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Abstract

Solar thermal power plants convert thermal energy from dg@letr radiation into
mechanical work and electricity via a thermodynamic cythes method produces
renewable electricity. A direct steam generation technology (DSG), which generates
steam directly in the solar field's absorber tubes and feeds it directly to the turbine or
thermal storage, is one of the many options in solar thgoowaér plants. It has a
number of intriguing advantages and is a promising technolégyever, one of the
major problems with the use tie direct steam generation technology is that it is
affected by the fluctuation of solar radiation, which resultshi production of
fluctuating power outpuénd o economic competition for loAgrm storageThe
design of the control system is complicated by the steam generation system's
challenging dynamic behaviour. It is primarily caused by the coexistence-phage

flow in the absorber tubes and the natural transfeagure ofsolar radiation.

In solar thermal power plants, thermal storage is a critegliirement There are
different types of heat storage systems in solar plants such as moltecosaitstes,

phase change materials and steam accumulators. The steam accumulator has been
adopted in Planta Solar p@oject Steam accumulator is a viable option for decreasing
theinfluenceof changing irradiance on the power generation of solar theystainss

since they have fast reaction time and high discharge rates due to the rapid evaporation
and condensation of water/steam under-equilibrium conditionsThis thesis aims

to study the dynamic behaviour @inovel direct steam generation solar posystem
integrated with a steamater accumulatorfor shifting its power output profiléo

match theelectricitydemandprofile in a Libyan hospitaas a case study

Another issue in DSGolar poweisystems is thagxpansion in turbine might happen

in liquid-vapour twephase region. Use of a cascade Rankine cycle can be a solution,
in which an organidRankine cycle (ORCis abottomcycle, while a steam Rankine
cycle is atop cycle with a higher condensation temperature to mitigate the issue of
wet expansion. Théottom cycle can also run separately usilogv-temperature
residue steam/water in the accumuldtooffer a further capacity in shifting power
output profile Therebre the design ofa cascadesteamorganic Rankine cycle

integrated with steawater accumulator is studied from operating and



thermodynamic perspectives, aiming to fully unlock the potential of such advanced

high-efficiency cogeneration systems.

This thess presents aomprehensive literature review on Rankine cydiarpower
generationsystems regarding cycle configurations, thermal storage and working
fluids. Thedesign validaton and parametric study aefdirect steam generation solar
power systems conducted fotibyan climate conditionsparticular with gnamic
simulation of a steafwateraccumulatorMoreover,acascade steaimrganic Rankine
cycle solar power systermtegrated a steam accumulateas stidied Finally, the
cascade steatmrganic Rankine cycleolar power systenmtegrated with two water
accumulators was modelledlll the designs presentedthns thesis was simulated by
using SimulinkSimscape software in order to see dgaamicbehaviourof systems

under differentlimate conditios.

As a case studyhe electricity demangbrofile of a Libyan hospitalwas chosen as a
target in the design of systeifine resultsdemonstrated that by using 154%4of
parabolic troughsolar collectors and 160fof steam storage tankith a proper
control of flow rate,the power output profile of the systeran meet the electricity
demand of the Libyan hospital even at nightthe cascade steaanganic Rankine
cyclesolar power systermoupled with the steam accumulator with and without using
a recuperator, the findings reveal that the recuperative systgrarforms thenon
recuperativesystem in terms of power generation and thermal efficiehcyhe
cascadesteamorganic Rankine cycleolar power systenmtegrated with two water
storage tanks, results show thattiy@cycle output is higher than ORC power output
in the nominal operation modat the peak radiation timéhetop cycle generates 136
kW, while the ORC generates 37 kW. the dischargng modein the eveninga
separate operation thmttom ORC system castill generate 31 kW for six hours
basedwith usinga 51m3 hot water tank.
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Abbreviation
Added Heat flux added ®
CSP Concentrating Solar U

DSG
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LMTD
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A

AU

Power

Direct steam generatior d
Heat transfer fluid d
Log-mean temperature U
difference

Number of Transfer J
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Organic Rankine cycle —

Phase change material —
Parabolic trough %o &
collector

Thermal energy storage %o
Recuperator N

Solar Rankine cycle

%0

Area m? a

Liquid inlet
Product of area and a
overall heat transfer
coefficient, W K!

Steam inlet a
Liquid outlet N
Steam outlet Nu

Pressure ratio thresholc P
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Greek symbols

Difference or variation
Effectiveness [%0]

Incidence angle, °
Efficiency [%]
Time [hour]

Density [kg/ni]

Polytropic efficiency
Theefficiency
exponent

The nominal mass flow
coefficient

The mass flow
coefficient threshold
Stodola'sEllipse
constant

The absolute angular
velocities
Thecondensation
energy in accumulator
Delta

The heat transfer
coefficient for the
liquid zone

The mass exchange
rates for condensation
Mechanical

Mass flow rate, kg/s

Mass liquid in
Chamber

Rotational speed, RPN
Nusselt number
Pressure, MPa



Ci

C

=y

Kq
k1

Heat loss term, WrtK~ P,
1

Heat loss term, WK™ Pratio
1

C-

Specific heat capacity,
Jkg*K?t

Collector Inlet Y
Temperature
Collectoroutlet T
Temperature
Condensation state Y
Diameter, m Y
Electrical Y

The volume fraction of *
theaccumulator

Solar irradiance, Wrh
Enthalpy, kJ/kg 0N
Incident angle modifier
Negative of the first

order coefficient of the
efficiency

Negative of the second
order coefficient of the
efficiency

Length of Chamber

Mass, kg

12

Prandtl number

Pressure ratio

Heat transfer rate, W

The surfacareaof the
accumulator

Temperatur

Ambient temperature
Inlet temperature
Outlet temperature
Specific volume, rtkg’
1

Volume, n¥

Vapour state

Power, kW
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Chapter 1 Introduction
1.1 Background
There is a significant environmental isgaeing our society and the world nowadays.
Most modern energy generation comes from environmentally unsustainable sources
such as oil, coal and natural gas. These unsustainable energy sources directly
contribute to greenhouse gas emissions, which causeoemental damage and
global warming. Governments and agencies are now studying alteratiitegies
and the steps that must be taken to reverse this depressing picture as a result of these
environmental concerns. Political action, research, and théogevent of sustainable
energy generation are required for the solution. All of these arguments highlight the
need for clean, practical renewable energy sources, such as wind energy, biomass,
geothermal and solar energy. Among them, solar energy is ohe wfdst appealing

ones, given its enormous potential and steadily declining productiontpsts

There are two main solgower generatiotechnologies. The first is photovoltaics,
which ussthe photovoltaic effect to produce power directly. Sreade production,
residential generation, effrid installations in distant locations, and industsele
plants are highly suitable for this sort of generating. The absence of widely applicable,
economically viable energy storage systems is a significamtation of this
technology. Solar thermal power plants or concentrating solar plants (CSP), which
utilize the thermal energgonverted fromsolar radiation, provide an alternative
method of using solar energy. This technology appears to be the onekelystoli

meet a sizable portion of the future demand for renewable efZrdwvo technology
roadmaps have been created by the International Energy Agency for CSP generation.
According to the roadmap from 2010, the solar thermal power plant was exfmected

generate around 11% of the world's electricity by 2050. This objective was retained
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in the revised 2014 roadmap, which encouraged the development of solar thermal
power plant systemg]. By 2050, solar energy might supply 27% of the world's
electricty needs, when the solar thermal power plants and photovoltaic systems are
taken into account. This roadmap recommends the steps that might be taken to restrict
long-term global warming to 2 °Q3]. The most plentiful energy source on earth is
solar radation. The amount of radiation energy that reaches the earth's surface is 3,500
times greater than the projected global energy need for 2050. Solar radiation is a
resource with a relatively low density, so its efficient harvesting is challenging. In
orderto do this, concentrating solar plant systems often use glass mirrors or reflective
film to focus radiation onto a receiver element and so utilize it more effectively. Only
the direct fraction of the solar radiationusdul in these systems, since disped
radiation cannot be concentrated. Due to the receiver's lower surface area and the
concentrated radiation, it can attain higher temperatures thacomoentrating solar
plants. While concentrating solar plant systems can operate at temperatures beyond
400 °C, flat plate solar collectors typically do not operate above 150 °C. The Heat
Transfer Fluid (HTF), which allows the absorption of the thermal energy from the
focused radiation, is circulated inside the receiver. Along with producing electric
energy this heated HTF can also be utilised for cooling;waler desalination, and

the creation of steam for industrial processes. In a Rankine cycle, the steam is typically

generated by the heated HTF to generate electricity.

Solar thermal concentrating pewplant systems can be integrated to operate in
combination with other renewable energy sources, such as geothermal, biomass and
waste heat recovery or conventional fuel burners. This integration may reduce the
investment risk and increase the dispatditgbat the same time. Additionally,

thermal power plants that are currently in operation could be integrated with solar
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fields in order to decrease the fuel consumption in these plants. The addition of a
thermal energy storage (TES) system is anotherompfior increasing the
dispatchability of solar thermal plants, enabling them to overcome solar transients like

the passage of clouds and even continygdwideenergy well into the night. This is

a significant advantage of concentrating solar plants otlegr renewable energy
technologies like photovoltaics and wind energy. Around 4 GW of concentrating solar

pl antsdé electric energy production capac
to 150 GW for photovoltaic€oncentrating solar power plantsng TES systems

may alter this situation due to their dispatchability on denjhd

Despite appearing competitive in the solar energy market, concentrating solar plants
and photovoltaics are ultimately complementary. The energy requirement must be met
during the entire day in order to sustain a larger solar matrix. While TES systems can
be used by concentrating solar plants to produce electricity early in the morning, late
at night, and also well into the night, the photovoltaic output is more produtikie

middle of the day. The significance of TES in that concentrating solar plants increases

with the proportion obthers type of solar energy the global energetic matrix.

The majority of concentrating solar powsantsuse thermal oil as theielat transfer

fluid. In order to feed a turbine, the heated oil travels through heat exchanger systems
in the power block, where it preheats, boils, and, in most cases, superheats water or
steam. In these situations, the solar field operates with therpaidihe power block
operates with water/steam. These two circuits are distinct from one another and
operate using separate fluids. The Direct Steam Generation (DSG) technique, where
steam is produced directly in the solar field, is a relatively neva Jieam, which is

sent straight to the turbine, can either be saturated or superheated.
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There are many concentrating solar power plant design options. They can be utilized
in both big/small installations and hybrid/setarly configurations, employ therma

oil or water/steam as the heat transfer fluid, etc. To ensure the success of this
technology, especially in relation to the direct steam generation system operation,

many questions still need to be resolved, and the related processes must be optimized.

In summary, the electricity demand is growing daily and has become an essential part
of human life. Existing supplies can meet this demand, but the environmental concerns
about fossil fuels continue to increase. Although society and governments generally
support renewable energy, far more research and development are required in this area

if we are to meet the demand adequately.

As a renewable energy solution, a direct steam generation solar power system has
higher efficiency and is cheaper compared tarairect steam generation system.
However, the former cannot generate power after the sun sets. An auxiliary heater
system has been employed for the direct steam generation solar power system in order
to overcome the fluctuation in soladiation nevertheless, these auxiliary heaters are
very expensive and known to cause certain problems in the solar power plant, so there
is a need to find solutions regarding the smooth operation of direct steam generation
solar power system3hereforethis regarch aims t@arry outa dynamic modelling

study on shifting the power output profile of a direct steam generation solar power

system with steam/water storage by using Simulink/Simscape tools.

1.2 Solar energy potential in Libya
The position of Libya ands solar radiation resources are quite favourable regarding
the use of solar energy. Lying between latitud&49North and longitude-26° East,

Libya is located in the middle of North Africa. Around 90 per cent of Libya's total
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area is desert, and tineajority of the nation is situated in the Sunbelt. The Sahara
Desert covers the majority of Libya (Il oc
|l ongitude 11A 4[%9.Njhetnation? 3ofar raditdjn rEsausces) are
considered to be abuaxt. Figures 1.1 and 1.2 show a couwigle distribution map

of the average yearly Global Horizontal Irradiation (GHI) and Direct Normal

Irradiation (DNI), respectively.

L5
S 7r -
©
= 6.5
(\E 2
E —©— Ajdabiya
c 5.5 - | =—*— Bengazi
.‘% -=-EF- Ghadames
? 5 e Ghat
= 45 —"'—“ Hun
© —¢— Jalu
3 4l —%— Kufra
L —&— Nalut
S BS
© 3 ===== Qaryat
O] al- =--0-*~ Sebha
F -=Ac- Sirt
25K i : ; : ; ; : . : - v *+==t= Tripoli
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure 11: Global Horizontal Irradiation for 12 cities Libya [5]

SolarGIS[6] collected and averaged these data for the years 1994 and 2010. It is clear
that the average annual GHI in the Northern regions is around 2000 Riéem and

over 2600 kWh/rflyear in the Southern region, so it appears that the majority of cities
in Libya have a good average annual GHI, which will open the door to do more solar
energy system investment in the future, thereby leading to decreased electricity

shutdowns in sometas.
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Figure 12: Direct Normal Irradiation in Libya [6]
On the other hand, the South has an average annual DNI of 2500 kWihich is

higher than the coastal region's 1900 kWifyemar [7]. The NASA Surface
Meteorology and Solar Energy database also provides data on the insalayion
clearness index and average number of sunshine hours. Figure 1.3 displays the
monthly average sky clearness index for ten different locations in Libya. According
to the obtaing data, the AKufra location has the highest clearness value (0.68),

while Tripoli has the lowest (0.57).
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Additionally, there are more than 3,50@urs of sunlight annually, on average,
nationwide. Only areas with DNI > 1800 kWtiyear [6] can be deemed
economically advantageous for concentrating solar power technology plants. Due to
this aspect, depending on the quantity and quality of the ismlaation accessible in
Libya, the concentrating solar power technology appears to be a very promising option

for the country's energy generation.

1.3 Issues related to Libyan energywsupply:

Libya's population and economic expansion have increaseddire@t the country's
energy supply. This increased demand for electricity necessitates further large
investments in the production of electricity, including power plants and power cables.
Based on information gathered from the General Electric Companlibgh
(GECOL), Figure 1.4 depicts the demand for electricity in Libya. Electric
consumption is expanding quickly, by roughly18% annually, as shown, and is
predicted to reach 9 GW by 20§&]. The country's entire electricity industry is run

by the governmernbdwned GECOL. Since its founding in 1984, the GECOL company

has installed and managed every power plant in Libya. The installed electricity
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generation capacity of Libya is 6.6 G\8]. Most of Libya's conventional fossil fuel

power facilities, such as steam turbine, gas turbine and combined cycle power plants,

are used to produce electrical energy. Steam power plants make up 20% of the total

installed power capacity, while gas turbine andhbined cycle power plants account

for 43% and 37%, respectively. Additionally, a few small diesel power plants help to

supplement the energy supply, particularly in the rural areas and several villages

located in the south of the couniB}.
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Figurel.4: The demand for electricity in Libya [6]

Since the demand for electrical energy will soon outstrip the production capacity,

GECOL plans to construct additional combined cycle and steam cycle power plants.

GECOL intends to ugrade and expand the nation's electricity transmission grid in

addition to expanding its generation capacity. The only solution to lessen this reliance

on fossil fuels and the environmental issues that accompany their burning is to use

renewable energy soes, notably solar energy, which are sufficiently abundant in

Libya. The development of renewable energy for electricity production is proposed in
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Libya. The company's main goal is to produce 2.219 GW, or 10%, of the total

electricity needs, from renewab$ources by 2025.

Forty percent of Libya's population, which was mostly supported by agriculture, lived

in the countryside, according to the 2018 census. In 2018, 40% of the population of
Libya lived in rural areas without access to power. It was detedrthmat just six out

of the 20 communities in Libya without electricity were located in distant, difficult
to-reach places. In addition to Libya's domestic energy issues, there is a growing
international pressure to employ eweore sustainable energy soes due to
concerns about global warming as well as the rising global prices of fossil fuels.
Governments worldwide, including that of Libya, are working to boost the share of
renewable energy sources in the world's energy mix. As a result, businesses and
researchers are constantly seeking ways to enhance and create novel approaches to

delivering power and other energy services.

1.3.1Challenge:
The main issue regarding the solar electricity generation systems is how to control the
thermal plants to mainita power output to match themporaldemand for energy
despite the fluctuations in solar radiation. In a solar thermal power plant, unlike a
typical power plant where fuel is utilised as the easily manipulated variable, solar
radiation cannot behanged and, paradoxically,functions a racket heat resource
because it wvaries not only daily but al :
storage unit has been adopted in the Puerto Errado 1 and Planta Solar 10 plants to
cover some periods of lingtl insolation, and steam is generated at variable pressures
in this storage unit to power the turbine for one or two hétirsThis method of
energystorage calls for the design of more configurations of solar thermal power
plants which can overcome tHactuations in solar radiation over a-Béur period.
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Overall, the fluctuations in the levels of solar radiation during a day can strongly affect
the performance of a solar electricity generation system. The fluctuations in ambient
temperature and soleadiation pose a real challenge when seeking to control a solar

thermalpowersystem.

1.3.2Motivation:
A direct steam generation solar power system appears to be promising technology
among other solar electricity generation systems. In this system, wad@ectly
heated in the solar fields, so there is no need to use a second heat trandtedluid
and the use of heat exchangers is avoide
Singlestage steam accumulators are used in the conventionaln@arydles and in
solar Rankine cycles as heat storage units to improve the efficiency of the system or,
rather, counteract some of the fluctuations in solar irradi@jc&he saturated steam
generated in accumulators is directly injected into the stedoime, as in Planta Solar
10 plant in Spain. However, technical challenges remain regarding direct steam
generation solar power systems. First, during the heat discharge process, the flashing
steam pressure and mass flow rate drop, leading tolesffin operations and
sophisticated system control techniques. Second, because moisture is present during
the expansion phase, the wet steam turbine is inefficient. Typically, the moisture of
the exhaust steam should not exceed [40h These problems can ladleviated or
even solved by an innovative cascade steaganic Rankine cycle based on a direct
steam generation solar power system integrated with a siteen accumulator or
two-stage liquid accumulators combined with a control strategy regardisgsten.
Overall, the proposed system using a cascade Rankine cycle and astagie

accumulator or twstage liquid accumulators is promising, but the control of the
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proposal systenand its influence on the system dynamic behavivegds to be

investigaed, which is the main target of this study.

1.4 The main aim and objectives of the thesis

Even thoughsteamRankine cyclesolar power plants have been demonstrated for
largescale applicationghere remain significant obstacles that need to be overcome
in order to encourage their wider market adoption, espedw@iliigh-temperature
applicationsand acoupling withorganicRankine cycle anthermal energy storage
(TES) systems. In this contéxhis thesis aims toonducta dynamic modelling study

on shifting the power output profile of a direct steam generation solar power system
with steam/water storage via using the Simulink/Simscape program. The following

goals have been created in ordeatcomplish the main objective of this study:

1 To undertake a comprehensive literature review on Rankine sgldepower
systensregarding cycle configurations, thermal energy storage, applicationsng
fluids;and a control strategy regarding the direct steam generation solar power system
are presented and discussed, together with the current gap regarding cascade Rankine
cycle for solar power applications

1 To conduct a thermodynamic analysis of the integrated paraboligh
collectors and steam Rankine cysistem A thorough modelling of the design and
off-designconditionfor a solar power system with direct steam gemnanauill be
conducted.

1 To conduct a comparative study of direct steam generation and indirect steam

generation solar power systems under saathibyan climate conditions.
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1 To model and conduct a dynamic simulation study on the use of a steam
accumulatolas a heat storage unit in a singtage steam Rankine cycle solar power
system.

1 To conduct a dynamic simulation study on the use of a steam accumulator as a
heat storage unit in eascadesteamorganic Rankine cycle solar power system in
order to use the condensation heat rejected from the steam cycle to drive the bottom
ORC system, which thereby leads to the extended total power generation of the
proposed system. By maintaining the samemponent dimensions, the proposed
cascade system is modelled and contrasted with various existing systems. The
advantages of the amendments to the system will be analysed and explained.

1 To study the transient performance ofascadesteamorganic Rankineycle

solar power system with the use of a hot water temperature accumulator and a

secondary low water temperature accumulipa typicalweather condition

1.5 The main contribution of this research

Recently, the research on user dembased systembas peaked. This project
addresses several of the research gaps in the open literature by combining the user
demand profile with the intermittence of direct stegeneration (DSG) sol&ankine
cycles to meet the demand energy profile for a Libyan hdspiaa case study. A
good control strategy of DSG, integrated with a steam accumulataa dothestic

hot water DHW) system by using a throttle valve, has demonstrated that the system
has the ability to meet the demand energy profile for a coupthasen days under

the typical solar irradiance conditions in Libya. In addition, an innovatardriven
cascadsteamorganic Rankine cycle, integrated with a steam accumulator as the heat
storage unit, has been modelled and investigated in more dethik\gbod control

strategy. The dynamic response of each component of the proposed system has been
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discussed and presentt a simulation period od whole day. A new innovative
method for the thermal storage af@ardriven cascadsteamorganic Rankie cycle,
integrated with two heat storage accumulators through @tewheat discharge, has
been designed and simulated in this thesis, making it possible to extend the shift power

output time of the direct steam generatsotar powesystem.

16 The research methodology and software tools utilized in this study

1.6.1 Research method
The objectives of this study, which are liseeslabovewere achieved by employing
a combination of research methods as folldwysreviewing the literature in depth to
comprehend the scope of this project and find pertinent key information from earlier
published studies, a thorough literature review of eatration solar collectors, direct
and indirect steam generation systems, control strategy, heat storagesteaits,
Rankine cycle, and cascaseamorganicRankine cycle was conductedodelling
Simulink/Simscapesoftware was used to model the systetramsient behaviour
mathematically. The components should react in accordance with the operating
parameters as the operating conditions, such as the heat source temperature and energy
demand from a building. This led to the modelling of anrdaf§ign operdon. From
the installed CoeProp and Reprop software in th&imulink/Simscape toolghe
working fluid properties were taken. TEmergyPlugprogram was used to obtain the

Libyan weather data.

1.6.2 Software tools
Simulink/Simscapés used throughouhis thesis as it has a deep numerical analysis
feature for each block of the buthermalnetwork. It is a graphical programming

environment built on MATLAB that is utilized to design, simulate, code and research
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dynamic systems. It adopts a block diagrapproach to designing, modelling and
simulation, and can be used to model and control systems in the domains of thermal,
electrical and mechanical engineering. Simscape, a tool for physical modelling, is part
of the Simulink environment. Users can simelahe behaviour of simple to
sophisticated models by utilising this programme. It is a highly seaftgrt software
program that it is widely employed in the industry to create virtual prototypes of
systemsExample of basic Simscape network with heat df@nbetween thermal
liquid and Physical block and twghase fluid models is shown Figure 15 below.

In this figure, it has been connected
thermal part and thermal liquid part. Each block has two ports, port A means inlet
flow and port B means outlet flow of the blo&ach part has own sensors, blocks and
fluid properties block. Wo p h as e disesun cdsésssuch asrthtermal power
plant, refrigeration cycles and steam systemierial liquid paruses in cases like

heat systems, engines and thermal oil cyelbdle thermalparts uses in heat transfer

fluid between two cyclsuch as conductive heat transfer and convective heataransf
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Figure 15: Example of basic Simscape network with heat transfer between thermal
liquid and Physical block and twghase fluid models

By arranging the basic parts into a schematic, researchers can mimic systems, such as
mechanical parts, hydraulic actuators, bridge rectifiers, electric motors, and thermal
refrigeration systems. Simscape amdproducts offer more sophisticated parts and
analysis capabilities. Simscape software aids the development of control systems and
the testing of system performance and behaviour. The Simscape language, which is
based on MATLAB and allows textased writing of physical modelling components,
domains, ad libraries, allows users to develop bespoke component models.
MATLAB variables and expressions can be
and Simulink can be used to develop cont
Simscape offers €ode creabn for deploying user models in different simulation
environments, such as hardwameheloop systems.Simulink/Simscapetools

facilitate the design, simulation, prototyping, amdplementationof advanced
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controls for a accurae digital physical system, increase system reliability, and save

weeks of customer stamp time and months of design time.

1.7  Outline of the thesis

In this thesis, a model is designed and developed for combining the user demand
profile with the intermitence of direct steam generation (DSG) solar Rankine cycles
to meet the demand energy profile for a Libyan hospital, as a case study. In addition,
an innovation soladriven cascade steaarganic Rankine cycle, integrated with a
steam accumulator as theahstorage unit, will be modelled and investigated in more
detail, with a good control strategy. The dynamic response of each component of the
proposed system will be discussed and presented for a simulation period of a whole
day via usingSimulink/Simscap tools. A new innovative method for the thermal
storage of a soladriven cascade steaanganic Rankine cycle, integrated with two
heat storage accumulators through a-step heat discharge, will also be designed

and simulated in this thesis. The thasistructured as follows:

ChapterTwo reviews the solar thermal power generation systems and components.
The direct and indirect steam generation solar power systems and also a solar Rankine
cycle and an organic Rankine cycle are compared, respectivelydiferent type of
concentration solar collectors and heat storage units are presented in this chapter.
Finally, solardriven cascad®ankine cycles are discussed and the research gaps in

the literature are identified.

In ChapterThree, the main modetig chapter, the design and-oisign performance
of a direct steam generation solar power system are modelled. All equations and

thermal componenta Simscapere described and presented in this chapter. The final
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section focuses on modelling a direct steam generation solar Rankine cycle and

comparing the results with an indirect steam generation cycle.

ChapterFour focuses on the proposed integrated steam adaton with a solar
Rankine cycle system and how the different sizes of storage capacity affect the power
output of the system. Also, an innovative direct steam generation solar power system,
coupled with a steam accumulator as the heat storage unit anddbdtess system,

is proposed to meet the energy demand profile for a Libyan hospital, as a case study.

A novel solardriven cascadsteamorganic Rankine cycle, integrated with a steam
storage unit, is modelled and simulate€ChapterFive. Four differefiworking fluids
are investigated. Also, the effect of using a recuperator in the ORC system is compared

with a nonrecuperative ORC system.

Chapter Six presents a novel method feolardriven cascadsteamorganic Rankine

cycle integrated with a hattnperature accumulator and low temperature accumulator
as a unique heat storage unit. The system is controlled and simulated in the transient
mode. Four different working fluids are investigated. Als@omparison studys

made between solardriven casadesteamorganic Rankine cycle integrated with a

hot temperature accumulator and low temperature accumulator systethesolar

driven cascadsteamorganic Rankine cycle integrated with a steam storage unit in

ChapterFive.

In ChapterSeven the thesignds with a summary of the key conclusions and results,

together with recommendations for future research.
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Chapter 2 A review ofthe solar Rankine cycle orthe aspects of
configurations, working fluids and heat storage

2.1 Introduction

It is essential to increaste conversion efficieng and power outputsn order
optimally to exploit the potential of solar resources. This is the landscape where the
solar Rankine cycle and solar organic Rankine cycle come into play. Although almost
idertical to the classical water/steam Rankine cycle, the solar organic Rankine cycle
can convert heat at low pressure and temperattweelectricity due tdhe careful
selection of an alternative working fluid and its low boiling pdiht,12]. Other
benefits include easy control strategy operation for these systems, favourable
operating pressures and low maintenance operation. Over the last decade, the solar
Rankine cycle has become a mature technology. Many reference installations are
alreadyavailable from several manufacturers. Furthermore, historical installations
have demonstrated the advantages of the solar Rankine cycle. Even though numerous
solar Rankine systems are currentlyoperation, the strategic problem lodw to

enhane the sohr Rankine cycle thermodynamic performance and, consequently, its
competitiveness remairjd2]. There are five focus points when optimising a solar

Rankine cycle:

a The working fluid selection

a The configurations athecycles

a The control strategy

a The canponent layout and sizing

a The solar heat collector tyge

Firstly, the criteria for fluid selection for the solar Rankine cycle have been

recommended based on the thermodynamic performance of the cycle. Many studies
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have reported that it is necessary to consider technical crigédgiied tosafety, risk,

and coswhen selecting working fluid#\lso, screening schemes are set up and multi
objective optimization approaches are introdyd&j. Secondly, the configuration of

a solar Rankine cycle plays an important rolanproving the output and efficiency

of the cycleln addition the configuration of a solar Rankine cycle, the development
of new, improved expander designs laacted considerabédtention. Thirdly, other
studieshave focused othe optimal control stratedpr the solar Rankine cyclsuch

asthe control pressure, temperature, fluid quality, and mass flow rate as well as the
mechanical power output of the systg]. Fourth, the type of solar collector chosen
has a direct impact on the system's output dfidiemcy. The choice of the cycle
architecture, followed by component sizing, is the final degree of flexibility. Cycle
adaptations, similar to the traditional Rankine cycle, can inctkaperformance and
costeffectiveness by adding reheaters and pecators or working in a supercritical
mode. Inthevapour compression cycles, this development route can also be observed.
As a result, investigating solar Rankine cycle adaptations is a logical next step. A brief
overview of somef thesolar Rankine cye architectures can already be found in the
review articleq15].

The review chapter considers several titles and subtitles as follbmtroduction
andbackground of solar thermal generation systanesntroduced inSections 2.1

and 2.2.Section 2.3 presenthe control strategies for solar direct steam generation
systemsComparison between direct and indirect steam genesatlandirect steam
generation systems are discussed in Sectignvdide Section 2.compares theheory
behindthe solar steam Rankine cycle and the solar organic Rankine Dyftézent

types of solar collectors in the diresteam generation solar power systeans

discussed itsection 2.6The storage methods for direct steam generation solar power
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systems ardiscussed in Section22 Different solar Rankine cycle configurations are
presented in detail in SectiorBaf this chapterFinally, dynamic modelling of solar

Rankine cycle is presented in section 2.9.

2.2 Background of solar Rankine cycle

One ofthe most competitive and common power generation sgssearsolar Rankine
cycle system, which works basedthe solar irradiance levelduring a day16, 17].
Thermal solar power plants are identical to conventional ones exceph#tead of

a seam boiler, a field of concentrating sun collectors is used. A conventional boiler is
also included in hybrid plants, and it operates on conventional fuel, usually natural
gas, whenever it is requirefls a result, solar power plant thermal analysis islamm

to that of any other plant, and the same thermodynamic relations are used. Drawing
the cycle on a & diagram substantially simplifies the analyisigresented in the
figure 1.2 The inefficiencies of the pump and steam turbine should be considered i
these situations. A simple solateam Rankine cycle consistof four main
components(l) the olarc o | | efields,0(2) a gieam turbine, (&)amndenser unit

and (4)apump working fluidg18]. As shown irFigure 21 the four main components

of aSolar Rankine cycle workthigh pressurandahigh temperature level arrdow

pressur@andlow temperature levetespectivelyThe steps of the cychreas follows:
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Figure 21: T-s diagram of the steam Rankine cycle. Point 1: pump inlet, point 2:
evaporator inlet, point 3: turbine inlet, point 4: condenser inlet [18]

From point 1 to 2the working fluidsarepumped and seto thesolar collector byhe
pump. From point 2 to,3he working fluids heat up and generate superheat vapor by
the solar fields. Fronpoint 3 to 4 the saturated vapa@nters theturbine toexpands
and generates electricity by a generator. From point 4the Exhausted vapof the
turbine is condensed ®low pressure and low temperature at saturated liquid and
then pumped by the pump tioe solar fields tabe reheated. Ae cyclethenrepeas

[19, 20].

The Rankine cyclas an organic Rankine cycle (OR®@y steam Rankine cycle
depending on the working fluid. The traditional Rankine cycle uses watdéreas
working fluid and is extremely important since it contributes to the generation of 85
percent of all electric powersedin the form of steam engines around the wéiz{t]

22]. If the utilized heat sources are high temperature (> 250 °Cndisesuitable
working fluid is water. At lower temperatureise steam Rankine cycle is less efficient
and more costly. Furtherm® solar Rankine cycles using wasezam asheworking

fluid, with high outputs >1 MWarebetter than solar organic Rankine cyd23; 24.

On the other handsolar organic Rankine cycles utilize organic fluids, such as

refrigerants and hydrocarbg which area better solution irthe case omedium and
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low heat sources due to the low boiling points of organic flids 26], but the
outputs of these systemange from dew watts to several megawafg]. This kind

of solar thermal systeis beingincreasingly usgin low outputs shafts systerf8,

29]. By the end of 2013, the installed capacity of the ORC power plants reached
approximately 700 MW [30]. Sincethe 1970s, experimental and theoreticaldsts

have beewgonducted regarding ttselar organic cycleg@1], while the history of using

solar steam Rankine cycles to pumpter in the 19th century has been reported in
Paris[32]. However, both solar organic Rankine cycles and solar Rankaieshave

been widely applied in solar thermal energy systems, withdffgtiency[33, 34].

There are several solar Rankine cycles which use ste#imasrking fluid around

the world. Examples of ibkind of solar plant that are currentlyoperations include
solar thermal power plastwith direct steam generation (DSG) in Southeast Asia
Solarlite GmbH, located in MecklenbuiWyest Pomeranjeoperaté by Solarlite in
Thailand producing 5 MW electric power with a collector field area in exadss
45000 mZ35]. Another example is Planta Solar 1PS10 located in Sevilla Spain,
operated by Abengoarodudng 11 MW of electricity with asolar field area 7,800

mz [36]. Also, the same company hasother Planta Solar 20PS20 in Spainthat
generags20 MW of electricity andhas asolar field area 15@00mZ37]. On the other
hand, solar organic Rankine cycles are currently in operatioch as a rural
electrification project in Lesotho, Africghat produes3 kW of electric powerwith

a paraboligrough collector field of area 75 n38]. Another example in Arizona,
USA, prodwcesl MW of electric power with a collector field area in excess of 10,000

m2[39, 40].
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2.3 Control of Rankine cyclesolar power systems

The level of energpbtainedrom the sun varies throughout the day. Under conditions
of intense solar radiatiothereceived solar energy increases and decreases over time.
Heat storage units with control strategies methods are fitt@the systems to prevent

the interruption of the solar heat inp{#t1]. However, because heat storage has a
limited capacity for energy storage, theat source temperatunéthesolar Rankine
cycle system may fluctuate while in use. Since ther $&dakine cycle alone cannot
stop the unstable trend, the model must include some advanced control methods to
deal with the effect of heat source temperature varigidmg irto account the total

cost of the system. Since solar irradiation is a najuia@hsient conditiorthe design

of the control system af solar thermal power plarg vital for its proper operation.

This iseven mordrue for direct steam generation systems, where the preseace of
two-phase flow inside the absorber tubes increéisesnagnitude of the transient
phenomenoif42]. One of the condensed approaches takes the ideal solar field into
account anagimply adjusts the mass flow rate of the steam generaiavater level
control is utilised in the power cycle system to leskerthermal shock and, more
significantly, preserve system securiy8]. The basicmostcrucial control method

for a coal power plant's drum boiler, which is the model for the uniqaesfethe
power cycle system in the solar thermal power statidhewater level management.
The primary control structure of the solar thermal power ptaorhprisesthe
temperature control of the receiver and the water level control of the power cycle
system[44, 45]. Some of control approaches f@solar steam Rankine cycleeaas

follows:

1 Control of the outlet superheated steam pressure loop: A final separator is

reached before living, superheated steam is delivered to the turbine. The valve
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aperure can be changed to maintaigonstant pressure. As a result, the solar field
operatesinder aconstant pressure made

1 Control oftheseparator level loop: The liquid level of the medium separator is
managed by the feed valve at the solar field's.ifilee $eam quality is dependent on

the feedwater flow rate under certain conditions, including a constant recirculation
flow rate. The medium separator level is consequently controlled by changing the
feedwater valve aperture. DNI (Direct Normal Irradi@ntransients have a significant
impact on this loop: itheirradiation declineshesteam generation declines and tank
liquid level rises

1 Control ofthefinal separator liquid level in the drum: it is utilized to overcome

a high liquid level in the separator

1 Control ofthe outlet superheated steam temperature loop: A valve that injects
feedwater ito the final collector regulateabetemperature. To lowdghe temperature,
"fresh” water is fed into the highly heated steam and evajsdrateediately

1 Control oftheFeedwater valve pressure drop loop: The pressure drop across the
feedwater valve is controlled by the feedwater pump; it is kept at a setwalue
regulating the rotational speed. Control is required since the feedwater tank pressure
can change and affect the valve pressure;drop

1 Recirculation control loop: The recirculation pump in the vaporizer is controlled
to keep the flow rate constant.ddiation transients on the receivers induce significant
fluctuations in the pressure drop across the pump, necessitating this adjustment.
Because a minimum flow rate is always guaranteed, this method of control makes the
operation safer even though it exdes steam fraction control at the vaporizer.

The maximum electrical output of the Thai Solar One (IL$Bolar thermal power

plantis 5 MW. With 12 evaporator loog®vensuperheater loops, and a central steam
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separator, the solar field is rumder therecirculation modd46]. The facility is
situated in an area with a difficult climate for CSP, and the DLR recently evaluated
the performance of the vaporizer, providiadittle information about management
approach. Each loop has a valve at the inpat regulates the mass flow. A
feedforward control method is employed to calculate the mass flow setpoint using
measurements of the sun beam irradiation. It is demonstrated that flow stability is
guaranteed for days with stable solar beam irradiation aylwlith slightly transient
solar beam irradiation, but also thia¢flow instability betweenheparallel loops and

local overheating occurrences result from highly transient solar beam irradiation.

Puerto Errado 1 in Spain, a Fresnel. The SUPERNOV Acioli was created with the
intention of utilising steam that has been superheated to 4387J@nd operates
under arecirculation mode. Focused area control (which is unigue to Fresnel), steam
mass control, and injection cooling control are utilisedreégulate the outlet
temperature. The latter reference demonstratesetvet on days with somewhat high
irradiance transients, good temperature staligitgttainable The operation without
mass flow control is also examined because the authors noteighaower plants

using steam turbines do not adjust to steam mass flow control through pressure
variation. For a day with good irradiation conditions, the results show good
temperature stability. A control approach for the cooling injection based etimeal
measurements of irradiation and collector efficiency and energy balance is mentioned
in the simulation study section of the work in question. Therefore, this is a feedforward

control approach that also includes a feedback control element.

A recirculdion architecture was usdxyy the CNIM companyo developthe Fresnel
collector. The proposed system includes an auxiliary gas boiler between the
superheater and the turbine to handle large solar beam irradiance drops, steam drum
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control of the turbine it steam pressure (including flashing whkiegvaporizer flow
decline$, and injection cooling in the superheater to continelsolar field outlet
temperature. There are no additional sped#tailsavailable regarding the control

system.

24  Comparison between steam Rankineycleand organic Rankine cycle

In this subsectionthe solar steam Rankineycle and solar ORC systemill be
compared interms oftheir overall performance, costs, complexiy the system
components, size dhe components, operating conditions and working medium. A
number of advantages of solar steam Rankine cycles over solar ORC systems can be

summarizedy the following point448]:

1 In asolar steam Rankine cycle, wateused aghe working fluid. Water has
many featuressuch asbeing environmentallyfriendly, cheap, nottoxic, non
flammable and chemically stablas well asbeing abundantly available. Another
feature isthat water hadow viscosity, thereby leadingo pressure drops and lower
friction losses irthesystem piping and heat exchangers

1 A solar steam Rankine cychaslow consumption ofhe power pump relative
to the turbine output power

1 The thermal efficiency o& solar steam Rankine cycle is higher tihat of a
solar ORC system

1 A solar steam Rankine cycle is preferabteasolar ORC system when the
output of power is more than 1 MW.

However, there are several unique advantages of ORC power syisigloding their
ability to exploit lowgrade heat sources with temperatures as low-ds M [49].C

According to[50] and [51], further tothe solar ORC system's features mentioned
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above, otheadvantages of usirgplar ORCratherthana steam Rankine cycle can be

listedunderthe following points:

1 In smallscale systems which generate up to 1 MW, solar ORC is more
economic tham solar steam R&imne cycle

1 In general, a solar ORC system operates at low pressulevartdmperature
compared witlasolar steam Rankine cycle. This decredisesquipment complexity

and cost by drastically reducirtbe heat strain and safety measuregarding the
system components

1 Unlike steam cycles, ORCs do not require any specific water treatment. It is
alsounnecessary to utilise a deaerator to prevhatcorrosion of system metallic
equipment caused by dissolved oxygen in the boiler feedwater

1 The major gokof the superheating process is to prevent the production of moist
droplets at the end of the expansion process, which could cause turbine blade
degradation. Due to the low heat transfer characteristics of the gaseous/vapour
medium, this necessitates tiige of a superheater with a relatively large heat transfer
surface area, which adds to the power systeass After the expansion process, the
majority of the organic fluids remain in the dry grdsence superheating is
unnecessary

1 With higher mass @iw rates and higher isentropic efficiency, organic fluids
result in lower enthalpy losses across the turbine. Furthermore, a reduced enthalpy
loss results in a lower turbine turning speed, allovadgect electric generator drive
without the requiremertf a gearbox

1 Solar steam Rankine cycles have a lower condensation pressure than
atmospheric pressure, often less than 0.1 bar, which increases the risk ofiragy leak

into the steam condenser. As a result, technical challenges arise, raising the pressure
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and, as a result, loweringe system performance. Organic fluids with low critical
temperatures, on the other hand, allow the ORC to operate at condenser pitegtisures
arehigher than ambient

1 The pressure ratio across the steam turbine is very higian steam Rankine
cycles,somulti-stage turbines are utilized. &rsolar ORC system, this pressure ratio
is low and simple singtstage turbines are commonly used

1 Finally, a solar ORC system is a simple configuratiaith low maintenance,
high safay andvery flexible operatiors.

The ottom lineis thatboth types of cycles hae theirown features based on the
proposed projectA solar ORC system is preferable compared to stadRankine
cycle if low-temperature heat sources are available, and a small power output is
required. Meanwhilegsolar steam Rankine cycle is preferableengeneraing above

1 MW.

2.5 Comparison betweerthe direct and indirect steam generatiorsolar

Rankine cycles

In solar thermal plant systems, the solar thermal energy can be edbdwdztly by
thesol ar col | ect othesvarking fluidd inthe Rahkae dyatewtich u p
is usually named direct steam generation (DSB)ndirectly, using a heat transfer
fluid (HTF). In this systemthere are two cycle®ne for a heat transfer fluid solar
cycle andthe second fora steam power generation cycleigure 22 showsthe two

technologies, HTF technology and DSG technologgpectively.
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Figure 22: Solar Rankine cycle a) an indirect steam generation system and b) a
direct steam generation system [51]

The DSG system has been used in some projects, such as the INDITEP (Integration
of Direct Steam Generation technology for electricity production) prfje¢tPlanta

Solar 10- PS10is located in SevillaSpain, operated by Abengand produces 11

MW of electricity, with a solar field areaof 75,000 m?[53] and Puerto Errado 1
Thermo solar Power Plant 1.4 MW projeali. of these projects based direct steam
generation technology. Howevehis type of solar Rankine cycle is Iktunder

developmeni53].

Most of the solar Rankine cyd@nder investigation use different HTEsheat the

SRC working fluidg54]. The indirect steam generation systemese commercially

introduced in 198455]. Different HTFs have beeunsed in solar Rankine cysle

Water, molten saltand ThermineVP1 are the moswidely used fluids[56,57].

Several advantages have been repagtded to thepplication of anindirect steam

generation systeysuch astsvery easy coupling with &aérmal energy storage system

if needed[58] and avoidance ofthe mechanical constraintghen heatng up the

working fluids in the solar collecto[S9]. Atagivenpincip oi nt t emper atur e

the lower the mass flow rate of the heat transfer flutle higher thie inlet
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temperature inthe solar fields[60]. On the other hand, the higher the mass flow rate
of the HTF, the higheits outlet temperature. Thus, that it is difficult to lower the
average temperature of the HTEsulting in the disadvantage of operating the solar
collector at high temperatureshichis less efficient compared to operating at lower
temperature$61]. Also, indirect steam generation systems need extra components
such asa heat transfer fluid pumpn the solar fields cycle and heat exchangers
systemsAll of these extra componentsquire ahigh initial investment, which will

reduce the thermal efficiep@nd net power output of the systfsa,63].

In solar direct steam generation systems, there are some advantages compared with
indirect steam generation systenfi theywork under thesame boundary conditions

such as low thermal inertiandhigh efficiency with high evaporation temperatures

can be obtainedvith high-power outputfrom the systemOn the other hand, solar

direct steam generation systems have several disadvantageding theunsteady

power output wherhe solar irradiancdacescloudy conditionsas thefluctuaing

solar irradiance willaffect theflow rate that enters the steam turbinesulting in
fluctuatiors in the turbine speed if there is no control in the syst@&®64]. A
comparison betweethe solar direct and indirect steam generation systems is

summarized in Table 2.1

Table 21: Comparison between solar direct and indirect steam generation systems

[63]
Direct steam generatig Indirect steam
method generation method
Environmental risks | Low High
Solar field size Smaller Large
Technology stage Demonstrative Commercial
Control effort Higher Lower
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Leaks Higher Lower
Temperature gradient Higher High
Configuration Simple Complex
Efficiency Higher, promising Medium, limited
Heat exchangers No Yes

Process Stability Less stable Stable

In general, more attentidrasbeen paid to solar direct steam generation systems as a
promising system due to the aforementioned advantagesheidint of overcoming

its disadvantages.

In the solar direct steam generation system (DSG), there are three redimsoiar

field: thepreheating, boiling and superheating secidime solar field's input section,
which receives subcooled feedwater, is used for preheatmgeriees thpreheating

of the water till it reaches the saturation temperature. The saturated water subsequently
enters the boiling section which, dependimg the plant and operational mode,
produces saturated steam or a saturated water/steam mixture. The last element of the
solar field is the superheating section, which is responsible for superheating the steam
until it is safefor it to enter the turbind65]. The oncedrough, injection, and
recirculation modes are the three basic operational modesdolar direct steam
generation systerf66]. The nominal operational condition is frequently associated
with the oncetrough (seeFigure 23a). The solar field is provided with subcooled
water in this mode, and the preheating, boiling, and superheating all happen in one
direct path. Although the prindg is straightforward, in prace, this method has
proven to be difficult and costly, afths performed poorly tests[67]. Zarza et al.

[68] tested the injection mode, which involves injecting feedwater into many spots
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along the solar field in ordd¢o control the outflow stearfseeFigure 23b). Due to
challengesrelated tomaintaining control, this complicate@xpensive technique
produced an unsatisfactory result and was discontinued in subsequent operations. The
recirculation mode divides the solar field into two sections, one for preheating and
boiling and the other for superheating the st€ageFigure 23c). A watersteam
separator connects the two sections, with connections to the preheating and boiling
section's outflow and the superheating section's input. Saturated water from the
separator's bottom is pumped to the preheating and boiling section'slimghg

correct circumstances, saturated steam from the upper part of the separator is
channelled to the superheating section, and subsequently to the turbine. The
superheating section has feedwater injections to control the superheated steam outlet
state Due to the larger recirculation of water from the separator to the solar field, this
last operational mode is highly adjustable, but also has higher parasitid68hds
Eduardoet al.[70] reviewedthe findings of numerous investigations on solaeal

steam generation control systems and techniques in linear concentrating solar power
plants. The results dhe simulation and experimental studies, as well as operational
plant control systems, were examined. The recirculation mode is thewiuady
researched operational mode for the solar direct steam generation system. Although it
containsmore components, particularly the steam separator, this méaidyseasy

to manageso limited researcho datehas been conducted on the ortteoughmode.
However, the cost savinger the solar direct steam generation system make it
potentially appealing. Due to the large number of sensors, the injection mode proved
to be quiteanexpensivavay to accomplish the needed control capabilitidse Thai

Solar One has been therecirculation mode in Thailand since 2011. Flow stability is

demonstrated for days with stgaghdmildly transient DNI, while extremely transient
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DNI causes flow instability between parallel loops and local overheating occutrences
The recirculating mode is employed in the LFC plants of Puerto Errado 1 and 2, and
the output temperature is controlled using focused area control, steam mass flow, and
injection cooling control. Even on days with rather high irradiance transients, good

temperature stability is attained.

(@)

O Once through concept

(b) - T ———— B
O Injection concept

GO e\ e\ e\ o :tj:—
—

Recirculation concept

%‘X]

Figure 23: The schematic diagram of watgeam recirculation a) orndkrough, b)
injection mode and c) recirculation mode of the DSG process [68]

26 Options for solar collectors that concentrate the sun's rays

In Concentrated solar power systems, there are four commercially available types of
concentrating solar collector technologi®arabolictrough collector (PTC)l.inear
Fresnelreflector (LFR) Parabolic dish collector (PDCand Central receiver (CR)

[71]. Fresnel lenses, composed of glass for marine purposes, were inverited by
scientist Fresnel in 1822. Giovanni Francia built a Fresnel collector prototype with
two-axis tracking for a steamgenerating systenr1]. A focal cavity receiver and an
array of long parallel curved/flat mirrors/reflectors make up a solar linear Fresnel
reflector 6eeFigure 24). The reflectors have a singéxis tracking mechanism (Ea

to West) that concentrates sunlightmthe receiver plane at 38D times its normal
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intensity[71]. To absorb theptimum amount o$olar energy, the receiver is situated

at the focal distance. A bank of parallel higtessure boiler grade tubes@ated with
aselective coating and contained in an insulated inverted trapezoidal chamber to make
up the receiver. To allow focused sun radiation and prevent cavity heat loss, the cavity
aperture is covered with a glass shield. The concentrated solgy eénéransmitted

to a heat transfer fluid (HTF3uch as water, thermal oil, molten salt, and other thermic
fluids. The HTF may be heated to temperatures ranging from310® [71].
Compared with other concentrating technologisgch asthe central receiver,
parabolic dish collector and paraboliough collector, the thermal efficiency thfe

Linear Fresnel reflector is relativelgwer due tothe higher convective heat loss in

thereceiver tube.

Absorber tube with secondary reflector

Figure 24: A schematic of the Linear Fresnel reflector concentrator [71]

One of the mostwidely tested methods for process heating and power generation
systems is the parabolic trough solar collector. The solar energy is focused on a line

receiver at the parabola's centre via a paraisblaped linear reflector in tiparabolic
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trough collector(seeFigure 25). Compared to other receivers, the straigig tube
receiver offers reduced pressure drops. To focus solar enai@yherreceiver, the
parabolic trough collector is typically placed along a N&tluth axis, \wile the
concentrator follows the sun's eastst passage The suld sadiation can be
concentrated by the parabolic trough concentrator at 30 to 100 times its usual intensity
[71, 72]. To lessen convective and radiative heat loss, the receiver is sethpta

high thermal conductivity metallic tubing and surrounded by an evacuated transparent
glass tube. By passing HTF through the receiver, the concentrated solar energy can be
captured. In order to produce highessure superheated steam for procestrtgeand

power generation applications, the HTF is heated as it circulates through the receivers
and returns to a number of heat exchangers in a centrgl7&e8]. The parabolic

trough collector may produce fluid temperatun€400-400 °C[74].

Parabolic reflector

Absorber tube
Solar field piping

Figure 25: A schematic of the Parabolic trough concentrator [71]
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In 1971, power generation from the central receiver was invefiél By
concentrating solar energy onto a central receiver, such as a pomar high
temperature heat is produced from sunlight. The technique concentrates solar radiation
onto a tall tower in the centre of the heliostat field using a large number of flat, two
axis trackable mirrors known as heliostats. FiguBed2pict a certral receiver tower

solar collector. The energy can be concentrated ugb@limes more than the solar
radiation thatwas accidental[71]. With higher operating temperatures, the central
receiver plant's solar to electrical conversion efficiency nigirease up to 28%nd

the receiver transfers the concentrated heat enleadjy has absorbed to heat transfer
fluids such as liquid sodium, air, watemd molten salt§75]. This type of solar

collector can be installed on land surfaces or evenlismoin small mountaing71].

i l Central receiver

L)

jostats

Figure 26: A schematic of the Central receiver tower concentrator [71]

An array of mirrors in the shape of a parabolic dish comprises a parabolic dish
collector, which uses a twaxis tracking mechanism to direct solar radiation onto a
receiver at the parabola's focal point. To remove heat from the receiver, the heat
transfer fuid is pumped throughout the receiver. The parabolic dish collector's
concentration ratio ranges from 300 to 3Q@Q]. The parabolic dish collector is

effective at producing temperatures between 500 and 12[JA}QA regular receiver
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is used in plee of a modified cavity receiver with a secondary reflector to enhance
the receiver's performance evarther. The cavity receivers come in a variety of sizes
and forms. Because the aperture area of a modified cavity receiver is less than the
absorber sdace areathethermal losses in the receiver are seen to be minimised. In
general, this kind of solar collector is modermd still developing although it has
demonstrated itgalue A schematic o lar parabolic dish collect@moncentrator is

shown in Figure Z.

Receiver / Engine

Reflector

Figure 27: A schematic of a solar parabolic dish collector concentrator [71]

2.7  Storage methods for direct steam generation

The availability of lowcost storage devices is critical for solar thermal power plants

to expand their market penetration. For parabolic trough systems, many concepts for
integrated heat storage units are currently being developed. These ideas can be
categgorised based on their storage capacity. The goal of buffer storage systems is to
compensate fothe quick and unpredictable transients in solar insolation. Short
reaction times and rapid discharge rates are typical requirements for these buffer
storage sstems, wheredaseirthermal capacity is typically in the B>minute range.

Buffer storage systems are designed to protect power plant components from the
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impacts ofthe high thermal transients caused by abrupt changes in solar insolation.
The dassificaton of various concepts for sensible heat storesgel for solar thermal

power plants is shown in Figure8zelow.

Sensible heat storage

[ I
Liquid storage media Solid storage media

| [ [ |
Direct Indirect Direct Indirect

Two tank Two tank Falling particle Ntegrated Packed  coyFyx
— — heat exchanger bed
5 [

- [

Molten salt
Figure 28: Classification of various concepts for sensible heat storaje [7

Molten sait

The addition of buffestorage capacity simplifies power plant operation and provides

a longer response time for backup systems, which are designed to compensate for
longer periods of reduced insolation. Steam accumulators are ideal for supplying
saturated steam at pressuregaift00 bas, which is ideal for buffer storage in solar
steam systems. The use of steam accumulators in solar thermal power plants can
benefit from decades of practical experience with similar storage devices in fossil
fired power plants. In the processt®, these storage devices are utilised to balance
steam demand and generation. Over the course of more than 60 years on the Berlin
Island grid, a power plant with a capacity of 50 MW electric power was operated with

steam accumulators with a capacity6@fMWh storag¢76, 77, 78].

2.7.1 The fundamentals of steam accumulators
Because of the poor volumetric energy dendity direct storage of saturated or
superheated steam in pressure vessels is neeffestive. Steam accumulators, on

the other hand, store sensible heat in pressurised saturated liquid #8atdrhey
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benefit from liquid water's great volumetric storage capacity for sensible heat as well
as its high specific heat capacifyigure 29a below showsthe layout of a steam
accumulator used fa solar thermal power plangteam is created by reducing the
saturated liquid's pressure during discharge. High discharge rates are feasible since
water is employed as both a storage and a workirdjume although the capacity is

restricted by the pressure vessel's volume.
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Figure 29: Schematic of a) a cros®ctional steam accumulator and b) the specific
volume value of steam provided by a steam accumulator dependeittadn
pressurg78]

The fluctuation of the saturation temperature caused by the pressure drop during
discharge has a significant impact on the volume specific thermal energy density;
typical values are in the range of-20 kWh/n¥. During the charging process, the
temperature of the liquid water is increased eithahbgondensation of superheated
steam or by supplying saturated liquid water into the system. When superheated steam
is employed, the pressure in the vessel risemgdine charging operation, while the
liquid storage mass varies relatively slightly. The pressure remains constant while
saturated liquid is supplied into the steam accumulator. A heat exchanger is

incorporated into the liquid volume in order to charggemam accumulator indirectly.
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The heat exchanger's medium does not have to be, asgteat from a lowepressure

source can be utilised instead. Saturated steam escapes the storage vessel during the
discharge procedure in sliding pressure systems (ateovrk as Ruths storage
systems). The amount of steam created fron? bfntiquid water during a pressure

drop of 1 bar is showm Figure 2.9b as a function of the initial saturation pressure.

In Figure2.9b, the range of steam production corresponds heiartal energy of 0.26

kW h/bar/n? to 0.19 kW h/bar/rh The saturation pressure has a variety of effects on

the rate of steam production: at higher pressures, the prepeadent change in
saturation temperature reduces, resulting in a lower changasiblgeenergy in the

liquid water volume. With increasing pressure, the density of saturated liquid water
decreases, resulting in a lower volumetric energy density. At greater pressures,
however, the mass specific energy required for evaporatitowisr. Figure 2.9b

shows thatfor a given pressure drop, steam accumulators operating at a lower
pressure level provide more saturated steam; however, if the pressure at the end of the
discharge process is fixed, a storage system starting at a higher initial pressure level

may providemore steam due to the larger pressure variation.

2.7.2 Steam accumulators coupled with a solar concentrating power plant
Direct steam generation (DSG) in parabolic trough collectors has been demonstrated
in recent years, with temperatures reaching 408f@ressures of up to 100 b§f9].
The use of steam accumulators in this technology is a simple method for adding buffer
storage capacity to soldnermal power plants that use this collection idlegure 210
showsthe flow sheet for asolar thermalpower plant withan integrated steam
accumulator If the collector field's steam production exceeds the turbine's demand,
the excess steam is condensed in the steam accumulator. During periods of low

insolation, steam is drawn from the steam accumulator to supplement or replace the
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solar field's steamutput. Operating solar steam systems in theadled recirculation

mode, in which only a portion of the water delivered into the collector field is
evaporatedis advantageous. Wet steam passes through a separator after exiting the
evaporation section. Ehiquid phase is pumped back to the entrance of the evaporator
section of the collector field, while the gas phase is supplied into a saturated steam
turbine or superheated in another section of the collecting field. When it comes to
steam accumulatorspmbining storageand phase separationidra single component

is a costeffective solution. In Figre 2.10h wet steam from the evaporation section

of the collector field enters the steam accumulator/separator of app®&& plant

operating in recirculabn mode.

(a) saturated steam (b) wet steam Power Block

vl e Power Block < (]

/‘ ™ o t_© i 4 saturated steam —©
AAN s §2
3 /‘\ § © g /1 % |4
3 == # 4 o B-
3 oY § 33 e gg
2 € 0 | 54
o b g

a8 g g |

a8 - saturated liquid

T

< e
(c) (d)
Thermal Oil Loop saturated steam Saturated Steam

—>
Power Block
—© " 1
orar
z 53 5 §w SEeY
] 8® 5 : % %
w 2 8 S | 53 &5 14
5 58 3 ®
3 33 3 8 b
(72} Qo § T 14
g3 = E L
22 3 2 s/ Super heated Steam
w S (.l)‘ g o g R
©
N\
A\ @

Figure 210: Scheme of different methoder the use of asteam vessel a) steam
accumulator integrated with a solar thermal power plant, b) usephesse separator
at the exit of the collector field, ¢) Indirect ebang methodor a steam accumulator
which is also used asheat exchangeand d) integration of a steam accumulator with
another sensible storage system to supsuperheated steam to thestem[78]
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The phases are split here. The amount of saturated liquid leaving the vessel during the
charging operation is less than the amount entering the volume through the wet steam
feed line. Because the pressure in the steam accumulator/separator remaing constant
no special charging equipment for steam condensation inside the \islteqaired.

By lowering the pressure in the volume and withdrawing steam, the steam
accumulator is discharged. This concept demands almost no additional hatdevare,
modifications nainly affect the operation strategy of the power plant. This approach
requires essentially little additional hardware, and the only changes are to the power
plant's operation strateggteam accumulators can also be used in solar collectors that
employ themal oil as the heat transfer medium, as long as steam is generated for
power generation or as process steaee fFigure 2.Dc). Combining the steam
accumulator with an existing component, once again, is aeffestive way to add

buffer storage capacitp heat exchanger is required to transport thermal energy from
the thermal oil to the water/steam loop in this typesoffar thermalsystem; the
pressurised liquid water volume in this heat exchanger can be employed for energy
storage. Thehermal oil flowing in a tube registerin the liquid volume charges the
steam accumulator indirectly. The charge status of the steam accumulator changes as

the liquid water level changes.

The steam accumulator, which also serves as a heat exchanger, is charged indirectly
Saturated steam is provided by steam accumuldf@gperheated steam is required,

a second storage system can be connected to the steam accumulator's outlet. For
sensible heat storage, candidate concepts for this second storage system use either
solid storage medidike concreteor nonpressurized liquiddike molten salt. In most

solar steam applications, superheating requires only a tiny portion of the total thermal

energy. Because superheating steam requires ol p@rcent of the thermal eggr
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in a solarthermal power plant with parabolic trougp®®], the contribution of the
extra storage system is substantially lower than that of the steam accunsdator (

Figure 2.1d).

2.7.3 Concepts of constant pressure
During discharge, the steam pressure in a Riyihs steam accumulator lowers. A
storage system that provides steam at a constant pressure is beneficial in some
applications. A separate flash evaporagmefigure 2.11a) can be used to avoid a
pressure aip: the saturated liquid water from the steam accumulator is depressurized
externally, cold water is fed into the storage vessel to keep the water level constant,
themixing of hot and cold water must be minimised, #rethermal stress caused by

filling the pressure vessel with cold water must be considered.

external Flash evaporator Saturated Steam
—’

satrated steam (b))

()
oo <
[

e~

Encapsulated
Latent Heat Storage Material

Steam accumulator

saturated liquid

charge line

Feedwater
—_—

Figure 2. 11: Layout of the integrated steam accumulator; a) external
depressurization in the vessel and constant pressure concept and b) integrated of
pressuresteam vessel and phase change material wakr [7

The integration of phase change material (PCM) into the storage tank as a patrtial
replacement for liquid water is another possibility for constant pressure steesgge (
Figure 2.11b). Isothermal energy stage uses the thermal energy associated with the
phase change between liquid and solid states. Due to the low thermal conductivity of
PCMs, thin layers of this material are required to guarantee an adequate heat transfer
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rate.The encapsulation of PCM in safl containers put inside the liquid volume is one
optionfor meeting this demand. PCMs are appealing not only because they eliminate
thethermemechanical stress caused by temperature transients, but also because their
characteristic volumspecific storge capacity is in the range of roughly 100 kWhH/m

The inclusion of PCM helps to enhance the storage capacity of a particular pressure

vessel as compared to the similar value for water3@&Wh/n?).

2.7.4 Solar direct steam generation with stearaccumulators
The DISS test facility for Direct Steam Generation in Parabolic Troughs is shown in
Figure2.12 The pressure range for this test facility is 30 to 10§, laath steam outlet
temperatures up to 400 °C, and the highest thermal output is 2vsi@r[78]. A
separator drum separates the evaporation and superheating sections of the collector.
The separator can be used as a steam accumulator by storing hat tédgrressure
vessel. When the amount of liquid water exiting the drum is less than the mass flow
of liquid phase delivered by the solar collector to the separator during the charging
process, the water level in the drum rises. This design elimiteteseed for special
steam condensation equipment and allows chargiagatstant pressurén Figure
2.12,a volume specific saturated steam production of roughly 90°%kduming the
discharge, assuming a pressure decrease from 100 to $3Bbaause t drum's
saturated liquid water capacity is approximately % raughly 360 kgof saturated
steam can be produced. Because the collector's nominal mass flow rate is 1.2 kg/s, the

steam accumulator may replace the collectors for arbuadninutes.
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Figure 212: Sketch of the use of as steam accumulator as a separator in the DISS

Some of operational direct steam generation solar power plants integrated with steam

Collectors for water evaporation

Water/steam separator
used as steam accumulator

Recirculation pump

test loop project water 8]

accumulators around the world tenare list in Table 2.2.

Table 22: Some of operational direct steam generation solar power plants integrated

with steam accumulators around the world water [79]

Collectors for steam superheating

Project | Type | Location | Storage Steam | Solar fidd | Power

name pressure| temperature capacity
(MPa) | (°C) (MW)

Thai PTC | Huai None 3.0 Inlet:201 5.00

Solar Kachao, _

Energy Thailand Outlet:330

1

Puerto | LFC | Calasparra| 1lh  Steam 5.4 Inlet:140 1.4

Errado Spain Accumulator outlet:270

Planta | Power| Seuvilla, lh  Steam 4.0 Inlet:250 11.0

Solar | Tower | Spain Accumulator outlet: 170

10

Planta | Power| Seuvilla, 2h Steam 4.5 Inlet:250 20.0

Solar Tower Spain Accumulator Outlet:300

20

Puerto | LFC | Calasparra| 0.5h Stean| 5.5 Inlet:140 30

Errado Spain Accumulator Outlet:270
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Khi Power | Upington, | 2h  Steam 11 Outlet: 530 | 50.0
Solar T ower South Accumulator
One Africa
ISEGS | Power| Primm, fossil 16.0 Inlet: 248 | 377.0
Tower United backup Outlet: 565
States

2.8 Solar Rankine cycle configurations

Different types of solar Rankine cycle configurations and combined solar thermal
power systems are discussed and presented in this s&etua@nal configurations and
amendments ammadein order to increase the efficiency thie solar Rankine cycle.
These amendments can be applietheRankine cycle itseffincluding internal heat
exchangershatare placed between the exit linetbé turbine andhe outline of the
pump. It is callech regenerator or recuperator. This heat exchanger is used to absorb
the exhaust heat frorie outlet of the turbine and preheat the high pressure cold

stream entering the solar fields. Figurd®showsa solar Rankine cycle witla

recuperatosystemg0].
(@) T
b
ORC Regencrator -
4 |—% ~
=T | T &

Figure 213: Schematics view of a) a solar Rankine cycle with recuperator system, b)
a T-s diagram of the system(B

Another methodhathas been used to incredbesolar Rankine cycle efficiency &

reheating syiem,whichworks to reheat the exhaust stream of a{pigdssure turbine
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and then enters a lepressure turbine to produce extra power and increase efficiency.
The reheating system is used only for solar steam Rankine cycles. Filjusb@ws

asolar Rankine cycle withreheating syster§81].

(a) (b)
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Figure 214: Schematic representation of a) a solar Rankine cycle with a reheating
system, and b) a-3 diagram of the system1B

Pengcheng Let al.[82] proposed and optimiselcascadesteamorganic Rankine
cycle power generation system poweredalhybrid systenof liquefied natural gas

and solar thermanergy. Inthis proposedystemsolarcollectors are used to va e

the working fluid in the evagrator in the top cycle (I). The heat generated by cycle |
speeds up the bottom cycle's working fluid evaporation (l1). Cycle II's cold source is
LNG. Investigated are the impacts of working fluids on the operation of the system.
Examples include evacuatéabe collectors (ETC) and flat plate collectors (FPC). It
has been shown that equivalent efficiency is the best indicator of how well solar
collectors and LNG work together. Using isopentane/R125 and ETC, a maximum
equivalent efficiency of 5.99 percentrche attained. Each expander in the cascade
ORC has a volume ratio that is significantly lower than that of the sstgtee ORC,

thereby simplifyinghe design and production of the expanders. Moretivenybrid
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system has a faster return on solar ponveestment than a solar ORGee Figure

2.15).

(b)

(a) storage tank
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Figure 215: Schematic diagram of a) the cascade system utilizing solar energy and
LNG, and b) a Is diagram of the proposal systen2][8

JingLi et al.[83] exploreda newdirect vapour generation solar organic Rankine cycle
systen@s efficiency andthe effect of working fluids on the system. In this novel
systema PCM storage unit is used ateat storage system meaintainthe stability

of thepower output othesystemAlso, this system avoids ing aheat transfer cycle
compared with conventional solar ORC systems. Furthermore, the syestetswell
tofluctuatiorsin solar radiationA feasibility study of the system wpsrformedThe
effects of different working flids on system performance were also studidce
findings show thatas the fluid critical temperature rises, the collector efficiency often
declineswhile the ORC and system efficiencies rise. The ORC, collector, and overall
thermal efficiencies of R23&fare 10.59, 56.14, and 5.08 percent correspondiagly

an evaporation temperature of 120 °C and solar radiation of 808, White thesame
values for benzene are 12.5, 52.58, and 6.57 percent. At decreased solar radiation, the
difference in collector étiencies between R236fa and benzene increases. The latent
and sensible heat of the working fluid are highly connected with the heat collection.
R123 has the best overall performance of the fluids and appears to be suitabée for

in the suggested systamthe near future. Figure b shows the proposed system
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Figure 216: Layout of the proposed solar ORC system integrated with a PCM unit
as heat storage 3

A combined novel solar steam electricity generation system asiagcade cycle is
proposed based on PTC solar collectirSing Liet al.[84], as shown in Figure 27.

The top cycle ishesteam Rankine cycle, and the bottom cyctbéorganic Rankine
cycle. A screw expander (SE) has been used in the top steam cygtihdtacterized

by good applicability inrerms ofpower conversioim steamliquid mixture states. In

this system, steans generated directly in the solar field and expands in the screw
expander. The heat releasedthg steam condensation section is utilized to push the
bottom ORC. The system has a liquid storage tafCM unit and a separator. The
superheated steam siea was avoided in this propedsystem, and it can worknder
moderate operating pressure and temperatuitbslow technical requirementsith

regard taheat collection. Ten ORC fluids have been studied in this system. There are
four examples of hot/cdlside temperatures: 473/313 K, 473/293 K, 523/313 K, and
523/293 K. The findings show that a pressure ratio (PR) that matches the S& built
PR cannot be obtained at the ORC evaporation temperature, which corresponds to the

theoretical maximum solar powefficiency. For a more efficient system and simpler
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ORC turbine, offdesign operatin of the SE is advised. For the proposed sys&m,

efficiency of 13.6816.62 percent can be attained.
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Figure 217: Schematic diagram of aplar steam cascade system integrated with a
PCM unit and water storage tank, and b}sdiagram of the proposal syster][8

A comparison study and economic investigatioh direct and indirect steam
generation solar powgeusing a cascade Rankine cycle system and integrated with
water aghethermal storage fluidvas analysed hiing Li et al.[85]. The studyplaced
special emphasis ahe thermaeconomic evaluation antie heatstorage unitThe
optimal operating pressure and temperatures of the sysezaclarified based on
steam screw expander characteristics. The tempedépendent permissible stress
of steam accumulators was analysed, and the totalwamsinvestigated. Alsoa
comparisorwas madédetweerthetwo systers using thermabil at a poweputput of

1 MW andastorage time of 6.5 hosiThe outcomes of this study show that the direct
steam generation system is superior from a thermodynamic and financial standpoint.
For the sola®lORC to operate ats optimumlevel of solar thermal power atfiency,

the hot side temperature typically doex rise above 250 °C. The greatest efficiency
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at 750 W/ radiation is 14.3%, which corresponds to a temperature of about 240 °C.
Pressure vessels cost 2.55 million RMB in materials. The optimal tempdmattire
indirect steam generation system is around 230 °C, or roughly 13.2 percent, and the
anticipated oil cost is 7.92 million RMB. It is advised that screw expadhileznsolar
electricity generation systesshouldemploy steam accumulatotssed orthis study

(see Figure 2.8).
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Figure 218. Schematic diagram of a soldriven cascade Rankine cycle a) direct
system and b) indirect systenb[8

Similarly, a solarpowered cascade Rankine cycle system with respect to the
characteristics ofa steam screw expander has been modelled and optimized by
Pengcheng LEet al.[86], in whoseresearch an approximate steam screw expander
overexpansion model was established, which reveals vargitioscrew expander
isentropic efficiency witlthangingoperating pressure ratibhe system's overathff-
design behaviour is then modelled. Invgsted was the effectiveness of solar
electricity under various circumstances. System optimizatias carried out. The

model system is shown in Figurel 2.
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According to the findings of this study, the ideal hot side temperature is between 499
and 543 K wherthe beam solar radiation is between 600 and 800 #imthe case

of 5.0 screw expanderamaximum solar thermal power efficiency18.74 14.45%

can be attained. The screw expandeffisient partload behaviour limits the impact
reducedon power conversion anwhenit is 3.5,a maximum efficiency of 13.12
15.1%% is attairable Annual optimization is also put into pretiin Phoenix,
Sacramento, Cape Town, Canberra, Lhasa, and Barcelona. The annual variation in

solar energy output ranges from 201.8 kWhion347 kWh/m.

Jing Liet al. [87] proposed and modelled a direct steam generation solar power system
based ona cascade steaimrganic Rankine cycle integrated with tstage
accumulators powered by parabolic trough collegtges Figure 20). There are two

storage tanks in this novel systeahot water tank ana cold water tank for the
charging and discharging modes. When solar radiation is present, the high temperature
tank facilitates smooth power conversion and stores thermal energy. To irtbeease
storage capacity, a low temperature tank is used. The system's heat discharge mode is

one of its most impressive aspects. To power the SR, heat is first released
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through the vaporisation of water in the high temperature tank. The high temperature
tank temperature can drop by a maximum of roughly 20 °C. Heat is then solely used
to power the organic Rankine cycle as watelowertemperature flowfrom the high
temperature tank to the low temperature tank (ORC). For a global analysis of the
systems performance across seven regions, nine organic fluids are used and
investigated in thisystem. The results show that the low temperature tank can
increase thestorage capacity from 1.0 MWhe to 8.4 MWhe when compared to a
traditional singlestage tank. In Phoenix and Lhasa, the corresponding payback period
for the additional accumulator andllectors is projected to be rouglilye years. The

low temperature tank has the abilitysignificantlyincrease the system's overall eost

effectiveness.
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Similar researchbut with a different working modgewas carried ouby Jing Liet al.
[88], who exploreda novel approacto thethermal storage of direct steam generation
solar power systems througlwo-step heat dischargeocesgsee Figure 21). This
research aimed tsolve theproblemrelated todirect steam generation solar power
whereby thesteam turbine suffers from inéffent off-design operation during heat
discharge, thereby restricting the developndrthis technology. Two heat storage
tanks were used in the system and two steeganic Rankine cyclesereintegrated
together. One feature of the systenthisunique twestep heat discharge. In order to

power the steam Rankine and ORC, heat is first released through water vaporisation
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in a high temperature accumulator (HTA), which causes a dribye ot temperature
accumulatorof about 30 °C. The heat is onlised to power the ORC as water at a
lower temperature is transferred from the high temperature accumulator to a low
temperature accumulator through a heat exchanger. The temperature of the water falls
by another 1390 °C. The system's fundamentals ammdnstrated. With an
accumulator volume of,300 n¥, a comparison with the traditional DSG system is
made at a nominal power of 10 MWhe system's thermodynamic performanees
investigated It is expected that using the second stage heat dischargeawalleh

similar payback period.

According to the results, the second step heat discharge can, in the majority of
situations, enhandbestorage capacity by 460 percent in less fharyears. Overall,

the suggested solution increases the DSG system'eftedtivenessbut there are

some limitations of their work that need to be evadan the future. One of the
limitations isthat theinvestment in the turbines, solar field, and high temperature
accumulatormust be taken into account when analysing thermoeeconomic
performance of the system. Another gapthiat wet steam turbine mathematical
models could be developed in order to improve the ORC evaporation temperature.
Finally, thereis no control strategy for the novel systeespeciallyregarding tle

steam cycle and dynamic response behaviour for each component of the system for

more than one day.
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rating modes: (a) Mode 1 charging, (b)

Mode 2 twocycle work based on solaradiation, (c) Mode 3 twaycle work based
on discharging and (d) Mode 4 only ORC worE][8

In the same approach, an innovative solar thermal power generation systera using

cascade steaimrganic cycle and twstage tanks has recently been designed and

proposed by Guangtao Gabal.[89]. The author focused on the design of the steam

condensation temperature in the heat exchanger placed between two cycles in this
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system and found thathe new proposed system offexhigher heat storage capacity
compared with direct steam generation solar power &iffingle heat storage tank.
Because it influences the SelaRC efficiency during normal operations and the
power conversion of theottomorganic Rankine cycle during the novel heat discharge
process, thasteam condensation temperature in the proposed system is an essential
parameter. With respect to a novel indication, the equivalenttvpatver efficiency,

the current work develops a methodology for designing the steam condensation
temperature. The effiencies in the various operation modes are reconciled to create
the hiermal efficiencyequivalentRegardinghe steam condensation temperature, the
impacts of the main steam temperature, Baumann factor, mass of storage water, and
ORC working fluid are xamined. The thermal efficiency equivalent, according to the
results, is a more accurate indicator ttr@solarthermal ORC's efficiency. The ideal
temperature for steam condensation, which corresponds to the maximum, is typically
greater than the thermefficiency equivalentcalculated using the solamaximum

ORC's thermal efficiency. As the main steam temperature-(eigberature turbine),
Baumann factor, and mass of storage water decrease, the steam condensation
temperature decreases as well. Tiermal efficiency equivalent increasweith an
incremenin the main steam temperature (iAletperature turbine) areecrase in

the Baumann factor and mass of storage water. In this study, Pentane working fluid
achievedbetterresults in ORC fluid than benzene and R245fa. The optimum steam
condensation temperaturedathermal efficiency equivalent of pentane are -139
190 AC a+1241249%, @spextBélyprovided that the main steam temperature
(inlett emper ature turbine) r a rthg Basimahnefactore e n = 2 !

varies from 0.5 to 1.%nd themass of storage water changes from 50050Q.tans.
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In 2020, Pengcheng Liet al. [90] was publishedsimilar work where the system
includeda regenerator. In this research, a thorough performance comparison of DSG
systems with and without regenerators waade In organic Rankine cycle (ORC)
systems, a Regeneraiertypically worth discussing. Not only does the addition of a
regeneratosaffect the ORC efficiency, REBORC efficiency, and heat exchanger area,
but it also impad on net profit, heat storage capacity, discharge length, and
efficiency. The findings of the research show that, for a given power output, the
regenerator reduces the aperture area, particularly for MM, R365mfc, and pentane, as
a result ofthe increased ORC, & ORC, and discharge efficiencies as well as a
decrease irthe heat input. Depending on the ORC fluids, the discharge time is
shortened by 0.01 to 1.78 houasd thenet profits4.196.48 million USD is displayed

by use R365mfc, followed by MM and pentan€onversely,it is ineffective for

benzene (5.64.31 million USD).

In 2021, Guangtao Gaat al.[91] suggested lisg a revolutionary systeno produe
concentrated solar power. It has three characteristics-tatwavater storage system,

a cascade organic Rankine cycle (CORC), andhase water/steam as the heat
transfer fluid(seeFigure 222). Water is replaced with an organic fluid for power
conwersion, and steam is created in the solar field and condensed in a hot tank. The
system can handle the challenge posed by damp steam turbines and jpravideth

cycle operation using a resilient control method. The technical requirement is reduced
sinceit can operate with steam or water of lower purity when those substances are
simply used for heat transfer. Evaluations of the heat discharge process and
thermodynamic performance under standard operating conditions are made.

Examined are the effects thfe storage tank size and ORC working fluid.
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Figure 222: Schematic diagram of a) the proposed solar power system using a
cascade organic Rankine cycle and-tak water/steam storage, and b) the
di fferent outpul[@llsd power

According to the results of the study, the thermal efficiency of the charge and
discharge operations, storage capacity, and overall performance are all strongly
influenced by the temperature of the mixing chamber. One can achieve a CORC
efficiency of roughly 27.4%. Depending on the ORC fluid and storage tank volume,
the equivalent hedab-power efficiency can range from 13.35 to 18.81 percent. The
new system requires less technical expertise to generate power andragfécsency

level thatis comparable to a traditional direct steam generation system.

From an energy and exergaonomic perspective, a cascade power generating system
that consists of a partial evaporation Rankine cycle, an organic Rankine cycle, a
parabolic trough solar collear, and a storage tankasresearched and optimised by
Hamed Habibet al.[92]. In order to make it easier to couple the partial evaporation
Rankine cycle with parabolic trough solar collectors and the storage tank while
operating close to the necess@mperature of 300 S@nd preventhe produdion of
superheated vapour in the upper Rankine cycle, a screw expander has been used in

place of a normal steam turbine in the partial evaporation Rankine(sgeleigure
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2.23). The pressure limit at the gander's inlet (4 MPa), which corresponds to a steam
saturation temperature of 250 °C, makes this arrangement particularly suitable.
Toluene andour other organic fluids have been investigated parametric analysis

was applied to thempact ofthe solar irradiance levels, total solar collection area,
partial evaporation Rankine cycle and condensation temperatures and the quality of
the inlet steam expander on the themeonomic performance of the proposed
system as well as multibjective optimization by usingnalgorithm tool considering

thenet power output, efficiency and capital cost rate as objective functions.
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Figure 223: A Solardriven cascade Rankine cycle system with thermal oil cycle
integrated with a sensible heat storage tagk [9

The result of the study shows thasthe optimum design, the propossalardriven
cascaddrankine cycles powered by 5546mf par abol ic trough <co
astorage tank volume of 184.Ziareable to generates 782 kW of power output. The

exergy efficiency ofthe proposed system was 18.61%. The costwats228 $ht.

Compared to the base case cycle, the optimum design case can ithprostepower

output, exergy efficiency and unit costaéctricity of the system to 65%, 2.9%, and

27.26%, respectively. Moreover, ORC generated 440.6vidvich is higher than the

partial evaporation Rankine cydle849.2 kW.
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The exegetic, energetic and economic analysis of thatage organic Rankine cgcl
combined with the parabolic trough collectors and PCNhastorage unit and an
auxiliary heaterwasmodelled and evaluated annud®s]. The effects of the three
pairs of ORC fluids, which were R134a, R500, and R1234yf on the solar fraction and
efficiency of the desired system were investigategleFigure 224). The findings of

this studyshowthat the pair of ORC fluids R245fa/R500dhaigher annual energy

and exergy efficiencies, with 12.76% and 13.87%, respecti¥algording to the
findings, parabolic trough collectors was the primary cause of energy destruction.
Additionally, the condenser's energy destruction was significantlyrldiasn in
typical systems since the top ORC's excess heat was utilised to power the bottom
ORC. The sensitivity analysis also revealed that the NPV is least sensitive to the PTC
cost and most sensitive to the costthefenergy carriers. In general, thengbination

of R245fa/R500 and dimethylol propionic acid performed best in terms of energy,

efficiency, and cost.
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Figure 224: Schematiof the cascade organic Rankine system integrated with PTC,
a phase change material tamdan auxiliary heater 8
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2.9 Dynamic modelling simulation research on solar Rankine cycle

Dynamic modelling simulation research on solar Rankine cycle began in the 1980s.
Thesestudieshave focusdon own different parts dhe solar Rankine cycldJsing
APROSand Simulink,Yu Q et al.[94] performed a dynamic simulation of a novel
thermal oitheated steam generation system for a solar thermal power plant developed
by BalckeDuerr. The steam generation system's rated operatiostartdp phases

were modelled. The simulation findings showsedoiling crisis and an economizer
phenomena. However, they did not take into account how variations in solar
irradiation would affect the output of the steam generation system in their paper.
Saares et al[95] studied a dynamic muitonfiguration modeof a solar steam
Rankine cycle system by using ThermoSysPro library. However, in their paper the

detailed modelling method of the solar bodeidsuperheater regions was not given.

In the MATLAB/Simulink environmentHossin Ket al. [50] created a dynamic
simulator for an integrated solar combirgale plant and presented a model
predictive control (MPC) approach. While developing a dynamic model of a solar
steam generataihe bngtermsolar irradiance disturbance was not taken into account.
Li X et al.[96] simulated a model @éfsteam generator system in a solar steam Rankine
cycle plant by using ThermBower library software. But the detailed modelling
method was not provided in this study eit®dPROS was usebly Xu E et al.[97] to

run dynamic simulations of #MWe parabdt trough solar power plant on clear,
partly cloudy, and heavily cloudy days. A steam generator model is included in the
plant model, although the precise modelling apprdaah notyet beendisclosed.
Other studies have concentrated on the direct stearagen system[63, 69] In
conclusion, the dynamic modelling of solar field regions of steam Rankine cycles has

received little attention in the literature. Furthermore, to the best of our knowledge,
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the literature has not yet fully addressed two features of dynamic solar Rankine cycle
simulation. First, the impact of changing heat sources, notably solar irradiation, on the
performance of the steam Rankine cycle has not been adequately taken int. accou
Second, a thorough modelling strategy has not been offered. On the basis of currently
available simulation tools, previous research has created dynamic models of the solar
Rankine cycle with precise architectures; however, the specifics of the mgdellin
techniques used have not been discldsétlimportant to present a generic modelling
approach in detail for a specific direct steam generation system in a solar Rankine
cycle in order to simpliffhedynamic performance studyable 2.3 presensslist of

some dynamic modelling studiestb&solar Rankine cycle

Table 23: List of some dynamic modelling studies of solar Rankine cycle

Study | configuration | Application Software

[45] Basiccycle Solar Rankine cycle MATLAB/Simulink

[47] Basiccycle Solar steam Rankine cycle| MATLAB/Simulink

[50] Basiccycle Solar Rankine cycle MATLAB/Simulink
[53] Basiccycle Solar Rankine cycle MATLAB/Simulink
[94] Basiccycle Solar Rankine cycle MATLAB/Simulink

[98] Basiccycle Solar steam Rankine cycle| MATLAB/Simulink

[99] Two cycles Solar steam Rankine cycle| STAR-90 platform

and oil cycle
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210 Research gaps

Direct steam generation solar systems are considered a promising raptiadays.
Researchers have paid more attention to how these systems are good used, particularly
in countries with very high solar radiation. Based on previous literature review studies
related to direct steam generation solar power systems, there were lackny

knowledges and scientific gaps that must be covered through this thesis, as follows:

x Although there are many studies on the integration of the steam accumulator
with the solar steam Rankine cycle to generate electricity, up to date there is
no studyregarding the integration of the steam tank with the solar steam
Rankine cycleand controkthe steamflow rateto meet the electricity demand
of users. It is considered a very interesting topic due to the large availability
of water and it is cheagompared with ORC working fluids system
Furthermore, there is no research done regarding with the size effect of steam
accumulator on the power output of a direct steam generation system. Also,
moststudies focus on short analysis time simulaibtowever,the transient
performance of solddSG in comprehensive consideration of thedssign
behaviour othethermal storage uniturbing pump and heat exchangers has
not been reported yet. It is still needed to clarify how flexible a -$0&®
systemcanopemat and how it can fulfil the <co

x  There are only a few studies regarding the sttasen cascade steaarganic
Rankine cycle based on the direct steam generation method. It is a novel work
in solar thermal power systems. However, these studies have been simulated
using shorterm analysisResearchers used a screw expander in the top cycle
in their studies, and no study has been found regarding using a steam turbine

in the top cycle. In addition, their studies lack methods to control the system,
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which will be covered in this research. Fetmore, there is no parametric
analysis regarding the soldriven cascade steaarganic Rankine cycle
based on the direct steam generation method, and the effects of different kinds
of ORC fluid on the net power output are very rare. These effectsdinglu
variations in input parameters of the system such as solar radiation intensity,
pinch point in the heat exchanger, condensation temperature, and turbine inlet
steam quality, will be studied on the output parameters of the system.

x  Thermal storage forigect steam generation solar power systems through the
use of two Rankine cycles and two storage tanks is a uniqgue method that has
been presented nowadays. However, such novel systems still need more
investigations regarding the control strategy, movero&hguid and vapour
fluid in the tanks, effect of the recuperator on the system performance, and

working fluids for the ORC cycle

211  Summary

A review of the available research on solar power generation technologies is provided
in this chapter in tens of their configurations, control systenand heat storage
method. An examination of the literature revedhat several authors have studied
dynamical models independently and for short time simulation, but no studies have
taken into account how thessolar direct steam generatisystems interact,
particularly wth regard tathe consumers' electricity demand profiles. The literature
reviews on component modelling were presented iriaden order to construct a
compressivglow-capacity direct steam generation solar power system design model.
It is demonstrated thatn order to match the electrical demand profile from the
buildings, a proper control approach must be created. Howe\salaiFbased power

plants,the control should be on the heating side, #melsolar steam Rankine cycle
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should synchronise itself witthe controlled heat input. The studies sought to meet

the energy demand by manipulating the solar Rankine cycle systgratation
dynamics.Although a solar steam Rankine cycle with a heat storage unit appears
promisingwith regard tomeetingthe demand and producing electricity at night, the
cycle's low overall efficiency extends the payback period. In order to improve the
system's power output, a novel approach that integrates a second cycle as a cascade
Rankine cycle while maintaining the flexibility of the solar Rankine cycle must be

devised.

The heat rejected by the steam condenser in a solar steam Rankine cyclessh be u
to drive another low temperature systaonch asrefrigeration cycleaDHW system

or an ORC. As ORC systemshow good performance and can work at low
temperatureandwith low pressure sourcetheintegration ofasolar steam Rankine
cycle with anORC system can yield better, highepower output in the system

compared withasingle solar steam Rankine cycle.

Finally, asteam accumulator seetmoshave agood effecin terms of coveringeriods

of fluctuating solar irradiance and improvitige solar Rankine cycléperformance.
Integrating a steam accumulator into a solar single Rankine cycle ordsokam
cascade Rankine cycles with leading systems works by being flexible and extending
the peiod of generationSteam accumulators are a viable option for decreasing the
impact of changing irradiance on the power generation of solar thermal systems since
they have fast reaction times and high discharge rates due to the rapid evaporation and
condasation of water/steam under requilibrium conditions. There are various
waysin whichsteam accumulators can be integrated into power plants. A good control

strategy will reducé¢herisk related to thevet steam turbine iacascade cycle.
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Chapter 3 Evaluation of Simulink/Simscape modellingfor dynamic
simulation of the Rankine cyclesolar power system

3.1 Introduction

Solar thermal concentrating power systems based on parabolic trough collectors or
other types of concentratingsolaro | | ect or s6 technol ogy are
power system, especially in rich direct normal irradiance countries across the world.
Concentrating solar power technologies can generate higher electric power outputs
with additional reliability and stabii{y compared with noitoncentrating solar power
systems and photovoltaic systems. Many countries around the world have installed
direct steam generation solar power systems, such as the US, Thailand, Spain, Turkey,
and Chingd99,100]. These systems wefirst developed in Spain and the US, and their
experiences in terms of operation and construction were fully comprehensive based
on local meteorological data. Meanwhile, several research projects have focused on
and inspected the characteristics of palialirough collector technologies. Studies in
solar concentrating power plants'-disign literature have considered many aspects,
such as the optimization of solar steam Rankine cycle designs for givesohec
conditions; the expansion engine dedignnominal conditions was subjected to-off
design operation assuming that the compor
equal to that at the design point; or dry condenser pressudesffn system. The
literature review reveals that, in contrastthe turbines and heat exchangers, the
design and offlesign performance of turbines in steam Rankine cycle engines for
solar stationary power generation is very limitedly documented. The solar steam
Rankine cycle performance affected by various desayameters has not received
enough attentiorin this research, we aim to investigate the potential of a direct steam

generation solar power system using Rankine cycle and parabolic trough collectors as
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promising technology in Libya. This system was simedatinder typical climate
conditions in the southwest of Libya. The goal of the studyas#dysesuch a system

by looking at four major elements in order to see if they can be widely deployed and
adopted in the Libyan markeirstly, operational and sintated the proposed system
under Libyan meteorological data source varying conditions. Secondly,
configurations, working fluids, and operating circumstances are all evaluated
thermodynamically. Thirdly, selection and size of components. Finally, the better

locations crosthe country

Direct steam generation system solar power (DiS@&)odelledin this section The

DSG system will operate under variable boundary conditions in terms of ambient
temperature, mass flow rate, heat flux, and pressure. Thernefdaejlitate the wider
adoption of these systems, apart from optimizing the system's thermodynamic
performance at the nominal design point, special attention should also be paid to the
optimization of its performance at ediesign conditions. Direct steayeneration solar

power efficiency depends on:

1 The ability of reflection and absorption solar energy in solar fields.

1 The ability of the condenser or steam generator heat exchangers to reject or
extract heat transfer from the working fluid.

1 The efficient operation of the expansion device, under varying pressure levels
and mass flow rates.

1 The ability of the cooling temperature and mass flow rate sources to

condensation the working fluids.

The cooling water flow rate at the steam condensebeareadily adjusted to absorb

a variable heatejection load at offlesign operation by a variakd@eed pump, which
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lends greater controllability to this component and shifts the focus to solar frelds.
this chapter, the methodology used throughasttttesis by using§imulink/Simscape

in MATLAB program is discussed and present€de objective of this chapter is to
obtain the daily and dynamic respossé the direct steam generation solar power
system under the local meteorological conditions. leuntlore, the performances of
optimal design parameters in power block were explored based on the simulations. To

achieve tlase objectives, the detailed model @SGwas built in the following

3.2 Description of system being investigated iSimulink/Simscape

The direct steam generation solar power systenmvestigated in this study
Schematic of the systems shown inFigure 3.1.WhereasFigure 3.2 shows B
diagram of the cycle whesolar field outletemperature Jis270 A Ccoralensation
pressure Pis 0.005MPa. This system adopts the steam turbine as a power machine.
Specifically, thesolarsteam Rankine cycle assumed for the mathematical simulations
mainly comprises solar collectors (PTC), steam turbine, a wet condensea, and
working fluid pump respectively. The steam is first produced in solar collectors and
then enters to the turbine exporting power during expansion. The exhaust is condensed
to saturation liquid in the webndenserandit is pressurized and pumped back by the
pump t o sol ar loebdaddiéagainoandsthi cycle ie repdatéutheo
solar collectordés area, there are two
Preheating and evaporation ttie water occu in the boiler areawhile the
superheating thsteam occurs irsuperhear region The superheater region can
guarantee only superhedtsteam enters to the steam turbifibe iquid level inthe

boiler regionis controlled in this system, and the pumerks based on this control
strategy.More detail of control strategy for direct steam generation solar power

system is presented in section 3.5 below.
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3.3 Thermodynamic modelling

3.3.1 Modelling of solar thermal collector
Total area of alar collectorsis an importantoperationparameteirfor direct steam
generation power systeanOne such example is the solar collector produced by the
Industrial Solar Technology (IST) Corporation. IST erected several process heat
installations in the United States with up to 2700afncollector aperture areand it
has been widely evaluated in literatuf@®1]. In this study, IST parabolic trough

collectors have been selected to powse DSG system and a detailed thermal
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modelling for the module ISPTC has beerpresented. These equations can be
combined ogether and finally, the thermal efficiency of the solar collector can be
calculated in every case. IST parabolic trough collectors are imaging concentrating
collectors with high concentration ratio and they exploit only the direct beam part of
the incidem solar irradiation[101]. Thus, the availabland usefulsolar energy is
calculated as the product of the outer apertdire (), the solar beam irradiatiofi(Y)

and collector efficiency

CA
o

J0 3 a BN YooYk (3.1)

The performance formula of a single Industrial parabolic trough solar collectoer (IST

PTC) given by the manufacturer[i01].

- 2 0 —— 0 —— (3.2)

The use of tracking is something vital for PTC. In this study, the collector axis was
assumed to be in4S axis and tracking is horizontal in\i axis. Egation (3.3)

shows the solar incident angle for every moment with this tracking sy$s@dm

~

Al © wéi— wéi O Q¢ h (3.3)

According to theory, the greatest advantage of this arrangement is thenvaity
shadowing effects in the case of using many collector modules. These are presented
in the first and last hours of the dayccording to some studied in open literature
review[101, 102 103 104], IST-parabolic trough collector type has some advantages
such as very simple structure, it can be installed on the rdefgef buildingand it is
cheaper compared with other solar concentrating collecRskematic of solar
parabolic trough collectoma comparison efficiency of various collectarg shown

in Figure 3.3
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Figure 33: Schematic of (a) a parabolic trough collector and (b) Comparison of the
efficiency of various collectorslp]]

The subsystem of s o | aSimuliokiSimkcape s slowndin ar e a
Figure 34 below. The subsystem consists some of thermakptiwase fluids blocks,

and Simulink blocks.Thereare two regions in this modeineis a boiler region, and

anothelis superheated regio@haracteristics of the ISgarabolic trougtcollectoris

presergedin Table 31.

INEmm
Temperature Sensor for Superheater
Superheater
Controlled Heat Flow
Rate for Superheating region
[/L.—l;"
+ <« |A 1]
B‘S%Qi Q_superheater
Controlled Heat Flow
Rate for Boiling region
- 1
A —o—@T) —— (EF f
B =Jg<d———Q_boiler
h/V\Af Level
B __+%_RH
O « f
Boller *B— I ‘ Heat flow rate from PTC Solar fields
I3 >
Temperature Sensor for Boiler

(2) Water

Figure 34: Schematic of parabolic trough collectors for boiler and superheater
regions developed in Simscape
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Table 31: Characteristics of the IST PTC systeh0]]

Parameter Value & type
Gross length of every module Collector 6.1m
Collector aperture 2.3m
Receiver material Steel
Collector rim angle 70°

Reflective surface

Silvered acrylic

efficiency (W/nt °C?)

Absorptance 0.97
Glass envelope transmittance 0.96
Absorber outside diameter 50.8 mm
ko: intercept efficiency 0.762

ki: negative of thdirst-order coefficient of the 0.2125
efficiency (W/nt °C)

ko: negative of the secoratder coefficient of the | 0.001672

Mode of tracking

Ei W horizontal

Collector orientation

Axis in Ni' S

direction

3.3.2 Steam turbinemodelling

In direct steam generation solar power systems, the turbine plays a vital role in the
performance of the cycle. Volumetitigpe or scroll expanders are usually preferred
rather than turbines and screw expanders in ssgalk solar organic Raime cycles,

that is because of their availability, lower mass flow rates, reduced number of moving
parts, reliability and ability to operate at the higher presqu@s]. In medium or
largescale solar Rankine cycles, screw expanders and steam turbitiee &est
options Selection of the expansion device type depends on many factors like
expansion procespressure ratio and type of working fluid. Therefore, a detailed

dynamic model of the turbine is unnecessary for the simulation and a-stasely
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model is sufficient for this purpose. In this study, steam turbine is selected to produce
a few hundred kWFigure 3.5 shows twophase fluid networkurbine block in

Simscae.

Electricity Load

R Power D

R C Generator Scope
E—u [ -
A B
Turbine

Figure 35: Block diagram of steam turbine connected with electricity load
system in Simscape

From Figure 3.5 port A indicates inlet flow intthe turbine, port Bis outlet flow of

the turbine. Ports R and C are the mechanical rotational conserving ports associated
with the shaft and casing, respectively. Fluid flow from port A to port B drives a
positive rotation of port R relative to port Gtean entersto turbine at high
temperature and pressuresuperheatedtate The potential energy (in the form of
pressure) in the steam is converted to kinetic energy (in the form of momentum) by
imparting its momentum to the turbine blades, which causes associated shaft to
revolve. A generator converts the mechanical work created by the revolving shaft into
electrical energyAn analytic model for a turbine is derived using conservation of
mass and energy together with Stodola's law. An adiabatic expansion is assumed in
whichisentropic efficiency is present. The mechanical efficiency of the turbine is also
considered in the modeélhe efficiency exponent ilstodola’s ellipse equatiazan be

computed by:
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- — (3.4)

Where,— is polytropic efficiencyand it is equal td in this study The nominal

mass flow coefficient is calculated by:

%o —_— (3.5)

The pressure ratio in the steam turbine is calculated by:
o — (3.6)

Whered and 0 are outlet and inlet presswef the turbine. ®dola'sEllipse

constant is calculated by:
S S (3.7)

The mass flow coefficient threshold can be calculated by:
% L % OWp O (3.8)

o is pressure ratio threshold for flow reversal and it is equal to (r9f8s

study. The mechanical power output of the turbine can be calculated by:
W a 0Q 1Q (3.9

Whereas heréd iQ and’Q are the mass flow rate, inlet and outlet enthalpies in the

turbine respectively.

The expansion in the steam turbine is modelled with the turbine isentropic efficiency

and it can be expressed by:

- — (3.10)
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Where Q , 'Q andQ are indicate inletoutlet enthalpies in the steam turbine

andenthalpy of isentropic process at the exit

3.3.3SteamCondenser modelling
A steam condenser is a closed vessel heat exchanger that is used to convert low
pressure turbine exhaust steam to water. It does this with the help of cooling water
from the coahg tower that flows inside it. To improve efficiency, the pressure within
a steam condenser is kept below atmospheric pressure. It's widely utilised to reduce
exhaust backpressure at the turbine end. When cooling water is scarce;caieair
condenserd frequently employed. However, an-egoled surface condenser is far
more expensive and cannot reach the same low steam turbine exhaust pressure (and
temperature) as a wateooled surface condensgi06,107]. The steam condenser
subsystem used in this model is presented in Figure 3.6. The heat reject by the steam

condenser is expressed by:

0 a 20 0 a Hn QY Y (3.11)

Where, & is the mass flow rate of watef) and™Q are inlet and outlet
enthalpies of the steam condeng®rsaturated fluid chamber blogk the thermal
Simscape librarys selected to be as wet condenser in this stlilg chamber volume

is divided into the saturated vapor and liquid volume. It has three ports, port A presents
inlet steam to the condenser which is always in the vapor state, port B present saturated
liquid and it is always in the saturated liquid st&ert H is the thermal conserving

port, and it supplies the coolant temperature into the chamber from the cooling

temperature sourcklass of saturated vapor and saturated ligaitbe calculated by:

a p 0 O—— (3.12)
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a 00— (3.13)

The fluid mass in the chamber is obtained from the equation:

a & a (3.14)
Condenser Dump Steam Condenser unit
Temperature Heat transfer
Source o

4L A B—A ®1

”:”'V“u’* Inlet Steam
B

AlL»]B TR AN (2>
2 - -0 Outl t2 Wat
utlet Water
Coolant  Overall Thermal Condenser

Temperature | Resistance

Figure 36: Layout of condenser model subsystem in Simscape

3.3.4 Pump modelling
In a direct steangeneration solar power system, the pump is accountable for
pressurizing and pumped the working fluid in the system and supplying the needed
mass flow rate throughout the system. Centrifugal and volurtgpe pumps, such
as diaphragm and piston pumps, tenused depending on the mass flow rate and
pressure requirements. Other requirements, such agpileakng, the capacity to
supply lower mass flow rates at higher pressures, and compatibility with the organic
working fluid, should be addressed in soReinkine cycles. Keeping a low pump
electrical power consumption in solar Rankine cycles is critical because, as with other
power cycles, this enhances the system's net amount of electrical power generated
after consumption by the pump. In this research, déntrifugal pump is chosen

between the available options for solar Rankine cyt@8]. The block named

95



controlledmassflow ratesource in the Simscape library was chosen to be the pump

and is shown ifrigure 3.7 below.

Signal Mass Flow
Rate (kg/s)

Ny
1\){,' < «—@aaa_Flaw_Rate

Figure 37: Layout of feedwater pump model subsystem in Simscape

The mechanical power required for the water pump is expressed by

@ 29 a 20 Q (3.15)

whered is mass flow rate of water,is waterspecific volume at the pump inlet,
— is the pump efficiency anain andOoutare the pressures of theaterat the pump

inlet and outlet, respectively.

3.4 Auxiliary blocks in the Model

3.4.1 Twephase fluid thermal properties block in Simscape
The component sets the thermophysical properties of a several fluids irphds®
fluid network. It isgenerated fluid property tables from Cdétubp or REFPROP
databasdg109]. Properties includes viscosity, pressure up to 100MPa, temperature,
specific heat and density. Each block has only one working fluid properties. Several
types of the twephase fluidare available in this block. A model cycle must be

connected to this block and type of working fluid must be determined in order to
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simulated very accoutre resultsTwo-phase fluid thermal properties block in

Simscapedibrary was presented in FiguBe8below

% -

Steam
Properties

Figure 38: Two-phase fluid thermal properties block in Simscape [104]

3.4.2 Solver Configuration
The solver configuration component is specified solver parameters which needed for
a model cycle. Each cycle or network in Simscape diagram needs a Solver
configuration and own settings information for modelling simulation. Each
topologically distinct Simsape block diagram requires exactly one Solver
Configuration block to be connected to[109]. Figure 3.9 shows how a solver

configuration component available in the Simscape library is connected to a cycle line

f(x)=0

Solver
Configuration

Figure 39: Solver Configuration block in Simscape [104]

3.4.3 Generator load part
This subsystenn Figure 3.10 belows responsible transfer mechanical power from

the turbine to the generator to generates electricity in the cycle by thdtst@isists
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of Torque sensor, ideal angular velocity source, Simulink blocks like shaft speed and

converter power.

c C

{1 R RO < <14 3600
T
R Ideal Angular
Ideal Torque Sensor Velocity Source Shaft speed (rpm)

> >
> Power

Convert to kW

Figure 310: Generator load part diagram in Simscape

A torgue Sensor component is responsible to convert a variable passirghttireu
sensor into a control signal proportional to the torque. Port T is a physical signal port
that outputs the measurement result, ports R and C are mechanical rotational
conserving.ldeal Angular Velocity Source is responsible ideal source of angular
velocity which produces velocity differential at its terminals proportional to the input

physical signal. The velocity is measured by

17T (3.16)

wherg h are the absolute angular velocities at peremdR

3.5 Control strategy

Solar energy is transient and fluctuating energy during the day. Therefore, the direct
steamgeneration solar power system requires a reliable control scheme to ensure a
smooth power outputn this study, liquid level of working fluid has been controlled

in the boiler region by using PI contrad shown irFigure 3.11
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Figure 311: Schematic diagram of PID control strategy for liquid level in
boiler region

The boiler region in the parabolic trough has a combination eptvase fluids which
means fluid consists of liquid and vapor, if this #plwase fliid goes into the steam
turbine, it will damage turbine’s blades and decrease efficiency of the cycle. A control
system to ensure no twahase fluid goes into the steam turbine is important. The
steam flows to the superheated region which uses a simjlerpomal, integral, and
derivative (PID) controller to keep the solar power production at a steady rate and
maintain the liquid level volume at 0.47% of the boiler region with a steady mass flow

rate.

The steam production flow rate in the proposed dstgdam generation solar power

system can be expressed by:

a« — (3.17)

Where™Q andQ are the inlet and outlet enthalpies in the solatecting area

respectively.

Finally, the thermal efficiency of the proposed direct steam generation solar power
systemshows how effectively the solaradiancecan be transferred into electricity

power and itan be calculated as:

S — (3.18)
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3.6 Validation of the modelling

The accuracy of the model in predicting the physical behaviour of thel agistem

is the main issue with numerical modelling. The develoBadulink/Simscape
simulation model is tested in this section using data from the open literature. The
results of the current model were compared to existing theoretical and experimental
data in terms of the direct steam production solar power system's various operating
parameters and performance metrics. Temperatures during the operating cycle, system
effectiveness, pressure, steam/water mass flow rate, heat transfer rate, net output
power, and turbine power are all includdd.this subsystem, the validation of solar
direct steam generation power system was validated with a real solar thermal power

plant.

3.6.1 Validation against experimental real data of the TSE1 solar power

plant
The validation of the simulation model against real data of an existing of the TSE1
solar power steam generation plant in Kanchanaburi, in Thailand were presented and
addressed in this subsectidom.Kanchanaburi city of Thailand a solar concentrating
thermalp o we r pl ant-9da@alDbedpoivkT8H by parabolii
based on direct steam generation hasnerectedo generate electricity in the city
The real power plant is 9 MW in size and is constructed in two phases, the first of
which includesthe 5 MWe plant described in this study and the second of which
includes a second 4 MWe plant. The first plant can produce 5 MWe of nominal power,
which is supplied into the public grid for a price that can reach 11.6 THB per kWh.
The German company Soliéel GmbH providd the parabolic trough collector field
and servd as the solar field's EPC contractor. The steam turbine for the facility was

shipped from MAN Turbo. The station is owned and run by the client Thai Solar
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Energy (TSE), who is in charge ofetlpower block. According to the Very Small
Power Producer (VSPP) legislation, the licence for supplying power to the public grid
has already been given. Construction of the power plant started in February 2010. In
2011, the mechanical completion of therpland the solar field were both finished

[98].

3.6.2 TSE1 solar power plant description
Figure 312 shows the aerial view of TSE1 solar thermal power plant has been

installed in Kanchanaburi in Thailand which is obtained from Solaitepany.

Figure 312: Aerial view of TSE1, Kanchanaburi, Thailar@B[

Both solar superheater and the solar evaporator in the system use SL4600 parabolic
trough collectors in this plant. A direct steam generation systeecirculation mode

is being used. Within the evaporator, water is warmed and partially evaporated. The
steam drum is where this twahase flow of liquid and steam is separd@®]. The
superheater field is where the superheated steam travels aftertgpsatarated. As

a result, the superheater field influences steam temperature while the evaporator field
influences live steam mass flow. Condensed superheated steam powers the turbine.
The liquid phase from the steam drum and the condensate from time tcombine

as they reenter the evaporator fieldhe MAN manufacturing company modified the

101



5 MW turbine to accept low partial load pressures during commissioning in order to
maximise its flexibility. The control valves at the turbine's inlet regulate the pressure
in the solar field when the turbine is typically operated in fixed pressure mode. In
order for the turbine to operate at its maximum rated power during typicalioperat

the solar field output must match or surpass the turbine swallowing capacity. Instead,
sliding pressure control is achieved by keeping the control valves at the turbine inlet
always fully open, which causes the live steam pressure to be a sideftiecmass

flow generated by the solar field. To keep the turbine running as long as feasible, fixed
pressure control was used during normal operations and sliding pressure control

during transient operations.

3.6.3Validation of Simulink/Simscapemodel

The findings of the constructed Simscape/Simulink model are compared against actual
data from the solar TSE1 power plant in this subsection. The developed model results
were compared with the data from the actual plant at the nominal design point, as
statedin Table3.2 to perform thevalidation. Table & shows that there is excellent
agreement between the model outputs and the data from actual plants. The highest
difference between the findings of the generated model and the data from actual plants
is lessthan 2.5%. This illustrates that the generated model accurately capbtines

the internal workings and the overall system performance of the actual solar TSE1

power plant.The TSE1 power plant operating conditions used in the simulation

model
Table 32: Fixed parameters of the TSE1 pla®8][107]
Term Unit Value
Nominal electrical power MW 5
Nominal steam pressure MPa 3.0
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Nominal thermal power MW 19.5
Nominal steam temperature 330
SL4600 collector segmetength m 12
SL4600 collector aperture width m 4.6
PTR70 receiver diameter mm 70
Nominal thermal efficiency of the syste| % 0.26
Nominal mass flow rate of steam kg/s 6.1

Comparison of solar direct steam generation power plant simulation model findings

with the actual solar TSE1 power plant is presentédalie3.3 below.

Table 33: Comparison of real data of the TSE1 plant with Simscape
simulation model

Parameter Model Real DSG| Deviation
results plant data | (%)
Nominal electrical powefMW) |5 5 0.02
Nominal steam pressu(dPa) | 3.1 3 3.3
Nominal steam temperatufe ) 331 330 0.30
Thermal efficiency (%) 0.2564 | 0.26 0.1
Nominal thermal powefMW) 19.5 19.5 0
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Figure 313: Results of the plant's power output simulation for an hour starting from
an initial condition

Figure 3.13 displays the power generation output in the Simsoaqukel for 3600
seconds of simulation. It can be observed that in the first 700 seconds of the
simulation, the steam turbine reaches its design power output, which is close to 5 MW

as nominal electrical power in the TSE1 power plant.

Dynamic response ohé other three parameters to show the feature of dynamic
modelling by this software for one hour of the simulation. These parameters are
turbine inlet pressure, turbine inlet temperature, and steam quality into the steam
turbine, as shown in Figure 3.14.i3 clear to see that there is very good matching

between the simulation data and the real power plant data.

This dynamic analysis follows a oheur calibration of the model and is performed

at every second timescale as Simscape runs and analysegl#idanevery second,
meaning that this hour of solar radiation is factored into the model parameters with a
variable value. Since the grid load may change at a quicker time step, as well as
weather conditions, it would be interesting to also argue ttadbilély of the model at

different time steps.
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Figure 314: Results of the plant's power output simulation for an hour starting from
an initial condition

105



3.7 Simulation results and discussion

Results of thalirect steam generation solar power sysiemarametric analysis are

reported in this part along with simulations of the syssedesign and offlesign

performanceusing Simscape and Simu

and monthly performansere examined

softwarewere used to establish the thermal properties of water and steam or other
working fluids. All equations in Simscpae are written awdluated simultaneously.

Figure 3. 15 below shows the flow chaf the calculation step in Simscape model in

this chapter.

link software. Additionally, the sy&eiaily

In this analysisREFPROPand CoolProp

L

r

Set up coefficients of condenser boiler and superheater

y

of condenser, boiler, and

superheater, including G, P, T con, T'am, solar collectors size

[ Set up input parameters

y

Apply con
Liquid level

trol strategy

<0.70 in boiler |

=

y

[ Evaluate the system

]f\'o

L

Yes

Obtain new power output, parameters of Boiler and superheater
region and their thermal efficiencies and solar thermal power
efficiency

Figure 315: Flow chart of the calculation step in Simscape model
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3.7.1 Direct steam generation solar power design conditions
First,thedesign condition ofhedirect steam generation solar power system needs to
be determined to analyshe performance othe system. In this systenthe solar
collection area has been selected to be constacnsists ofL00 parabolic trough
collectors each with an aperture area 13.2 iso, the condensing temperature in
this system isin line with the ambient temperature in Libya. The ambient air
temperature has an influence on the design conditions seleEtienambient air
temperature variation dimg a typical day in Libyahas slight variation andalso
changegg r om season to season. The 5meamd tteme e
ground wat er tempetroat @b6e. i $herreofnor B0 t
temperatur e i Awateecboed doralehsénselecieddue to its better
performance compared with air-cooled condensesystem. In addition, ground
water isabundantin the Libyan desert according {10, 111]. The DSG model
configuration in Simulink/Simscapeis shown in Figure 3.5. Each block is
Simulink/Simscapecomponent that illustrates solar collector arealye turbine,
condenser and pump which are the main components of the DSG system that
reproduce the behaviour of the component simul#tidiquid qualities are kept via
solid blue lines and are passed from one component to another. Solid blue lines
represent fluid connections between model componé&igsire 3.17 shows -§

diagram of the direct steam generation solar power system.

107



R

{ = ’rr\""'\ v
R\+C “ Generator
A B A B —A/:Ll\ B

3 4
Valve Sensor Turbine
Steam < "
Solar Steam Rankine cycle
In
Level P L_boiler mdot
Stearp Controller Out
Properties
Yy’ —{ Water
7 Condenser
lf(x) =0 A 1
Solar PTC Field 2
Solver q
Configuration < <<

Pump

Figure 316. The developed Simulink/Simscape model of the direct steam
generation solar power system
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Figure 317: T-s diagram of the direct steam generation solar power system

Design conditionand paramets of the proposed direct steam generation solar power

systemis listed in Table 3.4.
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Table 34: Design conditions of the proposed direct steam generation solar
power system

Parameter Value
No of solar PTC collectanodules 100
Singlesolar PTC collectorarea 13.2 nt
Condensindemperature 25
Nominalinlet pressurdurbine 3 MPa
Nominalmass flow rate 0.30 kg/s
Turbine sentropic efficiency 0.85

Electromechanical efficiency of the generato 0.95

Pump sentropicefficiency 0.85
Condenser pressure 0.005 MPa
Rotational speed 3600rpm
Solar field outlet temperature 270

3.7.2 Direct steam generation solar powesff-design operation modes
As steam turbine was adopted here in this system, the investigation, and the
characteristics performance predictiontbé steam turbine when it works at off
design modesre evaluatedFigure 318 shows an ofdesign steam turbine created
using the law othe ellipse method. This approach is frequently used to compare and
portray various absolute flow rates and pressures. It is noted that the power output

decreases when using a lower inlet pressure and steam mass flow rate.
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Figure 318: Off-design calculation steps

The turbine inlet pressure effect on the power output and torque needs to be evaluated
as well as affect the mass flow rate on the turbine inlet predsgree 319 shows
effect of the turbinénlet pressure on the mechanical power outputcaeatedarque
The inlet pressure design point is selected to be 3 MPa, based on this value the system

can generate more than 165 kW. It is noticed thaterrent of the turbine inlet

Parametric
analysis

No

pressure leads to Higr torque and power output as shown irufeg.19.
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Figure 319: Effect of turbine inlet pressure variation on the power output and
Torque

The turbine inlet pressuis affectedby nominal mass flow rate as well as shown in

Figure 320 below. To reached 3 MPa inlet pressure required 0.33 (kg/s) mass flow

rate.
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Figure 320: Effect of turbine inlet pressure variation on the nominal mass
flow rate

Turbine isentropic efficiency has a significant effect on the system performance and
as such, must be taken into account indef$ign performancérom Figure 321, it is
clearly to see that byincreasing theurbine inletpressurethe turbine isentropi

efficiency increase From Figure 21 also shows highethe turbine inletpressure
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increass turbine rotation speed as expected but it must be noted that electrical load
and frictions factors caeffect on the turbine rotation speedhe turbine rotation

speeds in steady whethe inletpressuras around3-3.5.
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Figure 321: Effect of pressure ratio on the turbine isentropic efficiency and
rotation speed

Figure 3. 22 display Solar irradiance and ambient eatpre variation of the sunny

typical dayon 20" May in Libya[6].
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Figure 322 Solar irradiance and ambient temperature variation of the
sunny typical dayn May [6]
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3.73 Direct steam generation solar power system parametric analysis
Several operating parameters have an impact on how well the direct steam generation
solar power system performs. Therefore, to study the impadivefdifferent
operational factors on thg/stem performance, a parametric analysisoredacted
These includehe mass flow rate throughout the system, condensation temperature,
steam pressure, and the steam temperatutegolar field in addition to the steam
turbine isentropic efficienc Determining which of the characteristics has a greater
impact on the performance of the direct steam generation solar power system is
another target of the parametric analysis. Following research using the created
SimscapeSimulink simulation model, the ceaguences of these parameters are
examined. Each time, only one parameter's value is altered within the parameters
indicated in Table 3.leaving the other parameters unchanged and set to their default
settings. In the simulationghe variationsin the anbient temperature and solar
irradiation are utilized.Table 35 shows the investigated operational parameters'

fundamental values and ranges

Table 35: The investigated operational parameters' fundamental values and

ranges
Parameter Investigated valug Basic value
Turbineisentropic efficiency% | 70 to 85 85

Turbine inletpressureMPa 3to4.5 3
Condensation temperature 20 to 50 25

Nominal mass flow rat&kg/s 0.331t0 0.40 0.33

Solar collecting argan? 990 to 1544 1320
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3.73.1 Influence of the turbined sentropic efficiency
The steam turbir sentropic efficiency has a direct effect on the power generation
of the systemleading to impacts on the thermal efficiency and performance of the
system. Figre 323a and b illustrates the effect of the steam tuibiggentropic
efficiency on the power output and thermal power efficiency of the direct steam
generation solar power systemafipearghat when the steam turbibessentropic
efficiency increases, bothepower output and thermal power efficiency of the system
increase. Increasing the turbimessentropic efficiency from 70% to 85% leads to
improvements in the power output of 252 to 310 kW andhe thermal power
efficiency of 21% to 26%respectively. This is mainly because of the enhancement in

the direct steam geration solar power system as a result of the higher steam turbine

performance.
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Figure 323: Effect of the turbine isentropic efficiency on the system, (a)
power output and (b) solar thermal power efficiency
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From Figure 23aandb, it can be seen that isentropic efficiency of the steam turbine

has great effect on the proposal system performance.

3.73.2 Influence of the mass flow rate
A key important control parameter in the direct steam generation solar power system
is the feed working pump speed, which can be controlled easily accordireyork
conditions or desired power outplnicreasinghe mass flow rate in a solar thermal
power system will increase the powastput. Figure 24a, b andt showan example
of howthemass flow rate caaffect the direct steam generation solar power sygtem
performance. However, other parametstsch aghe turbine isentropic efficiency,
condemsation temperature and liquid control level valu¢hieboiler region are kept
constant during this stage thie evaluation. The net power output is found to peak for
a mass flowrate of 0.33 kg/s whethe solar irradiance is 1000 WAnwhile the net
powe output monotonically decreas&hen the mass flowate was raised to 0.44

kg/sasillustrated in Figure 24a.
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Figure 324: Effect of the nominal mass flow rate on the system, (a) power
output, (b) solar field outleaemperature and (c) thermal energy

The mass flow rate alsdfects the solar field outlet temperature in the system;
however, that effect is nats strongas that on the net power output. As shown in
Figure3.24b, this effect of the mass flow ragkghtly changethe solar collector outlet

temperaturédrom 268 to 277 due to the solar collection arbaingkept constant in
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the system as well as control strategyhavalue of liquidthe volume in the boiler
region which has been applidetom Figue 324c, it can be seen that the mass flow
rate clearly impacts on theeatflow rate in the system. The pehkatflow rate can

be achieved with a mass flow rate of 0.33 kg/s when the solar irradiance is at its peak

of 1,000 W/n.

3.73.3 Influence of the turbine inlet-pressure
One of the key factors influencing turbine performance is the steam inlet pressure of
the turbineln this analysis, the pressure control valve was used to control inlet turbine
pressure. The valve set up to be rgme on different phases such as from 0.9 to
maximum value 3MPa, 0.9 to 3.5MPa, 0.9 to 4MPa and 0.9 to 4.5 Mieasteam
consumptionncreases and turbine efficiency decreases when the steam inlet pressure
falls. In a condensing steam turbine and a baekqurre steam turbine, a 10% increase
in steam pressure will result in a 1% and 4% reduction in steam consumption,
respectively. For a condensing steam turbine and a back pressure steam turbine, a 10%
rise in pressure has an impact on efficiency of rou@t#96 and 0.45%, respectively
[112]. Figure 325a and b show the effect of the turbine irpeéssure on both the net
power output and system thermal efficiency. As can be seen, both the system thermal
power efficiency and net power generatameimprovel significantly as the turbine
inlet-pressure increases. The maximum efficiency is obtained at the maximum turbine
inlet-pressure in the system. A range of 3 MPa to 4.5 MPa of steam turbine inlet
pressurevas selected to see how these valaffect the system performance. The
figure showsthat up to 320 kW of the net power output ¢ceachieved wheithe
turbine inletpressure is 4.5 MRavhile 310 kW of the power wheheturbine inlet

pressure is sett3 MPa under solar irradiance of 000 W/n?. Figure 3250 shows
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the effect of the turbine inlgiressure on system thermal efficientiie turbine inlet

pressuréhas a largely similar effecn system thermal efficiency.
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Figure 325: Effect of the turbine inlgpressure on the system, (a) power output
and (b) solar power efficiency

3.73.4 Influence of the condensation temperature
Figure 326 shows the impact ahe condensation temperature on the direct steam
generation solar power system and overall systeitiezity. Thefigure shows that
the condensation temperatunasa significant impact on the direct steam production
solar power system and overall efficiency. According to the figurethas
condensation temperature rises, both the direct steam gensafiopower system's
and the overall efficiency decline. It is clear that the system can operate most

efficiently at the lowest condensation temperature. The overall sgssdfitiency,
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using water and steamignificantlyincrease$rom 23%to 26%, respectively, when
the condensation temperature is reduced from&20 , as s how86bi n
As awater wet condensevas selected fahe system, the coolant temperature source
is assumed to be come from the underground andsanggmperéure from 11 to

40 intheLibyan desert.The impact othe condensation temperature thve power
output is depicted in Figure Za. The reduction in the enthalpy difference in the
steam turbine causes the net power productidalitas the condensatisemperature

rises. Figure 26a showsthat 310 kW can be generated when toedensation

Fi

temperature s 20 whi |l e 270 cdod&nsatien tegnpenatiieat e d

5 0 If.water is available in the installed location of a solar thermal power system, a
watercooled condenser ssignificantly better chise compared with an aitooled

condenseras it erforms well.
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Figure 326: Effect of thecondensation temperature on the system, (a) power
output and (b) solar power efficiency
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3.7.3.5 Influence of the solar collection area size

The effect of thecollector typeson the direct steam generation solar powsgstem

performancehave been examinedHowever, in this analysis, only the IFITC

collector type was considereBour different collecting arsavere testecs 990nt,

1056nt, 1320nt and 1544 Figure 3.Za, b andt showthe effect of solar collecting

area on the power generation, energy flow through the systersotardfield outlet

temperature.
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Figure 327: Effect of the solar collection area on the system, (a) power output, (b)
thermal energy flow and (c) solar field outlet temperature
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The results from Figure 372 reveal thathe larger the area of the solar collecting, the
higher the power output of the systeor example, 1544frof solar collecting area

can collect 150 kW ofthe useful heat energwhich leadsto generate 335 kW of the

net power outpuin peak time of solar radiaticas shown in Figure 3.28BIso, the

results indicate that 132@mf solar collecting area generates 270 k\Wlettricity,

followed by 1056m of collecting area produces 2kW, while 990n3 only reached

to 200 kKW on the sunny typical ddgrom Figure 3.2c, and by keping theparameters

constant in all case of differenollecting ares, the findings preserthat 1544n? of

area, the maximum solar field outlet temperatesezhes o 2 75 1320mfwth i | e
collection area the maxi mum solar field
close to the first case. On the contrary, the results reveal that 898aiar collecting

area can only achieved reach2 4 0 of the maxi munmtukol ar f
under sunny typical day conditioRtom Figure 3.Za in this section, it gaobserve

that 1320 of solar collecting area Enappropriate area to meet electriaigmand

and this collecting area will be constant in next chapters of the thesis.

3.8 A comparison study of direct and indirect steam generation solar power

system under Libyan climate conditions

In this subsectiont wascarried out comparison study between a direct and an indirect
steam generation solar power systems under Libyamatdi conditions in order to
determine which the system is more appropriate and can be adopted in the future for
Libyan government. In this analysi$,has beerexamined both systems based on
parabolic trough collector technology for solar field, otheresypf solar collector

were not considered. Our analysis in this section based on constant solar collecting

area.
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3.8.1 Cycles configuration
Figure 328aillustrates the schematic diagram of the proposed Direct steam generation
system (DSG) driven by a mdiolic trough collector. The (DSG)system consists
mainly of solar collector, turbine, condenser and pump which are connected
sequentially. In this DSG system, water is used as a heat transfer fluid and is heated
up to the desired temperature in the heatiirguit using the parabolic trough
coll ector. The outlet temperature of the
(state 1) is firspumped to a high pressu(state 2) irthe working fluid pump. The
high-pressure fluid then passes through thepevator where it heated by the solar
collector (PTC). During this process, the temperature o$tin@mis increased to its
saturation temperature where it is fully convertedteam (states 3a, 3baBd. The
superheat steamith high temperature and m®ure then flows across the turbine to
produce mechanical work which can be converted into electricity via a generator. The
expanded stea (stated) then passes through a condenser where heat is rejected to the
cooling water. In this process, the steantasled down to water and then fully
condensedstate 1).The water is then pumped again to repeat the cycle. In direct
steam generation, the parabolic trough solar collector is divided into three parts,

namely, preheating, boiling, and superheating.
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Figure 328 Layout of a) Direct steam generation system, and b) Indirect steam
generation system

Figure 328b shows the diagram of the indirect steam generation system (HTF). The
(HTF) system consists mainly of two circuits aegte: solar field and Rankine cycle.

The system consists mainly of include solar collector (PTC), (HTF) pump, heat
exchanger, turbine, condenser and water pump which are connected sequentially. In
this (HTF) system, water is used as working fluid in Raaldycle and Thermoil is

used as a heat transfer fluid (HTF) in solar collector. Thesinis heated up to the
desired temperature in the solar field. The outlet temperature of collectors is reached
to 250 . The wat er a tpresbuset(state @) the pum@s p u mp
The highpressure fluid then passes through the evaporator (heat exchanger) where it
heats from the solawllector (stat&, 5)by using Thermeil as heat transfer fluid in

solar collector. During this process, the tenapare of the working fluid is increased

to its saturation temperature where it is fully converted water liquid to steam (states
3a, 3b, an@c) in Rankinecycle. The vapour with high temperature and pressure then
flows across the turbine to produce mecbahwork which can be converted into
electricity via a generator. The expan@atiausted stea(state 4then passes through

a condenser where heat is rejected to the cooling water. In this processathis
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cooled down and fully condensestdte 1).The cycle is repeat the agaifhe flow

chart of this comparison study for both systems is shovdgume 329 below.
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Figure 329: Flow chart calculation for both systems

Va

The T-s diagram for both direct and indirect steam generation solar power system is

displayed inFigure 330a and tbelow.
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Figure 330: Corresponding T,-diagram for a) Direct system, and b) HTF system

3.8.2 Hourly performance of direct and indirect steam generation solar

power system
It is necessary to evaluate the 15th of July as it is considered the highest day in the
month for direct and indirect steam generation in terms of outputs. The sun is available
on this day for around 17 hours, which is considered a long time on a sunny day,
starting from 6:0Gam until 21:00pm. according to meteorological data as shown in
Figure 3.31. Both systems achieved very high results on this day, especially in the
peak period, which starts from 10:00 am to 17:00 pm. The direct steam generation
system povides 250 kW from 13:00 am to 14:30 pm., while indirect steam generation
provides 240 kW at the same time, as shown in Figure 3.32. The solar beam irradiance
reaches 1000 W/firom 12:00 am to 14:30 pm. Also, the direct system has higher
thermal efficiemy compared with the indirect system. For example, the DSG reached
0.25 at the peak time of solar irradiance, while the maximum thermal efficiency of the
indirect system reached 0.23 at the same time, as displayed in Figure 3.32 below. In

the early morningwhen solar irradiance is 350 Winthe DSG generates up to 50
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kW, which is higher compared with the indirect system that generates 40 kW at the

same time. System work when the solar irradiance is more than 300 W/m
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Figure 331: Hourly average temperature and solar irradiance 8riaby for
MURZUG city [6]
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Figure 332 The hourly power outputs and system thermal efficiency of the direct
and indirect steam generation system

During whole day of the simulation, the DSG has highest for both thermal efficiency

and power generation compared with the indirect sydtiawever, it is clearly to see
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in figure 3.34, at time 7:00 AM, 18:00, 19:00 and 20:00 PM the power output for both
systems are approximately same valbee reason behind that is the effect of ambient
temperature on the indirect steam generation system which plays important role in

both systems.

3.8.3 The monthly output of direct and indirect steam generation under
Murz ug city climate conditions
The warm months in Southibya usually begins in April and ends in October.
According to average of solar irradiance and ambient temperi@yréhe hottest
months in the year are July and then August for the selecteadlittitgverage ambient
temperature and solar irradiance aifout 4 °C and 1000 W/n? respectively as

showed inFigure 333.
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Figure 333. Monthly average temperature and solar irradiance in MURZG city [6]

Theoutput of DSG and HTF systems started increasing in February and reached its
highest output in July due to the high level of solar irradiance, which has an effect on

the output of systems as shown in Figure 3.34. In July, output for direct steam
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generatiorprovided 255 kW and a thermal efficiency of 0.25, while indirect steam
generation provided 240 kW and a thermal efficiency of 0.23 under the average solar
irradiance of 1000 W/f After that, the outputs for both systems decrease gradually
from the ends of August to December due to the decrease in solar irradiance and

ambient temperature during this period.
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Figure 334: Monthly averaged outputs atiitermal efficiency of direct and indirect
steam generation system

This subsection provided basic criteria to assess the energy advantages of direct and
indirect steam generation based solar thermal electricity systems under southwest
Libyan climate condibns. It can be summarized that the direct steam solar power
system has higher thermal efficiency and higher power output compared to the indirect
systemand itis an optimal system for Libyan climate conditipmghich means that

the DSG system will be Vide for the Libyan government in the future.
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39 Summary

This chapter detailtheresearctonthe design and offlesign performance of a direct
steam generation solar power system powered by parabolic trough colNetidise

aim ofmeeting the changing daily demand of Libyan public buildings. Without a heat
storage tank, thdaly power genera&n underthis analysis provides good results.
This chapter demonstrates how it is possible to control the mass flow rate of the
circulation water depending on the liquid level in the boiler region to ensure that only
superheated steam enters the turbie mass flow rate control approach has been
used to model the direct steam generation solar power system under variable solar
irradiation and ambient temperatsiia southwest Libya. With a,320 nt collector

area, the simulation's power output fluctuatetiveen 250 to 270 kW during the day
with 0.25 thermal efficiency. The following inferences can be made in light of the

study that has been presented:

1 It has been modelled and simulated the DSG systeSinmlink/Simscape
software in details under Libyan climate conditions.

7 Validation of the proposed system withe TSE1 plant which is the first
commercial power station has been made. The simulatioltsese very close
to the power plant parameters.

1 The model simulation shows that DSG is a feasible alternative to the
conventional parabolic trough plants with thermal oil.

1 The best performance of the system is reached when solar radiation is high and
condensation temperature is low.

f The optimisationsresults show that 1,32% of solar collecting area can

produce 270 kW of power in a DSG system.
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Therefore, in the next chapter, we will examine the proposed solar direct steam
generation systermtegrated with a steam accumulator as a heat storage tank. The
proposed system will be analysed and simulated under typical climatic conditions in
Libya. The following simulation study will show how steam accumulators can affect
system performance based @ new control strategit. has been reported that steam
accumulators are a promising technology for solar electricity generation systems
based on direct steam generation to provide thermal energy for the Rankine cycle if

there isafluctuation in solar radiation during the day
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Chapter 4 Modelling and dynamic simulation ofa direct steam

generation solar powersystemwith a steam accumulator

4.1 Introduction

To date, concentrating solar power (CSP) plants have become one of the most
attractive technologies in the world. This is dueedain particulandvantagessuch

as compatibility, high efficiencyecofriendly andstrongscalng-up potentia[113].
However, due to the strong dependence on the available solar radiation resources,
there appears to k@elack of continuitywith electric power generatiofio overcome

this problem, beyond the auxiliary fuel backup systéme common practice is to
incorporae a thermal energy storage (TES) system to store energy during periods
strong sunshinand release itinder conditions opoor sunlight omt night. So,the

TES system is a very importastement of CSP plants, as it provides not only
dispatchable elegtity but also stability to the electric gridnd will greatly enhance

the penetration of CSP technologiego the electric grid[114]. Under such
conditions, the exploitation of an efficiemosteffective TES system is especially
important.An important way to study the performancettodé TES system is to fer

to dynamic modelling and simulation from the viewpoint of process analysis.

According to the motion state of the storage medium T#S system can be broadly
divided into two conceptghe active concept anthe passive concegiil5]. For the

active concept, the storage medium is always moving during the operHtion
subdivision is necessary, the active concept can also be dintdetirect and indirect
systems. For the direct system, the storage medium is also used as the heat transfer
fluid (HTF). The TES system @ftypical molten salt solar tower power plant beleng

to thisgroup ofdirect systera For the indirect systespthe storage medium and HTF
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are different, such as the popular solar parabolic trough power fdaatsdaround
the world. At present, most of the installed solar parabolic trough power plants have
adopted this concefj94]. For the passive concept, teorage medium is always

immovable, and the concrete TES system is a typical passive TES system.

Since 2005, several smaitale experimental CSP plants have been successfully
established with the financial suppoftthe government in Yanqing CSP expegimh
base (40.4 N, 115.9E) in China, includiad. MWe Yanqing solar tower power plant
with an active indirect TES system (using water/steam akdaetransfer fluichnd
synthetic oil as the storage mediufhl6]; a 1IMWe solar parabolic trough power
plant with an active indirect TES system using oil astred transfer fluiind molten

salt as the storage mediyfirl7]; anda 1MW solar tower power plant with an active
direct TES system (using molten salt lasth the heat transfer fluidand storage
medium)[118]. It is well known that the selection of TES system depends on the types
of CSP plants,heat transfer fluid cost of the storage mediumand the local
environment.Moreover the TES system must be couplegpopriately with the
power generating cyclewhich provides an excellent opportunitp study the
performance of the three different TES systenmysconductingsimulations and

experiments.

The modelling ofa TES system requires a profound knowledge ofttleemal and
fluid dynamic phenomena involved. In the ldsw decades, many scholars have
conductedmuch significant work concerning the TES system of CSP plants.
Generally, the previous work can be divided in two categories. Thedinsernghe
modeling of a TES system from the of viewpoint of process analysis, including

static and dynamic analysis, operation modes under different working conditions, etc
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[119]. The otheconcernghe selection othestorage medium, storage concept design

and opimization of TES systemd.20].

Steam accumulators can &dreat ateither asliding or a constant pressur&everal

power plantshaveadopted this type of heat storage metsuth as Puerto Errado
power plants Bnd 2, Planta Solar 20 plant ainta Solar 10 in Spajt21]. When

heat is required to cover a limited insolation period at Planta Solar 10, steam is
generated at variable presssifsom 4 MPa to the minimum pressure permitted by
the system to operate the turbine at 50 perceniaptd[97]. Saturated steam can

be directly produced for power conversion using steam accumulators. This prevents
the superheated area region in the solar
part of the control systemwahere the steam agmulator in this kind of design also
serves as the phase separdtlsing this kind of accumulator storage can guarantee
that only saturated stearmentersthe steam turbind12296]. One of the best
commercial solutionsegardingheat storage ia direct steam generation system is a
steam accumulatgi 23], as his type of the heat storage unit has several advantages
such agherapid evaporation and condensation of water/steam undezqualibrium
conditions, is high dischage rates, and fast reaction times,tis considered the best
solution for heat storage adirect steam generation system wilessolar irradiance
fluctuakesor is unavailablg124]. Usingseveral methods, steam accumulators can be

built into asola Rankine cycle, as shovim Figure 4.1[125].

133
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(A) DISPLACEMENT (B) EXPANSION C) SLIDING PRESSURE
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{3) CASCADING

Figure 41: Main direct storage system variants for steam power plants, combining
storage techniques and discharge modes] [12

4.2  Characteristics of steamaccumulators

As mentioned in section 4.1 aboveégamn accumulators were used in the first
commercial demonstration CSP plant PS10 in Spaiith a thermal capacity of 20
MW, which isequivalent to an effective operational capacity of 50 mab&bs rated
load [126]. However the steam accumulators can only provide saturated sf€aen.
warm water will remain at the bottom of the steam accumulance the cycle
finishes This warm water can be used for many purpaesh as heating and cooling
or in refrigeration systemdf superheated steam is needed, an additional system is
requiredto heat up the saturated steam from the steam accumdl2igrMoreover,
steam accumulators have been employedpgradeconvenional power plants, and
havedemonstrate@n ability to enhane the performance of these plafi®8]. The

characteristics of the steam accumulstan bdistedas follows
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Pressure inside the steam vesseteases by time when the accumulator iggbd

The difference between theitial andthe operating pressure influences how much
energy the steam accumulator releashs. steam flow and pressure affect the steam
accumulator's regenerative rate, the higher the flow and pressure, the higher the
regenerative rate. As a result, while the steam accumulator is in discharge mode, the
pressure and temperature inside it decreases overAimehematic diagram o

steam accumulator ghown in Figure 4.2

Isolated
pressure vessel //‘

g
Z
7,
%
7
%

Liquid phase "’///K//////////////////////////////K//,

Liquid water
a) charging/discharging

Figure 42: Schematic of a) steam accumulator layout and b) a view of the interior of
a steam accumulator [&R

4.3 Configuration of solar power system with a steam accumulator

In this sectionthe proposed systemwill be described Figure 4.3 showshe main
configuration of the solar direct steam generation system coupled with a steam
accumulator irmSimscape environment. The system consists of a solar collector field,
steam accumulator, steam turbine, condenser, and pump. A steam accumulatbr is us
as a heat storage unit to provide heat input to the Rankine cycle in a controllable
manner Due tothehigh thermal efficiency of parabolic trough collectors (PTC), they
werechosen and useo heat the working fluidwhich results ina temperature rise

and steam generatipas mentioned in Chapter Bhe generated steam is to be stored

in the steam accumulator and then drives a steam turbine to produce electricity. The
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steam accumulator allowke solar Rankine cycle (SRC) system to be driven when

thesolar radiation is insufficient or unavailable.

Valvel Valve2

= *\C Generator

.= Superheated

L

YR —

o Boiler region

-

o

& ;:Q Steam Accumulator .
W
=
L
g

T 3
2 =
Pump Pump

Figure 43: Schematic of direct steam generation solar power systems integrated
with a steam accumulator

For itspractical operation, themretwo modes:

1 The system needs generate electricity and solar radiation is available. In this
mode, valves And 2areopen andhe pump is run. Thevorking fluid (water)
is heated and vaporized through the collectors under high pressdireigh
temperature The vapor flows intathe steam accumulatoto chargingthe
accumulatorand then steam into the steam turbine, exporting power in the
process due to the pressure drop. The outlet vapmoledand condengkinto
a liquid state in the condenser with low pressure and low tempeiaasex on
an ambient temperature levé@hen, he liquid is pressurizedsingthe pump.

Theworking fluid is then sent back to the collectors.
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1 The system needs to generate electricity, but solar radiation is very weak or
unavailable. Valve 2 is open, tbemp is runningandvalve l is closé. Heat
is released from the steam accumulator and converted into power by the
Rankine cycleand then the exhaust steam from the turbine will be cooled and
accumulated in the liquid drum in the condenser which is 3 rthis study
This mode namedthe discharging steam methoohay be used at nightr to

coverperiods offluctuating solar irradiance

4.4  Thermodynamic modelling

Forthemodelling ofthesolar parabolic trough collectors, condenser, pump and steam
turbine, the same methodology and equations are utikmedn Chapter .3As
mentioned in the previous chapter, only the-FSITC solar collector type is used for
the analysisHere, only the equationeelated tothe pertinent parts of the steam
accumulatorand the throttle valve are present@dsimilar control strategy for the

liquid level of the boiler region in the solar field was used in this model.

4.4.1 The steam accumulator model
A steam accumulator is a pressurized shape vessel and may bé eite
horizontal or verticalThere are three ports this steamaccumulatortwo for the
inlet and outlet vapor phase fluids and onetlfi@routlet liquid phase fluidas shown
in Figure 44. The steam accumulator is coupled with PTCs andaigel is described
in thissection.The schematic of steam accumulator in Simscape software is shown in

Figure 4.4.
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Figure 44: The schematic of steam accumulator in Simscape software

The steam accumulator is consideasdn important componendf this system, where

it is used as heat source for thdirect steam generation solar power systenen

solar irradiance is unavailabte weak The energy capacity dfie accumulator can

be determined by its volum&heaccumulator form is rigid, which meathstits total
volume is fixed during simulation. As the liquid and vapor inside can undergo phase
changs, however, their respective volumes, and therefore their masses also, will
generally vary over time.The iquid mass balance in the accumulator is gibgn

Equation(4.1):

— q a a a (4.1)

Where,a is the liquid mass inlet to the accumulatdar, is the liqud mass
flow rate outlet of the accumulator, add andd& arethe mass exchange rates

for condensation and vaporization at the liquid and vapor inter&iodlarly, the

mass balance in the vaqzone can be defined lsquation(4.2).

— & a a & (4.2)
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Where,& is the vapor mass inlet to the accumulator, is the vapor mass flow
rate outlet of the accumulator, aad anda arethe mass exchange rates for

condensation and vaporization at the liquid and vapor inteffdmetotal mass flow
rate for the liquid and vapor areas can be calculateBduatiors (4.3) and (4.5)

respectively:
a a a (4.3)

Where, & isinlet liquid mass flow rate to the accumulator and the outlet liquid
mass flow rate of the accumulator in the liquid zone dilyilarly, in the total vapor

mass flow rate for the vapor area:
a a a (4.4)

Where,& is the inlet vapor mass flow rate to the accumulatorandis the outlet
vapor mass flow rate of the accumulator in the vapor z¢nanly liquid remains in

the tank, the total mass flow rate out of the liquid region can be calculagglbtion
(4.9):

a a a a a (4.5)
The vapor and liquid region inside can exchange heat with the wall and, thihigigh
combined with theffect of environment factors, the accumulator is not insulated. The
energy flow through the ports, phase change and heat exchaltmyv the

accumulation of specific internal energy in the accumuldtoe.acumulation energy

balance for the liquid region can be calculatedhyation(4.6):

0 — —0O6 % %o % %o 0 (4.6)
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Where,% and%. arethe energy flow rate Iat andoutet of theliquid region

0 is the heat exchange rate between the tank wall and the fluidligutteregion

The acumulation energy balance for thaporregion can be calculated EBguation

4.7):
0 — —6 % %o % %o 0 (4.7)

Where,% and%. arethe energy flow rate lat andoutlet of thevapor region
0 is the heat exchange rate between the tank wall and the fluid viaoe region
The total energy flow rate for the liquid and vapor region are calculatedlgtiors

(4.8) and (4.9):
%o %0 %o (4.8)
%0 %0 Yo (4.9)

In this accumulatofe and%. are the inlet and outlet energy flow rates in the liquid
zone.% and%o. are the inlet and outlet energy flow rates in the vapor zdme.

terms of LiquidVapor Phase Change

%0 h o (4.10)
e

Where O is the total mass in the liquicegiona n d U vdparizatiot @nd
condensation time constant block parameter. The sub8cripis the saturation value
for the liquid phaseThe energy exchange rate due to vaporization determines the
mass exchange rate between the fluid zones as liquid transfoom&pdr and can

be determined bigquation(4.11):

(4.11)
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Where the subscripphi ¢ & the saturation value for the vapor phad3de

condensatiomnergy can be calculated Bguation(4.12):
%o ) (4.12)

Where 0 is the total mass in the vapmegion The energy exchange rate due to
condensation determines the mass exchange rate between the fluid zones as vapor

transforms into liquicand can be calculated by (4.13):
a —_ (4.13)

The heat exchange between the fluid and the walf & convective nature in this
accumulator. The total heat rate can be calculated as the sum of the individual rates
between the liquid zone and its section of the walidbetween the vapor zone and

its section of the wall:
0 0 O (4.14)

Where, hered is the heat flow raterém environment factord.he liquid zone and

its fraction of the wall surface area is definecHguation(4.15:
0 "QOJYJD Y Y (4.15)

Where,"Q is the volume fra@dn of theaccumulatoroccupiedby the liquidregion

The product of this fraction with the surface area of the wall gives the surface area
available for heat exchange between the liquid and the tank™aik. the surface
available for heagéxchangdetween the wall of theccumulatoand the whole of the

fluid inside | is the heat transfer coefficient for the liquid zamel"Yis the average
temperature at the location denoted in subsétifpor the tank wallwith L for the

liquid zone
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The vapor region and its fraction of the wall surface area can be calcul&qddityon

(4.106:
0 p Q YD Y Y (4.16)

The correspondence between the volume and mass freatidhe liquid is defined

by Equation(4.17):

(4.17)

Where™Q i s the mass fraction of the | iquid

phase indicated in the subscript (L for liquid, V for vapor).

The total volume occumulato(V) is a function of the diamet€®© ), thicknesy] )
and heigh{'O of thepresurevessel. The design of the cylinder is correlated with the
design pressurfl29]. The volume ofthe cylinder can be calculated biquation

(4.18);

(4.18)

& is water volumeo is storage time in houtiny is the heat capacity of watef.Y

is the temperature drop thedischarge process

4.4.2 Thermal efficiency of the proposed system
It is essential to detatine the thermal efficiency of the system during the day, as the
input conditions are changeable, such as the solar beam irradiance, pressure, and
ambient temperature. The thermal efficiency of the system can be defiked&tyon

(4.19) andequation(4.20), respectively:

- — (4.19)
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In discharging mode, when the system works based on a steam accumulator, the

thermal efficiency of the system can be expressed by:

- S (4.20)

Where hergd is the rate of heat released from the accumulator to the

cycle

4.4.3 Steam accumulator validation
The simulated results should be validatsthgexperimental data in order to confirm
the dependability and accuracy of the mathematical models created from the steam
accumulator system in tif&mulink/Simscap@rogramme. Tabld.1 summaizesthe
key design factorsf the steam accumulatocensideed in this workand the data
extracted fronthe open literature revie{d28]. The experimental data of pressure
variations inside the charging steam accumulatoretérence[128] are used to
simulate and analyse charging and discharging transients in the horizontal cylindrical
steam accumulator, which has an outside length of 11.9 m, an outer diameter of 2.9
m, and a total internal volume of 64 .rithe operating range for the acwuiator is 25
to 55 bars. The steam headers at the top of the interior of the accumulator vessel are
where steam is fed into the accumulator through the perforated tubes that are
immersed in the water volume. In each simulation run, it is assumed thatanete

steam are in a state of thermal equilibrium caused by the initial pressure.

Table 41: Specifications of a steam accumulatb2§]

Parameters Value
Number of steam accumulators 1
Steam accumulator volume m 64
Stean accumulator diameter (m) 2.5
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Initial liquid volumein the steam accumulat(¥) | 86

Figure 4.5 shows model validation using data taken {i28] for the charging of the
steam accumulator. It is clear to see that the validation betweaxpkeemental and
simulation data were very matching in each otfidére case represents the charging
procedure of a steam accumulator as exhibited inr€ig.5 The comparison between

the model and the results frdd28] obtains a mean absolute perceptagor (MAPE)

of 0.18%. The pressure growth closely aligns with the referred one, and therefore, the

accuracy of the recreation is verified and meets the desired requirements.

48

Pressure (bar)
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Figure 45: Model validation using data takémom [128] for the chargng of the
steam accumulator

It was found that therexisted a strongagreement between the simulated and
experimental outcomes. During the charging modes, the greatest deunatios
temperature and pressure appeared as extremely minor values. As a result, it can be
concludedthat the models provided were suitable aatiable for evaluaing the
behaviour of the steam accumulator in this stddye model shows good correlation

with the experimental work. The small deviation in the current model as compared to

[128] is due mainly to the approximation used to calculate the heat loss coefficients.
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The maximum differenc@ressurevalue between the experimental work ahe

simulationmodel in Figure 4.5 for model validationlis?2 barattime 450 to 550s

Figure 46 outlines the methodologymployedin this chapter. In both systenthe
design and oftlesign performance methodology are appkedafirst step, the steam
accumulatoiis integrated withthe steanRankine cycle without using PTCs tm
design condition, assuminiglet-pressures and temperaturése massflow low rate
in this design was controlled basedloeliquid volume fraction leel inthecondenser
drum Six hours of discharging methags simulatedandfour different volume sizes
of steam accumulators weewaluatedIn the ®£cond stef the analysisa steam
accumulatorintegratedwith a solar direct steam generation systermswodelked
under Libyan climate conditionslnderthis designthemass flow ratevas controlled
based ortheliquid volume fraction of the boiler regian the solar fieldThe reason
for thisis that we only need the superheated staemterthe steam accumulator. In
this case, the steam accumulator must be filled with 90% of saturated steam, and a

further10% should be saturated liquid.
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Description of steam accumulator

‘

[ Input data & geometrics ]

!

Analysis of discharging process on Simscape

!

[ Simulation of system for 6 hours & Obtain results. ]

h

Integration of a steam accumulator in a solar direct
steam generation system

Libya climate conditions

l

| Obtain results. |

Figure 46: Outline mehodology for the system simulation

[ 24 h simulation of the system under ]

4.5 Simulations results and discussion

In this section, the modelling resuft®m integraing a steam accumulatamto the

steam Rankine cycle and the direct steam generation solar power sysfged with

a steam accumulator dke heat storage unit aggresentedcand discussed. Firstye
describe theintegraton of a steam accumulator with the Rankine cycletlas
discharging model for six hours, followed by the effectlioé steam tank volume on

the net power output of the system. Then, the direct steam generation solar power
system coupled witha steam accumulatpare presented and analysed. A case study

of the propsed system to provide energy d@oLibyan hospital is modelled and

presented in this section as well.
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4.5.1Discharging behaviour ofsteam accumulatorcoupledwith a

Rankine cycle
This section presentbie physical and mathematical model of the applicatbra
steam accumulator in a direct steam generation systeshowrin Figure 47. The
main component of the steam accumulator is a horizontal cylindrical vessel of volume
with the necessary inlet and outlet piping. The vessel is filled with steam under
pressure. The phases are separatedjure 47 also presentsthe steam
inflows/outflows through the pipelines, which connect the steam accumulilathe
direct steam generation systeBuring the charging phase, the steam wahmass
flow rate enters the steam accumulator. The enthalplyeohflow steam is equal to

the enthalpy ofhe steam leaving the higpressure turbine

@ Generator

Turbine

Steam Accumulator

Discharging Mode for 6h

@.@

Pump

—
L
w2
=
L
=
=
=)
o

Pump

Figure 47: Schematic of a steam accumulator integrated with a Rankine
cycle as the discharging mode

The initial parameters and geometry of the steam accumulattiredfvo-phase
mixture in a steady state of the fully chargedumulatoare presented in Table 2,

which provideghe main data otheaccumulator duringhedischarg@ method.
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Table 42: Operating condition for a steam accumatan this study

Internal volume 136 m?
Pressure when fully charged 3 MPa
Internal diameter 4m
Volume fraction of liquid water 0.05

There are foummain componentsn this mode] a steam accumulator, turbine,
condenser anaworking fluid pump asshown in Figure 8 below. This exampleas
analysed for six hour®r 21,600s) andhe mass flow ratevas avariablevaluefrom

0.10 to 0.40 (kg/s) durintipe simulationThe characteristics of the dischafgocess

for the steam accumulator integrteith the steanRankine cycle are discussed in

this section.
r 1 L L] Generator
AV BY .
A B < -
AL MM gL
Energy sensor Turbine
" Steam |~
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Accumulator
i i ¥ Water
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Condenser
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Figure 48: Schematic of a steam accumulator integrated with a Rankine cycle as the
discharge mode in Simscape software

The results are based dme controlled mass flow rate witan initial value of 0.%
kg/s mode for the systerThe total steam tank volunveas set afl36 n¥. For the
dischar@ process of the steam accumulator, the steam presssi@Essumed to be 3
MPa Thisdecreased slightly in lolur, and continueéto decrease to 015 MPa during

the sixhours of analysisasdepictedn Figure 49a below
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Figure 49: Evaluation of a) the pressure and b) the temperature during the discharge

of the steam accumulator

The variations in the steam temperature during the discheeglkownin Figure 49b.

It is clearthat the steam temperature decreases gradéraltg 505 to 435 Kduring

the six hoursof dischargingdue to the decrease in the steam pressuréentpsula

decrease in the corresponding saturatatertemperature.
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mass flow

Initial mass flow rate

Figure 410: Control strategy for the liquid level in the condenser used during the
discharge of the steam accumulator
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Figure 4.10 showsthe strategyfor the mass flow control in the system duritige
dischar@ process. The mass flow rate is controlled accordirnlgetiiquid level in the
condenser for six hoursvhich is set a0.7. Theinitial mass flow rate value is sat
0.15 kg/s asthe design conditionfor this system. Wherhe liquid level in the
condenser reaels 0.7, the work fluid pump is run to puntbe liquid to the steam
accumulator again to kedpe liquid level atthe controlled level in the systenas

shown in Figure 41a and brespectively.

Figure 4.1la shows the mass flow rate tbeturbineinlet and outlet mass flow of the
working fluid pump. It is clearhat theinlet-mass flow rate ofheturbinedecreases
from 0.30 kg/s to 0.08 kg/s at the endlwd discharg mode. Also, the initial starting
value ofthemass flow ratef 0.15 kg/schanges ttheadjustable value 0.40 kg/s when
thepump sta to run at thestart of the testhenremains avariable value duringhe

next five hours obperationas shown in Figure 414.

The Iquid volume fraction level of the condenseas considered in thiglischarg
process. The condenser temperatweges assumed to be52 |, according tothe
average ambient temperature. FigurelB.ibdicatestha theliquid volume fraction
remainsconstant at 0.7 duringhe six hours ofsimulation This is because we
contrdled the liquid level of the condenser anthe working fluid pump depersd

entirelyontheliquid level in the condenser ascontrol strategy of pump
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Figure 411: Variation of a) the mass flow rate, and b) liquid levehia steam
accumulator and condenser drum

The liquid volume fraction inhe steam accumulator increas#guring the dischar@
process due tthechangan themass vapor to mass liquid phasethagxhaust steam
of the turbinebecamecondensed in the condsrand is pumped back to the steam
accumulator in liquid phaséigure 4.1b shows that thdiquid fraction startd to

increase from 0.001 to 0.05 duritige six hous of analysis.

Figure. 4.Pa shows that both the steam and water mass dedraadeincreasg
during the dischamgprocess, respectively. The total charged steam masisitially
2000 kgwhichdecreased to 0.5 kg durittgesix hours of analysjss shown in Figure

4.12a. As the water filling coefficient increases, the heat exgphdetween the steam
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and the water increases and the energy to be stored in thedeateaseMoreover,
the liquid mass increasén the steam accumulator during the analysis, wileee
liquid mass level increasdérom 0.005 kg to approximately,800 kg as shown in
Figure 4.Pa. Based oithe variable mass flow rate @fie pumpduring operatioras
shown in Figure 4 2b, thevariale increas in theliquid mass in the accumulatoan

be observed
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Figure 412 Variation of a) liquid and vapor mass in the steam accumulator, and b)
mass flow rate of incoming liquid

Also, thefluid power oftheturbineis 235kW, andthe mechanical poweis 200 kW
at the beginningAt the end othedischar@ period themechanical powedecreases
to 35 kW andhe uid powerdrops to45 kW due tdhedecreasing pressure and steam

temperature in the steam accumulasshown in Figure 43a.
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The variationdn thethermal efficiency of the systeareindicated in Figure 43b
during the six hours ofthe discharg method. It can be concluded that the biggest
value of thermalefficiency is initially 0.24, which stared to decrease durinthe

dischar@ method time taeach0.17 at the end.
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Figure 413: Variation of a) the fluid and mechanical power, and b) thermal
efficiency of the system during the discharge mode

4.52 Effect of different steam accumulator storage volumes on thgower
output
Different sizes of steam accumulateereanalysedluringthis dischargprocess, and
how geometryaffected the power output of the systemas assesseé&our different
sizes of steam accumulateith atotal volume of 136rf) 200n¥, 250nt and DOn?
were used in this test. The mass flow rate of the systastontrolled based othe
liquid levelin the condensewhichwas 0.7 as constant value ithethree different

sizes of steam accumulator. Figure 4.8hows that the accumulatowith a total
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volumeof 300n? was able tgroduce 203.3 kW of power outpiitially, whichthen
slightly decreased to 82.86 kW duritige21,600s of the test timas shown in Figure
4.14.Theaccumulatowith atotal volumeof 136n7 could generatedessthanthefirst
sizeinitially (approximately 200.9 k\and this power outpitaddecreaseto 35.11
kW by the end as shown in Figurd.14. The fcond size of accumulat¢200nT)
could generate 202.3 kWitially and 56.47 k\Wby the end othe simulation testas
shown in Figure 44. From ths simulationit can be summarized thtite size ofthe

steam accumulator can directly afféoe mechanical power in the system.

— Capacity: 136 m’
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Capacity: 250m’
— Capacity: 3001113_
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Figure 414 Effect of steamaccumulator volume on power output during the
discharge mode

4.5.3 Performance evaluation of a direct steamgeneration solar power
system integrated with a steam accumulator
Based orthevariable solar irradiance and ambient temperature in emitibya, the
system integrated withsteam accumulatavassimulatedthroughout thelay,so the
changs insolar irradiancean effect directly to the system outp@itcording to the
Centre for Solar Energy Research and Studies, |.thgaboundarygonditions such
asthe ambient temperature and solar radiance profilese obtained6]. The ®lar

irradiance and ambient temperatwere variable for one dajrom 300 W/n¥ to 1000
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W/m?, andthe temperaturgangedfrom 285 to 330 (K) in Julyasshownin Figure
4.15. In this analysisyve examine the proposed system under the condition of two
typical days, one when the slg/clear and the other when the gkyslightly cloudy.
According to Libyan meteorological @datsolar radiation is always available, thére
are a fewslightly cloudy daysThe mathematical model developed in sectchis
appliedto simulaethe steam accumulator integrated with the direct steam generation

solar power systenas shownn Figure4.16, by usingSimulink/Simscapesoftware.
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Figure 415: Variation in solar irradiance and ambient temperature with a cloudy and
a clear sky [6]
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Figure 416. Schematic of a direct steam generation solar power system integrated
with a steam accumulator using Simscape software
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To clarify the influenceof each variable mass flow rate, solar irradiance and the
ambient temperature, the effects produced by considering a different method of
operation were evaluated turn The first mode work when solar irradiance is
available.The cond mode wokkwhen saér irradiances unavailablewhich meas
thatthe system workbased on the heat storedthg steam accumulatoThe system

is examined with a constant solar collecting arfek820nt and withoutone,andalso

with four different storage tank volumes

4.5.3.1 Dynamic simulation of the system undex clear sky
Figure 415 showsthat the solar irradiation which was measured in Jugbisndant
and the sky is very clear. Also, it is Iqrsginny day, starting from 7:00AM and émgl
at09:00PM.As controlling, thesystem bemsto operatevhenthere is sufficiensolar
radiation >=350 W/rh If the solar radiation <350, the val¢én the systemis closed
and makethe systenoperatebased orthe steam storage tarédtone In the discharge
mode, the operating time of the system depends on the amount of steam stored in the
steam accumulatorTherefore the different volume of storage of the tank directly
affect the power output timen different ways To simulate the systenthe initial
accumulator inlet pressure and temperature selection are importans.fAstaone
day simulation evaluaseonly oneday, the temperature is not uniform in the steam
accumulator due to the thermocline behaviour of the steam/water itiséde
accumulator. Normally, the initial temperatures of the water layers in the steam
accumulator are the final temperatures of the iptessrday. Itappearghatall of the
useful solar energy charged to the steam accumulator istuskye theRankine
cycle and the rest is transferred to the ambient as heat loss from the system. The useful
heat gain trend is directly affected by theasatradiance pattern during the day. To

observe the effect of the heat storage volume on system performance, the thermal
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efficiency of the systerwasconsidered as well.he first examined index is electricity
generation, which is the most important paeten followed by solar thermal power
efficiency. Figure 4.7 showsacomparson ofthe net power output of the system with
and withoutan energy storge tank. The figure shows tthetsystem has higher
power output without using steam accumulator bun this case, it haa shorter
power output compared with having the steam accumulator unit. Also, Fidifre 4.
showsthat the larger the capacity of the tank, thegerit takes to produce electricity
from the system at the end of the day. For examyiten the heat capacity storage
was 160 m, the system stato generate electricity from 7:30AM f®: 15PMwhile,
when the heat capacity storage was 13pthe system stasto generate electricity
from 7:30AM t09:30PM. The delay in the production of electricity from the system
in the first hour of the day when using the steam tank is causthe Inged taharge

the tank with steam completely before staythe system.
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Figure 417. Effect of different steam accumulator storage volumes on the
power output

The peak power is always the main objective emphasized in the analysis, as well as
the control strategy implemented by steam tank. However, total energy production can
be a differenneed or goal. Regarding Fig. 4.17, the integration of the power output

157



of the model with and without storage shows an overall power output quite similar to
that with storage, this is due to the lack of steam flow rate control in the system, which
means thiathe throttle valve plays an important role to control the power output in the

solar direct steam generation system.

It can be seen that, when the system works on the charging model and solar radiation
Is available, all cases of differently sized storegpacities display very similar solar
thermal power efficiency (0.26), as shown in Figure84lh discharge mode from
8:30PM to midnight, however, the system thermal efficiency differs for each case of
the volume storage tank with discharge time. Theesysntegrated with 160hof

steam storage capacity has the longest thermal efficiency time. The results
demonstrate that the thermal efficiency of the system in discharge mode is entirely

dependent on the storage capacity size of the tank.

o
w
T
1

o

N

(&)
T

=Non

thermal power efficiency
o
N
T

0.15F =\/olume 70m*3 -
Volume 100m*3
01F —\olume 136m*3 I
— | A
0.05- Volume 160m*3 |
0 | 1 1 1 1 1 i 1 | 1 1 ] 1 1 1 ] ] 1 | [ ||

NYDO A O0ADIONL OO DR N PP

Time (hour)

Figure 418: Effect of different storage tank volumes on solar thermal power
efficiency

The mass flow rate also differs for each storage capacity. The findings shown in Figure
4.19 indicate that the mass flow rate during the discharge mode is completely

dependent on the size of the volume of the steam tank.
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Figure 4.19: Variations in the mass flow rate for each tank volume

Figures 420a and b show the charging and discharging pressure in the system and
turbine inlet temperatur@.he pressure increases vary with increasgar radiation

The dotted lines show the design point for the turbine inlet pressure, while the solid
lines indicaé the response of the pressure control valve to open the design point. The
designed steam turbine inlet pressure point is set at 1MPa; otherwise, the valve will
close, as the steam turbine will be insufficient, according to MAN power
manufacturing [130]. During the discharge mode, it appears that the steam
accumulator still flashes the stored pressure, andpthssure decreasen the
accumulator during its dischadime. This result is in line with data gathered from

the open literature review.
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Figure 4.20:Variations in a) the turbine inlet pressure, and b) the turbine inlet
temperature for each tank volume

Figure 420b indicates the turbine inlet temperature. Similar to pressure, the

accumulator outlet temperatuseequal to the turbine inlet temperature, and decreases

during the discharge period due to gteam accumulatad$ast reaction times and

high discharge rates.
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Figure 421: Variations of the a) vapor mass level, and b) tiguiass level inside the
steam accumulator for each size

Figures 4.2a and b show the total vapor mass and the total liquid mass of the steam
accumulator with four different volume capacities, respectiiéyure 4.2a shows
thatthe vapor mass increasasthesolar radiatiorrisesand the steam accumulator
starts to chamgat 7:00AM when solar radiatiobecomesavailable. The vapor mass
decreasewhenthesolar irradiance declines/ertime. The declinein thevapor mass

in the steam accumulator cadsenincreasdn theliquid massespecially duringhe
discharg@ mode as shown in Figure 41, because the steam stored in the tank began
to condense and move &two-phase flow stage or liquid stagehe resuts reveal

that the difference in the volume of the tank capadfifgcts the amount of stored

steam.
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4.5.32 Dynamic simulation of the system undeg cloudy sky
Although Libya is a countrthat isvery rich in solar radiation, there aaéew cloudy
daysperyear. From this perspective, the proposed system must be simaiteted
cloudy day.Figure 4.5 showsthe cloudy solar radiation in Marclihe main reason
for undertaking this analysis is that we need to see how the steam accumulator
responds to the direct steam generation solar power system when cloud passes over
the sol ar c Thé mastcimportarst parametee ia electricity getiena
Therefore, evaluationn a typicalcloudy dayis required A comparison study with
and without a buiin steam accumulatorag undertaken to assehs effect of this
ondirect steam generation solar power output systéhms results show that thee
of the steam tank could affect the power output of the proposed systesomewahat
cloudy day. The availability o steam accumulator to compensate tfoe quick
transitions also hefptoreducethereaction time and discharge rate requirements for

the storage systeniastended to supply stored energy for longer petiadsshown in

Figure 4.2.
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Figure 422: Effect of different storage tank volumes on the power output under a
cloudy sky

The result of this evaluation demonstrates it Jarger the tank capacity, the lower

the fluctuation in the net power outp&bor example, the system with a heat storage
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capacity of 160rhhad lower fluctuation in the power output compared with therothe

heat storage capacities.
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Figure 423: Effect of the different storage tank volumes on solar thermal power
efficiency under a cloudy sky

The thermal energy efficiency of the system wdifferent heat storage volumes is
very similar even with fluctuatianin solar radiationas shown in Figure 432
However, there is a different extension period for the efficiency of solar thermal
energyfor each heat storage situation durthg discharg mode.This is becausef

the amount of heat stored in the steam storage vankh was obtained by the solar
collectors duringthe charge mode. Therefore, since the power output period is
affected by the heat storage volume, the thermal efficiency of the system is also

affected by the heat storage volume.

As mentioned in Chapter 3 above, the control strategy for the turbine inlet prassure i
applied in this chapter when the proposed system is integrated with the steam
accumulator. When solar radiation fluctuation occurs, the turbine inlet pressure

decreases, making the steam turbine insufficient. From Figuda,4tZan be noted
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that the wrbine inlet pressure has been controlled for all caBles. dotted lines
indicate the control valve inlet pressure at the set point of 0.99, MRite the solid

lines represertheoutlet pressure of the valwehich equas theturbine inlet pressure
Conversely, when the system operates using a thermal storage tank, the system first
fully charges the steam accumulator and then runs the Rankine cycle. Therefore, it
appeardhat the valve inlet pressure point is presented under the set\pbich is
0.99MPa duringthe charge mode, and then the valve opens whemeachs >

0.99PMa.

Figure 424: Variations in a) the turbine inlet pressure, and b) the turbine inlet
temperature for each tank volume under a cloudy sky
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