previous Research

Prior to the beginning of this project, research on improving CSP plant opera-
tion through the reduction of steam turbine start-up times was performed at the
Division of Heat and Power Technology at KTH [26]. The scope of that research
focused on CSP technologies based on parabolic trough collectors. The research
yielded positive results, among which a steam turbine thermal model was developed,
but it also brought to light several issues which merited further investigation. Con-
sequently, the project related to this thesis was started as a natural continuation of
the former in order to improve the thermal model and to continue evaluating the
potential of additional measures for enhancing steam turbine operation in the next
generation of central tower CSP plants that had recently emerged on the market
at the time.

Models for thermal analysis of steam turbines have been developed and im-
plemented in other works [27–29]. One of these models consisted of a 2D finite
element approach coupled with transient temperature measurements of the steam
path [27]. The numerical scheme related to that model was directly dependent on
instrumentating the studied turbine, something that is not always possible and not
generally applicable. The other model was a 3D finite element which used empirical
correlations for the heat transfer zones [29]. However, the different turbine compo-
nents were large computational models and they had to be considered separately.
By doing this, component interactions were not fully captured in accordance with
physical assumptions. The model developed previously within KTH [30] was 2D
axisymmetric and it comprised the interaction of all turbine components. However,
this model was developed for a single turbine without considerations of applica-
bility and generalization to other turbines. Other drawbacks were related to the
level of detail of the implemented boundary conditions and the fact that the heat
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transfer coefficients were calibrated with weighting factors in the validation studies
performed.

Steam turbine thermal behavior has been extensively discussed and docu-
mented in literature, from guidelines [25] to volume publications [14, 21, 31] that
fully describe turbine start-up operation based on industrial experiences. How-
ever, these publications pre-date the current flexibility demands on steam turbine
operation. In the context of conventional power generation, special focus has been
given to the steam turbine start-up routine by thoroughly and clearly explaining
the physics behind the concept [32]. Live stress monitoring and controls have been
presented [18] as an alternative to pre-defined start-up schedules with the aim of
improving the steam turbine start.

Focusing on the steam turbine component, a simplified analytical approach
for calculating optimal turbine start-up time based on fully utilizing permissible
thermal stresses has been developed [33]. Patented ideas regarding the use of back
pressure increase as a way to keep the turbine warm during cool-down periods
were found [34]. With respect to differential expansion, studies on steam turbine
casings have been carried out with the aim of understanding this property in the
radial direction [35]. Other works [36,37] have focused on solutions concerning ther-
mally responsive seals which allow for increased radial clearances during transients
and tighter during nominal operation. Also, thermo-mechanical models have been
implemented to increase the accuracy of both axial and radial clearance calcula-
tions [38]. Axial differential expansion is a well-developed and documented topic in
the state-of-the art of turbine thermal behavior [21,25,31].

Previous research also existed in the context of pursuing steam turbine start-
up time improvements for CSP applications. Studies have focused on the evaluation
of temperature and pressure transients in the solar steam supply during operation
in order to avoid excessive thermal stresses and lifetime reduction on the turbine
[13, 39]. Other works have also studied means of changing operating procedures
to achieve faster start-up times [40] or to improve the start-up conditions of the
turbine through optimized integration of thermal energy storage [41,42].

1.2.1 Contributions to the State-of-the-Art
In this work, the previously existing KTH thermal turbine model has been

taken as a reference for developing an improved modeling tool. The previous model
has been modified and refined in terms of geometric adaptability and heat transfer
assumptions. Similar to the preceding model, the newly developed modeling tool
consists of an integrated approach of steam and heat transfer calculations performed
on a full 2D axisymmetric turbine geometry. However, the integration of a modular
geometric modeling approach allows the new model to be adaptable to various
turbines. Furthermore, other important changes consisted of generalizing the heat
transfer calculations with correlations that do not rely on correction factors and
refining the implementation of the boundary conditions to the model with respect
to the mode of operation of the turbine. These modifications were done with the
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focus of delivering a fast calculating, generally applicable tool of sufficient level of
detail to capture turbine transient behavior.

Also in this work, the general applicability and accuracy of the model have
been evaluated in validation studies. The validation was performed differently than
the previous study from KTH as the heat transfer coefficients were not corrected
with weighting factors Instead, the developed modeling scheme was implemented in
three different turbine models while maintaining the same approach and assump-
tions. The validation process was carried out comparing both against measured
data and also with respect to other models available in industry. One aspect of
the validation, not seen in previous works, was being able to validate for both
temperature and differential expansion behaviors during start-up. In relation to
the studies on differential expansion, available literature was mostly focused on
this property in the radial direction, while in this work the axial direction was con-
sidered as well. Furthermore, there was no available study considering differential
expansion behavior with respect to transient start-up conditions but rather in the
context of axial clearance design during nominal operation.

The validated model has been implemented in parametric studies related to
steam turbine start-up improvements. The improvements were obtained through
the implementation of temperature maintaining modifications different from those
studied previously. The modifications implemented in this work, were available in
literature from previous studies but they had not been applied as a combination
to the turbine. Furthermore, previous studies concerning turbine start-up time re-
ductions have had a one-sided modeling approach, of either focusing on the steam
turbine component or at the level of the power plant. However, what was missing
in order to perform a complete assessment of start-up optimization on solar steam
turbines was a modeling tool coupling the dynamics of the power plant with the
transient operation of the turbine allowing for operational modifications to be im-
plemented. In this work, such two-level detail modeling was developed for a CSP
plant, and corresponding steam turbine, test-case.

The different contributions to the state of the art attained during this work
are summarized in the table below along with a short description of the published
article containing such contributions:

Paper I Geometric Modularity in the Thermal Modeling of Solar Steam Turbines

Description: A steam turbine thermal transient model was developed including a
modular geometric approach for more adaptability to different turbine
geometries. The modular approach was compared against the previously
available model at KTH and 96h or measured data from an operational
parabolic trough power plant.

Contributions: - Thermal steam turbine model developed within new software scheme,
- Modular approach developed to describe turbine geometry and increase
the adaptability of the model,
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- Validation of turbine model against measured data along with compa-
rison of two approaches to describe turbine geometry.

Paper II Operational Improvements for Start-up Time Reduction in Solar Steam Tur-
bines

Description: Three operational modifications for maintaining the turbine warmer du-
ring offline periods were proposed and implemented to a turbine thermal
model. The potential improvements were quantified in terms of start-
up time reduction. The modifications studied included increasing: the
pressure of the steam injected to the seals, the back pressure and the
barring speed.

Contributions: - Implemented modifications to keep turbine warm novel in the CSP
plant context,
- Potential start-up time reduction mapped and quantified based on the
different turbine sections, components and cool-down periods

Paper III Differential Expansion Sensitivity Studies during Steam Turbine Start-up

Description: A thermal turbine model was refined to include thermo-mechanical cal-
culations. The model was validated by a twofold comparison against
a model of higher order and measured data from a cold start. Sensiti-
vity studies were then conducted with the aim of identifying modeling
assumptions that have a large influence in capturing turbine thermal
behavior. The sensitivities also involved looking into the effect of initial
casing temperature on differential expansion peak values.

Contributions: - Turbine modeling tool further developed and validated to include di-
fferential expansion calculations,
- Geometric comparison of model against in-house tool from industry
under the same boundary conditions,
- Highlighted critical boundary conditions to capture differential expan-
sion behavior,
- Temperature maintaining modifications connected to differential ex-
pansion.

Paper IV Investigation into the Thermal Limitations of Steam Turbines During Start-
up Operation

Description: Differential expansion was studied in this work as a thermal phenomenon
that can potentially become a limiting factor to the turbine start-up
process. For this, a turbine model was validated against measured data
and its differential expansion behavior was analyzed at different axial
locations for different operating conditions. Furthermore, the results
from the model were compared to the calculations currently performed
in industry. Studies also involved analyzing differential expansion in the
context of faster starts.
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Contributions: - Differential expansion studies displaying its behavior in the whole axial
span of the turbine,
- Effect of initial temperature differences induced by external modifica-
tions on available space at the turbine seals,
- More accurate approach for considering thermal differential expansion
limits within the design process of clearance space is proposed.

Paper V Improving Concentrating Solar Power Plant Performance by Increasing Steam
Turbine Flexibility at Start-up

Description: The potential for concentrating solar power plant performance improve-
ment through the increase of steam turbine flexibility was studied. Multi-
objective optimization studies were performed on the annual operation
of a power plant model considering different scenarios of turbine opera-
tional flexibility. For each study, the corresponding techno-economic
performance indicators were evaluated to the case without modifications.

Contributions: - Direct steam generation tower power plant model developed within
DYESOPT tool,
- Increased level of resolution of DYESOPT model to capture turbine
transients,
- Two level detail modeling from coupling general power plant model and
detailed steam turbine model,

1.3 Thesis Outline

So far this current chapter explained the main motivation and background
to this thesis project, as well as presented the objectives, methodology and the
contributions made to the state of the art. The outline of this thesis document
continues with a more detailed description of the technologies studied within this
work as part of chapters 2 and 3. Namely, aspects related to CSP towers and
steam turbine technologies are covered. Chapters 4 and 5 elaborate further on the
modeling approach undertaken to model such technologies. Chapter 6 summarizes
the designed methodology to make use of the models and it embarks upon summa-
rizing the major findings of the work in terms of the research questions addressed
during the project. Finally, Chapter 7 states the general conclusions of the work
and describes possible future work to be performed within the field.

This thesis draft is structured in such a way that redundancies to the ap-
pended papers was avoided. In alignment with the compilation/kappa thesis struc-
ture, this document is meant to be a clarification of the overarching project of the
appended publications instead of a repetition. As such, it is recommended to read
this document alongside with the articles.





Chapter 2

Concentrating Solar Power Plants

Concentrating solar power technology can be described with two energy con-
version processes. The first and foremost, since it is the one which includes the
renewable part of the technology, consists of collecting the solar direct irradiation
and converting it into heat. Then, this thermal energy can be either converted into
electricity by driving a heat engine or stored in the form of heat for later use.

Solar radiation concentration is needed in order to increase the temperature
of the heat collected from the sun with high efficiency. Concentration is achieved
using a field of mirrors that collect the incident radiation and reflect it to a receiver.
The key for radiation concentration relies on increasing the energy flux density from
collector to receiver by reduction of surface area. By concentrating the same amount
of energy into a smaller area, a larger quantity of useful thermal energy is obtained.
It is desirable to achieve high energy concentrations as this improves the thermal
efficiency of the whole system in agreement with carnot efficiency.

In order to collect as much of the incident solar radiation as possible, the col-
lectors must track the position of the sun throughout the day. In general, tracking
mechanisms follow the sun with either a one or two-axis movement, depending on
whether the type of concentration is linear or point focus, respectively. The two con-
figurations currently used commercially which comprise line focusing devices are:
parabolic trough (Figure 2.1a) and linear Fresnel reflectors (Figure 2.1b.). Ana-
logously, the two commercially used configurations which comprise point focusing
devices are parabolic dish (Figure 2.1c.) and central tower systems (Figure 2.1d.).

Regardless of the collecting technology, the heat focused onto the receiver
is absorbed and transferred to a heat transfer fluid (HTF). The energy from the
heated fluid can then be exchanged with the working fluid of a power cycle, thus
producing electricity. Alternatively, the HTF can be used to heat the material used
as storage medium in order to save this thermal energy for later. When the energy
from thermal energy storage (TES) is required, then the mechanism is reversed in
order to heat the HTF and consequently the working fluid. In some cases, the HTF
and the TES medium are the same material.

13



14 | CONCENTRATING SOLAR POWER PLANTS

(a) (b)

(c) (d)

Figure 2.1: CSP Technologies: (a) parabolic trough (b) linear Fresnel (c) parabolic
dish (d) central tower.

Nowadays, the global installed CSP capacity amounts to roughly 5 GW spread-
ing across different locations including: Spain, United States of America, South
Africa, United Arab Emirates, Morocco and Chile. Parabolic trough technology
is currently the most mature and by far the most deployed. Solar towers are the
second and are predicted as the CSP technology to have the best future outlook for
improvements [43]. Due to the light being concentrated into one focal point, instead
of a line, solar towers reach significantly higher temperatures compared to troughs.
The higher steam temperature achieved then relates to a higher overall efficiency
of the plants. As such, the new generation of CSP plants will be largely based on
the tower configuration which is why this work will focus on this technology.

2.1 Tower Configurations

Based on the current installed technologies, two different kinds of tower-based
systems can be distinguished. One concept uses molten salts as both HTF and
storage medium to drive a steam based power cycle. The main subsystems of this
concept are shown on Figure 2.2. The other concept uses steam as both the working
fluid and HTF which means that steam generation actually happens directly at the
top of the tower. This direct steam generation (DSG) concept does not currently
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consider storage due to a lack of technical-economic feasible options at the time of
installation. While storage allows for electricity production dispatch capabilities,
the lack of it in the DSG configuration allows for higher temperatures reached in the
steam conditions. With regards to the main subsystems of this second concept it
simply follows the same scheme as in the below figure eliminating the intermediate
heat exchange steps related to the storage.

Figure 2.2: Sub-systems of a CSP molten salts tower-based configuration

2.1.1 Solar Field
As portrayed on Figure 2.2, the solar field is one of the main subsystems which

compose a CSP plant. This subsystem is the one which includes the renewable side
to the otherwise conventional technology of thermal power cycles. Therefore, the
solar field is what makes CSP an emerging technology with challenges to overcome
and improvements to be made. The components involved when considering the
solar field of a CSP plant are the solar concentrators and the receiver. For the case
of tower-based CSP plants, the concentrators are also known as heliostats and the
receiver is located on top of the tower.

Heliostats are flat or lightly concave mirrors that follow the movement of the
sun throughout the day in a two axis tracking procedure. Since the movement of
each mirror is individual, the tracking control strategy for these systems is very
complex. However, it provides the advantage that the mirrors can be placed over
an uneven land surface and will operate correctly as long as their relative position
with respect to the receiver is accounted for. A single heliostat includes a set of
mirrors, a tracking system, a frame, a structure foundation and control system.

A solar field contains a large number of heliostats.The optical efficiency of
the heliostat field has a significant impact on the performance of the power plant.
Furthermore, the field represents 50% of the total cost [44] and its annual energy
losses are around 47% [45]. The two most common field layouts, with regards to
the position of the heliostats in relation to the tower, are the surround field and the
polar field. Figure 2.3 shows examples of tower based configurations for the two
types of fields. Polar fields are more optically efficient than a surround field around
noon, but less efficient in the morning and afternoon when the cosine effect (due to
the angle position of the sun) on the heliostats plays a large role [46].
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(a) (b)

Figure 2.3: (a) Polar (PS10) and (b) Surround (Gemasolar) field configurations.

2.1.2 Solar Receiver
The solar receiver has the task to heat the HTF with the sunlight concentrated

by the heliostats. The receiver can be seen as a heat exchanger on the basis of
receiving the solar radiation and delivering it to the HTF. For the case of the DSG
tower configuration, the receiver can be defined as the boiler component placed on
top of the tower. Regardless of the type of HTF, some important requirements for
this component are: a high thermal conductivity, dark color of the body for high
absorption rates and a resistance against high temperatures.

The solar field layout is defined hand in hand with the type of receiver that
is placed on the top of the tower. If the receiver consists of an external-type, the
absorbing surface can be seen from all directions, resulting to be better suited for
surround type solar fields. The other alternative is a cavity-type receiver, in which
the radiation reflected from the heliostats passes through an aperture into a box-like
structure before impinging on the heat transfer surface [47]. This type of receiver is
better suited for polar fields. Cavity receivers are most likely to play a role where
the required output temperature is in the order of >1000 K [46] given that the
concept suffers of less thermal losses as the heated surface is not exposed to the
elements. Figure 2.4 show schematic of the two types of receiver configurations
that have been mentioned.

There is a wide variety of novel receiver concepts under development. In
general, the design of a receiver depends strongly on the application, the kind of
heat transfer medium, the range of working temperatures, the material used and
the method of energy transfer [49]. From every point of view, the receiver is one
the most critical component of a CSPP since it is the component where the solar
radiation is absorbed and transformed into thermal energy.

2.1.3 Thermal Energy Storage
The four parts involved in the thermal energy storage (TES) subsystem are:

the HTF, the storage medium, the heat transfer mechanism and the containment
system. The HTF is the one that is pumped up the tower in order to absorb the heat
from the highly concentrated radiation. The storage medium stores the thermal
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(a) (b)

Figure 2.4: (a) Cavity and (b) external receiver [48]

heat in the form of sensible heat, latent heat or in the form of reversible chemical
reactions. Furthermore, the heat transfer mechanism supplies or extracts heat from
the storage medium (heat exchangers). Finally, the containment system (tanks)
holds the storage medium as well as the heat transfer equipment. Tower-based
systems installed today use molten salts as both HTF and storage medium. When
this is the case, this is denominated direct storage. Typically, two tanks are installed
to hold the cold and the heated HTF, these are respectively called cold and hot
tanks. As observed in Figure 2.5, the solar receiver and steam generator are placed
in between the tanks and its where the energy charging and discharging of the salt
occurs. In current installed plants, typical storage sizes are within the range of 8-12
hours in order to be able to operate throughout the night. Other popular storage
concepts, which remain to be installed, involve using phase changing materials or
concrete as storage mediums. It is important to highlight that even though TES
provides CSP plants with the capability of continuous operation, many plants still
start and stop once a day.

Figure 2.5: Two-tank direct thermal energy storage
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2.1.4 Power Block

The power block subsystem is based on the same technology that drives con-
ventional fossil fuel power generation. As such, this section of the power plant
consists of widely spread and mature technology. The challenge with their use in
CSP has to do with the integration to the other subsystems. As earlier stated, in
the majority of CSP plants electricity is generated by means of using steam as the
working fluid to drive a turbine.

This corresponds to the thermodynamic Rankine cycle and its most imple-
mented version is the reheat cycle with regeneration, as it is the one with the
higher thermal efficiency. Reheat implies that the steam is expanded through a
high pressure and a low pressure turbine with heat addition in between. This helps
avoid moisture within the turbine and increases the amount of electricity produced.
Regeneration implies that fractions of steam are extracted from the steam turbine
in order to pre-heat the water that is going into the receiver. By doing this, fur-
ther improvements on efficiency can be achieved since the amount of heat required
to generate steam is decreased. A process schematic as well as a thermodynamic
representation of this cycle is shown on Figure 2.6a and 2.6b, respectively.

One main drawback of the Rankine cycle implementation in CSP has to do
with the condenser, given that large amounts of cool water are required to condense
the exhaust steam of the turbine for a technology that is usually placed in desert
locations where water is scarce. One trend to address this has been the imple-
mentation of air cooled condensers, which solve the water consumption issue but
introduce an efficiency and economic penalty to the system. Furthermore, another
alternative is to change the cycle as a whole. Brayton/Gas turbine cycles use air
as a working fluid a therefore eliminate the need for condensation. Not to mention
that this cycle operates with higher energy conversion efficiencies than the Rankine
cycle. Another interesting option is to implement combined cycle power blocks.
However these options are not yet commercially available.

(a) (b)

Figure 2.6: (a) Process and (b) thermodynamic schemes of Rankine cycle incorpo-
rating reheat and regeneration
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2.2 Start-up Operation

The start-up procedure of a CSP plant is similar to that of a conventional
steam power plant. This process can be quite time consuming due to factors like
waiting for permissible admission of steam quality, thermal stress considerations
and turbine acceleration to synchronization speed [50]. In addition to this, there
are start-up delays on the solar side components as well. These are mostly related
to the thermal inertia of heating large amounts of HTF until the desired conditions.
The start-up sequence of a CSP plant is generalized in this section in the following
6 steps:

1. Initial power plant conditions: Assuming that at the start of day the
power plant is shut-off. For the solar field, this means that the heliostats are
in a pre-defined defocused position for minimum wind loads. For the TES,
this means that the HTF is kept in the cold tank monitoring its temperature
to avoid the freezing point. For the steam generation, it means that all valves
are closed only monitoring the water levels at the steam drum. The steam
turbine is in turning gear mode, which means that the rotor is being motor-
driven slowly in order to avoid bending due to uneven cooling. There is no
steam in the system.

2. Tracking and focusing: Once solar radiation becomes available the solar
field is set into tracking mode. At this initial stage the heliostats do not con-
centrate the solar irradiation onto the receiver. Instead, they do so at a point
in the vicinity of the receiver. This is done with the intention of decreasing
the distance the heliostat needs to cover to actually reach the receiver. There
is a high risk for melting the receiver components if all heliostats are focused
at once. Indirectly, this step also has the effect of pre-heating the receiver by
warming the air that surrounds it. As this is completed, the heliostats will
be recruited by sectors to gradually focus the solar energy directly over the
receiver area.

3. HTF heating: In parallel to increasing the incident flux of solar energy
onto the receiver, the HTF flow inside is also controlled to increase with the
amount of energy. During this phase, the HTF will recirculate through the
receiver until its temperature conditions are matching the metal temperature
of the steam generator, at which point the valves for heat exchange with the
working fluid are opened.

4. Boiler start and evacuating: When heat is supplied to the boiler, the sys-
tem component starts to produce steam mass flow. Until a certain flow value
is achieved, the valves of the boiler are still closed and the steam remains in
the boiler system. The condenser comes into operation and starts evacuating
air from the system. Normally, a vacuum pump is used as the initial source
of vacuum for the condenser start-up [51]. During this operation, no vent or
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connection to the atmosphere is open and the condenser is at vacuum. Be-
sides the condenser start-up, the shaft steam sealing of the turbine is set to
work in order to avoid air entering the turbine. This steam is either coming
from the boiler or an auxiliary steam generator [52].

5. Preheating of steam pipes: In this step, the boiler valves are opening and
the steam is distributed in the system bypassing the turbine and dumped in
the condenser. The accruing condensate is sent back to the boiler system. In
this period, the pressure and temperature of the steam are increasing and a
steam purity check is done constantly. Meanwhile, the condenser pressure is
decreasing steadily. As soon as the steam achieves the superheated condition,
it is ensured that no water can enter the turbine. The steam temperature is
then matched, within a given range, to the turbine metal temperature before
admission and until a certain load is reached. This is done in order to avoid
thermal stresses. After that, the main steam valves are opening and the steam
turbine activates its protective system [31].

6. Steam turbine start: When the control valves are finally opening, the steam
runs into the turbine and the pressure inside starts to rise. The turbine is
speeding up and runs through critical speed ranges until reaching synchro-
nization speed. In the meantime the pressure and temperature of the steam
is increasing. The end of the start-up is reached when steam at nominal
conditions is flowing through the turbine.

This set of steps varies depending on the specific solar tower configuration.
For example, in the DSG layout steps 3 and 4 happen at the same time since
the HTF and working fluid are the same. It is also important to highlight that
in common industrial practice supplementary fossil fuel firing is part of the plant
configuration. One of its main uses is to assist in the start-up process by opening
up the possibility to carry out steps 1-3 and steps 4-6 in parallel instead of strictly
sequential. Like this, once the HTF conditions reach a certain amount of energy to
fully take over the steam generation process, the supplementary firing is stopped.
This of course leads to fuel saving considerations in the operation of the plant.

2.3 Development and State of the Art of CSPP

The concept of concentrating solar energy has been fascinating the people from
ancient times up to the present day. The idea of concentrating light with mirrored
panels has been described from the Greeks and has firstly utilized technically in the
middle of the 18th century by Comte de Buffon who carried out experiments with
the first solar heliostat-like reflectors [46]. The first steam engine which used the
energy of the sun to run was invented by Augustine Mouchot in 1866. Following
this, the first operational CSPP was built in Italy in 1968 by Professor Giovanni
Francia. This plant had architectural similarities to modern plants with its central
receiver surrounded by a field of solar collectors [53].
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From 1980 to 1990, a number of international CSP test facilities and pi-
lot plants were built. These provided experience with various types of heliostats,
working fluids and storage units. In general, many lessons were learned from these
facilities. Special consideration should be given to the Solar One project, the first
test of a large-scale thermal solar power tower plant. This project was a 10 MW
water-steam solar power tower facility located California. Solar One was instrumen-
tal in proving that central receiver technology was effective, reliable and practical
for utility scale power generation [10]. Solar One operated until 1988.

In 1995, Solar One was redesigned and renamed Solar Two. The change was
driven by the switch of heat transfer fluid from steam to molten salts. Solar Two
operated between 1996 and 1999 and helped validate thermal energy storage with
nitrate salt technology. Due to budget constraints, Solar Two was decommissioned
and almost no work was performed on power towers for nearly a decade. In 2005 the
level of activity on central receiver systems was reactivated and the development of
new demonstration and commercial facilities begun.

Summarized information of the power plants that have been developed since
then, as well as the power plants that are planned for the upcoming years can be
found in [54]. As of December 2015, the installed capacity of CSPPs was 4900MW
from which solar towers amount to around 10% [55]. From the currently existing
commercial installations Gemasolar and Ivanpah are highlighted as those represent-
ing the two main configurations stated at the beginning of section 2.1. Gemasolar
was the first commercial-scale plant in the world to apply central tower receiver
and molten salt thermal energy storage technology. Ivanpah, on the other hand,
is the latest built direct steam generation configuration with the largest installed
capacity.





Chapter 3

Steam Turbine Technology

Turbomachines are classified as all those devices in which energy is trans-
ferred either to, or from, a continuously flowing fluid [56]. This is performed by
the dynamic action of one or more rotating blade rows which change the swirl mo-
mentum of the working fluid (steam). Steam turbines are one of several kinds of
existing turbomachines. Essentially, steam turbines convert the thermal energy of
high-pressure, high-temperature steam into shaft work which then serves to drive
an electric generator.

The operation of this machine is directly associated to the Rankine cycle
developed in the 19th century. The first steam turbines are attributed to de Laval
and Parsons in 1883 and 1884, respectively. As the century passed, many people
recognized the potential of the steam turbine and dedicated development efforts to
its improvement. Some relevant names in this regard are: Rateau (1896), Curtis
(1900), Ljungström (1912) and Westinghouse (1897). In parallel, Stodola (1903)
laid the foundation for the theory behind of these machines.

Nowadays, steam turbines come in a variety of sizes and are widely imple-
mented as driving machines in industrial processes and power generation. Steam
turbines are the dominant technology for producing electricity worldwide [20]. This
is related to the fact that thermal energy is the most commonly used source of
energy for electricity generation globally, and has a greater installed capacity than
any other source of energy [57].

Unlike gas turbine systems where heat is an byproduct of power generation,
steam turbines normally generate electricity as a byproduct of heat (steam) gene-
ration [58]. What this entails is not that electricity generation by steam turbines
is secondary to heat production, but that a steam turbine is dependent on a heat
source which is separate from the machine itself. This separation of functions de-
couples steam turbines from only using fossil-based fuels, allowing steam turbines
to operate with a variety of fuels and heat sources. For this reason, steam turbines
are used in a wide range of power generating applications such as: oil, gas, coal,
biomass, geothermal, nuclear, combined cycles and concentrating solar power.

23
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3.1 Thermal Processes

In general, steam turbines are complex machines in which a wide range of mul-
tidisciplinary mechanisms interact. This section highlights only the processes which
are of importance and more relevance to the work performed in subsequent chapters
in relation to the modeling approach. Figure 3.1 shows where those processes occur
in terms of the general turbine topography, while the upcoming subsections go into
more detail about each of these.

Figure 3.1: Occurence of thermal proccess within turbine geometry

3.1.1 Steam Expansion
The fundamental working principle of steam turbines is comprised in the

expansion of the incoming steam, as it is through this thermal process that the
energy conversion from heat to electricity occurs. This energy transformation occurs
within a turbine stage, which is composed of a static blade row, denoted as stator,
and a rotating blade row, denoted as rotor. Essentially, the internal energy of
the steam is first transformed into kinetic energy, this acceleration is achieved by
deviating the flow away from its flowing direction. The energy of the accelerated
flow is then transformed into mechanical work that rotates the turbine shaft [21].

This process is synthesized by the Euler turbomachine equation, shown below,
in which a change in total enthalpy ∆h0 is equivalent to a change in tangential flow
speed cθ and/or rotational engine speed u. One key aspect to Equation 3.1 is the
turning of the flow produced by the shape of the turbine blades as shown in Figure
3.2a . This flow deviation generates the tangential flow speed, which in turn is the
one velocity component in the direction of work-producing forces.

∆h0 = uincθ1 − uoutcθ2 (3.1)
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The thermodynamic state and velocity conditions of the flowing steam are
directly related. Therefore, as the flow velocities change throughout the stator and
the rotor, so do the thermodynamic properties of the steam. In general, as the
steam expands its enthalpy and pressure decrease.

Figure 3.2b shows the enthalpy-entropy diagram of steam expanding from
state 1 to state 2. Furthermore, also represented in this figure, are the stagnation
states denoted with 0 and the isentropic states denoted with s. The static-to-static
efficiency of an expansion process is the ratio of the real enthalpy drop to the
isentropic enthalpy drop, shown in Equation 3.2.

(a) (b)

Figure 3.2: Turbine expansion process [56]

ηs = h1 − h2

h1 − h2s
(3.2)

Steam turbines are commonly arranged in a multi-stage design, in which each
stage is an elementary turbine. Multi-stage configurations make it possible to have
steam extractions along the flow passage that serve to increase the efficiency of
the Rankine cycle through regeneration. The inlet conditions to the turbine are
defined in the steady-state nominal design of the power plant while the amount of
extracted steam is a function of the pressure of the downstream turbine section in
order to satisfy the regeneration demand. Analogously, the steam expansion for
the multi-stage turbine is defined based on this given operating design point.

Under variable operating conditions, the steam expansion process diverges
from design. Pressure-flow relations in a multistage turbine in off-design operation
are complex phenomena [59]. One method for calculating the highly nonlinear
dependence of extraction pressures with mass flow is Stodola’s cone law. This law
relates the inlet and outlet pressures with the mass flow through the turbine by
the empirical declaration that each turbine section has a constant pressure ratio.
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Furthermore, it states that if the pressure after a certain stage group varies in
proportion to the steam amount, the pressure values in all the previous stages
vary in proportion to the steam amount too [21]. This statement implies that the
pressures in the turbine are determined by the backpressure of the given section.
The law is applicable to intermediate turbine sections with constant mass flows as
well as for the whole multistage turbine. In this work, the law was implemented in
the modeling process and is explained later on with more detail.

3.1.2 Gland Steam Sealing
Sealing glands are located at each end of the shaft, and fulfill two functions:

preventing the leakage of steam and avoiding the ingress of air through the clear-
ances between the rotating and stationary parts of the turbine [20]. This has a
pronounced effect on the overall efficiency of the power cycle [60] and is achieved
using labyrinth-type seals which restrict and minimize the fluid flow to or from the
outside. The sealing system has two modes of operation, which depend on whether
the turbine is highly loaded or in low load to stand-by mode. Figure 3.3 displays
a labyrinth joint geometry along with examples of the stated modes of operation.

(a) (b)

Figure 3.3: Steam turbine rotor showing labyrinth joints and steam flow paths
through the labyrinth seals during (a) turbine operation and (b) stand-still.

During stand-by, the gland steam is entirely supplied from an external source
(Figure 3.3a). The external gland steam is injected into the labyrinth joints in
order to maintain the turbine sealed from the ingress of external air [20]. Due to
the vacuum conditions in the condenser, the low-pressure side of the low pressure
turbine is provided with external gland steam even during normal turbine operation.
Each end of the shaft is subject to different temperature conditions. Therefore, the
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external gland steam is provided at two different temperature levels to match those
in the metal surface and avoid inducing thermal stresses in the shaft.

As the turbine load increases, the steam in the labyrinths becomes a mixture
of external supply and internal leakages. Eventually, as the turbine load reaches a
certain level, the sealing is self-sustained from the internal leakages of live steam
to the seal [25] (Figure 3.3b). The load level at which this occurs varies for each
turbine type. However, typical values are in the range of 40-60% load.

Steam expansion in a labyrinth seal is described by the process of throttling
[21], in which the pressure of the steam is decreased while keeping the same enthalpy
level. In addition, the nature of the flow through the seal as the steam passes under
each constriction is described by a Fanno line [61], in which the leaked mass flow
is dependent on the inlet conditions of steam, the outlet pressure and the seal
constant, as shown in Equation 3.3. The seal constant can be expressed as a
function of geometric parameters such as the seal diameter ds, clearance δ, number
of teeth z, tooth pitch τ and tooth width λ, see Equation 3.4.

ṁleak = Cseal

√
Pin
vin

√
1−

(
Pin
Pout

)2
(3.3)

Cseal = π · ds · δ ·Ks(δ, τ, z) · µ(δ, λ)√
z

(3.4)

3.1.3 Friction and Fanning
Among the external efficiency losses that occur in a turbine stage, there are

losses due to friction and ventilation. These take place in the blades and discs of
the turbine. As a turbine disc rotates in space, aerodynamic resistance forces from
the surrounding fluid act upon it [61]. In the gaps between the rotor and stator
discs, recirculating steam flow creates friction with the moving disc surfaces (Figure
3.4a). The energy dissipated due to friction is proportional to the steam density
ρ, the square of the disc diameter dd and the cube of the tangential speed u and
as shown in Equation 3.5 [21]. In addition, friction work is also dependent on an
empirical friction factor Kfr which is defined by geometric parameters of the disc
and the rotational Reynolds number, Equation 3.6.

Wfr = 1
2Kfr · ρ · u3 · d2

d (3.5)

Kfr = 2.5 · 10−2 (2s/dd)1/10
Re−1/5

u (3.6)

Similarly to friction, ventilation work is also proportional to density, the cube
of the tangential speed and a blade aspect coefficient, as shown in Equations 3.7
and 3.8 [62]. However, this energy dissipation, also known as windage, occurs in
the blade passages of the turbine instead of the discs. The ventilation phenomenon
is generally associated with partial steam admission and low load at rear stage
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(a) (b)

Figure 3.4: Steam flow paths in the discs and blades of the turbine for (a) friction
and (b) ventilation. [61]

turbine operation. When the turbine is partially loaded, a group of blade passages
along the circumference of the disc will be filled with stagnant steam. Owing to
the rotation of the disc, the steam filling these passages is subject to centrifugal
forces and moves from the roots to the tips of moving blades [61]. The appearance
of a vortex zone across the blade produces an increase in steam and blade metal
temperatures (Figure 3.4b) [21].This effect is a characteristic of the last stage blade
(LSB) of a turbine given the dependency of Equation 3.7 on blade length. Note
that this relation is only valid in case of low volumetric flow through the steam
turbine blading.

Wvt = π · C · ρ · u3 · lblade · dd (3.7)

C = [0.045 + 0.58 · lblade/dd] · sin β2 (3.8)

3.2 Thermo-mechanical Processes

Since this thesis looks into turbine start-up thermo-mechanical aspects, this
section highlights the relevant phenomena that were studied within the project.
Essentially, the aspects covered here correspond to how the start-up process of a
turbine is connected to its lifetime.

3.2.1 Low Cycle Fatigue
Fatigue is associated to thermal stress cyclic loads, this refers to the cyclic

process of start-up and shut-down being repeated a number of times throughout
the lifetime of the turbine. Low cycle fatigue (LCF) occurs through repeated “low
level” cyclic stress with plastic deformation. Such stresses are close to the yield
limit of the material and therefore plastic strain occurs, leading to the formation
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of cracks and their eventual propagation. Typically, LCF behavior is presented as
alternating stress against the number of cycles to failure. This is also known as
an S-N diagram. S-N diagrams are derived from subjecting a material sample to a
given alternating stress history until it cracks. The fatigue properties of a material
are also dependent on the solid temperature of the material, which ultimately mean
that there are different S-N curves for given surface temperatures.

3.2.2 Thermal Stress
In theory, the speed at which the turbine can start is limited by thermal stress-

related constraints and the associated LCF [24]. These are directly connected to
material properties and to the radial temperature gradients to which the material
is subjected to. In the elastic material range, the thermal stress of a body can
be expressed by Equation 3.9, where E is the Young modulus, βm is the mean
linear expansion coefficient, ν is the traverse expansion coefficient, Tm is the mean
integral temperature and Ti is the initial temperature.

σ = E · βm
1− ν (Tm − Ti) (3.9)

3.2.3 Differential Expansion
Thermal expansion is mainly caused by the axial temperature changes in a

turbine component and can have different effects depending on how a component
is heated or fixed in space. The amount of free thermal expansion of a material
being heated up to a certain temperature T can be calculated using equation 3.10,
where li is the initial length . Absolute expansion is defined as the free expansion
relative to the fixed point in a foundation. In a turbine, differential expansion is
defined as the difference of thermal expansion between the casing and the rotor.
This relative expansion is defined by Equation 3.11 and serves as a measure of the
change in axial clearances between the stationary and rotating parts.

∆l = βm · li · (T − Ti) (3.10)

∆lrel = (∆lrotor −∆lcasing) (3.11)

Free expansion in itself is not a negative phenomenon, as it is not consuming
life. Restrained expansion does result in thermal stress. Therefore, what is of
concern is the relative expansion. On one hand, it is desirable that clearances
between components are set as tight as possible in order to avoid steam leakage
losses. On the other hand, differential expansion sets the tendency in the opposite
direction. For this reason, in the design of components, turbine manufacturers
analyze their expansion behavior before setting such clearance values. In addition,
some common measures to counter the risks of differential expansion are the use of
brush, abradable or pressure retractable seal technologies [63].
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3.3 Transient Operation

There are two main types of operating conditions that can be experienced
in a turbine: steady state and transient. The latter occurs when the conditions
under which the turbine is operating are variable. Chronologically, transients are
a required phase of operation in order to reach steady-state conditions. The most
intricate transient condition of a turbine is the start-up phase [14]. A steam turbine
start consists of three stages: pre-warming, rolling up and loading [14]. During
the stage of pre-warming the turbine is rotated by the turning gear and the only
admission of steam into the turbine is warming steam. The pre-warming can be
implemented differently depending on the application and size of the turbine. The
rolling up phase consists of a controlled increase of the rotational speed of the
turbine up to the nominal value. At this point, steam is admitted into the turbine
following Willans line. Finally, the loading phase increases the steam mass flow and
properties until nominal conditions are reached.

The initial thermal response of a steam turbine during transient start-up con-
ditions is characterized by the temperature changes of the incoming steam and its
differences with respect to the metal surface, resulting in temperature gradients
within the turbine metal [25]. Such temperature gradients in the metal have the
potential to provoke excessive thermal stresses and, in the worst case, also rubbing
due to different thermal expansion of the moving and stationary parts of the tur-
bine. These two phenomena either consume component lifetime or may result in
machine failure if not carefully controlled. The increased number of start-ups due
to the highly variable conditions from CSP applications directly aggravates these
consequences.

During start-up conditions, there are several critical factors to the thermal
stress states in a turbine. The initial temperature level of the metal is one of these
factors; it is desirable that the steam and the metal temperatures are matching in
order to avoid stress shocks. Furthermore, another factor is related to the axial
temperature gradient of turbine components. The turbine is warmed by the in-
coming steam from inlet to outlet; therefore, the initial stress shock induced by the
metal and steam temperature differences also travels in this direction. Component
thickness is another factor to consider as thermal stresses are more critical in thick-
walled components. This is due to the fact that such a component is subject to
large temperature differences throughout its radial thickness. As a consequence, the
permissible steam temperature transient, with respect to time, decreases quadrati-
cally as the component thickness increases. All of these factors lead to longer times
before reaching nominal steam conditions.

3.3.1 Start-up Curve Design
The time it takes for the turbine to be operational is related to keeping thermal

stresses under allowable limits during the entire start-up period. This can be done
either by using live stress controllers or by pre-defined start-up curves. Curves set
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a detailed schedule of the rate for the turbine to reach nominal speed and load.
The manufacturer establishes start-up curves by first considering a desired number
of cycles (lifetime). This is directly connected to maximum allowable stress and
temperature gradient in the metal. In particular, this is carefully observed for
critical turbine thick-walled components, such as the casing and the rotor. The
purpose of the curves is to maintain thermal stresses under a given temperature
dependent limit [19] in order to ensure the desired lifetime. There are different
types of start-up curves, as shown in Figure 3.5.

Figure 3.5: Start-up curve types corresponding to the temperature states of the
turbine: hot, warm or cold. Time scale is normalized with respect to the longer
(cold) start

The curves are normally categorized as hot, warm or cold depending on the
temperature conditions in the turbine casing metal in the moments prior to start-
up. Before a start, the measured metal temperature at the casing determines
which curve to use. The start-up time of a turbine is determined by the permissible
initial temperature difference (step) between steam and metal and the subsequently
permissible temperature ramp rate [25]. What this translates to is that as a general
rule, the warmer a turbine is before start the faster the startup can be [14]. It is
generally desired to start the turbine as fast as possible.





Chapter 4

Steam Turbine Thermal Transient
Model

Due to the varying inlet conditions experienced by the steam turbine du-
ring transient operation, uneven temperature distributions throughout the turbine
metal are generated. These distributions lead to life consuming effects, especially
during start-up. As thermal stresses and turbine start-up curves are temperature
dependent, accurate prediction of the temperatures within the steam turbines is
thus necessary to be able to improve the flexibility of existing and future CSP
steam turbines. For this, a steam turbine thermal transient model (ST3M) was
developed.

The model calculates the metal temperature evolution and the associated
thermo-mechanical properties within the turbine during transient operation as a
function of transient steam thermal boundary conditions. The scheme models the
turbine geometry as 2D axisymmetric and uses COMSOL coupled with MATLAB
as software. The overall structure of the tool consists of four main sub-models:

1. A steam expansion calculation of the off-design thermodynamic live steam
properties,

2. A gland steam sealing calculation of the leakage flow properties in the turbine
labyrinth seals,

3. A heat transfer calculation of transient heat transfer coefficients from the
relevant live and gland steam properties and Nusselt correlations,

4. A finite element (FE) thermo-mechanical model to solve the heat conduction
equation throughout the turbine metal.

The architecture linking these sub-models is shown below in Figure 4.1. The
figure also shows the intermediate calculations steps (white) as well as the required
input parameters to the tool. Depending on their nature, the inputs are cataloged
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as design (yellow) or operational (green) parameters for the given modeled turbine.
In this model, the temperature of the fluid and the metal temperature are coupled
through heat flow boundary conditions. Heat transfer coefficients are calculated
by the use of empirical Nusselt correlations. This setup allows for the fast calcula-
tion the turbine thermo-mechanical states. The coming sections elaborate on the
modeling details from the four submodels highlighted in Figure 4.1.

Figure 4.1: Turbine thermal transient model

4.1 Steam Expansion Model

The steam expansion model calculates the live steam temperatures and the
mass flow variations throughout the blade passage during off-design operation. In
order to do this, the expansion properties at design point and the off-design inlet
turbine conditions are required as input. The remaining off-design properties are
obtained through an iterative process which first calculates the off-design isentropic
efficiency [64] and then applies Stodola’s cone law [59]. The process is repeated for
every turbine section.

The calculation of the off-design isentropic efficiency is done with equation
4.1, where ηs0 is the nominal isentropic efficiency, obtained from the nominal design
conditions of the turbine. N and ∆hs are the off-design rotational speed and
isentropic enthalpy variation, respectively. Those denoted with the subscript “0”
represent the nominal values of these same properties.
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ηs = ηs0 − 2 ·
(
N

N0

√
∆hs0

∆hs
− 1
)2

(4.1)

The Stodola cone law relates the mass flow coefficient, equation 4.2, to the
pressure ratio across the unit. Essentially, the law considers the expansion as if it
was a single nozzle. This assumption yields the elliptical proportionality stated in
equation 4.3. The equations are then restated as the ratio of off-design to design
conditions and serve to calculate the transient mass flow.

Φ = ṁ
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P
(4.2)
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(4.3)

The calculated steam properties are then used as input for the gland steam
sealing model and are also part of the heat transfer calculations. The mass flow
together with the steam temperatures, help formulate the boundary conditions of
the live steam in the blade passage later in the model. Furthermore, the steam
conductivity is later used in the definition of the anisotropic material properties of
the turbine.

4.2 Gland Steam Sealing Model

The gland steam sealing model calculates the properties associated to the
network of leakage flows within the turbine seal. This is done by first character-
izing the seals during full load operation and stand-by. The necessary details for
the gland sealing network during these operating periods were obtained from the
turbine manufacturer. The characterization of the steady state essentially consists
of calculating the associated seal constant to each leak path within the seal. This
is obtained by the use of equation 3.3 along with the gland sealing properties as
input.

Once the sealing constants are calculated, calculations for the off-design leak-
age flows are performed. These, as well, are based on the use of equation 3.3 only
that the off-design load conditions are taken into account instead. This allows the
respective leakage flows within the labyrinth joint to be obtained. In parallel, the
gland steam properties are also calculated. This calculation is based on the load
of the turbine, as this amount determines the proportion of external gland steam
to internal leakages from live steam to the seals. With these properties and the
leakage flows, the boundary conditions in the seal surfaces are defined in the model.
It is important to highlight that for the case of condensing steam turbines the low
pressure seal is modelled as being provided with external steam at all times of
operation.
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4.3 Heat Transfer Calculations

The heat transfer calculations are the third main sub-model within ST3M. In
this step, the previously obtained thermodynamic properties are used to calculate
the associated heat transfer coefficients (HTCs). These HTCs are calculated from
empirical heat transfer correlations obtained from various sources [21, 29, 65], as
well as directly from the turbine manufacturer for some cases. The definition of the
HTCs is a very important step for capturing the correct turbine thermal behavior.

In general, convection correlations are expressed as a function of three dimen-
sionless numbers: Nusselt, Reynolds and Prandtl [65]. Essentially, what this entails
is that in order to calculate an HTC, thermodynamic properties of the fluid as well
as the characteristic geometry of the heat transfer surface are required. At this
stage of the modeling process within ST3M, the properties concerning the steam
have been calculated as explained in sections 4.1 and 4.2. As such, the geometric
details of the heat transfer surfaces remain to be defined and connected to the
corresponding steam conditions. Additionally, the way in which they are to be
connected is dictated by the assumed Nusselt correlation. The next subsections
describe how this is carried out within the tool.

4.3.1 Geometry Data Parametrization

The geometry data of the turbine to be modeled is set as a design-type in-
put to the tool. Since the work carried out within this research project was done
in close collaboration with the turbine manufacturer, this information was pro-
vided by them. From that starting point, the turbine geometry was simplified and
parametrized. The main simplification was to model the geometry as 2D axisym-
metric. Then, main characteristic features of the turbine were considered including:
general dimensions of main sub-components, number of stages, number of extrac-
tions and the distribution of the stages with respect to the extractions. From these
values, a parametrization was then made taking only key coordinate points through-
out the axial and radial domains of the turbine. The base for the parametrization
process is exemplified in Figure 4.2, in which the axial sectioning of the turbine is
shown as well as the coordinate points corresponding to the radial dimensions of
the turbine.

In the scenario of modeling a turbine with a geometry that is not known,
other that the general dimensions, it is then possible to start the model from the
parametrized geometric characteristics instead of the detailed geometry.Furthermore,
from the parametrization a radial-axial matrix is built with the relevant information
to later on calculate the characteristic length of the surface required by the imple-
mented Nusselt correlation. Parametrizing the geometry in this way also enables
the model to be used easily on different turbine geometries.
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Figure 4.2: Turbine geometry parametrization

4.3.2 Nusselt Correlations

At the stage of the model in which the geometry has been parametrized, all
the properties required to calculate the HTCs are known. However, one important
input remains and that would be the actual Nusselt correlation and its implicit
characteristic flow and surface length. The different correlations are set in the
tool as operating-type inputs, since they depend on the heat transfer zones of the
turbine and its operating conditions.

One possibility within ST3M is to directly input HTCs provided by the turbine
manufacturer through the use of their own correlations. When this is the case, the
values provided correspond to the nominal operating conditions. In order to apply
them for transient start-up operation, the coefficients are scaled using equation 4.4.
This scaling equation is based on the existing proportionality of the HTCs to Re0.8,
which implicitly makes them proportional to ṁ0.8 in accordance to typical Nusselt
correlations [32] .

HTCoff
HTCnom

=
(
ṁoff

ṁnom

)0.8
(4.4)

Other than from the manufacturer, the alternative to calculate own HTCs
from input correlations is also a possibility within ST3M. The correlations inte-
grated correspond to those found in open literature. It is important to highlight
that the HTCs calculated at this stage are the same values going into the heat
conduction model in the next step of ST3M and that no weighting factors are
involved. The correlations implemented vary in accordance to the zone of the tur-
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bine. As such, for clarity purposes they are listed in the next section along with
the respective thermal boundary condition assumption.

4.4 Heat Conduction Model

The heat conduction model calculates the temperature distribution within
the turbine metal along with the thermo-mechanical properties associated to such
distribution. This model is based on the heat diffusion equation [65] in solids, shown
in equation 4.5 for cylindrical coordinates in the radial r, circumferential φ. and
axial z directions.
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The complex 3D geometries of the turbine units are modeled as 2D axisym-
metric (Figure 4.3), a simplification made possible by the inherently cylindrical
geometry of axial turbines. Even though certain turbine geometries are not en-
tirely axisymmetric (e.g. casing flanges, inlet piping), this assumption simplifies
the second term of the previous equation related to the circumferential direction.
However, even after such simplification, equation 4.5 remains a partial differential
equation to be solved for in time and space by FEs.

Figure 4.3: Geometry blocks in heat transfer model superimposed over an axisym-
metric view of the HPT and LPT units (not to scale).

Modeling a 2D geometry limits the number of equations to be solved in the
heat transfer FE model, allowing faster calculation times while still appropriate to
capture dynamic transients.
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4.4.1 Material Properties
The model defines four geometric blocks as domains for the heat transfer

model, shown in Figure 4.3. The casing and the rotor are modeled as isotropic
metal domains. The discs and diaphragms are modeled as anisotropic material with
preferential conduction in the radial direction and a higher resistance to conduction
in the axial direction.

The assumption of the anisotropic material domains is motivated by the ex-
isting convoluted geometry, gaps and clearances in that turbine region. Through
this assumption, the material properties of the metal and the steam are combined
suitably under one conduction zone. The material properties in which this is re-
flected are the density and the thermal conductivity. The density is calculated as
the volume-weighted average of the metal and steam densities. The thermal con-
ductivities in the radial and axial directions are calculated by the rule of mixtures
and are shown in equation 4.6 and 4.7 and, respectively. The factor ε is the steam
gap fraction.

kradial = ε · ksteam + (1− ε) · kmetal (4.6)

1
kaxial

= ε

ksteam
+ 1− ε
kmetal

(4.7)

4.4.2 Thermal Boundary Conditions
For the FE model to solve the heat equations, boundary conditions must be

formulated. At this stage in the model, the definition of boundary conditions (BCs)
essentially consists of assembling the previously calculated temperatures and HTCs
and assigning them to the correct zone within the turbine. The main heat transfer
zones assumed in a turbine model are shown in Figure 4.4.

Three types of BCs are normally encountered in heat transfer [65]. The first
type consists of fixing the surface temperature. The second type is a fixed heat flux
at a surface. Adiabatic (zero-flux) surfaces have been defined within the turbine at
locations where heat transfer is negligible. Finally, the third type corresponds to
convection with a moving fluid. This condition is the most common in the current
model and is defined on all the surfaces exposed to steam, be it gland steam or
live steam, as well as on the outside of the casing where convection occurs with the
ambient air.

All BCs are applied for a given time range related to the mode of operation of
the turbine. When the turbine is idle, near to vacuum conditions are left inside the
flow passage, and as such, there is no heat transfer through convection. At these
times, the expansion steam convection BCs are replaced with surface to surface
radiation to model heat transfer between the rotor and stator. Since the studies
performed in this work are focused on startup, the level of detail of the BCs was
increased at this operating phase in order to encompass the different stages of
turbine startup, namely: pre-warming, rolling and loading.
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Figure 4.4: Different boundary conditions on the LPT and HPT unit geometries.

The main work that was done in this regard was setting the model BCs to
act in accordance to each of the phases. The first step to do this was to set the
time ranges of these three phases as an input to the model. Then, the next step
was to apply logical constraints to define the active range of application of each
BC. This was done taking into account relevant physical arguments for each heat
transfer surface. Table 4.1 lists the BCs that were defined for a given active time
range of implementation during start-up. The following sections elaborate on the
implementation of each of the BCs from Figure 4.4.

Table 4.1: Defined boundary conditions and their range of application during start-
up phases

Boundary Condition Pre-warm Rolling Loading
Bearing oil X X X
Gland steam X X X
Live steam X X
Leaked steam (cavity) X

Bearing Oil Temperature

The bearing surfaces of the shaft are subject to the first type of boundary
condition, in which the outer surface of the shaft is considered as isothermal [66]
and exposed to the lubrication oil temperature. This boundary condition is active
during the entire range of operation of the turbine. However, the BC was adapted
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to transient start-up conditions by considering the temperature of the oil to be
increasing dependent on the square of rotational speed, N, as per equation 4.8.
The increase in temperature accounts for the heat generation that occurs due to
friction during this process [67]. The temperature of the oil was limited to stay
within a certain range as in industrial practice the oil is cooled for safety to avoid
kindling temperatures [21].For this, two temperature levels were assumed for the
bearing oil, corresponding to the lower and upper limits reached by the oil during
standby and operation, respectively.

Toil = TOFFoil +
(
TONoil − TOFFoil

)
·N2 (4.8)

Convection to Gland Steam

This condition is implemented in the end seals of the shaft and in relevant
corresponding parts of the casing. The gland steam sealing model calculates the
thermal properties of the gland steam by already accounting for the mode of opera-
tion of the turbine. Therefore, this boundary condition is implemented throughout
the entire range of operation. As the network of leak flows within the labyrinth
paths of the seal are of different magnitudes so are the calculated HTCs. These
were implemented in the model by splitting the seal geometry into the number of
sections and proportions corresponding to each leakage path. The corresponding
HTCs were calculated using Eq. 4.9 [21], where H is the height of the expanding
chamber and δ the radial clearance. The characteristic length is the doubled clear-
ance value, the axial flow velocity was considered for the calculation of the Reynolds
number and the fluid properties were those from either the externally provided or
internally leaked steam.

Nu = 0.476 ·
(
H

δ

)−0.56
·Re0.7 · Pr0.43 (4.9)

Convection to Live Steam

During the rolling and loading phases all the surfaces in contact with the
incoming live steam become engaged and drive the heat transfer process. As ex-
plained in section 4.3.2, in some cases the nominal HTCs for the rotor section of the
blade passage region were provided by the turbine manufacturer calculated from
in-house correlations. In other cases they were calculated using correlations. From
a generalization point of view, the values between the manufacturer HTCs and the
calculated ones were not exactly the same. However, the order of magnitude was
similar.

The HTCs for the diaphragms were calculated based the flat plate equa-
tion 4.10 [68], in which the characteristic length and flow velocity are in the axial
direction. The selection of this correlation was based on the studies performed
in [29]. Furthermore, the HTCs for the disc surfaces were calculated in accordance
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to equation 4.11 [21], for which the radius and rotational speed are adopted as the
characteristic values.

Nu = 0.036 ·Re0.8 · Pr0.333 (4.10)

Nu = 0.027 ·Re0.8 · Pr0.6 (4.11)

Convection to Leakage Steam

This BC is only related to the high pressure turbines that were studied .
For the inter-casing cavity surfaces the assumption made was that they are active
as soon as live steam leakage begins. With respect to the stages of start-up this
was considered to occur during the loading up phase. For this investigation, the
chamber steam was assumed to be at the same temperature as the main steam
flowing in the correspondent leaking stage. The HTC was defined according to
two heat transfer phases, a condensation and a convection phase [25]. The HTC
values were assumed to be very low in accordance with laminar natural convection
correlations [29,65].

Insulation and Convection to Ambient

The external surfaces of the turbine casing are covered by insulation, which is
not directly represented in the modeled geometry. Instead, conduction through the
insulation and convection to ambient air are combined in their thermal resistances
[65] to formulate the HTC corresponding to this BC.

Equation 4.12 shows the HTC for the surfaces covered with insulation, where
eins is the thickness of the insulation layer, kins its thermal conductivity and
HTCNC is the external natural convection heat transfer coefficient. This con-
vection coefficient is chosen to be 8 W/m2K in accordance with the recommended
value from [69] for natural convection from a hot surface inside a building.

HTC =
[
eins
kins

+ 1
HTCNC

]−1
(4.12)

Ventilation and Friction

Ventilation and friction work were directly calculated from equations 3.5 and
3.7. A BC was implemented to account for this source of heat in the rotor discs
and diaphragms of the turbine. Friction work is only related to the rotor, while
ventilation is related to both. The surfaces in which this BC was implemented were
essentially the same ones corresponding to convection with live steam in Figure
4.4. However, it is important to note that this condition is only active at low loads
during barring and pre-roll up phases.
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4.4.3 Mechanical Boundary Conditions

The mechanical boundary conditions assumed for the model simply involved
accounting for the support structure of the turbine. For the rotor, the axisymmetric
axis was considered fixed in the radial direction. While on the axial direction the
rotor was considered to be fixed at the journal bearing on the inlet side. Centrifugal
loading and the consequential contraction of the rotor were not taken into account in
the mechanical BCs as the effects are not significant [25]. The casing was considered
to be fixed in accordance to its mounting structure which involved supports in the
radial direction on the inlet and exhaust sides while being free to move axially only
on the exhaust side.

4.4.4 Modular Geometry

Unlike the other sub-models, which are general thermodynamic models, the
heat conduction model is spatially dependent and requires the specification of ge-
ometry for the conduction zones. With the goal of increasing the adaptability of
the turbine model and allowing its extension to steam turbine units that are being
installed in the next generation of plants, a modular geometry approach was im-
plemented, in which any turbine layout can be quickly and simply simulated using
the modeling tool.

Under this modular approach, the geometry of the turbine is described based
on the axial-radial matrix built in section 4.3.1 from the general dimensions and
parameters of the turbine. Simultaneously, a sufficient level of detail must be
maintained with this approach in order to obtain relevant results. The geometry of
an investigated HPT following the aforementioned modular approach can be seen
in Figure 4.5.

Figure 4.5: Turbine geometry as defined by the modular approach (not to scale).
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To describe the modules within this approach, the turbine geometry was ana-
lyzed in three sections: inlet, blade passage and outlet. For the blade passage, the
segmenatation occurs at every steam extraction point or any other axial location
of interest. The widths of the modules in this section are defined by the number of
stages and are composed of casing, shaft, disc and diaphragm domains. The inlet
and outlet sections are added on each side of the blade passage and their modules
are composed of casing and shaft domains only. The partitioning of these sections
is governed by the lengths of the bearings and the labyrinth seals, each of which
are represented with their own separate modules.

4.4.5 Initial Values
The initial temperature conditions of the turbine are set as an input to the

model. These assumptions can vary depending on the situation modeled for the
turbine. In any case, it is possible to define an initial temperature value for any
of the modular domains described above. In general, when it comes to start-up
simulations, assumptions relevant to the cool-down hours were made for the blade
passage modules. For the bearing and labyrinth seals, temperatures corresponding
to the oil and external gland steam were assumed.



Chapter 5

Concentrating Solar Power Plant
Model

In order to fully address the benefits of increasing turbine operating flexibility,
is important to go beyond improving component start-up in isolation to the system
in which it operates. Therefore, the thermo-mechanical behavior of the turbine
model was linked to a techno-economic performance model at power plant level.
The modeling of CSPPs performance carried out in this work has been done using
the Dynamic Energy Systems Optimizer (DYESOPT) software. DYESOPT is an
integrated tool capable of performing power plant design, performance evaluation
and equipment costing that has been previously developed [70] and improved [71]
at the Energy Department of KTH Royal Institute of Technology.

To perform a techno-economic assessment, DYESOPT requires location spe-
cific inputs as well as power plant design specifications and component cost func-
tions. These inputs allow the design of the power plant at nominal conditions to
be achieved. Moreover, the design parameters are then used for an annual dynamic
simulation using TRNSYS, the results from which are finally used to calculate
relevant performance indicators involving both the technical and economic charac-
theristics of the modeled power plant. Figure 5.1 schematizes a simplified version of
the flow of information and calculations within the tool, in which the required input
is differentiated by colors depending on the nature of the data: design configuration
related (orange), location related (blue) and cost functions (green).

In this work, DYESOPT was not only used as the framework to perform CSP
plant techno-economic assessment, but it was also extended in its level of detail
in order to include turbine transient aspects. Such aspects did not exist, nor were
necessary, for other studies conducted using the tool [72,73]. However, for this work
it was crucial to include them in order to make relevant connections with the steam
turbine model explained in chapter 4. Also, the improvements to DYESOPT were
carried out in parallel to developing a new case study CSP plant configuration to
the previously existing within the tool. The configuration developed was that of

45
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a direct steam generation (DSG) solar tower power plant (STPP) in accordance
to the current state-of-the-art of that technology [74]. This chapter focuses on the
contributions made to the DYESOPT tool towards achieving the new plant layout
and the increased turbine detail level. More information about the tool itself can
be found in [70,71].

Figure 5.1: Simplified schematics of information flow in DYESOPT.

5.1 Power Plant Steady State Design

The first step within DYESOPT is to calculate the size of the power plant
components in accordance to the desired nominal performance. For this, a series
of technical design parameters were provided as input [74, 75]. Then, DYESOPT
carries out equipment sizing calculations for the relevant power plant sub-systems.
For such purpose, individual steady state models for each of the components in
the power plant were implemented. The equations governing these models were
extracted from [65, 76] for the power block, from [77, 78] for the receiver and from
[70, 79–81] for the solar field. A schematic representation of the modeled DSG-
STPP layout is shown in Figure 5.2 along with the nominal design specifications
of the power plant in Table 5.1. In general, it can be seen in the figure that the
solar field focuses directly to the superheater (SH), evaporator (EV) and reheater
(RH) that are positioned on top of the tower. This is done to generate steam which
powers a Rankine cycle with reheat and regeneration. The power block layout
comprises HPT and LPT units with extractions to closed feed-water heaters and
to a deaerator (D) in between. Furthermore, the condensing process is done with
an air cooled condenser (ACC).

5.1.1 Direct Steam Generation Receiver Sizing
The equations to size the DSG receiver component were developed for DYE-

SOPT as part of this work based on the procedure described in [77, 78]. Within
the modeling flow of the tool, at the time of sizing the receiver the specifications
for the Rankine cycle have already been established. As such, the conditions of the
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Figure 5.2: Schematic layout for the modeled direct steam generation solar tower.

Table 5.1: Design specifications for the modeled plant

Parameter Value
Location Daggett, California
Solar field type Surround
Heat transfer fluid Water
Solar field aperture 864 510 m2

Heliostat aperture 15 m2

Tower height 122 m
Power cycle Rankine reheat regeneration
Turbine capacity 126 MW
Turbine inlet temperature 565 oC
Power cycle pressure 160 bar
Number of extractions 4
Cooling method Dry
Condensing pressure 0.103 bar

working fluid, namely: mass flow ṁ required heat input Qabs, inlet Tin and outlet
Tout properties, are known. Furthermore, the heat amount is subdivided between
the heat absorbed by the fluid in the re-heater, evaporator and super-heater in
accordance to equation 5.1.

Qabs = QEV +QSH +QRH (5.1)

Internal Heat Transfer

The sizing of each of the three receiver components mentioned above was
carried out following the same steps. Consequently, the equations stated below
apply to all components unless specifically stated. The first set of calculation steps
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relates to the heat transfer taking place within the pipes of the component between
the water/steam and each heated pipe. For this, the overall heat transfer coefficient
U, was calculated considering the internal convection and conduction resistances as
per equation 5.2 . The convection HTC was calculated with a different correlation
for the evaporator [82] than for the heaters since the former has a two phase flow
regime. For the one phase flow cases, the Dittus-Boelter correlation was used [65].

The contact area ACON , between the fluid and the pipe was calculated in-
cluding a contact factor as input, fcontact in equation 5.3. This was done to account
for the fact that the pipe walls are not equally heated in the circumference [75].
Furthermore, since the pressure drop ∆P , of the component is assumed as an input
for the power cycle calculations, the length of the pipe is calculated from the Darcy-
Weisbach equation 5.4 [83], with the implicit use of the Colebrook equation [84] to
obtain the friction factor fD. Finally, the last step in this set of calculations is to
obtain the wall temperature of the receiver obtained from the logarithmic mean
temperature difference ∆Tlm, using equation 5.5 as defined in [65].

U =
[

1
HTC

+ Dext

2k ln
(
Dext

D

)]−1
(5.2)

ACON = π ·D · Lfcontact (5.3)

L = 2 ·D ·∆P
fD · ρ · V 2 (5.4)

∆Tlm = UACON = ∆To −∆Ti
ln (∆To/∆Ti)

(5.5)

External Heat Losses

The second set of calculations makes use of the properties obtained above to
estimate the losses from the total focused energy onto the receiver Qin. The losses
considered were due to reflection Qref , radiation Qrad, and convection Qconv, see
equation 5.7. Reflective losses were calculated as a fraction of Qin, the view factor
Fr, and the absorptivity α, with equation 5.8. Radiative losses were calculated
with equation 5.9, using the receiver surface area Arec, the emissivity ε, the Stefan-
Boltzmann constant σ and the wall and ambient temperatures. Convective losses,
equation 5.10, were obtained combining the effects of natural HTCnat and forced
HTCforced convective coefficients. For external type receivers the coefficient a = 3.2
[85]. The calculation of each HTC was performed with the correlations specified
in [78].

Qin = Qabs +Qloss (5.6)

Qloss = Qref +Qrad +Qconv (5.7)

Qref = (1− α) · Fr ·Qin (5.8)
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Qrad = Arec · Fr · ε · σ ·
(
T 4
wall − T 4

amb

)
(5.9)

Qconv = Arec ·
(
HTCanat +HTCaforced

)1/a · (Twall − Tamb) (5.10)

Global Dimensioning

Up to this point in the calculations, the overall receiver dimensions and the
total incident energy onto the receiver are unknown. Thus, so are some of the quan-
tities stated in the previous equations. As such, there is a third set of calculations
overarching the previous which performs the global dimensioning of the receiver
iteratively. The assumption made within this process is full symmetry in the four
walls of the receiver and the number of tubes within each component with regards
to the heat absorption and fluid flow. The receiver width and maximum allowed
heat flux are defined as input. The iterative process is carried out by assuming a
value for Qin. Then with the allowed heat flux it is possible to calculate the re-
ceiver area, its dimensions and the calculation processes from the previous sections
are carried out. Iterations stop when there is a convergence of the heat losses and
receiver dimensions. For the first iteration, the heat losses in the receiver are set to
zero.

5.1.2 Turbine Operating Parameters

Input parameters related to the operating characteristics and constraints of
the turbine were added as part of the plant design. Essentially, these values do not
correspond to any equipment sizing but instead can be considered as the ones ruling
the operating map and transient behavior of the turbine. Thus, in the context of
this thesis, these parameters represent the connection between the power plant
and turbine models. Although these parameters will actually be implemented in
the dynamic simulation in section 5.2, this section lists and describes what they
represent. The actual values defined for the modeled test case are not shown since
they are proprietary data.

In Table 5.2 the parameters that were defined are listed and grouped into two
classifications. The first group corresponds to those parameters that help model the
turbine metal temperatures during cool-down within the dynamic environment.The
second classification is for those parameters that control the turbine start-up. It is
important to highlight that one set of these values corresponds to one start-up curve.
As such, these properties are actually vectors since there is typically more than one
curve. Additionally, Figure 5.3 makes a representation of the start-up parameters
in a schedule. Furthermore, it is important to highlight that these factors listed
are directly connected to specific parameters obtained from the respective turbine
model in ST3M.
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Table 5.2: Turbine operating specifications for the modeled plant

Classification Parameter

Cool-down Behavior
Mturb Turbine mass [kg]
HTC0 Heat transfer factor to steam [W/m2K]
HTCL Heat transfer factor to air [W/m2K]

Start-up Behavior

nstart Number of curves [ - ]
Tmet Turbine metal temperature [oC]
Tst des Desired steam temperature [oC]
Pst des Desired steam pressure [bar]
SD Syncronication delay [hrs]
RD Ramp delay [hrs]
PP Partial Power [MWh]

Figure 5.3: Turbine start parameters represented within a start-up schedule.

5.2 Dynamic Simulation

The second step within DYESOPT is to carry out a dynamic simulation.
This is done using TRNSYS simulation studio [86] to model the same plant layout
and characteristics previously obtained in section 5.1. Within this simulation, the
major power plant components are represented with their set of ruling equations and
linked with each other through input and output variables. Most of the solar field
and power block were modelled using component types from the STEC library [87]
while other component types were developed within this work.

For a given time step, TRNSYS provides the steady state solution of the power
plant model. Over a series of time steps, this implies that the obtained results for
most power plant equipment come from a quasi-steady state solution of the power
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plant dynamics. However, for the turbine transient behavior, this was refined so
that a property like the turbine metal temperature during offline periods was fully
transient.

The time resolution of the dynamic simulation was also refined in order to be
able to differentiate between the available start-up schedules. It is within this part
of the simulation that the parameters listed in Table 5.2 were implemented into
equations and into the control strategy of the power plant. Furthermore, it is also
within the dynamic simulation where the operating strategy of the power plant was
applied. This section describes such control and operating strategies implemented
within the dynamic simulation in order to account for turbine transient behavior
and its improvements.

5.2.1 Steam Generation Control

Although the main focus of this work is on the steam turbine, steam gene-
ration constraints controls were also considered in order to achieve realistic results.
In this regard, the first thing that was done was to include a splitter component
between the solar field and the receiver. In the real operation of the plant, there
are dedicated areas of the solar field focusing the solar irradiance to the evapo-
rator, super-heater or re-heater. Within the dynamic simulation the solar field
performance was modeled considering its whole aperture and thus obtaining the
total focused power. As such, the role of the splitter component was to divide this
number to the dedicated sections of the DSG receiver.

The operating strategy for the splitter is aligned with the start-up procedure
explained in section 2.2, which describes that in the first stages of steam generator
start-up the main aim is to achieve a certain amount of saturated steam flow before
starting the super-heater. The splitter at first then focuses the available energy
towards the evaporator and once the desired flow is reached it splits the available
energy accordingly between the three receiver sections.

Constraints regarding thermal stress in the steam generation process were
also taken into account in the operation of the boiler. Essentially, this was done in
accordance to pressure vessel codes and norms [16,17] which serve as a reference to
establish allowable heating rates in oC/min as a function of fluid pressure. These
rates, as well as the sizing nominal parameters calculated previously, were included
in the development of dynamic components to simulate the performance of the DSG
receiver as a function of time. The ruling equations for such components were the
same as the ones described in section 5.1.1, except that now the size is known and
the performance is calculated on every time step. There was no available data on
the power plant test case to validate the dynamic performance of these components
other than for the nominal operating point.
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5.2.2 Turbine Start-up Control
The turbine start-up control is based on three main steps. The first is the

calculation of the turbine metal temperature during cool-down. The second, based
on the turbine cool-down state, is determining which is the corresponding start-up
schedule and its respective steam admission properties. Finally, the third step is
carrying out the actual start in accordance with the time and power characteristics
of the applicable schedule.

Cool-down temperature

The inertia of the turbine during operation and cool-down was modeled in
accordance to the lumped capacitance method [65]. By doing this, it was possible
to calculate the turbine metal temperature throughout its operation, with a special
interest during offline periods. This simplification is justified by the fact that in
common industrial practice, this property is monitored by measurements on the
turbine casing at a location close to the inlet. Since the power plant layout at hand
consist of both HPT and LPT modules, the temperature was monitored for both
turbine sections. Equation 5.11 shows the underlying calculation of the temperature
TCD and its dependency to the initial temperature T0, the steady state temperature
Tss and the time constant τ .

The steady state temperature is calculated as a result of the energy balance
to the turbine metal considering convective heating with the steam and convective
losses with the outside air. The constant τ , as calculated in equation 5.12 depends
on the turbine mass, surface and the overall heat transfer coefficients to steam and
air (Table 5.2). These parameters are defined in DYESOPT through characteri-
zation of the turbine cool-down from ST3M. The inputs regarding steam flow are
coming from other components in the plant layout.

TCD(t) = (T0 − Tss) e
−t
τ + Tss (5.11)

τ = Mturb · Cp
UAs

(5.12)

Minimum steam admission properties

Once the temperature states of each turbine section are known during the
cool-down period, the next step in the start control strategy is to determine which
start-up schedule is to be carried out. This is performed by going through the
available number of curves, from coldest to warmest, and comparing the turbine
actual temperature with the one required by the curve. Doing this automatically
implies that the minimum required steam admission conditions are also defined, as
indicated by equation 5.13. The turbine start begins only when these conditions
are fulfilled on both the turbine metal and the steam conditions. This comparison
is performed for both HPT and LPT turbine sections.
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TCD(tstart) ≤ Tmet(nstart)→ Tst desPst des (5.13)

Start charactheristics

When the start-up schedule constraints are met, the start-up process begins
and the remaining step is simply to implement the synchronization and ramp-up
times characteristic of every start. In addition, the power produced during turbine
ramp-up corresponding to the partial power dictated by the load curve is also
accounted for, see Figure 5.3.

5.2.3 Turbine Start Improvements
With the purpose of exploring the degree of power plant improvements due to

increased turbine start-up flexibility, the possibility to operate the turbine at faster
start-up schedules was introduced. This step can be considered as the operating
strategy for the modeled power plant. Especially since the layout does not include
thermal energy storage nor back-up fossil firing. Thus, in the context of a solar
only operation, the alternative to improve the techno-economic performance of the
plant is in direct connection to turbine faster starts.

In order to achieve this, a pre-defined turbine start-up strategy is established
for the yearly operation of the plant. Within the strategy it is possible to define
the amount of steps to improve a given start-up schedule during a given season.
In this context, a step improvement corresponds to taking the next available faster
curve. Essentially this means that whenever the dynamic simulation calculates,
from equation 5.13, that the corresponding start-up curve is one set out to be
improved in accordance to the strategy then it will run the faster start by the
amount of improvement steps instead.

The background to carrying out such step improvements on the turbine opera-
tion is related to keeping the turbine warmer during cool-down periods, thus achiev-
ing a higher TCD. The TRNSYS dynamic simulation simply implements the pre-
defined strategy without actually changing the temperature states of the turbine.
As such, the amount of energy needed to keep the turbine warm is not implemented
during this step but rather as a post-processing step in the techno-economic calcu-
lations. This energy translates into parasitic consumption to the plant and directly
affects its performance. The amount of energy needed to achieve turbine tempe-
rature changes is obtained from simulations on the turbine component thermal
model.

5.3 Techno-economic Calculations

The next step after the dynamic simulation is to perform all calculations
concerning the costs of the power plant. Then, the following step is to combine
those transient results with the power plant economics into different performance
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indicators concerning the annual operation of the plant. A detailed list of the
performance indicators available within DYESOPT can be found in [71]. This
section only mentions those that were used within the work concerning turbine
start-up improvements.

5.3.1 Economic Calculations
To calculate the power plant capital investment (CAPEX) and operating

(OPEX) costs of the power plant, DYESOPT uses cost functions based on power
law scaling of the form expressed in equation 5.14 in which the relevant cost Cn is
scaled as a function of a reference cost Cn ref , a reference size Xn ref and its actual
size Xn. In addition, to account for economies of scales this is done considering
a scaling coefficient yn in the size ratio. Furthermore, within one cost calculation
function there can be more than one reference cost related to different character-
istic size aspect and exponent. This is a common approach used in power plant
equipment cost modeling [70–72,88,89].

Cn = Cn ref

(
Xn

Xn ref

)yn
(5.14)

For the CAPEX breakdown of the plant the costs considered involved that of
the solar field, power block, receiver, balance of plant, site preparation, civil works
and contingencies. For the OPEX breakdown the categories involved utility costs,
service costs, labor costs, insurance costs and other contingencies.

5.3.2 Start Improvements Parasitic Consumption
As mentioned previously, the energy required to keep the turbine warmer

during offline periods in not implemented directly within the dynamic simulation.
Instead, it is applied as a post-processing step in the techno-economic calculations.
This is done by considering the metal temperature of the turbine at the time instant
of a start. In addition, the pre-defined start-up strategy for turbine improvements
is also considered in order to identify whether that start was improved towards a
faster one.

Based on this, if a turbine start was improved it is possible to calculate the
temperature difference ∆T between the actual turbine metal temperature TCD and
the temperature required by the faster start Tmetal. In addition, another parameter
of importance within this calculation is the amount of hours the turbine was offline
CDH during the cool-down preceding the improved start. With ∆T and CDH
it is then possible to read the energy required to achieve such change in turbine
temperature from contour plots obtained from simulations in ST3M.

The contour plots are produced by running turbine cool-down simulations
for different degrees of implemented temperature maintaining measures. Basically,
these contours provide a map for ∆T as a function of CDH and the energy required
to achieve it. In the context of the power plant simulations, the contours are
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included as an input from ST3M into DYESOPT and the required energy to improve
turbine starts during the whole year can be quantified.

The nature of the energy required to keep the turbine warm translates into
different penalties for the plant performance. Measures like using electric heating
blankets are subtracted as parasitic consumption from the annual power while mea-
sures like increasing the temperature of the sealing steam are included as additional
costs from the increased fuel needed to achieve this.

5.3.3 Equivalent Operating Hours
The concept of equivalent operating hours (EOH) was implemented within

DYESOPT in the work performed in [41]. This indicator has been commonly used
to measure the wear caused on both gas and steam turbines in order to schedule
preventive maintenance and service activities. As per equation 5.15, EOH are
defined as the sum of normal operating hours (NOH) and the equivalent operating
hour due to each turbine start (EOHs). The first parameter is simply defined as
the amount of hours the power plant is operating at normal rated conditions. The
second parameter is a time equivalent penalty factor to account for the additional
wear from each start. As a whole EOH account for the cumulative deterioration on
the plant due to normal and cycling operation leading to minor and major plant
overhauls once a certain amount of hours is reached [14].

EOH = NOH + EOHs (5.15)
It is important to highlight that this work only considers the LCF contribution

to EOH, leaving out the creep and oxidation phenomena. This goes along with
recent studies stating that these two life consuming mechanisms do not behave in
an accumulative fashion [90].There are many different ways for defining the annual
cycling contribution as a function of hours, in other words the EOHs. DYESOPT
follows the definition established in [91] and shown in equation 5.16. Basically,
the EOHs are calculated based on the number of each type of turbine start Nn
multiplied by a time weighing factor tn. This applies to the whole amount of
available start curves nstart.

EOHs =
nstart∑
n=1

Nn · tn (5.16)

The values corresponding to the time weighting factors can also be anchored
to different assumptions, most of which relate to operators experience. Previous
studies [92] claim that a cold start induces three times more damage than a hot start.
Also, from industrial experience a typical weighting factor value for a hot start is of
the magnitude of 10h/start. This work introduced that the weighting factors among
start-up schedules are determined in direct connection to the thermo-mechanical
states experienced by the turbine model through simulations using ST3M. More
specifically, the EOHs time penalties are connected to the temperature gradients
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experienced by the turbine during each start. For this, what was done was to run
every start-up curve on ST3M while measuring the radial temperature gradient. For
each case, the maximum temperature difference was taken and compared against
those resulting from the other starts. The weighting factors were then based on the
comparison of these values normalized by the lowest (less life consuming) start.

5.3.4 Levelized Cost of Electricity
The LCOE is one of the main performance indicators used to measure the

economic performance of power plant in industry. Essentially, this indicator is a
measure of costs per unit-energy produced over the course of the lifetime of a power
plant. The LCOE serves to compare between different energy technologies even if
their installed capacities, operation and level of investment are of different scales.
Equation 5.17 shows a simplified way to calculate the LCOE of CSP plants as a
function of the annualized CAPEX, the annual OPEX and the annual net electricity
output Enet. The CAPEX is annualized through the use of the capital return factor
α, which is calculated through the use of equation 5.18 as a function of the interest
rate i, the power plant lifetime n and the insurance rate kins.

LCOE = α · CAPEX +OPEX

Enet
(5.17)

α = i · (1 + i)n

(1 + i)n .1
+ kins (5.18)



Chapter 6

Summary and Major Findings

This chapter provides a comprehensive summary of this dissertation work
in terms of aims, designs and major findings. Such outcomes are organized by
the addressed research question rather than by their disposition in the articles,
sometimes involving more than one article within one research topic. This was
done to avoid redundancies and for the sake of clarity. The articles and their
original structures are appended to this work. The answers to the research question
established in section 1.3 can be comprised within four main categories:

• Turbine model validation

• Turbine start improvements

• Thermal limitations during turbine start-up

• Power plant performance improvements

6.1 Turbine Model Validation (Papers I, III, IV)

One of the main topics addressed throughout this work was the development
of a steam turbine model that would be fast calculating while at the same time
capture a relevant and accurate representation of the turbine thermal behavior
during start-up operation. Furthermore, it was also intended that such model
would be generally applicable and adaptable to study different steam turbines.

In order to fulfill these requirements, the tool was developed under certain as-
sumptions and simplifications. The simplifications made to the model were related
to two main aspects. One aspect is the turbine geometry, which was described
as 2D-axisymmetric using a modular approach and assuming anisotropic mate-
rial blocks in parts of the turbine where both steam and metal properties were
accounted for. The other simplification aspect was the heat transfer coefficients,
which were calculated using empirical Nusselt correlations instead of incurring in
CFD or conjugate heat transfer calculations.
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To ensure that the modelling approach was capturing the desired thermo-
mechanical properties satisfactorily including these simplifications, three validation
studies were carried out. The studies consisted of comparing the outputs of the
turbine model against measured data from the installed turbine for the same tran-
sient inlet conditions. The first validation case (Paper I) involved the HP and LP
turbine sections of a turbo-set installed in a CSPP during 96h of operation, the
second validation case (Paper III) was an HP turbine installed in a conventional
power plant during a cold start-up and the third validation case (Paper IV) was an
IP turbine, also installed in a CSPP, during both a cold and a warm start. Com-
parisons against casing temperature measurements were made for all three cases.
Additionally, differential expansion (DE) data comparisons were also carried out
for the second and third cases. Table 6.1 provides a summary of the validation
studies carried out.

Table 6.1: Summary of validation studies performed

Case Turbine Application Capacity Validation Type
Paper I HP + LP CSP - Trough 50 MW Temperature
Paper III HP Conventional 160 MW Temp. and DE
Paper IV IP CSP - Tower 123 MW Temp. and DE

The obtained model results showed overall agreement with the measured data,
with maximum relative errors of 10.2%. Figure 6.1 shows the resulting casing tem-
peratures and differential expansion from the model and how they compare with
the data. Such results contribute to the major finding of validating the model-
ing approach and set the base for its implementation towards further studies in
the scope of thermal behavior during start-up. When generalizing these findings
towards other turbine geometries and faster transients, the validity of the model
assumptions is still applicable since no weighting factors were involved throughout
the process.

(a) (b)

Figure 6.1: Validation results: (a) Casing Temperatures (b) Differential expansion.
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However, more validation studies will always contribute to enriching the model.
The current stand for answering the validation question is that the same metho-
dology and assumptions were used on three separate geometry and operation cases,
yielding valid results. Throughout the validation process, another major finding was
that boundary conditions of particular importance were identified and their influ-
ence on capturing the correct behavior were highlighted. Furthermore, comparisons
with models of higher geometric detail were also performed, which served to under-
stand the impact of geometric simplifications on the resulting thermo-mechanical
properties.

6.2 Turbine Start Improvements (Paper II)

The warmer the turbine is before start-up, the faster the start-up can be.
Thus, there is a direct connection between start-up time savings and the tem-
peratures of the turbine at the end of a cool-down. One potential improvement
concerning the flexibility of steam turbines operating in CSPPs was to implement
measures to keep the turbine warmer during offline periods. In that way, at the
time of starting up it is possible for the power plant operator to follow a faster
start-up schedule from those available. In order to explore the potential start-up
time reductions, a validated ST3M turbine model was used to run cool-down sim-
ulations with implemented measures that help preserve the turbine temperatures.
For each run, the temperature of the turbine casing and rotor at the end of the
cool-down were compared to the base case.

The effect of three measures on maintaining turbine temperatures and thus
reducing start-up time was investigated and quantified. The first measure consisted
of increasing the mass flow of sealing steam injected into the turbine during stand-
still by increasing its pressure. The second measure consisted of increasing the back
pressure of the turbine and the third measure consisted of increasing the turning
gear speed. These last two measures increase friction and ventilation work inside
the turbine, which in turn keep it warm. The measures were implemented into
ST3M for a long and a short offline period after steady-state nominal operation.

The measures were first implemented individually, showing temperature im-
provements of up to 50K and 38K on the turbine casing and rotor, respectively.
From this first study is was seen that the measures with higher potential to maintain
turbine temperatures were the backpressure and barring speed increase. Therefore,
a study combining the effects of both measures was then carried out. The combi-
nation of these two measures was mapped in terms of temperature improvements
for the casing and rotor components of the HP and LP turbine sections during the
short and long cool-downs, respectively. Figure 6.2 shows the resulting temperature
improvements for the studied HP turbine.

When translating the temperature improvements into start-up time, potential
reductions of 9.5% and 70% were obtained. These are displayed in Figure 6.2 by
the black curves. These reductions are segmented since they are subject to the
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Figure 6.2: HP turbine temperature improvements through temperature maintain-
ing measures

predefined schedules and to limitations of the implemented measures. Measures
that, in spite of their positive effects on start-up time, are also considered to have
negative effects at the exhaust of the turbine and thus their range of applicability
is limited. The contour maps obtained with this study not only show the potential
improvements, but also the required changes in the turbine in order to reach them.
These, in turn, easily translate to parasitic energy that needs to be balanced with
the overall production gains. These trade-offs are addressed at power plant level
studies in section 6.4.

6.3 Thermal Limitations during Start-up (Papers III, IV)

Among the thermal loads occurring in a turbine during transient operation,
thermal stress and axial differential expansion (DE) have been covered in the scope
of this work. Thermal stress as the main limiting criteria in the design of start-up
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schedules and DE as a potential limitation to turbine starts. The question was
raised whether in the efforts towards achieving faster starts, either by retrofitting
measures or designing more aggressive stars, unacceptable DE levels, and thus
potential axial rubbing, are reached.

Moreover, this question carries a different meaning if the turbine has already
been built or if it is being designed. Once a turbine has been installed, its axial
clearances are fixed and so is the allowed DE. Another difficulty concerning DE is
that measuring this property at critical locations is often limited or not a possibility
at all. Furthermore, there is not a direct connection between transient behavior
during start-up and the DE constraints (clearances), since the design of these is
mainly motivated from the performance aspect of reducing steam leakages.

The factors mentioned above lead to uncertainties with respect to this prop-
erty. In the spirit of improving turbine operational flexibility, an important part
of this work was dedicated to study DE in more detail, with the aim of answering
whether DE becomes a limiting criterion during start-up and in which contexts.
Exploring these effects in the cool-down operation of the machine would also be
relevant, except that the rotor speed is lower during that phase and managing the
consequences is less critical. Thus the work focused on start-up transients.

First, DE behavior was observed throughout the axial direction of the turbine
for normal start-up conditions. The values were compared with those resulting
from the calculations currently made in industry to set the lower and upper thermal
bounds for clearance design. This study served to confirm that DE is more critical
at locations other than the one where it is monitored by measurements. One major
finding of this study was that the 1D model used in industry for clearance design
sets thermal boundaries that do not correspond to those resulting from the transient
behavior, leading to over estimations in the thermal contribution at some locations
of the turbine.

A second study involved looking at DE when temperature maintaining mod-
ifications are implemented. As mentioned in section 6.2, these modifications show
potential in reducing start-up time. However, they can also induce unfavorable
temperature differences between rotor and casing at the initial time of the start
which affects the DE behavior. To a certain extent, it was shown in Paper III
how these induced differences could actually favor this behavior by reducing DE
peak values by up to 37%. On the other hand, in Paper IV, it was shown how
these initial temperature differences affected the clearance limits throughout the
axial direction of the turbine in different ways. The study carried out set a preset
temperature difference between rotor and casing from their calculated tempera-
tures during cool-down. This was done in order to simulate the scenario in which
the temperature maintaining modifications (section 6.2) are heating the turbine
components unevenly.

For some axial locations the limits resulting from this off-design transient
operation were lower than for the nominal case while at other locations the values
from the simulation resulted in a violation of the available clearance space. Figure
6.3 shows the differential expansion with respect to the available clearance space



62 | SUMMARY AND MAJOR FINDINGS

at different seal locations of the turbine for the normal start case and two cases of
uneven temperature differences between rotor and casing.One major contribution
of this study was to understand the effect of transient operation on the design and
monitoring of axial clearances. As such, the viability of faster start-ups through the
implementation of modifications can be tested and relevant operating limitations
can be set.

Figure 6.3: Differential expansion comparison between nominal start and uneven
rotor-casing temperature differences at different seal locations

Lastly, a third study was carried out in which DE behavior was compared
between a nominal cold start and a faster one starting from the same initial con-
ditions. While the two starts had similar lifetime consumption in the turbine, the
obtained DE values were up to 8% higher. Therefore, the study shows that DE can
become more critical for cases in which thermal stresses and lifetime consumption
are not. In summary, the work performed in this focus area served to increase the
level of detail, and thus the confidence, of the clearance design calculation process
and avoid over-conservative limitations.

6.4 Power Plant Performance Improvements (Paper V)

In the scope of this thesis, equally important than analyzing and improving
turbine thermal behavior during start-up was being able to quantify these flexibility
improvements in the techno-economic context of CSPPs. For that, a tower-based
direct steam generation solar tower power plant (DSG-STPP) model was developed
using DYESOPT following the additional modifications listed in chapter 5 to in-
clude the level of detail related to turbine start-up operation. The developed model
was used as a test-case to investigate the improvements on power plant profitability
resulting from a more flexible turbine operation.

The first study consisted of implementing different levels of temperature main-
taining modifications in the turbine as an operating strategy of the plant. For
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each level of application of these, the annual performance of the power plant was
evaluated and compared to the base case. Also, another study involved improv-
ing the operating map of discrete curves provided by the turbine manufacturer.
Multi-objective optmizations were carried out for both of these studies. From the
temperature maintaining measures implementation, Figure 6.4 shows the resulting
improvements on the annual power production of the DSG-STPP. The difference
between the optimal fronts shown in the figure are related to the assumed cost
penalties, figure 6.4a simply considers the cost of the implemented measures while
figure 6.4b also takes into account the changes in service costs due to EOH reduc-
tions.

(a) (b)

Figure 6.4: Improvements in power plant performance through turbine temperature
maintaining modifications

Among the major findings of this study is that it is possible to increase the
annual electricity production of the studied DSG-STPP by up to 10.42% by increas-
ing turbine flexibility at start-up. Reaching this value would imply a reduction of
up to 11.44% in the LCOE, which directly links to power plant profitability. The
challenging part of achieving this is that the operation of the turbine would re-
quire 80% of the starts to be hot starts. One limitation hindering the potential
improvements to the DSG-STPP was identified as the limited amount of start-up
schedules, which set a step-wise degree of improvement instead of a continuous one.
One recommendation and major finding to improve DSG-STPP competitiveness
by means of turbine starts would be to increase their amount and optimize their
distribution in order to have a wider possibility for improvement, as it was found
in the results that by simple redistribution of the start levels LCOE reductions of
up 10 5.02% were achieved.





Chapter 7

Conclusions

Current CSPP operation requires more flexible steam turbine components.
This raises the interest of achieving faster turbine start-ups in order to adapt quickly
to the fluctuations from the solar energy source. Turbine start-ups are governed
by curves which limit the speed it takes for the turbine to reach nominal load.
The main objective of the start-up curves is to protect the turbine component
from detrimental phenomena which occur as a consequence of transient operation.
Among these negative phenomena there are radial thermal stresses in thick walled
components and also axial rubbing between stationary and rotating parts due to
relative axial expansion.

This work focused on improving CSPP performance through increasing steam
turbine flexibility at start-up. With this, the aims of the project were twofold,
essentially to understand potential improvements and existing constraints on the
steam turbine component and quantify these in the annual performance of the
power plant. Achieving these objectives translated into developing and linking two
separate models, one in which the focus was the thermo-mechanical behavior of
the component and the other which consisted of the techno-economic performance
of the system. This leads to one main conclusion of the work which is that the
two levels of detail are needed in order to fully understand the benefits and costs
of changes in one component with respect to the whole power plant. Without the
component focus, there would be the risk of modeling CSPP operating strategies
that would actually be unfeasible or hazardous to turbine lifetime. Analogously,
without the perspective of the system, steam turbine improvements expressed in
terms of reduced minutes during start-up will not carry the same message than when
considering the complete techno-economic scenario. In addition, this modeling
approach makes it possible for the original equipment manufacturer and the power
plant operator to meet eye to eye when novel retrofitting measures or operating
strategies are proposed.

The research questions addressed throughout the work were classified under
four categories. The first is related to the development and validation of a thermo-

65



66 | CONCLUSIONS

mechanical modeling tool. This tool was developed under the name ST3M and was
validated in a number of separate studies including measured data and comparison
to other models. The main outcome was that the behavior of the model agrees well
with the compared data and that is capable of capturing temperature gradients and
differential expansion behavior during transient operation. The second research
focus area was related to the implementation of retrofitting measures to the model
in order to quantify the potential start up time reductions. From these studies
it was concluded that there is an important potential in this area to improve the
operation of already installed solar turbines and that from the flexibility perspective
phenomena like friction and fanning which are considered hazardous could actually
be used to increase the speed of the start-up procedure.

The third addressed research question was related to operability constraints
that can potentially become more critical as the start-up operation of the steam
turbine becomes more aggressive. From the studies performed in this area, the
main conclusion is that differential expansion can indeed become more critical in
the context of retrofits or faster designed starts to the turbine. Another main
message from these studies is that since the current axial clearance design process
within industry is decoupled from that of the start-up schedules, over conservative
limits that hinder turbine flexibility are being established. The fourth focus area
of the work involved quantifying the CSPP performance improvements obtained
from turbine start-up time reductions. From this study up to 8% increase on power
plant annual electricity production were obtained. However, it was also seen that
the start-up schedules structure sets a step-wise scenario for the potential improve-
ments. As such, it would be beneficial for CSPP operation for more schedules
to be made available or for measures such as stress controllers from conventional
power generation to be implemented. All in all, the work performed in this project
serves as a stepping stone for the turbomachinery industry to develop solutions
customized to the CSP customer and for the power plant owners to understand the
value of operational flexibility for improving the competitiveness and availability of
CSP systems.

7.1 Discussion and Future Work

Concerning the steam turbine modeling tool developed within this work, al-
though considered to have reached an acceptable level with respect to the set ob-
jectives of the project, it is also considered that there is room for improvement.
Especially improvements that relate to making it more user oriented and even
more generic with respect to available turbine models within the industry. Each
time a new turbine was developed within the tool, the tool was enriched with its
new particularities. From the academic perspective it was not needed for the tool to
be automated with respect to each new turbine model to study. However, from the
perspective of using ST3M at industry there is further relevant work to be carried
out towards making the tool more operable.
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Concerning the power plant modeling, the DSG-STPP was developed with
the available feedback from the turbine manufacturer, which was mostly related
to intended nominal operation data. At the time of developing the model, feed-
back from the power plant operator was not available. In the final stages of this
work, communication was built with the plant operator opening the possibility for
feedback and data acquisition. As such, this is a potential area for improvement
of the current model, both with respect to insights about their operation, their
current operability questions with respect to the steam turbine and potential data
for validation.

Concerning the coupling of the steam turbine and power plant modeling ap-
proaches, this work was developed by simply exchanging characteristic data between
the separate models. Potential future work and room for improvements would be
to actually co-simulate the tools together. For the questions answered within this
work it was enough to do the former. However, for more complex questions it would
be relevant to couple both tools.

Finally, the current method developed within this project would have a higher
relevance to the industrial field if applied to more than one test case and to more
than one component, meaning, other power plants and their turbines or developing
detail models to other relevant power plant components. Work in this regard has
been started with a power plant located at Abu Dhabi, however the connection
to the turbine manufacturer was not fully possible due to the proprietary nature
of this information within the turbomachinery manufacturers. On the other hand,
collaboration within another project was started in which the steam generator is the
focus component with respect to its start-up time. The resulting synergies between
these two components and the power plant will certainly be an improvement over
the results obtained in this work.
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