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ABSTRACT 
 

The long-term reliance on renewable energy systems is now profound and proven as a 

sustainable choice for societies’ development. Nonetheless, they are generally intermittent 

resources that need additional solutions to become reliable for stable power generation. 

Biomass is an abundant renewable and CO2 neutral resource in most agricultural societies. 

Olive pomace is one of the most abundant resources of biomass in Palestine that lacks 

proper exploitation. Also, Palestine features good sun radiation quantities since it is located 

in the solar belt region. Whilst Palestine is an occupied country that imports about 93% of 

its electricity needs from the occupation with high unfair prices, exploiting the renewable 

and available resources is a vital choice for reducing the expensive cost incurred for 

importing electricity, leading to improving the economy and Palestinian lives.  

 

This research aims to assess the potential of hybridizing olive pomace and sun thermal 

energy for electricity generation in Palestine, comparing the performance of two systems 

of solar line focusing technologies, and addressing the scientific and economic aspects to 

outline a strong science-based material for future research, as well to draw the main 

framework for deploying biomass-CSP hybridization for commercial purposes. In this 

research, the major design configuration and optimal combination between system 

components are outlined, to achieve the best balance between performance and economic 

considerations. 

  

To attain these targets, previous work was explored, a potential location in Jericho 

governate was selected, statistical information was gathered related to olive pomace 

quantities and metrological data of Direct Solar Irradiance (DNI), a physical model has 

been modeled and optimized using EBSILON software considering steam Rankine cycle 

hybridized with either Linear Fresnel Reflector (LFR) or Parabolic Trough (PT) solar field 

with thermal efficiency of 36.76 %, and simulation was run around an annum to evaluate 

the amount of generated electricity, the share of solar energy, and estimating the Levelized  
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Cost Of  Energy (LCOE) for generated electricity. Comparing both CSP technologies; LFR 

and PT solar systems in terms of their share to the produced electricity and their effect on 

the LCOE. 

  

The study shows that the viable power generation capacity obtained by burning the 

average annual produce amount of 35,569 tons of olive pomace equipped with 30 dunums 

CSP solar field is 6 MW. Solar field share in the 6 MW generation capacity was found to 

be 8.77% for PT and 9.85% for LFR on an annual scale. Results also show that for the 

same considered land area, the LFR and PT annual contribution is very close. Whilst LFR 

modules installed per unit area are higher than PTs, PT modules compensate for the 

difference using their superior optical efficiency. Regarding generated electricity, the 6 

MW LFR hybrid model generated 51,691 MWh, and the PT hybrid model generated 

51,629 considering the consumed electricity within the plant equipment. 

 

Using the 6 MW capacity hybrid power plant LFR and PT models. The LCOE 

calculation was conducted taking into consideration all the related financial aspects 

considered in this study. The LCOE when LFR is used was 0.1090 $/kWh and 0.1112 

$/kWh when PT is used. LFRs are more adaptable with different land shapes than PTs do, 

for different land shapes other than suggested in this study outcomes would be different. 

Where imported electricity in 2019 was 6,249,104 MWh, the generated energy via the 

proposed 6 MW models can secure 0.83 % of electricity importation. 
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لتوليد الكهرباء    و الطاقة الشمسية المركزةالزيتون   هجينة من جفتمحطة ودراسة تحليلية ل تقييم 
   نيفي فلسط

  

  إيمان عجلوني 

 ملخص 
 

المجتمعات. رغم  رومستداما لتطوان الاعتماد على المدى البعيد على مصادر الطاقة المتجددة يعتبر خيارا واعدا  

وبحاجة لحلول قادرة على انتاج كهرباء بكميات ثابتة كونها مصادر متذبذبة    ذلك، فإن مصادر الطاقة المتجددة غير

اضافية لكي يعتمد عليها بشكل مباشر في انتاج الطاقة بشكل مستقر. الطاقة الحيوية من مصادر الطاقة الموجودة بوفرة 

في المجتمعات الزراعية. جفت الزيتون من اكثر مصادر الطاقة الحيوية وفرة في فلسطين والمفتقرة للاستغلال الأفضل. 

فلسطين دولة محتلة باعتبار  عاع الشمسي فيها كونها تقع في منطقة الحزام الشمسي.  فلسطين ايضا تتميز بوفرة الاش 

غيرعادلة، استغلال المصادر المتاحة    بأسعارعالية من احتياجاتها من الكهرباء من الإحتلال   %93 تعتمد على استيراد

مم الكهرباء،  لاستيراد  العالية  الفاتورة  تقليل  أجل  من  ضروريا  يعتبر  حياة  المتجددة  ويعزز  الاقتصاد  من  يحسن  ا 

 الفلسطينيين.  

 

يكمن هدف هذا البحث في تقييم استخدام نظام توليد طاقة هجين يعتمد على جفت الزيتون و الطاقة الشمسية المركزة  

 البحث هذا ستهدفيومقارنة اداء نظامين مختلفين من انظمة العواكس الحرارية.  ، لإنتاج الطاقة الكهربائية في فلسطين

دد  يحلمزيد من البحث العلمي في هذا المجال مستقبلا، و  تفسح المجال  علمية متينةمنهجية  الجوانب العلمية والمالية لرسم  

جفت الزيتون لإنتاج الطاقة بشكل أحد مصادر الطاقة الحيوية وهو  لإطار الاساسي لإستخدام الطاقة الشمسية المركزة وا

يم الأساسي و تحسين ربط أجزاء محطة الانتاج للوصول لأفضل كفاءة ممكنة  تجاري. في هذا البحث؛ تم تأسيس التصم

  مع الحفاظ على النموذج متاحا من الناحية العملية و الاقتصادية. 

  

ريحا كموقع أتم اختيار محافظة  و  من أجل الوصول الى هذه الاهداف: تمت دراسة الابحاث السابقة في هذا المجال،  

معلومات المتعلقة بكميات جفت الزيتون  التم جمع    ، حيثالنموذج المصمم لمحطة الانتاج الهجين للطاقةمناسب لتطبيق  

تم بناء نموذج لإنتاج الطاقة باستخدام برنامج  ثم    ،المنتجة سنويا و المعلومات المتعلقة بكميات الاشعاع الشمسي المباشر

دونما من العواكس الشمسية  30جين محطة رانكين الحرارية مع تم بناء النموذج بته ، بحيثإبسلون للمحاكاة الحرارية

، %  36.76  حرارية  النموذج للمحطة الهجينة بكفاءة   هذا  تم تطوير  و قد  ،الدورة الحراريةمربوطة على التوالي مع  
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ال  وتم ادخ  ،دراسة نوعين مختلفين من العواكس الحرارية وهما عواكس فرينيل وعواكس القطع المكافئبعدها  تمت  

تم عمل محاكاة    يهوبناء عل  ،جكافة المعلومات المتعلقة بالزوايا الشمسية ودرجات الحرارة والاوقات الشمسية الى البرنام

لعمل النموذج المنتج للطاقة لعام كامل لاستخراج النتائج  واستخدامها في تقييم النموذج المقترح من الناحية الاقتصادية 

 والتقنية. 

 

من    سنويا  ان استخدام معدل الكمية المنتجةالسنوية على محطة الطاقة الهجينة  دراسة والمحاكاة  نتائج ال  قد أظهرت

العواكس الشمسية المستخدمة في الدراسة (سواء عواكس   حقلدونما من    30طن) مهجنة مع    33,569جفت الزيتون (

ميجا واط من الطاقة الكهربائية. وكانت مساهمة النظام   6على انتاج ثابت بقدرة    قادر  فرينيل او عواكس القطع المكافئ)

% في حال استخدام عواكس القطع المكافئ على اساس   8.77% في حال استخدام عواكس فرينيل و    9.85الشمسي  

نوي. حيث اتضح ان استخدام اي نوع من العواكس الشمسية يأتي بنتائج متقاربة لكون كفاءة عواكس القطع المكافئ س

اعلى مقابل امكانية وضع عواكس اكثر في حال استخدام عواكس فرينيل. و أظهرت النتائج ان محطة الطاقة الهجينة 

  51,629بعواكس فرينيل. و  شمسي  عة في حال استخدام حقل  ميجا واط.سا  51,691ميجا واط قادرة على انتاج     6بقدرة  

 بعواكس القطع المكافئ. شمسي ميجا واط.ساعة في حال استخدام حقل 

 

جميع  أخذ  ومع  المصممة،  للمحطة  والتشغيل  والانتاج  الانشاء  بتكاليف  الخاصة  الاقتصادية  الحسابات  بإجراء 

ع تبني نظام المرابحة الإسلامي كمصدر لتمويل المشروع؛ تم حساب  التكاليف الاقتصادية الرئيسية بعين الإعتبار، وم

بقيمة   الطاقة  لوحدة  المستوي  التهجين مع حقل شمسي من    0.1090السعر  استخدام  في حال  دولار/كيلو واط.ساعة 

  دولار/كيلو واط.ساعة في حال استخدام التهجين مع عواكس القطع المكافئ.  0.1112عواكس فرينيل و 

  

استخدام اي من العواكس لا يؤثر بشكل رئيسي على السعر او الاداء الحراري لكن تتميز عواكس فرينيل   تبين ان

بقدرة اعلى على التماهي مع مختلف اشكال الارض الهندسية بخلاف عواكس القطع المكافئ. بالنظر الى كمية الكهرباء  

ج المقترح لتهجين الطاقة الشمسية و جفت الزيتون ميجا واط.ساعة فإن النموذ  6,249,104و هي    2019المستوردة عام  

  % من مجموع الطاقة المستوردة. 0.83قادر على توفير ما قيمته 
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List of Abbreviations 
 

CSP Concentrated Power technology 

PTC Parabolic Trough Collector  

LFR Linear Fresnel Reflector  

LF Linear Fresnel 

PT Parabolic Trough 

DNI Direct Normal Irradiance  

LCOE Levelized Cost of Energy 

SPT Solar Power Tower  

 DSG Direct Steam Generation 

TES Thermal Energy Storage  

SAM System Advisor Model software 

LFRs Linear Fresnel Reflectors 

PTCs Parabolic Trough Collectors 

GCV Gross Calorific Value 

(N) Nitrogen 

(C) Carbon 

(O) Oxygen 

(H) Hydrogen 

 (𝑁
𝐶
) Mole Number of Carbon 

(𝑁ுమ
) Mole Number of Hydrogen 

(𝑁మ
) Mole Number of Oxygen 

(𝑁
𝑁2

) Mole Number of Nitrogen 

A/F Air Mass to Fuel Mass Ratio 

λ The Excess Air Ratio  

PCBS Palestinian Central Bureau of Statistics 

E  Energy 

Q Any Type of Energy Generated or Consumed per Second Including Thermal 
Energy 

W Work 
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�̇� Mass Flow Rate 

ℎ Enthalpy 

𝑉 Velocity 

𝑔 Gravitational Field 

𝑧 Height above a Reference Level 

�̇�  The Heat Transfer Rate To The System  

�̇�  The Work done per time 

"o" subscript The Values at The Output 

"i" subscript The Values at The Inlet 

𝑞 Heat Transfer per Unit Mass 

𝑤 Work per Unit Mass 

T  Temperature 

s Entropy 

𝜈  Specific Volume 

𝑃 Pressure 

𝐻𝑛  The Enthalpy at State n 

𝑃𝑛 The Pressure at State n 

𝜂
𝑡ℎ

 Thermal Efficiency 

𝜂
𝑡ℎ,𝑐𝑎𝑟𝑛𝑜𝑡

 The Carnot Efficiency 

𝑇𝑚𝑎𝑥 Thermal Energy Source Reservoir Temperature of power plant 

𝑇𝑚𝑖𝑛 Thermal Energy Sink Reservoir Temperature of power plant 

�̇�𝑠 Mass Flow rate of Steam Entering the condenser 

ℎ𝑠 Enthalpy of Steam Entering the Condenser 

ℎ𝑐 Enthalpy of Water Leaving the Condenser 

�̇�𝑤 The Mas Flow Rate of Cooling Water 

𝐶𝑝,𝑤 Specific Heat of Water 

𝑈 The Heat Transfer Coefficient per Unit of Time, Unit of Surface, and 
Degree of Temperature Difference 

𝛥𝑇 The Temperature Difference 

𝐴 Area 
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HP High-Pressure 

LP Low-Pressure 

HTF Heat Transfer Fluid 

WF Working Fluid 

 PD Parabolic Dish 

PDC Parabolic Dish Concentrators  

NCV Net Calorific Value  

(S) Sulfur 

�̇�𝐿𝑖𝑣𝑒 The Mass Flow Rate of The Live Steam 

 �̇�𝑅𝑒ℎ𝑒𝑎𝑡 The Mass Flow Rate of Steam that Enters the Reheat Line in The Boiler 

ℎ 𝑙𝑖𝑣𝑒,𝑖𝑛 The Enthalpy at The Live Steam Inlet Line in The Boiler 

ℎ 𝑅𝑒ℎ𝑒𝑎𝑡,𝑜𝑢𝑡 The Enthalpy at The Reheat Steam Outlet Line in the Boiler 

ℎ𝑅𝑒ℎ𝑒𝑎𝑡,𝑖𝑛 The Enthalpy at The Reheat Steam Inlet Line in the Boiler 

𝜂
𝑖𝑠

 The Isentropic Efficiency 

𝜂
𝑎𝑙𝑙

 Overall Efficiency 

𝜂
𝑚𝑒𝑐ℎ

 Mechanical Shaft Efficiency 

𝜂
𝑚𝑜𝑡𝑜𝑟

 Motor Efficiency  

FWH Feed Water Heater 

γs Solar Azimuth Angle 

αs Solar Elevation Angle 

θz Zenith Angle 

γc Collector Azimuth Angle 

βc Collector Axis Tilt Angle 

θi Incident Angle 

RPHIIINC Incident Angle Symbol in EBSILON 

IAM Incident Angle Modifier 

QEFF Thermal Energy Input into The Heat Transfer Fluid from Solar Energy 

QSOLAR  Energy Transferred to The Heat Transfer Fluid from Solar without Losses  

ANET Net Aperture Area of the Collector 

FOPT 0 Peak Optical Efficiency  

ETASHAD  Factor to Include Shading Losses 
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ETACLEAN  Factor to Correct for Actual Mirror Cleanliness  

ETAENDL  Factor to Correct End Loss Effects  

𝑅𝑃𝐻𝐼𝑇𝑅𝐴𝑁 Transversal Angle 

ROWDIST The Distance between Parallel Collectors. 

QLOSS The Thermal Losses of the Collector 

𝑞
𝐿𝑂𝑆𝑆

 The Thermal Losses of the Collector per Unit Length 

𝑇𝐻𝑇𝐹 The Temperature of the Heat Transfer Fluid 

𝑇𝑎𝑚𝑏 Ambient Temperature 

FOPT The Optical Efficiency of The Collector 

LMTD The Logarithmic Mean Temperature Difference 

𝑇𝑓𝑢𝑒𝑙 Fuel Temperature 

𝜂
𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛

 Combustion Efficiency 

𝑃𝑙𝑖𝑣𝑒 Live Steam Pressure 

𝑇𝑙𝑖𝑣𝑒  Live Steam Temperature 

𝜂
𝐺

 Generator Efficiency 

T L Low-temperature side of the cycle 

T H High-temperature side of the cycle  

𝜂
𝑡ℎ,𝑠𝑜𝑙𝑎𝑟 𝑓𝑖𝑒𝑙𝑑

 Solar Field Efficiency 

A net Total of The Aperture Area of Solar Reflectors or Concentrators in The 
Solar Field 

𝑄𝐺𝑒𝑛 Power Plant Capacity for Electricity Generation per Time 

Q Aux The sum of all electrical consumption equipment in the Power plant 

DC Direct costs  

IDC Indirect costs 

O&M Operation and Maintenance 

CRF Capital Recovery Factor  

i The Interest Rate 

n Number of years 

𝐴𝑁 The Annual due Payment from Borrowed Investment Cost 

Pr Profit Amount 
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TC The Required Finance Amount for Investment 

rm Average Profit (Rate) Percentage 
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CHAPTER 1 

Introduction 
 

1.1 Preamble  
 

The world is moving in fast steps toward adopting renewable energy solutions instead 

of traditional fossil resources (Dincer, 2000). That’s due to the many complications caused 

by the vast reliance on burning fossil fuels for energy. It’s now known that burning fossil 

fuels has played a great role in the current global warming phenomenon (Bartsch et al., 

2000). Moreover, many other factors nowadays reduced the potential of relying on these 

resources, such as the volatile prices of fossil resources and their direct affection by 

political stability, their harmful effects on the quality of air, the drop in newly discovered 

reserves, and many other factors (Bartsch et al., 2000). As a result, most countries are 

moving to adopt more authentic resources of energy, that can provide sustainable energy 

supplies at reasonable prices. Driven by extensive scientific research and investments; 

renewables are now providing 26.3% of the world total generated electricity, which values 

1.4 times compared to 18.7% 20 years ago. In Palestine, renewables covered  2.63% of the 

total consumed electricity in 2018 (PCBS, 2018).  

Palestine is in great need to exploit renewable resources. Due to the occupation, 

Palestine is banned from free energy trade with the neighboring countries and the 

occupation provides nowadays about 93.9% of the electricity for Palestine (Ismail et al., 

2013). As a result, energy prices in Palestine are the highest among the neighboring 

countries. That led to unfair prices of electricity on the Palestinians and hindered the 

development of the country as a whole (Ismail et al., 2013). Palestine is located in the sun-

belt region that features considerable sun insolation. Most of Palestine receives solar 

radiation about 3000 hours annually (Abu Hamed et al., 2012), and the average solar 

radiation values range from 5.4 kWh/m2.day to 6.0 kWh/m2.day. These values show a 

reasonable potential for exploitation feasibility compared to other places worldwide such 

as Madrid-Spain 4.88 kWh/m2.day, Sydney-Australia 4.64 kWh/m2.day (Ajlouni and 

Alsamamra, 2019). Palestine is also one of the Mediterranean countries that the olive 
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industry is a major contributor to its agricultural profile. This produces considerable 

amounts of olive pomace annually (Musalam et al., 2017). This work aims to assess the 

potential of hybridization between olive pomace and solar thermal energy in fulfilling part 

of the electricity needs in Palestine, taking into consideration all the factors and 

circumstances that affect this potential. Outcomes will be: Determining the best 

hybridization model, and the expected Levelised Cost Of Energy (LCOE) of generated 

electricity. Assessment will be carried out to evaluate the validity of this potential. 

 

1.2 Motivation and Objectives 
 

Palestine needs to generate its electricity from authentic resources to reduce its vast 

reliance on imported electricity from the occupation and neighboring countries, securing a 

portion of the required electricity consumption and increase the renewables energy portion 

share in electricity. This leads to investigating the use of indigenous renewable resources 

away from occupational control like solar energy and biomass resources to generate 

electricity in Palestine. 

 

Some researchers investigated the hybridization between biomass and Concentrated 

Solar Power technology (CSP) and there are many assessments of CSP and biomass 

combustion plants. in Palestine, there is no investigation for hybridization between any 

type of biomass and CSP technology for electricity generation in a steam power plant. 

Moreover, there is no comparison of annual energy yield between Parabolic Trough 

Collector (PTC) technology and Linear Fresnel Reflector (LFR) under the same land area 

and the same conditions for electricity generation. This thesis scope includes establishing 

a strategy and approach for hybridization between CSP and olive pomace for electricity 

generation in Palestine, that can be applied for hybridization between CSP and other 

biomass resources which are suitable for combustion in Palestine in steam power plants for 

future researches or implementation purposes. 
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The main objectives of this research:  

 

1- To establish a strategy and approach for hybridization between CSP and olive 

pomace for electricity generation in Palestine. that can be applied for hybridization 

between CSP and other biomass resources that are suitable for combustion in 

Palestine in steam power plants for future researches. 

2- To introduce and assess a proposed power plant for hybridization between CSP 

(Linear Fresnel (LF) and Parabolic Trough (PT)) and olive pomace in electricity 

generation by Using EBSILON simulation software. 

3- To study the annual operation of the proposed hybrid power plant models for both 

LFR and PT under different capacities around the estimated power generation 

capacity. that can be achieved from CSP and olive pomace under specific design 

conditions relevant to variation of Direct Normal Irradiance (DNI) and ambient 

temperature. Performed using EBSILON time series annual simulation. 

4- Hybridization comparison between two CSP technologies: LFR and PTC. 

Comparing their thermal output performance, their effect of the Levelized Cost of 

Energy (LCOE). 

5- To study the solar field performance in the hybrid power plant for both the LFR 

hybrid model and PTC hybrid model under variable DNI and ambient temperature.  

6- To study the olive pomace boiler expended energy and the performance of the 

boiler under the variation of DNI and ambient temperature  

7- To evaluate the energy share of olive pomace boiler and CSP from annual energy 

production 

8- To evaluate for both LFR and PTC the net electricity annual production from hybrid 

power plant under different capacities, and to calculate the LCOE for the most 

appropriate capacity.  

9- To assess the hybridization potential share to the electricity consumption in 

Palestine 

1.3 Methodology 

Research methodology can be introduced by the following: 
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1. Examining the previous work related to the hybridization between biomass and  

    CSP. 

2. Collecting the related data about the olive pomace in Palestine 

3. Collecting essential information about CSP and steam power plants. 

4. Site selection 

5. Collecting metrological data regarding the selected site. 

6. Developing a hybrid power plant model for both LFR and PT solar fields. 

7. Annual simulation using all the input gathered data. 

8. Results and conclusions. 

Figure 1.1 introduces the flow chart of the research methodology. 

 

Figure 1.1: Thesis methodology flow chart 
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1.4 Literature Review 

1.4.1 CSP for Power Generation 

CSP technologies have been a hot topic for many researchers in the last few years. 

Investigating aggressively the potential of employing this technology and tracing its 

development from studies to real-world application. Islam et al (Islam et al., 2018) 

introduced a comprehensive review of the state-of-the-art of CSP technologies, 

investigating the current status and trends. They mentioned that the most investing 

countries in CSP technologies nowadays are Spain and the USA. For instance, the 

California Energy Commission approved the erection of five CSP power plants with a total 

capacity of 2284 MW in 2014. By 2016, the total installed CSP plants in Spain was 2304 

MW. The researchers found that the most dominant systems are the Parabolic Trough 

Collectors (PTC) and Solar Power Tower (SPT) respectively. The world total installed CSP 

power plants up to 2016 was around 4.8 GW. Which is about 13.7 times the CSP installed 

capacity in  2006, which is around 352  MW. Finally, the paper concluded the Direct Steam 

Generation (DSG) systems are promising in power generation. Siyatar et al, (Krunal H. 

Siyatar, 2017) conducted a comprehensive review of different CSP technologies, they 

concluded that the best advantage of the  CSP technology is their resemblance to the 

working fossil power plants. Stating that the can be a direct alternative with modification 

of the boiler section. Chaanaoui et al (Chaanaoui et al., 2016), their sensitivity analysis 

indicated that PTC systems with thermal oil and molten salt storage at 50 MW were the 

most mature system, and SPT plants are promising and might have the greatest potential 

by early 2018. In another study conducted by Giovannelli (Giovannelli, 2015), discussed 

the application of small-scale CSP for industrial and rural electrification applications. 

 

The CSP applications in power generation were also a topic for research and 

investigation in the middle east area. Wael Alkouz et al (Wael Al-Kouz, 2020) conducted 

a study to predict the performance of a smaller model (140 MW) of a power plant installed 

in Gila Bend-Spain in Ma’an-Jordan. The simulation results including the monthly capacity 

factors suggest the annual operation in Ma’an may be even better than the operation in Gila 

Bend, for an annual average capacity factor of about 41% for Ma’an vs. a capacity factor 
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of about 39% for Gila Bend. Elshazely (ElShazly, 2011) carried out a study to assess the 

potential of CSP power generation in Egypt. The study yielded that CSP represents a 

reliable and sustainable source of energy for Egypt with different outputs that can be used. 

and the private sector needs to be involved in this process. 

 

In Palestine, Yasin (Yasin, 2019) conducted a study to compare a 1 MW PV power 

plant to a PT-CSP power plant of the same capacity. He found that CSP power plants 

overwhelmed PV power plants in case of including 14.5 hr to 18.5 hr Thermal Energy 

Storage (TES). Which increases the capacity factor by up to 57%. Taleb also studied the 

performance of a 5.4 MW PT-CSP system in Gaza Strip (Taleb, 2014) using SAM (System 

Advisor Model) software. The investigation found that electricity could be generated 3.5% 

cheaper than current prices without trading saved CO2 emissions. In 2016, Draidi carried 

out a feasibility study to identify the potential of employing CSP for power generation in 

Palestine (Draidi, 2016), taking into consideration many factors. The study found the 

viability of the potential relies on factors such as real state prices where the plant could be 

erected. This has excluded the feasibility of erection in Gaza due to the extremely high 

prices of the real state. The study covered the main cities in Palestine. LCOE was from 0.2-

0.5 $/kWh without TES and 0.19-0.47 $/kWh employing TES, with payback period 

between 7-25 years. 

1.4.2 Olive Pomace as a Source of Energy 

The olive pomace is a by-product of the olive oil industry. Mediterranean countries 

produce about 98% of olive oil consumed around the world (Oktay, 2006). Due to its 

considerable calorific value, researchers investigated its potential in substituting fossil 

fuels in boilers. Cliff et al (Cliffe and Patumsawad, 2001), investigated the co-combustion 

of olive pomace beside coal in a fluidized bed boiler designed for burning coal. The study 

concluded that a 20% mix can be used with only a 5 % drop in boilers efficiency, and a 

10% mixture produced less CO emissions than coal-burning only. Dally et al (Dally and 

Mullinger, 2002) prepared a report to assess the potential of using olive husks (pomace) 

for energy generation in South Australia Province. The report mentioned that the potential 

is estimated by 250 000  MWh yearly from South Australia only. That’s to be accomplished 
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in different ways including gasification and co-combustion with the existing coal plants. 

And this exploitation is in favor of encouraging olive agriculture in Australia. Vourdoubas 

assessed the possibilities that olive pomace has for power generation in Crete island in 

Greece (Vourdoubas, 2017), the estimation of potential reached 24% of the total energy 

needs of the island. Oktay (Oktay, 2006) applied a similar study on Turkey. He estimated 

the potential as 150,000 tons of oil (toe). Majdoub (Majdoub, 2018) simulated a 10 MW 

power plant that operates 100% on the olive pomace as a source of energy. The LCOE was 

promising for more investments.  

In Palestine, many research efforts aimed to study olive pomace and its potential in 

energy production. Masallem et al (Musalam et al., 2017) studied the thermal properties of 

a composite fuel of olive pomace 40% and diesel 40% besides intense olive chemical 

residues as a solution for power generation in Gaza Strip. Abu Hamed et al (Abu Hamed 

et al., 2017), conducted a study to investigate the potential of power generation from the 

olive pomace in Palestine. their study found a high-energy potential that can be derived 

from the olive pomace and that powering olive mills by small-scale generators using OC 

is feasible. Saving 1.3% of annual electricity consumption based on 2009 data. Gannam et 

al (Ghannam et al., 2005),  stated that utilization techniques of olive pomace have the 

potential to be feasible in Palestine should be considered to get the benefits of high energy 

content and avoid the environmental problems of dumbing olive pomace or using it as 

fertilizer without chemical treatment. Co-composting and anaerobic digestion of olive mill 

solid wastes to produce energy have the potential to be feasible and can be recommended 

for Palestine. 

1.4.3 Biomass-CSP Power Generation 

The combined power generation of electricity from CSP and biomass was investigated 

by researchers from different parts of the world and for different purposes. The core value 

is to use a carbon-neutral available resource such as biomass to overwhelm the intermittent 

nature of solar energy. Combining these two resources for power generation compensates 

for each other disadvantages. Nixon et al (Nixon et al., 2012), conducted a study checking 

for the feasibility of hybrid biomass-CSP power generation in India. The study endorsed 
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the potential of this hybridization in successful electricity generation. 29% of biomass 

combustion could be reduced by employing solar thermal technologies and achieved 1.8-

5.2 cent/kWh. Peterseim et al (Peterseim et al., 2014), ran a study to investigate 

economically and technically the hybridization of biomass power and the molten salt solar 

tower power system in Australia. The study yield was that a 30 MWe hybrid plant can 

produce 160,300 MWh of electricity at a levelized price of 155 AU$/MWh. The erection 

costs were 43% lower than erecting a standalone CSP power plant with 15h TES. Soares 

et al (Soares et al., 2018), compared two identical 1 MWe hybrid power generation plants 

in Tunisia. One for electricity generation only. And the other includes heat sources besides 

electricity. LCOE for both plants was 175.4 Euro/MWh and 126.3 Euro/MWh respectively. 

For both cases, the LCOE was competitive with the local market fairs. Srinivas et al 

(Srinivas and Reddy, 2014), carried out a multi-technical sensitivity analysis for the 

combining of biomass and CSP technologies in power generation. The study found that 

with more employing of CSP, less boiler pressure is required. And fuel efficiency 

increases. And the optimal thermal efficiency under standard conditions could reach up to 

27%. Servert et al (Servert and San Miguel, 2011), ran a technical and economic 

assessment of the hybrid solar-biomass power generation. The study results show that the 

erection costs drop by 24% better than the erection of two stand-alone power plants. In 

contrast, operational and maintenance costs are higher than using only solar or biomass 

sources by 2.77 times. the study considered 10 MWe for investigation and used SAM to 

run the required simulations and optimizations. In Palestine, there were no studies 

considering investigating the hybridization of biomass-CSP systems for power generation. 

Which is going to be the sole purpose of this thesis. Del Moral and Fontina (del Moral and 

Petrakopoulou, 2019) proposed a design and analysis for a 20 MW hybrid biomass-CSP 

plant with an advanced wastewater treatment plant. According to their exergetic analysis, 

They found that the plant 15% exergetic efficiency can be achieved when CSP support is 

used, and 34% when biomass support is used. Pantaleo et al (Pantaleo et al., 2017) 

suggested a novel hybrid biomass-CSP model and carried out the thermal analysis and 

optimization using Cycle-Tempo ® software. The study used gathered data from ppilot 

plants. The study yielded that employing CSP increases the efficiency but have no 

investment profitablilty. Herrera et al (Herrera et al., 2020) carried out an assessment for 
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hybrid biomass-CSP power generation in Tunisia, the study found that for each kWh of 

electricity the CO2 immission is 550g. and also many other socio-economic parameters 

can be enhanced by utilizing hybridization in the Tunisian case. 

This thesis scope is to assess the hybridization between olive pomace as an abundant 

biomass resource with CSP. Through developing a realistic hybrid power plant model 

according to the available data and conditions in Palestine. And assess the outcomes after 

running simulations and conducting sensitivity analysis changing the critical affecting 

parameters. 

1.5 Thesis Design 

The thesis consists from eight Chapters, after this chapter, Chapter 2 study the status 

of olive pomace in Palestine and its amounts per year and introduce the result of testing the 

heating value of multi-samples from olive pomace in Palestine. Next, Chapter 3 introduces 

the basic concept of steam power plants and their efficiency development, Followed by 

Chapter 4 that illustrates all types of concentrated solar power technologies. Chapter 5 

introduces EBSILON® Software that will be used in our research as a design and 

simulation tool for the power plant processes. Chapter 6 presents the main approach and 

the main assumptions for hybridization between olive pomace and both Linear Fresnel 

Reflectors (LFRs) technology and Parabolic Trough Collectors (PTCs) technology for 

electricity generation, also in Chapter 6 proposed models of the hybrid power plant will be 

introduced for both LFR and PTC based on efficiency improvement criteria and technical 

requirements, furthermore, Chapter 6 demonstrates the operation strategy of the hybrid 

power plant for both LFR solar field and PTC solar field. The output results from 

simulation from hybridization will be demonstrated in Chapter 7 and a comparison between 

the hybridization that uses LFR technology and the hybridization that uses PTC technology 

under the same conditions besides the evaluating of levelized cost of energy. At the end 

Chapter 8 presents conclusions from a summary of achieved results, recommendations, and 

future work. 
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CHAPTER 2 

Olive Pomace Potential for Energy Generation in Palestine 
 

2.1 Preamble  

In this chapter we will introduce the olive pomace status, heating value, gathered data 

from Palestine, and quantities as a major biomass resource that will be used besides the 

solar energy source extracted by concentrator solar technology for producing electricity by 

hybridization model.  

Investing in energy production from authentic resources is a vital choice to mitigate the 

consequences of the occupation restrictions in Palestine, Biomass is one of these important 

authentic renewable resources of energy in Palestine that can be employed to match (or to 

meet) a variety of energy needs in many applications, such as heating, transportation, and 

electricity generation. 

As most developing countries are characterized by an agriculturally-themed economy, 

people consume more than 85% of solid biomass fuels, using this source essentially for 

cooking, heating, and even lighting (Jebril and Khatib, 2018). Biomass combustion is 

carbon dioxide neutral. Since the released amounts of Carbon Dioxide are the same 

absorbed during growing the biomass source. Moreover, the amounts of used biomass for 

energy are always less than the originally grown quantities, which leads to more reduction 

in carbon dioxide emissions (Amro, 2016). 

Biomass in Palestine (Gaza and West Wank) comes from the following sources: 

agricultural waste, municipal organic waste, animal manure, wood and charcoal waste, 

organic oils, lubricants waste, industrial organic waste, wastewater, and sewage (Jebril and 

Khatib, 2018). Palestine is also one of the Mediterranean countries that olive industry is a 

major contributor to its agricultural profile. About 45 % of cultivated lands in Palestine are 

occupied by olive trees. This produces considerable amounts of olive pomace annually that 

can be employed as a fuel for electricity generation (Musalam et al., 2017).  Also, according 

to Imraish and Abu Safa (Imraish and Safa, 2017), olive trees count for 75.6% of total 

arable lands in Palestine. 
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Olive presses generate three main outcomes: olive oil, olive pomace, and olive 

wastewater called (Zibar). While olive oil is the main outcome of the olive pressing, the 

other outcomes are considered lateral products that need utilizing or treatment. Zibar 

mainly consists of water and other non-oily content of the olives. This product is usually 

stored within a press septic tank and treated later for retrieving a low-quality olive oil and 

after that is treated and dumped. Olive pomace forms the rest parts of the olives. It’s 

characterized by its high thermal content thus it is used for domestic heating applications, 

especially in winter. 

Despite olive pomace is used widely for heating purposes. Considerable amounts of it 

are dumbed causing environmental issues; such as soil contamination and polluting water 

aquifers. The proper exploitation of this resource can resolve both energy and 

environmental issues at the same time. Figure 2.1 depicts the energy balance resources in 

Palestine, showing olive pomace as an energy source that provides about 0.69% of the total 

energy consumption in Palestine. (Juaidi et al., 2016). 

 

Figure 2.1: Pie diagram of Energy Balance in Palestine (Juaidi et al., 2016) 
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2.2 Olive Pomace in West Bank & Gaza Strip 
 

Based on the latest report from the Palestinian Central Bureau of Statics about 

agricultural areas in Palestine (PCBS, 2020), the total land in West Bank and Gaza Strip 

cultivated with horticulture trees (which includes olive trees), vegetables, and field crops 

are about 365,900 dunams, 326,345 dunams in the West Bank and 39,555 dunams in Gaza 

Strip. The percentage area in West Bank and Gaza cultivated with horticulture trees is about 

53.17%, followed by field crops are about 34.15%, followed by vegetable crops are about 

12.68%. 

Olive trees have the largest percentage with 57% of the total number of horticulture 

trees, where the olive trees represent 93% of horticulture trees in West bank, and it 

represents 7% of horticulture trees in Gaza, and according to statistics in 2011, the total 

olive trees in the West Bank and Gaza are about 3,477,222 trees. 

Olive cultivated areas  are intense in Ramallah & AlBierh, Salfit, Qalqilya, Bethlehem, 

Jenin, and Nablus governorates. As mentioned in Figure 2.2 (Imraish and Safa, 2017). On 

the other hand, according to statistics in 2014, the olive press activity that is generating the 

olive pomace was concentrated in Jenin and Tubas as shown in Figure 2.3. The olive 

pomace that is generated after the olive oil extraction is dried and used for domestic heating 

purposes in most of Palestine areas, most of the olive pomace  about 84.15 % are returned 

to owners  without taking into consideration the best ways to dispose of it if it not used for 

heating purposes (Imraish and Safa, 2017). 
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Figure 2.2: Olive trees statistics in Palestine, (Imraish and Safa, 2017) 

 

 

Figure 2.3 Statistics of pressed olive in Palestine (Imraish and Safa, 2017) 
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2.3 Olive Pomace Properties as an Energy Resource  
 

Olive pomace is the solid remains of the olive oil extraction process. It constitutes the 

olive skin, pit or stone, bulb, and water. The water content of the olive pomace comes from 

the olive itself and the processing water used in the olive press (Amro, 2016). Moisture 

content in the olive pomace after pressing directly is around 44.8%. and varies depending 

on the olive press used technology (Imraish and Safa, 2017), and it is an essential criterion 

that should be considered before utilizing olive pomace. 

Olive pomace can be utilized by digestion due to its composition. But it contains a high 

percentage of polyphenols that should be treated to lower the polyphenols (Abdo and 

Khatib, 2018). It’s suitable to use olive pomace as a solid biofuel in combustion or 

gasification processes. There are significant amounts of olive pomace in Palestine to use 

for electricity generation. Combustion is the simplest energy conversion process that will 

be considered in this research. 

The calorific value is the main property that characterizes any fuel and is an important 

indicator of fuel efficiency. The Gross Calorific Value (GCV) of Four samples of dried 

olive pomace was measured in the Palestine Polytechnic University laboratories in an 

oxygen bomb calorimeter, the first sample was in 2019, the three other samples were in 

2020. The GCV of the tested samples is detailed in Table 2.3.1. the average value of the 

GCV for the tested samples is 17.095 MJ/kg. 

 
Table 2.1: Tested samples from different regions in Palestine 

Sample Harvest Season of Olive GCV (MJ/Kg) Sample location 

Sample 1 2019 16.54 Salfiet 

Sample 2 2020 18.35 Salfiet 
Sample 3 2020 16.14 Hebron 
Sample 4 2020 17.35 Berziet 

 

The ultimate analysis of olive pomace as detailed in Table 2.3.1 is considered from a 

tested sample of olive pomace in Jordan which has similar environmental and soil 

conditions of olive trees in Palestine, the considered sample from Jordan have nearly 
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similar average calorific value of the tested samples in Palestine Polytechnic University 

laboratories (Tawarah and Rababah, 2013). 

 
Table 2.2: The ultimate analysis of olive pomace, (Tawarah and Rababah, 2013) 

Constituent Nitrogen (N)  Carbon (C)   Hydrogen (H) Ash Oxygen (O) 

Percentage% 0.97% 48.42% 5.96% 10.56% 34.09% 

 

For 1 kg of pomace the mole numbers of the constituent of the olive pomace can be 

calculated by dividing the mass of each constituent by the molar mass as following: 

 

𝑀𝑜𝑙𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 (𝑁) =  
0.4842 𝑘𝑔

12 𝑘𝑔/𝑘𝑚𝑜𝑙
= 0.04035 𝑘𝑚𝑜𝑙 

𝑀𝑜𝑙𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 (𝑁ுమ
) =  

0.0596 𝑘𝑔

2 𝑘𝑔/𝑘𝑚𝑜𝑙
= 0.0298 𝑘𝑚𝑜𝑙 

 𝑀𝑜𝑙𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛 (𝑁ைమ
) =  

0.03409 𝑘𝑔

32 𝑘𝑔/𝑘𝑚𝑜𝑙
= 0.01065 𝑘𝑚𝑜𝑙 

𝑀𝑜𝑙𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 (𝑁ேమ
) =  

0.0097 𝑘𝑔

28 𝑘𝑔/𝑘𝑚𝑜𝑙
= 0.00035 𝑘𝑚𝑜𝑙 

 

The equation of combustion of 1 kg of olive pomace relative to the olive pomace 

composition: 

 

(0.04035 𝐶 + 0.0298 𝐻ଶ + 0.01065 𝑂ଶ + 0.00035 𝑁ଶ ) + 0.0446 (𝑂ଶ + 3.76𝑁ଶ)  

⟶ 0.04035 𝐶𝑂ଶ + 0.0298 𝐻ଶ𝑂 + 0.168046 𝑁ଶ + 𝐴𝑠ℎ + 𝐸𝑛𝑒𝑟𝑔𝑦 

 

A major ratio that is used for the combustion process is the air-fuel ratio (A/F) which is 

the ratio between the mass of air and mass fuel during the combustion process or the ratio 

between the mass flow rate of air and the mass flow rate of fuel. The ideal air-fuel ratio is 

known as the stoichiometric air-fuel ratio for complete combustion.  

 Actually, in real combustion processes, it is needed to use the air-fuel ratio more than 

the stoichiometric air-fuel ratio to maximize the possibilities of complete combustion or to 
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manage the combustion temperature. The symbol λ used for the amount of excess air to the 

air to fuel stoichiometric amount, it is also known as excess air ratio (Çengel, 2008): 

 

Stoichiometric air to fuel ratio 

=  
 (𝑀𝑜𝑙𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑖𝑟 𝑖𝑛 𝑘𝑚𝑜𝑙)𝑋 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑖𝑟 (

𝑘𝑔
𝑘𝑚𝑜𝑙

)

1 𝑘𝑔 𝑜𝑓 𝑜𝑙𝑖𝑣𝑒 𝑝𝑜𝑚𝑎𝑐𝑒
 

(2.1) 

 

 

Stoichiometric air to fuel ratio =  
0.0446 𝑋 [(16 𝑋2) + 3.76𝑋 (14𝑋2)]

1 
 

Stoichiometric air to fuel ratio for olive pomace = 6.1 kg 𝑎𝑖𝑟 / 𝑘𝑔 𝑜𝑙𝑖𝑣𝑒 𝑝𝑜𝑚𝑎𝑐𝑒 

2.4 Olive Pomace Amounts in the Last 8 Years. 
 

According to the statistics gathered by the  Palestinian Central Bureau of Statistics 
PCBS (PCBS, 2020), Figure 2.4.1 represents the generated amounts of olive pomace for 
the years 2010 to 2018. These statistics were gathered using the olive press statistics 
distributed in Palestine. The average annual generated amount of olive pomace is near 
35,569 tons. 

 

 

Figure 2.4: Generated olive pomace amounts between 2010 and 2018. (PCBS, 2020) 
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CHAPTER 3 

Steam Power Plants 
 

3.1 Preamble  
 

In the previous chapter, we provided all gathered and necessary information about the 

olive pomace in Palestine, which is needed to use it in direct combustion in a steam power 

plant is provided and detailed. This chapter will introduce the basic concept of the steam 

power plant that will convert the thermal energy from the sun and the olive pomace 

combustion to the shaft mechanical power for electricity generation by a generator.  

There are different types of power plants based on the power cycle used in them. There 

are two types of power cycles: gas power cycles and steam-powered cycles. Steam power 

plants are very common in the energy industry. Coal-fired plants, nuclear plants, and 

natural gas plants all are referred to as steam power plants. Steam could be produced for 

other resources rather than mentioned (Çengel, 2008). In steam-powered plants, heat is 

converted into mechanical work that drives an electrical generator to produce electricity. 

Steam-powered plants rely on the concept of the Rankine power cycle. Which is a 

thermodynamic cycle developed in 1859 by Scottish engineer William J.M Rankine (Nag, 

2015). Although there are other working fluids used to operate the Rankine power cycle 

such as organic fluids, still water is preferred due to different desired criteria. Such as its 

low cost, availability, and high specific heats (Çengel, 2008). 

Biomass is a common fuel used for energy. A direct combustion system feeds a biomass 

feedstock (such as wooden pellets) to be combusted for steam generation. Some other 

technologies gasify the biomass feedstock and use the generated syngas as fuel to generated 

steam. Then the steam is allowed to expand in a steam turbine. Which in turn rotates an 

electric generator to produce electric power. In the United States, direct combustion of 

biomass is the most commonly used method to produce heat from biomass. For a small-

scale biomass-powered plant, the erection cost is 3,000$ to 4,000$ per kW, and a levelized 

cost of energy of 0.15 $ to 0.8 $ / kWh (FEMP, 2016).  
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Concentrated Solar Power (CSP) plant uses different technologies for reflecting 

sunbeams into a focal point or line, generating the required heat for driving the plant’s 

boiler. Solar thermal systems usually are equipped with thermal storage systems to retrieve 

the excess collected solar thermal energy, extending the plant’s working hours. CSP plants 

suffer from the intermittency of solar radiation, especially in winter or cloudy days. 

Biomass power plants have a major logistic problem in providing the required amounts of 

biomass feedstock to the plant, whereas it is obtained seasonally. Hybrid systems between 

CSP and Biomass may provide the solution to these limitations, maximizing the energy 

potential of these resources, increasing process efficiency, and reliability, providing greater 

security of supply, and reducing overall costs (Servert and San Miguel, 2011). 

 

3.2 Rankine Cycle 
 

The Rankine cycle is the post-used thermodynamic cycle used in power generation 

plants that utilizes water as a working fluid. It consists of four main processes: two isobaric 

and two isentropic processes. And involves four components: boiler, turbine, condenser, 

and pump. As detailed in Figure 3.1, representing the major parts of the Rankine cycle. The 

cycle starts by pumping low-pressure water into the boiler. The water is heated in the boiler 

at constant pressure till it becomes superheated steam. 

After that, high temperature and pressure steam are allowed to expand using a turbine. 

Transforming portion of the steam enthalpy to mechanical work. The steam reaches the 

saturation state of the cycle is ideal. Then the exhausted steam is led to the condenser to be 

condensed into water again. Rejecting heat to the surrounding. After that water is pumped 

into the boiler again and so on. The ideal Rankine cycle has no internal irreversibilities and 

is composed of four processes: Isentropic compression (in the pump), Constant pressure 

heat addition (in the boiler), Isentropic expansion (in the turbine), Constant pressure heat 

rejection (in the condenser) (Çengel, 2008).  

 

The steam turbine is an engine that transforms steam flow elenrgy into kinetic energy, 

which is then converted into work by moving the rotational parts of the turbine (Nag, 2015). 
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Figure 3.1: The Ideal Rankine cycle. 

 

In an Ideal Rankine cycle, the processes performed by the pump and the turbine is 

considered isentropic. This means that there is no entropy generated during the working 

fluid compression and expansion processes. In a non-isentropic process, entropy is 

generated causing the work required by the pump to increase and the generated work of the 

turbine. As well, the processes of heat addition and rejection in the boiler and the condenser 

is isobaric. So, no pressure is lost during the heat addition and rejection (Çengel, 2008). 

 

3.3 Energy Analysis of Simple Ideal Rankine Cycle 
 

According to the first law of thermodynamics: the increase of the energy of a system is 

equal to the net work interaction of the system and the net of heat interaction on that system: 

 

𝛥𝐸 =  𝛥𝑄 +  𝛥𝑊 

(3.1) 

Where 𝐸 is the total change of the energy of a system, 𝑄 is the net heat interaction on 

the system, and 𝑊 is the network interaction on the system. 

 



 

20 
 

Also, the first law of thermodynamics can be mentioned for an open system as: 
 

𝑑𝐸

𝑑𝑡
= ቆ∑ �̇� ቆℎ + 

𝑉
ଶ

2
+ 𝑔𝑧ቇ



+ �̇�ቇ − ቆ∑ �̇� ቆ𝐻 +  
𝑉

ଶ

2
+ 𝑔𝑧ቇ

௨௧

+ �̇�ቇ  

(3.2) 
Noted that:  
 

�̇� is mass flow rate, ℎ : is the enthalpy, 𝑉: is the velocity (related to kinetic energy), 𝑔 

and 𝑧: are respectively the local gravitational field, and the height above a reference level 

(related to the potential energy), �̇� is the heat transfer rate to the system, �̇� is the work 

performed by the system. The subscripts "o" "indicate the values at the output and "i" 

indicates the values at the inlet (STSmed, 2015). 

 
For steady-state cases, properties are not varied with time, then the left-hand side of the 

previous equation reduces to zero, then the relation for one stream of fluid entering and 

leaving a control volume will be: 

  

 �̇� ቆℎ + 
𝑉

ଶ

2
+ 𝑔𝑧ቇ + �̇�  =  �̇�௨௧ ቆℎ +  

𝑉
ଶ

2
+ 𝑔𝑧ቇ +  �̇� 

(3.3) 
 
 

Also, when applying a mass balance �̇� =  �̇�௨௧ =  �̇�, the first law per unit mass 
reduces to: 

ቆℎ +  
𝑉

ଶ

2
+ 𝑔𝑧ቇ +  𝑞 = ቆℎ + 

𝑉
ଶ

2
+ 𝑔𝑧ቇ +  𝑤 

(3.4) 
 

Where 𝑞 and 𝑤 are the heat transfer and work per unit mass respectively (STSmed, 

2015). 

 

The relation between the entropy s and the temperature T during the simple ideal 

Rankine cycle is represented in Figure 3.2 
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Figure 3.2: T-s Diagram for a Simple Ideal Rankine Cycle. (Çengel, 2008) 

 
All components of the Rankine cycle are steady-flow devices and all four processes in 

the cycle can be analyzed as steady-flow processes, moreover, the kinetic and potential 

energy changes of the steam are very negligible relative to the work and heat transfer 

changes, thus the kinetic and potential energy changes are neglected (Çengel, 2008). 

 

Referring to the T-s diagram and by using equation (3.4) for all devices of the Rankine 

cycle, and also by neglecting the changes in the kinetic and potential energies, the energy 

analysis for the cycle will be as the following: 

 
Pump (Process 1-2): 

𝑞 = 0 
                                                          𝑤௨ = ℎଶ − ℎଵ                                                 

(3.5) 
Boiler (Process 2-3): 

 
𝑤 = 0 

𝑞 = ℎଷ − ℎଶ 
(3.6) 
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Turbine (Process 3-4):  
𝑞 = 0 

                                                        𝑤௧௨ = ℎଷ − ℎସ          
                                        (3.7) 

            
Condenser (Process 4-1): 

𝑤 = 0 
                                                               𝑞௨௧ = ℎସ − ℎଵ                                                 

(3.8) 
Also 

 𝑤௨ =  𝜈 (𝑝ଶ − 𝑝ଵ) 

 (3.9) 
 

𝜈 is the specific volume, 𝑝ଵ is the pressure at state 1, 𝑝ଶ is the pressure at state 2, ℎ, 

𝑃 represents the enthalpy and the pressure at state “n” in the T-s diagram. Notice that  Q 

is used for any type of energy generated or transfer or consumed per second including 

thermal energy, �̇� is used especially for thermal energy. 

                
In any thermodynamic cycle, the final state is the same as the initial state. As a result, 

using the first Law of Thermodynamics to a control volume containing the heat engine 

(STSmed, 2015): 

�̇�௧ =  �̇� −  �̇�௨௧ 

 (3.10)The thermal efficiency which is the most important indicator of the 

Rankine cycle effectiveness is given by the following expression: 

 

𝜂௧ =
(�̇�௧)

�̇�

=
(�̇�௧௨ −  �̇�௨ )

�̇�

≈
�̇�௧௨

�̇�

 

(3.11) 
 

Since pump work is negligible compared to the turbine-generated work. It’s common 

to irradicate it from the thermal efficiency formula. 

 

By Substituting  �̇�௧ =  �̇� − �̇�௨௧ in the previous equation you get: 

𝜂௧ = 1 −  
�̇�௨௧

�̇�
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(3.12) 
 

The Carnot efficiency 𝜂௧,௧, which is the highest efficiency of the thermodynamic 

cycle working between the thermal energy reservoirs at temperatures 𝑇 and 𝑇௫ can 

have is mentioned as the following: (Çengel, 2008) 

 

𝜂௧,௧ = 1 −
𝑇

𝑇௫
 

(3.13) 

3.4 Categories of Condensers in Steam Power Plants 
 

The most common types of condensers used in steam power plants are water-cooled 

condensers. Air-cooled condensers are used widely where water surfaces are not available 

such as lakes, rivers, or sea. In the condenser, the steam leaving the turbine is condensed 

to water (Nag, 2015). The amount of heat removed �̇�௨௧ by the condenser is expressed by 

the following equation:  

�̇�௨௧ =  �̇�௦ (ℎ௦ −  ℎ) 

(3.14) 

�̇�௦ represents the mass flow rate of steam entering the condenser, ℎ௦ represents the 

enthalpy of the steam entering the condenser, and ℎ represents the enthalpy of the water 

leaving the condenser (Nag, 2015). 

 

In condensers, dealing either with water or with air, the amount of extracted heat from 

the steam is the same that cooling fluid receives: 

 

�̇�௦ (ℎ௦ − ℎ) = �̇�  (ℎ − ℎ) =  �̇�௪ 𝐶,௪ (𝑇 − 𝑇) 

(3.15) 
 

�̇� and  �̇�௪ stands for the mass flow rate of the cooling air and the cooling water. 

The subscripts "o" and "i" refer to the values at the condenser output and inlet (Da Rocha, 

2010).  𝐶,௪ is the specific heat of water at constant pressure. 
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Another criterion that is used for representing the performance of a condenser. The 

overall thermal transmittance 𝑈.  in a condenser is the amount of heat transmitted per unit 

of time, the unit of surface, and the degree of temperature difference. The thermal 

transmittance is described by the following formula: 

 

𝑈 =
�̇�௪  𝐶,௪

𝐴
ln (

𝛥𝑇

𝛥𝑇 
) 

(3.16) 
 

Where 𝛥𝑇 is the temperature difference between the steam and the cooling water 

entering the condenser, and 𝛥𝑇 is the temperature difference between the steam and the 

cooling water after passing through the condenser. A is the area at which heat transfer takes 

place (Da Rocha, 2010).  

- Water Cooled Condenser 

As the name suggests, cooling water is used as a coolant to remove the heat from the 

steam entering the condenser. This condenser consists of a bundle of pipes that cooling 

water runs inside, while steam flows over the pipes. Figure 3.3 depicts a schematic of a 

water-cooled condenser. Cooling water is pumped from natural water surfaces such as 

rivers or lakes. In some cases, a cooling tower is provided to cool the hot cooling water 

coming out of the condenser. In such a case, a make-up water source is required (Da Rocha, 

2010). 

 

 
Figure 3.3: Steam Water-Cooled Condenser 
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- Air Cooled Condenser 

An air-cooled condenser is employed where a natural cooling water source is scarce or 

makeup water is not available to compensate for a cooling tower. Generally, it is an 

expensive alternative to the water-cooled condenser. The high ambient temperatures cause 

the efficiency of the air-cooled condenser to decrease. But on the other hand, air-cooled 

condensers, since they deal with air as a coolant, have no problems with water quality 

requirements. As a result, air-cooled condensers require less maintenance than other types 

but the service life is shorter than water-cooled condensers due to the cooling coil 

degradation (Da Rocha, 2010). 

 
Air-cooled condensers are a finned heat exchangers that the steam flows inside, 

whereas air flows are induced through fans. Figure 3.4 shows the major construction of the 

air-cooled condenser (Drbal et al., 2012). 

 

 

Figure 3.4: Steam air-cooled condenser 
 

 

3.5 Increasing the Efficiency of the Rankine Cycle 
 

Steam power plants generate most of the electric power in the world, increasing the 

efficiency of the power plant yields tremendous amounts of saving fuel (Çengel, 2008). 

The main concept of efficiency enhancement is to increase the average temperature at 
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which heat is injected through the boiler, and lowering the average temperature at which 

heat is rejected from the condenser (Çengel, 2008). That concept is relying on the Carnot 

ideal efficiency. With increasing the ideal cycle efficiency, the actual ideal efficiency 

increases.  

 

There are three main procedures to enhance the efficiency of the Rankine cycle: 

1- Reducing the condenser pressure (reduce 𝑇).  

2- Superheating the steam to high temperatures before entering the turbine 

(increasing 𝑇௫).  

3- Raising the Boiler pressure (increasing 𝑇௫). 

 
Figure 3.5 depicts the T-s diagrams that show the effect of these three methods on the 

power cycle (Çengel, 2008). 
 

 
Figure 3.5: From left to right, the effect of reducing the condenser’s pressure, superheating the 

steam in the boiler, and increasing the boiler’s pressure. 

 
But some limits apply to the previously mentioned methods (Nag, 2015): 
 

- Reducing condenser pressure can be used to a certain pressure, after that the 

moisture content of the exhausted steam from the turbine increases. Such moisture 

plays a major role in turbine deterioration. 

- Superheating the steam in the boiler could enhance the efficiency of the cycle, but 

it obligates the designer to use more reliable and expensive materials to endure the 

high temperatures. 
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- Increasing the boiler pressure also means using more pressure-enduring materials 

and designs, which are more expensive. 

 

3.6 The Reheat Rankine Cycle 

This configuration is proposed as a refinement to the simple ideal Rankine cycle to 

improve cycle efficiency. In a reheat Rankine cycle, the steam is allowed to expand in two 

turbines:  A High-Pressure (HP) turbine and a Low-Pressure (LP) turbine. In between, a 

reheat is applied to the steam coming out from the HP turbine. This configuration lowers 

the pressure of the boiler. At the same time, the steam is not expanding till moist appears, 

it is reheated thus the next expansion in the LP turbine occurs close to the saturation 

condenser pressure (Çengel, 2008). Figure 3.6 represents the T-s diagram and a schematic 

of the ideal reheat cycle. 

 
In the reheated cycle two turbines work in series and after the first expansion in the 

high-pressure turbine, the steam re-enters the boiler and is reheated almost until the 

maximum temperature of the cycle. Then pass through the second, lower pressure turbine. 

Among other advantages, this prevents the vapor from condensing during its expansion 

which can seriously damage the turbine blades, and improves the efficiency of the cycle 

(Nag, 2015).  

 

 
Figure 3.6: Ideal reheat Rankine cycle schematic and T-s Diagram (Çengel, 2008) 
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3.7 The Regenerative Rankine Cycle 

In a simple ideal Rankine cycle, the heat is transferred to the working fluid at low 

temperature as depicted in the T-s diagram of the Rankine cycle in Fig 3.7 Which leads to 

lower, in turn, cycle efficiency. To tackle this disadvantage, the working fluid is heated 

internally from the cycle before entering the boiler, thus the temperature of heat addition 

is increased, which in turn enhances the cycle efficiency (Nag, 2015).  

 
This could be achieved by bleeding a portion of the steam and mix it in a feedwater 

heater with the condensed working fluid coming out from the condenser. Or by performing 

this without mixing via a closed water heater. Which is a heat exchanger that transfers heat 

from the bleed steam to the condensed water coming from the condenser. Figures 3.7 and 

3.8 represent both direct or indirect regeneration (Çengel, 2008). 

 

Figure 3.7: Regenerative Rankine cycle T-s diagram, with open feedwater heater  
(Çengel, 2008) 

 

Figure 3.8: Regenerative Rankine cycle T-s diagram, with closed feedwater heater (Çengel, 2008) 
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Open feedwater heaters are simpler in construction and relatively inexpensive, they got 

an acceptable heat transfer profile. The closed feedwater heaters are considered more 

sophisticated because of the required tubing for heat exchange, thus they become more 

expensive. Heat transfer in them is less than an open feedwater heater. In large power 

plants, both are used and their advantages are added (Çengel, 2008). 
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CHAPTER 4 

Concentrated Solar Power Technologies 

4.1 Preamble  

In Chapter Three, the steam power cycles were introduced. Discussing the different 

thermodynamic aspects of them. To be used later in developing the power plant model.   

Concentrated Solar Power (CSP)Technology saw its first leap of commercial evolution 

between 1984 and 1995. 

The technology used in CSP power plants is the same as used in conventional power 

plants, except that the sun is the heating source in these plants. Instead of using fossil fuels, 

the heat energy captured from the sun is used to power a steam turbine to produce electricity 

from a clean renewable source without emissions. These plants have a low operating cost 

and the ability to produce electricity from an authentic renewable energy source away from 

any need for energy importation (Da Rocha, 2010).   

CSP technology employs mirrors to concentrate the Direct Normal irradiance (DNI) at 

a receiver filled by thermal fluid. The thermal fluid can be either a Heat Transfer Fluid 

(HTF) -Like Thermal Oils-, which acts as an energy carrier to heat the power cycle 

Working Fluid (WF) -like water- that is used in the power cycle, or the working fluid is 

directly heated by CSP for direct steam generation for power generation. Since CSP 

systems can capture only direct normal irradiance from the sun, CSP technology is a 

promising choice for areas with high annual clear sky days (Draidi and Yasin, 2016).  

 

Solar energy has its disadvantages compared to fossil fuels. It is not available around 

the clock. The available amount of solar energy depends on many parameters, such as solar 

time, latitude, and sky clearance. Such many parameters decrease the reliability of solar 

energy. However, such disadvantages could be tackled by switching to a fossil fuel source, 

compensate for the shortage in solar energy, or storing solar thermal energy for later use 

when the sun is unavailable, or making up any fluctuation in sun radiation (Da Rocha, 

2010).  
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CSP power plants involve two main systems: the solar field and the power block part. 

The solar field consists of mirrors, receivers, and thermal-fluid networks. The power block 

is a Rankine power cycle. 

 

There are two principles for concentrating sun rays (Draidi and Yasin, 2016, STSmed, 

2015):  

 

1- Line focus principle: It depends on concentrating DNI in a focal line instead of a 

point. Parabolic Trough and Linear Fresnel systems are examples of it.  

2- Point focus principle; It depends on concentrating DNI in a fixed focal point. Solar 

Tower and Dish Stirling Systems are examples of it. 

 

Figure 4.1 represents different photos regarding each system (Feldhoff, 2012) 

 
Figure 4.1: Main Categories of CSP Systems (Feldhoff, 2012) 

 

4.2 Line Focus CSP 

4.2.1 Parabolic Trough Collectors (PTC) 

The first commercial CSP were parabolic trough systems installed in the United States 

in the 1980s and are the most proven, developed, and commercially-ready CSP 

technologies (Da Rocha, 2010). 
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PTC  systems as depicted in Figure 4.2, consists of a focal-lined receiver and a 

parabolic-shaped mirror, this mirror concentrates the sunrays onto an absorber tube that is 

constructed in the focal line of a parabola. The absorber tube contains Heat Transfer Fluid 

(HTF). HTF could be heated to high temperatures up to 400 Co (STSmed, 2015).  Although 

PTC can achieve better efficiency in DSG more than HTF (synthetic oil) systems, high 

pressure and temperatures of the system, the complexity, and the existence of flexible 

connections makes disadvantages for DSG through PTC (Feldhoff et al., 2011). 

 
Figure 4.2: Parabolic trough collectors. 

 

Figure 4.3 represents a schematic layout for the PTC system used for DSG in 
power generation. 

 

 

Figure 4.3: Parabolic trough collectors for DSG  
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4.2.2 Linear Fresnel Reflectors (LFR) 

Fresnel reflectors, as illustrated in Figure 4.2.1.1, focus sun rays using thin, flat mirror 

strips onto the receiver filled with thermal fluid (STSmed, 2015). 

Flat mirrors in LFR allow more reflective surfaces in the same amount of space as a 

parabolic reflector, thus capturing more of the available sunlight, and They are much 

cheaper than parabolic reflectors. Fresnel reflectors can be used in various size CSPs 

(STSmed, 2015). 

The first commercializing of LFR in power generation was in Europe, by Novatec Solar 

AG. It was in Murcia-Spain with an electric power capacity of 1.4 MW (Makhlouf et al., 

2017). 

 
Figure 4.4: Linear Fresnel Reflector (LFR) principle 

 

The major feature of linear Fresnel systems is the simplicity and flexibility of their design 

which facilitates the Direct Steam Generation (DSG) approach. On the other hand, LFR 

systems are less efficient than PTC Systems (Draidi and Yasin, 2016). Figure 4.5 illustrates 

DSG with LFR. 

 
Figure 4.5: Linear Fresnel System for DSG 
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4.3 Point Focus CSP 

4.3.1 Parabolic Dish (PD) 

They are also known as Parabolic Dish Concentrators (PDC) or Stirling dishes. A dish 

concentrator is a parabolic-shaped surface (a dish) that tracks the sun along both axes to 

concentrate the DNI onto a single point where a thermally-driven engine is fixed. So that 

engine uses the focused heat to produce electric power. The heat receiver of the engine is 

located in the focal point of the PDC and all the structures (the dish and the engine) moves 

together tracking the sun. Stirling and Brayton's engines are used nowadays for power 

conversion (Draidi and Yasin, 2016). 

PDCs are independent units. Each dish produces its electric output, which allows higher 

modularity and gives a major advantage in the case of unit failure. In a nutshell, if a PDC 

failed within a PDC solar field that would not matter the operation of the field dramatically. 

Another principal advantage is their high efficiency which is over 30% for both the dish 

and the engine, which is the highest among all CSP systems. The PDCs eliminates the need 

for HTF or steam-powered power block. Which simplifies the solar field dramatically (Da 

Rocha, 2010). 

Despite the many advantages, PDC’s has their disadvantages: they are vulnerable to 

high-speed wind and wind gusts. The incurred costs are expensive compared to other CSP 

systems. They are incompatible with Thermal Storage Systems (TES) or hybridization with 

other energy systems. Promoters claim that with more production of PDCs, the cost will 

go down and the LCOE will improve. Figure 4.6 depicts a schematic of PDC’s solar system 

(Draidi and Yasin, 2016). 

 
Figure 4.6: Dish Stirling Systems 
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4.3.2 Solar Power Tower (SPT)  

It is known also as the central receiver system. The solar tower is conceptually a 

large Stirling dish whose reflector is divided into several reflectors that reflect sun rays 

to a single elevated point on the top of a tower. Each reflector is called a heliostat. The 

receiver then transforms the heat to generate steam or to heat a synthetic oil. Even though 

heliostats are the discrete form of the paraboloid dish, the heliostats don’t concentrate 

sun rays as much as an ideal paraboloid does (Da Rocha, 2010). Figure 4.7 represents a 

schematic layout of a solar power tower. 

 

 

Figure 4.7: Schematic layout of Solar Power Tower 
 

Heliostats are either flat or concaved reflectors that track the sun in two axes. The 

reflected radiation is absorbed by the receiver and heat is transferred to the HTF. After that, 

HTF is used to generate the required steam to drive a Rankine power plant. Some solar 

towers are designed for DSG without the need for HTF. Since solar towers could achieve 

very high temperatures, that enables higher temperatures for plant operation. Which in turn 

increases the plant efficiency in power transformation and reduces the cost of the thermal 

storage systems. Solar towers are flexible in design, many types of heliostats could be 

selected, the same is available for the receiver and HTF. The system could be flexibly 

designed to drive the power block (Draidi and Yasin, 2016). 

At the first investigations about this technology, the question was what is the 

appropriate HTF to use. The superheated steam was an attractive candidate to avoid using 

heat exchangers and enabling the immediate connection to the steam turbines. However, it 

was difficult to control the generation of superheated steam steadily under different 
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radiation conditions. Also, heat storage from superheated steam incurred high loss rates 

(Da Rocha, 2010). 

Another alternative was proposed later. Alkali salts were proposed to be the candidate 

HTF in their liquid manner. The advantages were the good heat transfer properties and the 

possibility of storing heat in them at low pressure in a well-insulated storage tank. The use 

of alkali metals salts obligates the use of auxiliary heaters to prevent salt freezing in 

circumstances where the solar radiation is not available or sufficient so that HTF piping is 

not blocked (Da Rocha, 2010). Figure 4.8 shows an aerial photo of PS10 and PS20 solar 

power towers in Sevilla, Spain. 

 

 
 

Figure 4.8: shows an aerial photo of PS10 and PS20 solar power towers in Sevilla, 
Spain. 

 

4.4 Comparison of CSP Technologies 

According to the related literature, the main features of CSP technologies are depicted 

comparatively in Table 4.1.  

 

Every type of CSP technology is characterized by some features, advantages, and 

disadvantages. Table 4.2 illustrates the advantages and disadvantages of each type of CSP 

(Draidi and Yasin, 2016, STSmed, 2015, Răboacă et al., 2019, Moser et al., 2013, Pablo 

del Río et al., 2018). Where the ratio of solar concentration is the area of collector aperture 

to the area of the receiver. 
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Table 4.1: Main features differences between CSP technologies 

CSP Tech 
Operating 

Temperature 
(°C) 

Ratio of Solar 
Concentration 

Thermal 
Storage 

Suitability 
 

Average 
Annual 

Efficiency 

Land-Use 
(Occupancy) 

Cost/kWh 

PTC 20-400 15-45 Suitable 15% Large 
Medium 

Costs 

LFR 50-400 10-40 Suitable 8-11% Moderate Low Costs 

PD 120-1500 100-1000 Difficult 25-30% Small 
High 
Costs 

SPT 300-1000 150-1500 
Highly 
Suitable 

17-35 % Moderate 
High 
Costs 

 
 
Table 4.2: the pros and cons of each type of CSP technology 

CSP Tech Pros Cons 

PTC 

- PTC is the most demonstrated, proven, and 
mature technology, and thus the most 
commercially used technology. 

- Ability to match high-temperature 
applications. 

- Complex configuration  
- High precision required 
- Large land occupancy 
- PTC involves high thermal 

losses 

LFR 

- Ability to match high-temperature 
applications. 

- Low land occupancy compared with PTC 
to generate the same energy 

- Lower thermal losses than PTC  
- Simple and stable construction 
- Less affected by wind loads compared 

with PTC as a result of its construction 
stability 

- Less efficient than PTC 
- Less commercially used than 

PTC 

PD 

- PD systems are distinguished by having 
high conversion efficiency.  

- High modularity. 
- PD System appropriate to decentralized 

power supply and outlying, stand-alone 
power applications. 

- PD systems are not constricted to flatlands. 

- PD System has not been used 
on a large commercial scale, 
therefore performance, 
operating, and investment costs 
are not commercially 
demonstrated. 

- Poor ability of integration with 
utility grids. 

- Do not involve thermal storage 
system 

SPT 

- High efficiency of power generation due to 
the possibility of achieving temperature 
above 1000°C 

- The ability to retrofit gas turbines and 
combined power cycles 

- High capital costs for 
investment.  

- High maintenance costs and 
requirements. 
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CHAPTER 5 

EBSILON® Professional for Thermodynamic Cycles Design and 
Simulation 

5.1 Preamble  

In this chapter, EBSILON® Software is introduced as a design and simulation tool for 

the power plant processes.  This software is adopted in this research due to its availability 

for graduate students and researchers, its specialization in thermodynamic processes 

simulation, well-established components library, the availability of inserting formulas and 

Kernel scripting, and proven use in scientific research for design, modeling, and 

optimization of thermal systems and retrofits. EBSILON provided a powerful tool for 

thermal engineers due to its powerful mathematical infrastructure, flexibility, and output 

proved reliability that made it an adopted choice for many studies around the world 

(Jingzhi, 2014, Li et al., 2015, Wołowicz et al., 2019, Świerzewski and Kalina, 2019). All 

necessary gathered data from previous chapters for hybridization between olive pomace as 

a biomass source and CSP technology that extracted solar energy and based on the main 

criteria of steam power plant that mentioned in chapter 3, the hybrid model investigation 

will be built by EBSILON® Software.  

EBSILON® Professional is developed by STEAG Energy Services GmbH for more 

than 20 years. The first version was accomplished by Sofbid GmbH in 1990. After the 

merger of Sofbid with STEAG GmbH in 2006, EBSILON® Professional became one of 

the Important products of STEAG Systems Technologies' product portfolio (STEAG-

Energy, 2015). 

 

5.2 Basic Concept and Structure of EBSILON® Software 

EBSILON is the abbreviation for "Energy Balance and Simulation of the Load response 

of power generating or process controlling Network structures". EBSILON® Professional 

was developed for engineering thermodynamic simulation. It is a mass-energy balance 

calculation software for thermodynamic processes. Also, it includes other additional 

systems such as thermochemical processes. However, the main theme is a 

thermodynamical simulation (Da Rocha, 2010, Swat, 2020). 
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In EBSILON®, the thermodynamic cycles and processes are established from many 

objects such as components (pump, valve…etc.), text boxes, lines, and graphical elements. 

water and steam tables, combustion calculation, and Properties of gases and gas mixtures 

are additionally integrated into the software database (Da Rocha, 2010, Swat, 2020). Figure 

5.1 depicts a power plant configuration in EBSILON. 

 

 
Figure 5.1: Power Plant on EBSILON (STEAG-Energy, 2015) 

 
 

The structure of the software is based on: 

 

- Physical and logical components are used in the design of the power plants. 

The physical components like steam generators, pumps, turbines, solar fields, steam 

generators, condensers, heat exchangers, cooling towers, etc.  

The logic components like controllers, efficiency meters, signal transformers, etc. 
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- Programmable components for design and simulate complicated power plants 

processes (Da Rocha, 2010, Swat, 2020). 

 

In EBSILON, The simulation process is performed internally in two steps (Swat, 2020): 

 

• First step: generation of mass and energy balance nonlinear system of equations from 

the inputs of the thermodynamic cycle.  

• Second step: use the iteration method to solve the system of equations to compute 

the residual unknown variables and parameters.  

 

Building the thermodynamic model is performed by adding the system blocks, such as 

turbines, pumps, heaters…etc. Each block contains a set of mathematical formulas that 

describe its behavior and response to the input values. These blocks are interconnected via 

lines representing either physical connections such as pipes and ducts, or logical 

connections that just transfer data and values from one block to another. For physical lines, 

the stream values and the media flowing within are determined and involved within the 

calculation process. EBSILON simulation process calculates the output results in their 

steady-state manner. There are some blocks that EBSILON can calculate their status during 

the transient response. However, thermodynamic power cycles are simulated and studied 

on their steady-state condition (Da Rocha, 2010, Swat, 2020). 

 

Figure 5.2: Example of Components in EBSILON (STEAG-Energy, 2015) 
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5.3 Time Series Calculation 

In EBSILON, there is a time series calculation option for performing different several 

calculations under different conditions for an existing thermodynamic cycle diagram. The 

time series structure is illustrated in Figure 5.3 (Swat, 2020). The time series option enables 

the investigation of the change in the parameters of the thermodynamic power cycle during 

operation over a time interval. For instance, the thermodynamic power cycle could be 

studied against the changes in the ambient temperature during the day. By dividing the day 

into small time intervals and running the simulation process to obtain results for each time 

interval. This could be performed separately, which means that for each time step the 

values are irrelevant to the step before, or depending on it, or even integrating with it.  

 

Figure 5.3: Time Series Structure in EBSILON (Reference 1) 
 

5.4 Basic Strategy for Power Cycle Construction and Investigation by EBSILON® 
Software 

The following are fundamental instructions that must be noticed when constructing a 

power plant diagram (Swat, 2020):  
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- The power plant diagram is implemented using the following: Physical and Logic 

Components (boiler, turbines, boilers, pumps, controllers, etc.), Text boxes, Lines 

and the boundary conditions on the lines, and Value crosses (used to show main 

variables and parameters such as temperature, enthalpy, mass flow rate, and 

pressure after each simulation). 

- All inputs and boundary conditions are checked before each simulation  

- Start the simulation.  

- Simulation results: the results after the simulation are entered into the power plant 

diagram directly and appeared on the value crosses, if there are any errors and 

warnings there is a window for analysis of the warning and errors to amend and 

correct errors. 

 

5.5 EBSILON® Simulation Modes 
 

The several operation modes for simulation in EBSILON are as the following (Swat, 2020): 

 

 Design Mode: the power plant in this mode is constructed taking consideration of 

the design conditions (nominal conditions), all construction components have been 

accomplished under nominal operating conditions to simulate the cycle under the 

nominal load 

 Partial Load Mode (off-design mode): this operation mode is used to simulate the 

performance of the power plants and cycles under various load situation conditions. 

 Validation Mode:  this operation mode is used to investigate the performance of 

already existing power plants to identify the prosaic points to enhance the quality 

of these power plants. 

 

In this research, design mode will only be used for the design and build a steam power 

plant by hybridization between CSP and Biomass as an energy source for the steam 

generation that drives the steam turbine for electricity generation. The plant cycle will be 

investigated under different conditions and simulation will be run for one year using the 

time series calculation option in hourly steady-state conditions. 
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CHAPTER 6 

Hybrid CSP-Olive Pomace Proposed Physical Model and Analysis 

6.1 Preamble  

Up to this point, olive pomace status Palestine, steam power plant overview, CSP 

technologies, and simulation software EBSILON were introduced and explained. In this 

chapter, a model is proposed to combine Olive pomace and CSP technology to power up a 

steam power plant. This proposed model will be studied and simulated under EBSILON 

software environment. 

The proposed models rely mainly on olive pomace, CSP is used to supplement the heat 

needs when solar radiation is available. The simulation will consider the circumstances and 

considerations in the Palestinian territories. The steam power plant will be considered 

subcritical since supercritical power plants are only feasible on a mega-scale. And the 

considered CSP technologies are the line focusing technologies, namely the Linear Fresnel 

Reflectors LFR and Parabolic Troughs. Stirling Dishes are not considered due to the 

irrelevancy to the scope, and Solar Power Tower is not also considered due to its extreme 

costs and sophisticated engineering requirements for erection and operation. 

6.2 Hybrid Power Plant Site Selection Criteria 

Potential locations for installing CSP systems have to comply with certain 

requirements; This includes solar radiation requirements, land availability and use, land 

slope, water availability, infrastructure status, and meteorological conditions. the 

consideration also involves the requirements for olive pomace gathering and storage 

(Yasin, 2019). The CSP power plants or CSP retrofits of hybrid plants erection locations 

needs to fulfill the following criteria: 

 

1- DNI Amounts: CSP systems erection location should have a sufficient annual 

amount of DNI which should be no less than 2000 kW/m² to obtain attractive and 

reasonable levelized electricity prices (Draidi, 2016). Figure 6.1 depicts the Direct 

Normal Irradiance (DNI) map of Palestine from Solar GIS which is a  model that 

has high accuracy database of DNI and other metrological information computed 
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and updated daily from satellites (SolarGIS, 2020). As shown in Figure 6.1, all 

governorates in Palestine have annually adequate DNI amount that makes them 

appropriate for CSP applications. 

2- Land: CSP systems need large flat areas with allowable slope area around 1-2% for 

Linear Fresnel and Parabolic Troughs. Otherwise, site preparations are needed. In 

Palestine, most areas are characterized to be mountainous except for Jericho and 

Gaza as also can be inferred from Figure 6.1. Jericho area is selected in this study. 

3- Plant Cooling: The cooling of the power plant must be considered as a variable 

when selecting the power plant location. Although the cost of wet cooling is lower 

and more efficient, this choice is not valid in Palestine due to the scarcity of water 

in the West Bank. So, the dry cooling option is selected in this study. 

 

 

Figure 6.1: Direct Normal Irradiance (DNI) of Palestine from 1999-2018 (SolarGIS, 2020). 

4- Logistic Considerations: The location must be selected so that the transportation of 

olive pomace from other governorates is valid. And have suitable roads for 
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transporting power plant equipment. The availability of a utility grid to transport 

the generated power. 

5- Wind: CSP construction generally is wind resistant. Solar CSP fields are designed 

to withstand winds from 8.3 to 19.5 m/s (Draidi, 2016). However, Palestine's 

wind profile shows low-speed winds in most areas. Figure 6.2 represents a wind 

speed map for Palestinian different governates. (Yasin, 2019). 

 
Figure 6.2: Direct Normal Irradiance (DNI) of Palestine from 1991-2010 (Yasin, 2019) 

 

in Jericho the wind speed average is around 1.5 m/s, Hebron not exceeding 2.4 m/s, 

Nablus around 1.76 m/s, Ramallah with 2.84 m/s, Gaza with 2.8 m/s. In the 

proposed location of this study in Jericho, wind speed is not a problem.  
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6- Ambient temperature: It affects solar field and power block efficiencies. In the case 

of this study, high ambient temperatures are an advantage for reducing the thermal 

losses from the solar field but require more area for heat transfer in the air-cooled 

condenser. However, the moderate to high ambient temperatures pay in favor of the 

power plant. Figure 6.3 depicts the average ambient temperature in different 

governates in Palestine (Draidi, 2016). 

 

 
Figure 6.3: Yearly average Ambient Temperature in Palestine in 

 Years (1991-2010) (SolarGIS, 2020) 
 

Based on the above-mentioned criteria, Jericho is the best governorate for the 

implementation CSP-Biomass hybrid power plant. Gaza can be suitable for providing 

water for the water-cooled condenser but it is not considered for its low land availability 
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and the political complication for transportation and gathering the olive pomace from other 

governates. Also, a study conducted by Draidi for investigating the feasibility of CSP 

technologies in Palestine resulted that Jericho is the best choice for applying CSP 

technologies (Draidi and Yasin, 2016). So, Jericho is selected in this study, location at 

35.468 Longitude and 31.944 in Latitude. 

6.3 Main Approach 

1- Selecting a location in Jericho governorate that is suitable for the erection of all 

power plant components and thermal solar field suitable for both LFR and PT 

systems. 

2- Estimating the power plant capacity based on the available olive pomace annual 

average quantities and solar field land capacity for linear Fresnel and Parabolic 

Trough   

3- Selecting the basic thermal properties of the hybrid power plant, namely the live 

steam pressure and temperature and condenser pressure. These data will be selected 

according to the power plant size. 

4- Building and optimizing the power block: Introducing 4 different Rankine cycle 

power blocks with optimized components to achieve the best efficiency. Then 

adopting one of them to be hybridized with the solar field. 

5- Building the two solar field models based on Linear Fresnel and Parabolic Trough. 

And interface the solar field to the power block. Yielding two different hybrid 

power models, one is hybridized with LFR and the other with PT. 

6- Identifying the operation strategy of the hybrid power plant. 

7- Generating hourly steady-state analysis based on time series that provides all 

required inputs (DNI, wind speed, ambient temperature, sun location…etc.). 

simulating different parameters of the hybrid power plant. Showing mainly the 

olive pomace requirements and the generated heat from the solar field. 

8- Repeating the simulation for two constant power outputs of the plant. one at the 

estimated capacity, and the other above the estimated capacity. To check the annual 

consumed olive pomace if it is in the average of the available yearly quantities in 
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Palestine, if not re-adjust the power plant capacity to match the generated annual 

quantities of olive pomace.  

9- Simulating the proposed hybrid models for Linear Fresnel and Parabolic Trough on 

24 hours in the worst and best day of the year in average DNI. The best day is Oct 

6th and the Worst is Jan 18th. 

10- Comparing between the results from LF hybrid power plant models and PT hybrid 

power plant models 

11- Calculating LCOE for the proposed LF hybrid power plant models and PT hybrid 

power plant models based on a range of olive pomace prices. The price is assumed 

for a processed, handled, and transported olive pomace. 

12- Discussing results, and inferring conclusions about the feasibility of the scope. 
 
Figure 6.4 summarizes the approach steps in a flowchart diagram. 
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Figure 6.4: Approach flowchart 
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6.4 Major Study Assumptions: 

1- Olive pomace is dried and ready to be combusted. Treating, drying, transportation, 

and storage of the olive pomace is out of this study scope. 

2- Power plant shutdowns and starts periods are not considered in the scope of this 

research 

3- The calculation is based on quasi-steady-state conditions. 

4- Solar field land was restricted to 30 dunums according to the real estate status in 

most of Palestine. According to a conducted investigation, the total power plant area 

can be assumed to be established over 50 dunums of flat terrain. To be reasonable 

and applicable from a real estate perspective. 

5- A variant load power plant is not involved (part load calculation) because it does not 

coincide with one of the objectives of this research. Power plant capacity will be 

fixed throughout its annual operation. 

6- Olive pomace is the main fuel to drive the power plant. Solar hybridization is to 

exploit the abundance of solar radiation to reduce the required amounts of olive 

pomace. 

7- The control system is provided conceptually. No advanced control is applied. 

8- A hybrid power plant is designed conceptually (a framework). Developed design 

with details is out of scope. 

9- Kinetic and Potential energy in thermodynamic analysis for power block is 

neglected. 

 

6.5 Estimated Power Plant Capacity 

As a first step, it is essential to estimate the hybrid power plant capacity. To take this 

as a cornerstone to the following modeling and simulation processes. It starts from the facts 

related to the olive pomace and solar radiation in Palestine, added to the selected land 

location and size. 

Regarding the olive pomace. The average Net Calorific Value NCV of olive pomace 

can be estimated from the average Gross Calorific Value GCV of it as measured in the 
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laboratory. Considering the composition of olive pomace, NCV on a dry basis of dry 

samples according to the following formula (Tawarah and Rababah, 2013): 

𝑁𝐶𝑉 = 𝐺𝐶𝑉 − ((2442) ൬
%𝐻

100
൰ (9.01) + (92.7)(%𝑆) + (42.6)(%𝑁)) 

(6.1) 

𝑁𝐶𝑉 = 15.7 𝑀𝐽 𝑘𝑔⁄  (estimated value from olive pomace composition) 

 

Rankine cycle efficiency (𝜂௧) can be roughly considered around 30%, So: 

 

The Power Plant Capaciy = Total Heat Input ∗ Power Plant Efficiency  

(6.2) 

And: 

Total Heat Input = Heat from Olive Pomace + Heat from CSP  

(6.3) 

The Q symbol will be used for any energy gained or transferred per second. 

 

The Overall Thermal Input =  𝑄,ை௩  +  𝑄,ௌ  

(6.4) 

 

The Estimated Capacity of The Power Plant = ൫𝑄,ை௩  + 𝑄.ௌ ൯ ∗ 𝜂௧ 

(6.5) 
 

  

𝑇ℎ𝑒 𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐼𝑛𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝑂𝑙𝑖𝑣𝑒 𝑃𝑜𝑚𝑎𝑐𝑒 

= 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑚𝑜𝑢𝑛𝑡 𝑂𝑙𝑖𝑣𝑒 𝑃𝑜𝑚𝑎𝑐𝑒 ∗  𝑁𝐶𝑉 𝑜𝑓 𝑂𝑙𝑖𝑣𝑒 𝑃𝑜𝑚𝑎𝑐𝑒 
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(6.6) 

The average annual generated amount of olive pomace as 35,569 tons. So:  

 

𝑇ℎ𝑒 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝑜𝑙𝑖𝑣𝑒 𝑝𝑜𝑚𝑎𝑐𝑒 𝑦𝑒𝑎𝑟𝑙𝑦

= 35.569 𝑋 10  (𝑘𝑔)𝑋 15.7 ൬
𝑀𝐽

𝑘𝑔
൰ = 558.4 ∗ 10 𝑀𝐽 

 

Then, the total heat input capacity from olive pomace could be calculated as: 

𝑄,ை௩  =
(558.4 ∗ 10 (𝑀𝐽/𝑦𝑒𝑎𝑟)

(8760 𝑋 3600)
 

𝑄,ை௩  = 17.71 𝑀𝑊 

 

For solar field thermal input, the average annual optical efficiency of Parabolic Trough 

PT collector around 60% and 40% for Linear Fresnel LF (Kincaid et al., 2018), the annual 

DNI in the selected site is 2198 kWh/m², the annual hours of available DNI about 4000 

hours (SolarGIS, 2020), the net area for PT solar field is 9810 m² and the net area of LF 

solar field is 17296 m², considering a 30 dunums used for installing solar field: 

 

𝑇ℎ𝑒 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐼𝑛𝑝𝑢𝑡 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑟𝑜𝑚 𝑎 𝑃𝑇 𝑆𝑜𝑙𝑎𝑟 𝐹𝑖𝑒𝑙𝑑

=  
(∑𝐷𝑁𝐼 ቀ

𝑘𝑤ℎ
𝑚ଶ ቁ  𝑌𝑒𝑎𝑟𝑙𝑦 ∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗ 𝑁𝑒𝑡 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑜𝑙𝑎𝑟 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟(𝑚ଶ)

(∑ 𝐻𝑜𝑢𝑟𝑠 𝑜𝑓 𝐷𝑁𝐼 𝑝𝑒𝑟 𝑌𝑒𝑎𝑟)
  

(6.7) 

 

𝑄,   ் ௌ ிௗ =  
2198 ൬

𝑘𝑤ℎ
𝑚ଶ. 𝑦𝑒𝑎𝑟

൰ 𝑋 60% 𝑋 9810 (𝑚ଶ)

(4000)ℎ/𝑦𝑒𝑎𝑟
 

 

𝑄,   ் ௌ ிௗ = 3.2 𝑀𝑊 
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𝑇ℎ𝑒 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐼𝑛𝑝𝑢𝑡 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑟𝑜𝑚 𝐿𝐹 𝑆𝑜𝑙𝑎𝑟 𝐹𝑖𝑒𝑙𝑑

=  
(∑𝐷𝑁𝐼 ቀ

𝑘𝑤ℎ
𝑚ଶ ቁ  𝑌𝑒𝑎𝑟𝑙𝑦 ∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗ 𝑁𝑒𝑡 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟(𝑚ଶ)

(∑ 𝐻𝑜𝑢𝑟𝑠 𝑜𝑓 𝐷𝑁𝐼 𝑝𝑒𝑟 𝑌𝑒𝑎𝑟)
  

(6.8) 

𝑄 ,ி ௌ ிௗ =  
2198 ൬

𝑘𝑤ℎ
𝑚ଶ. 𝑦𝑒𝑎𝑟

൰ 𝑋 40% 𝑋 17296 (𝑚ଶ)

(4000)ℎ/𝑦𝑒𝑎𝑟
 

 

𝑄 ,ி ௌ ிௗ =  3.8 𝑀𝑊 

 

The Estimated Output Capacity of Hybrid Power Plant Based on PT Solar Field =

൫𝑄,ை௩  ∗  30% ൯ +  (𝑄,   ் ௌ ிௗ ∗  30%) 

 
The Estimated Output Capacity of Hybrid Power Plant Based on PT Solar Field =

(17.71 MW ∗ 30% ) +  (3.2 MW ∗ 30%) = 6.278 MW 

 

𝑻𝒉𝒆 𝑬𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 𝒐𝒖𝒕𝒑𝒖𝒕 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒐𝒇 𝒉𝒚𝒃𝒓𝒊𝒅 𝒑𝒐𝒘𝒆𝒓 𝒑𝒍𝒂𝒏𝒕 𝒃𝒂𝒔𝒆𝒅 𝒐𝒏 𝑷𝑻 𝒔𝒐𝒍𝒂𝒓 𝒇𝒊𝒆𝒍𝒅 =

𝟔. 𝟐𝟕𝟖 𝑴𝑾.  

 

The Estimated Output Capacity of Hybrid Power Plant Based on LF Solar Field =

൫𝑄,ை௩  ∗ 30% ൯ +  (𝑄,   ி ௌ ிௗ ∗ 30%) 

The Estimated Output Capacity of Hybrid Power Plant Based on LF Solar Field =

(17.71 MW ∗ 30% ) +  (3.8 MW ∗ 30%) = 6.453 MW 

𝑻𝒉𝒆 𝑬𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅 𝑶𝒖𝒕𝒑𝒖𝒕 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒐𝒇 𝑯𝒚𝒃𝒓𝒊𝒅 𝑷𝒐𝒘𝒆𝒓 𝑷𝒍𝒂𝒏𝒕 𝑩𝒂𝒔𝒆𝒅 𝒐𝒏 𝑳𝑭 𝑺𝒐𝒍𝒂𝒓 𝑭𝒊𝒆𝒍𝒅 =

𝟔. 𝟒𝟓𝟑 𝑴𝑾  

This estimation based on the Rankine cycle efficiency of 30% not involves any thermal 

losses from the solar field and does not include the net efficiency of the power plant and 

its variation, combustion efficiency of 100%. The three capacities will be chosen to study 

the hybrid power plant around the estimated capacities for PT and LF, the selected 

capacities are 6 MW and 7 MW. 



 

54 
 

6.6 Hybrid Power Plant Modeling 

After drawing the main outlines of the power plant criteria, Now, the hybrid power 

plant model can be introduced based on the estimated capacity from the annual available 

olive pomace quantities, the amounts of DNI, and the considered land area required to 

erect the solar field and the rest of the plant facilities and equipment. 

6.6.1 Power Block Modeling  

The main parameters of the Rankine power block are live steam pressure, live steam 

temperature, and condensing pressure. Accordingly, the turbine used in the cycle should 

be able to generate the required capacity -namely 6 and 7 MW- at the selected values of 

live steam state and condensing state. It is worthy to mention that the plant will consider 

both reheat and regenerative heating to obtain an improved efficiency. 

 The steam power plant design needs the following: determination of the live steam 

temperature and pressure that enters the steam turbine and the condenser pressure and all 

other variables in the power plant are determined related to these 3 variables that must be 

chosen to create high thermal efficiency, and any improvements to the efficiency after that 

is based on the concepts that mentioned in Chapter 3 by utilizing regeneration and reheat 

process, it’s worth noting that the mass flow rate of the steam that enters the turbine 

determines the capacity of the power plant. 

From a thermodynamic perspective, it is better to increase the live steam temperature 

as much as could be achieved to increase the theoretical Carnot efficiency of the plant, thus 

the actual cycle efficiency is increased. But on the other hand, increasing the live steam 

temperature increases the boiler and turbine costs since high-temperature-resistant 

materials must be considered in manufacturing. However, an optimized choice is to refer 

to the turbine manufacturers to obtain sufficient info about the turbines, so that a proper 

choice can be made. Referring to technical data published by the power industry 

manufacturer Siemens, it provides turbines with capacities from 10 kW up to 12 MW that 

operates on live steam up to 550 ⁰C (Siemens.Energy, 2021). For any turbine manufacturer, 

the turbine is not a standardized item, it is tailored (in terms of pressure and temperature) 

within a general frame to suit the requirements of any client (Siemens.Energy, 2021). So, 
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to proceed in the modeling process of the power block and establish the components design 

parameters, the live steam temperature will be selected to be 550 ⁰C, live steam pressure to 

be 60 bar at such selected power capacity for best technical and economic considerations 

(Servert and San Miguel, 2011). And condensing pressure 0.25 bar, as it is providing a safe 

threshold for obtaining acceptable efficiency for the model without compromising the 

turbine health with any moisture generation. 

The modeling process is done using EBSILON. Each component of the hybrid plant 

will be introduced and all its parameters will be adjusted within EBSILON. In such a way 

that all power plant components are compatible with each other and instance simulation 

results in zero errors. 

- Steam Generator: 

The steam generator selected for the model is considered with reheat. The steam 

generator pressure is considered at the live steam pressure selected for the power plant 

which is 60 bar. And live steam temperature of 550ºC. 

In EBSILON, the steam generator is inserted as two separate components: The 

boiler and the combustion chamber. The boiler heat exchanger is connected with the 

combustion chamber with a logic line that transfers the produced heat from the 

combustion chamber as an input to the boiler heat exchanger. Figure 6.5 depicts the 

boiler module in EBSILON. 

 

Figure 6.5: Complete Boiler Model with Mass Feed Controller (Calculated values are indicative only). 
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In the boiler model, a controller is inserted to control the feeding of olive pomace 

into the combustion chamber, so that the boiler produces live steam at the setpoint 

temperature. Boiler adds the heat input from the combustion chamber into the working 

fluid according to the following formula: 

𝑄 = 

�̇�௩ ∗ ൫ℎ௩,௨௧ − ℎ ௪௧,൯ +  �̇�ோ௧ ∗ (ℎ ோ௧,௨௧ − ℎோ௧,) 

(6.9) 

Where 𝑄 is the same provided from the combustion chamber. Radiation 

losses from the boiler are neglected. In EBSILON Q symbol is used for any energy 

gained or transferred per second. Also �̇�௩ is the mass flow rate of live steam, �̇�ோ  

is the mass flow rate of steam that enters the reheat line, ℎ௩,௨௧ is the enthalpy at the 

live steam outlet line in the boiler, ℎ ௩, is the enthalpy at the live steam inlet line in 

the boiler, ℎ ோ௧,௨௧ is the enthalpy at the reheat steam outlet line in the boiler, 

ℎோ௧, is the enthalpy at the reheat steam inlet line in the boiler. 

In the combustion chamber module, the combustion parameters regarding the 

olive pomace are inserted. When using olive pomace as a fuel, the excess air ratio 

should be according to studies carried out on olive pomace is 1.35 (λ=1.35) which 

performs best combustion efficiency about 98% (Topal et al., 2003). Olive pomace 

composition is inserted into the model for proper combustion calculations. Flue gas 

temperature is adjusted to 200 ºC (Atimtay and Varol, 2009, Power, 2019). The heating 

value in the model is inserted according to the average GCV of tested samples in the 

laboratory 17.095 MJ/kg. Combustion chamber energy balance formula: 

�̇�.ℎ + �̇�ி௨.ℎி௨ + �̇�ி௨. 𝑁𝐶𝑉

= 𝑄 + �̇�௨௦ ℎ௨௦ + �̇�௦ ℎ௦  

(6.10) 

Where �̇� symbol is used for the mass flow rate, ℎ symbol is used for the enthalpy. 
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- Steam Turbine 

The turbine is divided into high pressure and low-pressure turbine. Including 

both reheat and steam bleed lines regenerative process to improve efficiency. Figure 

6.6 represents the turbine assembly in this study's power block model. 

In EBSILON any extraction (bleed or reheat) is implemented using multiple 

turbine components through the expansion process of steam before entering the 

condenser. Also in each stage, both reheat and a bleed pressure are equal to the stage 

output pressure which is determined according to the design requirements in EBSILON 

using the general input value component. 

 

Figure 6.6: Multistage Turbine Model in EBSILON (Calculated values are indicative only). 

 

The energy generated on shaft per second (shaft power) �̇�்௨ି௦  (ௗ)  is 

calculated for an ideal turbine of isentropic efficiency of 100% as: 

�̇�்௨ି௦  (ௗ) =  �̇�ଵ (ℎଵ −  ℎଶ) 𝜂 

(6.11) 
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Where �̇�ଵ inlet mass flow rate, ℎଵ is the enthalpy at the inlet, and  ℎଶ is the enthalpy 

at the outlet in case of isentropic efficiency of 100%, and 𝜂 is the mechanical shaft 

efficiency. 

By using the isentropic efficiency 𝜂௦ the energy generated on shaft per second 

�̇�்௨ି௦    will be: 

�̇�்௨ି௦  =  �̇�்௨ି௦௧ (ௗ) ∗  𝜂௦ 

(6.12) 

The effect of isentropic efficiency appears on the value of enthalpy at the turbine 

outlet, the enthalpy of the outlet is higher than  ℎଶ  that mentioned in equation (6.11) for 

the ideal case. The isentropic efficiency 𝜂௦ of 90% (Jingzhi, 2014) is the default isentropic 

efficiency that will be used for steam turbines.  

- Pumps and Compressors 

For all fans, pumps, and compressors, the isentropic efficiency is given as 85% for 

turbomachinery and motor parts. So that the overall efficiency 𝜂 is around 70%. Their 

contribution to the power block is minor generally. 

Power input to drive a fan, pump or compressor is given by: 

�̇� =  �̇� (𝛥 ℎ) 𝜂⁄  

(6.13) 

Where: 

- �̇�: Electrical power input, (in EBSILON: any power or heat rate is identified in Q) 

- �̇�: Fluid mass flowrate 

- 𝛥 ℎ: The change of the enthalpy between the inlet and the outlet 

- 𝜂: The overall efficiency of the equipment. 
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Overall efficiency 𝜂=  

Isentropic efficiency 𝜂௦ * Mechanical Shaft Efficiency 𝜂 * Motor Efficiency 𝜂௧ 

(6.14) 

Shaft mechanical efficiency is considered 99.8%. figure 6.7 represents fans and 

compressors as displayed in EBSIOLN. 

 

Figure 6.7: Pump and Compressors Components in EBSILON (Calculated values are indicative only). 

 

- Air Cooled Condenser 

The condenser in the proposed power block is selected as an air-cooled condenser. 

Since in Palestine the surface water is almost absent. Generally, the use of water for cooling 

the plant condenser either by water cooling or even using water as makeup for cooling 

tower, both are not applicable due to the scarcity of water resources. So, the selected 

condenser for the proposed plan in this study is the air-cooled condenser. 

The air-cooled condenser is composed of A-shaped heat exchange bays, steam flows 

from the top and condenses down while air is flowing through the aluminum finned copper 

heat coil. Figure 6.8 depicts the air-cooled component in the proposed power block model. 
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Figure 6.8: Air Cooled Condenser Component in EBSILON (Calculated values are indicative only). 

In this component. Either the number of bays is assumed with certain parameters then 

simulation leads to the required airflow and power for air drafting. Or one bay parameter 

is given and additional bays are added based on power bock requirements. In the proposed 

models, the boundary conditions (inlet and outlet specs of the working fluid and ambient 

air inlet) are given, and EBSILON will be used to provide standard specifications of the 

air-cooled condenser (STEAG-Energy, 2015). 

Since airflow through the condenser is managed via forced axial fans, which are usually 

speed controlled to maintain the required heat rejection rate against variant ambient 

parameters. To calculate the shaft power of the fan and subsequently the electrical motor 

power, air-side pressure drop must be known. Efficiencies of the fan and electrical motors 

are provided. table 6.1 specifies the parameters per bay as standard for the air-cooled 

condenser. 
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Table 6.1: Air-cooled condenser single-bay specifications 

Specification Value Unit 

Nominal pressure drops through airside 50 Pa 

Min Allowable Overall Heat transfer coefficient (U) 50 W/m2 K 

Electric Motor Nominal Efficiency 98 % 

Fan Overall Nominal Efficiency 70 % 

 

- Deaerator (Open Feed Water Heater FWH) 

Deaerator is an open feedwater heater collecting the bleed steam from turbines and the 

condensate from the air-cooled condenser. Regenerating energy within the power block. 

Figure 6.10 shows the deaerator component in the proposed power block. 

 

Figure 6.9: Deaerator Component as Displayed in EBSILON (Calculated values are indicative only). 

 

This component simply complies with the mass and energy balance to calculate the 

outlet state of the working fluid. The exit deaerator ensures the complete mixing and the 

homogeneity of the leaving working fluid. 
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6.6.2 Proposed Power Blocks 

Using EBSILON, four power block models were developed using all the mentioned 

criteria and restrictions. Each of the power blocks was tuned to maximize its thermal 

efficiency to the maximum so that it can be reliable in further assessment calculations. 

Each model is utilizing reheat. The first two models (Model I and Model II) utilize 

regeneration via open FWH only at different steam bleed pressures, the other two models 

(Model III and Model IV) utilize regeneration via closed and open feedwater heaters at 

different steam bleed pressures. 
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Model I 

This model configuration defines the reheat and bleed pressures at the same value (11 Bar). Bleed and reheat steam pressures were 

changed through the available range so that maximum efficiency is achieved. Figure 6.10 represents the model configuration. 

 

Figure 6.10: Power Block Model I Configuration in EBSIOLN 
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Model II 

This model configuration defines the reheat and bleed pressures at different values. Bleed steam pressure was changed through the 

available range so that maximum efficiency is achieved. Figure 6.11 represents the model configuration. 

 

Figure 6.11: Power Block Model II Configuration in EBSIOLN 
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Model III 

This model configuration utilizes both closed and open FWHs. And defines the reheat and bleed pressures at different values. Both 

reheat and bleed steam pressures were changed through the available range so that maximum efficiency is achieved. Figure 6.12 

represents the model configuration. 

 

Figure 6.12: Power Block Model III Configuration in EBSIOLN 
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Model IV 

This model resembles model III but with alteration of the closed FWH location. Figure 6.13 represents the model configuration. 

 

Figure 6.13: Power block model IV configuration in EBSIOLN 
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Power Blocks Optimization for Efficiency 

Model I 

For model configuration I, reheat and bleed pressures are changed while keeping all other 
parameters constant (P, T of live steam and the condensing pressure is selected previously 
and constant). In Table 6.2, the thermal efficiency improvement is listed. 

Table 6.2: Power Block Model I pressure optimization 

Reheat and Bleed Pressure Thermal Efficiency 

40 34.68% 

30 35.56% 

25 35.96% 

20 36.34% 

18 36.47% 

16 36.58% 

14 36.68% 

12 36.75% 

11 36.76% 

10 36.75% 

9 36.72% 

8 36.64% 

6 36.30% 

 

- Model II 

For model configuration II, reheat pressure and bleed pressure are changed one vs other. 
Resulting in the following Table 6.3 determining the combination that yields the best model 
efficiency. 

Table 6.3: Power Block Model II bleed and reheat optimization 

Bleed Pressure P = 2 
bar 

Bleed Pressure P = 3 
bar 

Bleed Pressure P = 4 
bar 

Bleed Pressure P = 5 
bar 

Reheat 
Pressure 

Thermal 
Efficiency 

Reheat 
Pressure 

Thermal 
Efficiency 

Reheat 
Pressure 

Thermal 
Efficiency 

Reheat 
Pressure 

Thermal 
Efficiency 

40 35.90% 40 36.20% 40 36.30% 40 36.40% 

30 36.40% 30 36.70% 30 36.80% 30 36.80% 

25 36.70% 25 36.90% 25 37.00% 25 37.00% 

20 36.90% 20 37.00% 20 37.10% 20 37.10% 

18 36.90% 18 37.10% 18 37.10% 18 37.10% 

16 37.00% 16 37.10% 16 37.10% 16 37.10% 

14 37.00% 14 37.10% 14 37.10% 14 37.10% 

12 37.00% 12 37.00% 12 37.00% 12 37.00% 
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11 36.90% 11 37.00% 11 37.00% 11 36.90% 

10 36.90% 10 36.90% 10 36.90% 10 36.80% 

9 36.80% 9 36.80% 9 36.80% 9 36.70% 

8 36.60% 8 36.70% 8 36.60% 8 36.50% 

6 36.10% 6 36.10% 6 36.10% 6 35.90% 
Bleed Pressure P = 6 
bar 

Bleed Pressure P = 7 
bar 

Bleed Pressure P = 10 
bar 

Bleed Pressure P = 15 
bar 

Reheat 
Pressure 

Thermal 
Efficiency 

Reheat 
Pressure 

Thermal 
Efficiency 

Reheat 
Pressure 

Thermal 
Efficiency 

Reheat 
Pressure 

Thermal 
Efficiency 

40 36.40% 40 36.40% 40 36.40% 40 36.10% 

30 36.80% 30 36.80% 30 36.70% 30 36.40% 

25 37.00% 25 36.90% 25 36.80% 25 36.50% 

20 37.10% 20 37.00% 20 36.80% 20 36.50% 

18 37.10% 18 37.00% 18 36.80% 18 36.40% 

16 37.10% 16 37.00% 16 36.80% 16 36.40% 

14 37.00% 14 36.90% 14 36.70% * * 

12 36.90% 12 36.80% 12 36.60% * * 

11 36.90% 11 36.80% 11 36.50% * * 

10 36.70% 10 36.70% 10 36.40% * * 

9 36.60% 9 36.50% * * * * 

8 36.40% 8 36.30% * * * * 

* * 6 35.70% * * * * 

 

- Model III 

For model configuration III, reheat pressure and bleed pressure are changed one vs other. 
Resulting in the following Table 6.4 determining the combination that yields the best model 
efficiency. 

Table 6.4: Power Block Model III bleed and reheat optimization 

Bleed Pressure = 2 bar Bleed Pressure = 3 bar Bleed Pressure = 4 bar Bleed Pressure = 5 bar 
Reheat 

Pressure 
Thermal 

Efficiency 
Reheat 

Pressure 
Thermal 

Efficiency 
Reheat 

Pressure 
Thermal 

Efficiency 
Reheat 

Pressure 
Thermal 

Efficiency 
40 35.40% 40 36.00% 40 36.30% 40 36.40% 

30 36.60% 30 36.90% 30 37.10% 30 37.20% 

25 37.10% 25 37.30% 25 37.40% 25 37.50% 

20 37.50% 20 37.60% 20 37.70% 20 37.60% 

18 37.60% 18 37.70% 18 37.70% 18 37.70% 

16 37.70% 16 37.80% 16 37.70% 16 37.60% 

14 37.80% 14 37.80% 14 37.70% 14 37.60% 

12 37.70% 12 37.70% 12 37.60% 12 37.50% 

11 37.70% 11 37.60% 11 37.50% 11 37.30% 

10 37.60% 10 37.50% 10 37.40% 10 37.20% 

9 37.50% 9 37.40% 9 37.20% 9 37.00% 
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8 37.30% 8 37.20% 8 37.00% 8 36.80% 

6 36.80% 6 36.50% 6 36.20% 6 36.00% 

Bleed Pressure = 6 bar Bleed Pressure = 7 bar Bleed Pressure = 10 bar Bleed Pressure = 15 bar 
Reheat 

Pressure 
Thermal 

Efficiency 
Reheat 

Pressure 
Thermal 

Efficiency 
Reheat 

Pressure 
Thermal 

Efficiency 
Reheat 

Pressure 
Thermal 

Efficiency 
40 36.50% 40 36.60% 40 36.50% 40 36.30% 

30 37.20% 30 37.20% 30 37.00% 30 36.60% 

25 37.40% 25 37.40% 25 37.20% 25 36.70% 

20 37.60% 20 37.50% 20 37.20% 20 36.60% 

18 37.60% 18 37.50% 18 37.10% 18 36.50% 

16 37.50% 16 37.40% 16 37.00% 16 36.40% 

14 37.40% 14 37.30% 14 36.80% * * 

12 37.30% 12 37.10% 12 36.60% * * 

11 37.20% 11 37.00% 11 36.50% * * 

10 37.00% 10 36.80% 10 36.40% * * 

9 36.80% 9 36.60% * * * * 

8 36.50% * * * * * * 

* * * * * * * * 

 

- Model IV 

For model configuration IV, reheat pressure and bleed pressure are changed one vs other. 
Resulting in the following Table 6.5 determining the combination that yields the best model 
efficiency. 

Table 6.5: Power Block Model IV bleed and reheat optimization 

Bleed Pressure = 2 bar Bleed Pressure = 3 bar Bleed Pressure = 4 bar Bleed Pressure = 5 bar 
Reheat 

Pressure 
Thermal 

Efficiency 
Reheat 

Pressure 
Thermal 

Efficiency 
Reheat 

Pressure 
Thermal 

Efficiency 
Reheat 

Pressure 
Thermal 

Efficiency 
40 36.40% 40 36.70% 40 36.80% 40 36.80% 

30 37.20% 30 37.40% 30 37.40% 30 37.40% 

25 37.50% 25 37.60% 25 37.70% 25 37.60% 

20 37.80% 20 37.90% 20 37.80% 20 37.70% 

18 37.90% 18 37.90% 18 37.80% 18 37.80% 

16 37.90% 16 37.90% 16 37.80% 16 37.70% 

14 37.90% 14 37.90% 14 37.80% 14 37.70% 

12 37.90% 12 37.80% 12 37.70% 12 37.50% 

11 37.80% 11 37.70% 11 37.60% 11 37.40% 

10 37.80% 10 37.60% 10 37.50% 10 37.30% 

9 37.60% 9 37.50% 9 37.30% 9 37.10% 

8 37.50% 8 37.30% 8 37.10% 8 36.90% 

6 36.90% 6 36.60% 6 36.40% 6 36.10% 
 

       
Bleed Pressure = 6 bar Bleed Pressure = 7 bar Bleed Pressure = 10 bar Bleed Pressure = 15 bar 
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Reheat 
Pressure 

Thermal 
Efficiency 

Reheat 
Pressure 

Thermal 
Efficiency 

Reheat 
Pressure 

Thermal 
Efficiency 

Reheat 
Pressure 

Thermal 
Efficiency 

40 36.80% 40 36.80% 40 36.70% 40 36.40% 

30 37.40% 30 37.30% 30 37.10% 30 36.70% 

25 37.60% 25 37.50% 25 37.20% 25 36.70% 

20 37.70% 20 37.50% 20 37.20% 20 36.60% 

18 37.60% 18 37.50% 18 37.20% 18 36.50% 

16 37.60% 16 37.50% 16 37.10% 16 36.40% 

14 37.50% 14 37.40% 14 36.90% 14 * 

12 37.40% 12 37.20% 12 36.70% 12 * 

11 37.30% 11 37.10% 11 36.60% 11 * 

10 37.10% 10 36.90% 10 36.40% 10 * 

9 36.90% 9 36.70% 9 * 9 * 

8 36.60% 8 36.40% 8 * 8 * 

6 * 6 * 6 * 6 * 

 

Figure 6.14 represents the relation between reheat, bleed pressure, and thermal efficiency 
as extracted from model III. 

 

Figure 6.14: Reheat and bleed pressure turbine pressures vs thermal efficiency relation (Extracted from 
Model III but applies with small errors for other models except for Model I). 

 

Summary of Power Blocks and Selection 

After building these different models for the power block component, and optimizing 

their working parameters to achieve the best available thermal efficiency, it is vital at this 

point to adopt a configuration to hybridize it with a CSP source. Table 6.6 represents the 

efficiencies of these different proposed power blocks. 
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Table 6.6: Summary of power blocks main specs 

Power Block No. Thermal Efficiency % 
Using of 
Reheat 

Utilizing Open 
FWH 

Utilizing 
Closed FWH 

Power Block I 36.76 Yes Yes No 
Power Block II 37.10 Yes Yes No 
Power Block III 37.80 Yes Yes Yes 
Power Block IV 37.90 Yes Yes Yes 

 

As it is shown in Table 6.6. the more regenerative utilized more improvement in the 

efficiency is obtained. The difference between the lowest power block and the highest 

power block model is 1.14%. Taking into consideration that the overall estimated capacity 

is quite small, there is no serious need to increase the efficiency by adding expensive 

components such as closed FWH since it will pay back in long times and often needs high-

cost large tube bundles. In this study, model I will be chosen to proceed for the following 

reasons: 

- Acceptable thermal efficiency 

- Lowest in erection costs (Whitfoot, 2018) 

- Simplest in configuration. 

6.6.3 Solar Field Modeling 

Solar field modeling in this study is based on a candidate selected location in Jericho 

that fulfills the major criteria of plenty of sunshine and flat terrain. As mentioned before, 

Palestine features mountainous terrains and has no extended flat areas in most districts. 

The solar field will be considered on a rectangular area of 30,000 m² (200m*150m) for this 

study's purposes. Thus, the simulation can provide a closer estimation that is viable in real 

circumstances for application purposes. Therminol VP 1 will be considered as an HTF 

(SOLUTIA, 2020). 

The solar field will be built using linear Fresnel reflector and parabolic trough 

technologies. Generating two different solar field models based on each technology. each 

model will be later hybridized with the selected power block. Resulting in two-hybrid 

power plant models that will be used for simulation and generating results. 
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The design of the solar field will be built based on the maximum average DNI, which 

occurs on 10th June of the year based on the recorded data (SolarGIS, 2020) for the selected 

site to evaluate the max thermal power that can yield from the solar field. Also, to choose 

the best hybridization method with the biomass-powered power block. 

It is worthy to mention that thermal storage is not considered in this solar field, since 

the energy storage concept is for overcoming the fluctuation in radiation availability and 

extending the power block service time. These reasons don't exist in the case of this study 

since the biomass is available and stacked for the continuous operation of the plant 

regardless of the sun availability, and the power block is assumed to run 24 hours 7 days a 

week, so no need to consider the thermal storage option in the design of the solar field. 

Solar Angles and Optical Efficiency Modifiers 
 

Solar line focusing reflectors tracks the sun on just one axis. Either parabolic troughs 

or linear fresnel reflectors, both track the sun from sunshine to sunset by rotating the 

reflecting mirrors around their longitudinal axis. However, not all of the DNI is captured 

in any single-axis solar tracking system. So, modifiers should be applied to the collector's 

standard optical efficiency (which is the gained heat divided by the incident solar power) 

to determine the generated solar power at any time of the day. To do this, some solar angles 

should be introduced. Figure 6.15 represents a schematic depicting solar angles for a solar 

reflector, and Table 6.7 identifies and explains each angle. 

Regarding the collector azimuth orientation, line focusing reflectors are either installed 

considering their longitudinal axis (receiver axis) east to west or north to south. When 

installed in North-South orientation, there will be shading losses in the morning and 

evening times due to the shading of reflectors on each other. When they are installed in 

East-West orientation, there will be spillage of sunbeams out of the receiver location. 

However, in this study, the orientation is taken to be North-South orientation.  
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Figure 6.15: Solar angles for a solar reflector 

Table 6.7: Solar angles for a solar reflector. 

Solar Azimuth γs The angle between the North and the solar position projected on the 
horizontal plane  

Solar Elevation αs Vertical angle between straight line to the sun and horizontal plane 
Zenith Angle θz The Angle between the sunbeam and the zenith 

Collector Azimuth γc The angle between North and aperture orientation 
Collector Axis Tilt βc The inclination of the collector surface from the horizontal plane 
Incident Angle θi The angle between the normal to the projected aperture area and the 

sunbeam. In EBSILON it is introduced as RPHIIINC 

 

The standard optical efficiency of a solar collector is taken under the following 

circumstances: 

- The mirrors are ideally clean 

- The mirrors are free of shade 

- Incident angle equals zero 

For a parabolic trough collector. Figure 6.16 depicts the sun and collector angles related 

to its thermal performance. The Incident Angle Modifier IAM is simply the component of 

the sunbeam in the direction of the normal to the aperture area. So, at any time of the day, 
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the sun path should be identified. Then, considering the angles of the collector, this 

modifier could be calculated. 

 

Figure 6.16: Line focusing collector’s angles 

For the LFR, the IAM is calculated taking into consideration the sun location, the 
transversal angle, and the longitudinal angle. Figure 6.17 shows the solar angles related to 
the LFR. The components of the sunbeam should be analyzed against both angles to 
calculate the IAM of the LFR. 

 

Figure 6.17: LFR solar angles. The incident, transversal, and longitudinal angles. In EBSILON, 
the transversal angle is introduced as RPHIITRAN 
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All of these parameters that affect the performance of the selected LFR and PT have been 

taken into consideration. In EBSILON, the sun component formulates the sun path every 

time in the year through the whole simulation process. Identifying continuously the sun 

angles, besides it counts for the ambient temperature, which is also a parameter that is 

needed to calculate the heat loss from solar collectors. At the same time, the solar reflector 

components also take the required data about the sun location and the ambient temperature 

from the sun component simultaneously. 

Linear Fresnel Solar Field 

The selected LFR model for linear fresnel solar field is manufactured by Industrial Solar 

Gmbh (Formerly MIRROXX) model LF-11 (IndustrialSolar-GMBH, 2020). All the data 

involved has been considered when building the solar field components in EBSILON. 

Figure 6.18 represents a schematic and dimensions of the collector. Table 6.4 shows 

technical specs. 

 

Figure 6.18: LF-11 Linear Fresnel reflector and IAM data, By Industrial Solar (IndustrialSolar-
GMBH, 2020) 

Table 6.8: General Specification of LFR LF-11 module  

Module width 7.5 m 
Module length 4.06 m 
Gross area of Module 30.45 m² 
Height of absorber above mirrors (Focal length) 4.5 m 

Maximum operational wind speed 100 km/hour (27.8 m/s) 
Absorber inner diameter 6.56 cm 
Peak optical efficiency (for Sun in Zenith) 0.686 
Aperture surface Area of module 23 m² 
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LFR component in EBSILON is defined using the parameters extracted from the 

technical data sheet provided by the manufacturer. And taking into consideration all the 

modifiers and heat loss components. The LFR component is linked to the Sun component 

in EBSILON so that it takes all its ambient and solar inputs accordingly. Figure 6.19 

represents the LFR and Sun components in EBSILON. 

 

Figure 6.19: Linear Fresnel Collector and Sun component as in EBSILON (Calculated values are 

indicative only) 

The array design of the linear fresnel should comply with the manufacturer’s 

instructions (IndustrialSolar, 2020). Accordingly, the parameters were set in EBSILON. 

Row spacing in the linear fresnel must be 3 meters at least between two parallel zero-spaced 

LFR strings. The maximum number of LFR modules in series is 80 modules. By applying 

these instructions. The field is composed of 16 sets of series-linked collectors of LFRs and 

with 47 LFR modules in series with a total length of 190.82 m. Figure 6.24 shows the 

design of the LFR solar field in the considered 200m*150m flat land. 

The pressure drops along with the solar absorber 0.5 bar for 150 m length on the internal 

diameter of 6.5 cm inner diameter, the length of each collector is 190.82 m (47 m X 4.06 

m), and the pressure drop along each collector 0.65 bar. Table 6.9 illustrates the design 

data about the solar field. 
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Table 6.9: Solar Field Design Data of LFR 

Collector length 190.82 m 
Number of modules in series of each collector 47 modules 
Number of parallel collectors in the solar field 16 collectors 
Collector gross width 7.5 m 
Collector aperture net width 5.665 m 

Net Area of each collector 1,081 m² 
Net area of the solar field 17,296 m² 
Pressure drops in each collector 0.65 bar 
Orientation North-South 
Mirror cleanliness 100% 
Incident angle Modifier (IAM) (correction factor) As detailed in Figure 6.17 

HTF Therminol VP-1 

 

For energy balance between the DNI and the thermal energy gained by the HTF the 

following equation is used for each collector 

The thermal energy input into the HTF (QEFF) is given by: 

𝑄𝐸𝐸𝐹 (୭୰ ୣୟୡ୦ ୡ୭୪୪ୣୡ୲୭୰) = �̇�ு்ி𝑋 (ℎ2 − ℎ1) 

(6.15) 

Where �̇�ு்ி is the mass flow rate in kg/s of the HTF inside the collector, and h1, and 

h2 is the enthalpy of HTF at the inlet and the enthalpy of HTF at the collector outlet 

respectively in kJ/kg. 

QEFF is a function of solar thermal input QSOLAR and the thermal losses QLOSS 

along with each collector: 

𝑄𝐸𝐸𝐹 (୭୰ ୣୟୡ୦ ୡ୭୪୪ୣୡ୲୭୰)  =  QSOLAR −  QLOSS  

(6.16) 

QSOLAR = DNI X ANET X FOPT 0 X  IAM  X ETASHAD X ETACLEAN X ETAENDL   

(6.17) 
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Table 6.10: The variables of solar equation  

DNI Direct Normal Irradiance 
ANET Net aperture area of the collector 

FOPT 0 Peak optical efficiency (for Sun in Zenith = 0.686 for 
LF-11)  

IAM (KIA factor as used in EBSILON) Incident angle Modifier correction factor 
ETASHAD  Factor to include shading losses 

ETACLEAN  Factor to correct for actual mirror cleanliness 
(considered 100%) 

ETAENDL  Factor to correct end loss effects determined from 
the model 

 

“FOPT 0” represent the collector optical efficiency under the following conditions: 

incident angle of 0º, clean collector mirrors, without shading, and thermal heat losses.  

The IAM factor (described in EBSILON in another abbreviation KIA factor) is used 

for solar radiation incident angle losses. In Linear Fresnel collector IAM is determined 

from two modifiers factors: longitudinal incident angle modifier and transversal incident 

angle modifier as the following equation: 

𝐼𝐴𝑀 = 𝐼𝐴𝑀 (𝑅𝑃𝐻𝐼𝐼𝑁𝐶) 𝑋 𝐼𝐴𝑀 (𝑅𝑃𝐻𝐼𝑇𝑅𝐴𝑁) 

(6.18) 

The term 𝑅𝑃𝐻𝐼𝐼𝑁𝐶 is used in EBSILON for incident angles (longitudinal), and the 

term 𝑅𝑃𝐻𝐼𝑇𝑅𝐴𝑁 are used for transversal angles. From Figure 6.19, the incident angle 

modifier all the correction factors for incident longitudinal angle and transversal angle are 

adjusted in each collector of the solar field for simulation using the characteristic line tables 

inside the LFR component as shown in Figure 6.20 and Figure 6.21. 



 

79 
 

 

Figure 6.20: Linear Fresnel Collector Incident Angle Modifier Table in EBSILON 

 

Figure 6.21: Linear Fresnel Collector Incident Angle Modifier (Transversal Angle) Table in 
EBSILON 

ETASHAD effect occurs when the sun is near the horizon, and thus the collectors 

shade each other. ETASHAD is a function of ROWDIST which is the distance between 

parallel collectors. 
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𝐸𝑇𝐴𝑆𝐻𝐴𝐷 = 1 − min[1, max 0, [1 − ቆROWDIST X 
𝐶𝑜𝑠𝑖𝑛𝑒 (RPHITRAN)

𝐺𝑟𝑜𝑠𝑠 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝑊𝑖𝑑𝑡ℎ
ቇ] ] 

(6.19) 

ETAENDL effect is very small and negligible and not included for Linear Fresnel and 

Parabolic Trough 

The thermal losses QLOSS of the collector are calculated in EBSILON on the length-

specific heat loss 𝑞ைௌௌ by: 

QLOSS =  𝑞ைௌௌ 𝑋 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ 

(6.20) 

𝑞ைௌௌ (ிିଵଵ)  = 𝑎ଵ (𝑇ு்ி − 𝑇) + 𝑎ସ (𝑇ு்ி − 𝑇)ସ 

(6.21) 

𝑇ு்ி − 𝑇 is the temperature difference between HTF temperature and ambient air 

temperature (𝑇ு்ி: HTF temperature, 𝑇 is the absorber ambient temperature), 𝑎ଵ and 

𝑎ଶ  are the thermal losses coefficients, and 𝑞ைௌௌ (ிିଵଵ) is the thermal heat losses for Linear 

Fresnel LF-11.  

This equation is defined in EBSILON software by, to evaluate the thermal losses during 

the simulation process we need to enter the thermal coefficients for LFR model LF-11 

The thermal losses coefficients achieved from the datasheet of LF-11 named as u1 and 

u4, u1 = 0.032913 in W/ (m² K) and u4 = 1.4838 𝑋 10ିଽ  W/ (m² K⁴). the formula for 

thermal losses in EBSILON software is based on collector length and the coefficients 

u1and u4 is based on the collector net aperture area, we multiply u1 and u4 by net collector 

width to match between u1 and u4 and EBSILON coefficients 𝑎ଵ  and 𝑎ଶ  

𝑎ଵ = 0.032913 𝑋 5.665 = 0.18645 W/m K 

𝑎ଶ = 1.4838 𝑋 10ିଽ 𝑋 5.665 = 8.4057 𝑋 10ିଽ W/m K 
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Parabolic Trough Solar Field 

The selected PT module for the Parabolic Trough solar field is manufactured by 

Eurotrough Solar Gmbh model Eurotough 2012 (ET-SCAL). Same as LFR. The PT 

component is also linked to the Sun component in EBSILON so that it takes all its ambient 

and solar inputs accordingly. All data was plugged into EBSILLON and manufacturers' 

instructions were followed in designing the solar field. Figure 6.25 shows the PT solar field 

layout. It comprises 12 parallel-connected lines of PTs, each is 150 m in length. Row 

distances are 17.3 m (3 times the aperture width) (Schenk et al., 2012). Figure 6.22 and 

Table 6.11 represent Eurotrough PT collector’s parameters. 

 

Figure 6.22: Eurotrough PT Collector Parameters 

Table 6.11: General Specification of Eurotrough PT  

Collector width 5.8 m 
Collector length 150 m 
Gross area of the collector 870 m² 
Height of absorber above mirrors (Focal length) 1.71 m 

Absorber inner diameter 6.54cm 
Peak optical efficiency (for Sun in Zenith) 0.78 
Aperture surface Area of collector 817.5 m² 
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For Energy analysis of PT all the equation used in LFR is used for the PTC Except the 

IAM Incident angle Modifier correction and  𝑞ைௌௌ equation. 

 IAM is just a function of incident angle  

𝐼𝐴𝑀 = 𝐼𝐴𝑀 (𝑅𝑃𝐻𝐼𝐼𝑁𝐶) 

(6.22) 

IAM correction factor from Figure 6.22 (Datasheet of PT) is defined in PTC in EBSILON 

through characteristic line in PT component as shown in Figure 6.23. 

 

Figure 6.23: Parabolic Trough Collector Incident Angle Modifier Table in EBSILON 

The thermal losses equation of PTC is as following: 

𝑞ைௌௌ ( 𝑃𝑇𝐶) = 𝑎 + 𝑎ଵ (𝑇ு்ி − 𝑇) + 𝑐ଶ(𝑇ு்ி)ଶ +  𝑐ଷ (𝑇ு்ி)ଷ

+  𝑑ଵ 𝐷𝑁𝐼 ( 
FOPT 

FOPT 0
)  (𝑇ு்ி) 

(6.23) 

Where:  

FOPT = IAM  X ETASHAD  

(6.24) 
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FOPT is the optical efficiency of the collector. The thermal losses coefficients 𝑎, 𝑎ଵ, 𝑐ଶ, 

𝑐ଷ, and 𝑑ଵ in previous equation is achieved from Experimental testing of the thermal losses 

of vacuum receiver PTC collector (Burkholder and Kutscher, 2009) as follows: 𝑎 = 4.05 

W/m, 𝑎ଵ = 0.247 W/m K, 𝑐ଶ = - 0.00146 W/mºC², 𝑐ଷ = 5.65𝑒 𝑋 10ି W/mºC³, and 𝑑ଵ = 

7.62 𝑋 10ି଼ m / ºC.  

Table 6.12: Solar Field Design Data of Eurotrough PTC 

Collector length 150 m 
Number of parallel collectors in the solar field 12 collectors 
Distance between parallel collectors  17.3 m 
Net Aperture Area of each collector 817.5m² 
Net area of the solar field 9,810 m² 
Pressure drops in each collector 0.5 bar 
Orientation East-West 
Mirror cleanliness 100% 
Incident angle Modifier (IAM) (correction factor) As detailed in Figure 6.23 

HTF Therminol VP-1 
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Solar Fields Layouts 

Figures 6.24 and 6.25 represents a schematic layout of both LFR and PT solar fields 

 

Figure 6.24: LFR Solar Field Design based on a 30,000 m² Flat Land 

 

Figure 6.25: PT Solar Field Design Based on a 30,000 m2 Flat Land 
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Heat Transfer Fluid for Solar Field 

The Heat Transfer Fluid HTF used in the solar field is Therminol VP-1 (SOLUTIA, 2020). 

This HTF works in-between temperatures 12 ºC to 400 ºC. and is well-known as an HTF 

in thermal CSP application. 

6.6.4 Hybridization CSP into the Power Block 

Hybridization for the CSP technology in the power plants comes in two main forms 

(Soares, 2018):  

- Power boosting mode: in this mode, the CSP is used to boost the output power of 

the power plant in the daytime. In this mode, the fuel consumption needed for the 

scheduled power generation quantities is not affected by the CSP retrofit. The 

mission of the CSP hybridization is to boost the productivity of the power plant.  

- Fuel-saving mode: as the name suggests, the hybridization of the CSP is meant to 

save a portion of the fuel needed to operate the power plant. 

Figure 6.26 depicts a schematic diagram that explains the differences. 

 

Figure 6.26: Power boosting and fuel-saving modes in hybridization 

In the case of this study. The considered power plant capacity is constant. So that the 

hybridization will be in fuel save mode all the time. 

After solar fields are designed and modeled in EBSILON according to their technical 

specifications and the recommendation of the system manufacturers. The solar field 
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output can be simulated with high accuracy. To determine the way of interfacing the solar 

field to the power block. Two main information must be determined: 

- The required heat input to the power block to generate 6 MW of electricity 

- The heat output of the solar field is based on the best day of the year. 

Based on the weather data (SolarGIS, 2020). The maximum average DNI occurs on 

June 10th, The maximum available DNI is 869 W/m2. Based on that, the thermal power 

output of the solar fields is calculated via EBSILON. Table 6.9 introduces each solar field's 

maximum thermal power output. 

Table 6.13: Solar Thermal Power Output for LFR and PT solar fields based on best DNI 

Field Thermal Power Output (MW) 
LFR Field 9.6 
PT Field 6.4 

 

These values in the table represent the maximum thermal power input that can be achieved 

in the year. By comparing these values to the required heat input to generate 6 MW, which 

is 16.56 MW as depicted in Figure 6.10 (model I). This shows that the CSP alone is 

incapable of fulfilling the required heat input to generate 6 MW. Thus, the solar field should 

be connected to the power block steam generator in series, to inject the collected thermal 

power from the sun into the working fluid, preheating it before entering the steam 

generator. Consequently, the consumed olive pomace to run the steam generator is reduced 

(fuel-saving mode). 

The connection of the solar field to the power block demands certain requirements that 

should be considered: 

1- The mechanism of solar field connection to the power block: the mechanism is by 

using oil to water (HTF to WF) shell and tube heat exchanger located just before 

the steam generator. Thus, heat is transferred effectively. Figure 6.27 introduces 

the combination as modeled in EBSILON. 
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Figure 6.27: Oil to Water Shell and Tube Heat Exchanger in EBSILON 

- The operational temperature range in WF and HTF: to obtain efficient heat transfer 

between the WF and the HTF, the temperature difference should be maintained 

until both fluids exit the heat exchanger. By looking at the WF of the power block, 

the temperature of the WF flowing out of the deaerator is 185 ºC. and the maximum 

temperature of the WF that could be reached is 276 ºC (the saturation temperature 

at 60 bar) before it turns into superheated steam. Consequently, the temperature of 

the HTF leaving the heat exchanger is considered to be fixed and maintained at 300 

ºC all the time, and the inlet temperature of the HTF depends on DNI and collector's 

circumstances. The inlet temperature of the WF is fixed as 185 ºC, and the exit 

temperature is calculated according to the other temperatures. 

 

The heat exchanger has 4 terminals. Two will be for passing the working fluid, and the 

others for the HTF. Where three out of four temperatures are known (THTF out=300 ºC, THTF 

in = THTF out + ΔT from Solar Field, TWF in = 185 ºC). the WF outlet conditions can be determined. 

The main equations describing the heat exchanger energy balance in Figure 6.28 can be 

written in the following: 

 

Figure 6.28 Heat Exchanger Main Inlets and Outlets 
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𝑄ௗ ௬ ௐி = 𝑄ீ௩ ௬ ு்ி 

(6.25) 

𝑄ௗ ௬ ௐி = 𝑈 ∗ 𝐴 ∗ 𝐿𝑀𝑇𝐷 = (�̇�ଶℎଶ − �̇�ଵℎଵ) 

(6.26) 

𝑄ீ௩ ௬ ு்ி = 𝑈 ∗ 𝐴 ∗ 𝐿𝑀𝑇𝐷 = (�̇�ଷℎଷ − �̇�ସℎସ) 

(6.27) 

 

Where: 

U: The overall heat transfer coefficient (W/m2 K) 

A: The heat exchange area (m2) 

�̇�: Mass flow rate (kg/sec) 

h : Enthalpy (kJ/kg) 

LMTD: the logarithmic mean temperature difference, which is calculated by  

𝐿𝑀𝑇𝐷 =  
𝛥𝑇௧௦ − 𝛥𝑇௨௧௧௦

ln(
𝛥𝑇௧௦

𝛥𝑇௨௧௧௦
ൗ )

 

(6.28) 
 

Where ΔTinlets is the temperature difference between WF and HTF entering the heat 

exchanger, and ΔToulets is the temperature difference between WF and HTF leaving the heat 

exchanger. 

 

Based on all introduced information. Figures 6.29 and 6.30 show the complete hybrid 

power plant model configuration based on both LFR and PT solar fields. 
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Figure 6.29: Hybrid Olive Pomace-CSP (LFR) Power Plant Model Configuration  
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Figure 6.30: Hybrid olive pomace-CSP (PT) power plant model configuration  
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6.6.5 Scope of Operation and Controllers 

The model includes some essential controllers to control and ensure the proper 

performance of the power plant. Following are the controllers: 

 

- Power generation capacity controller: this controller ensures the fixed power  

generation capacity regardless and changes in the plant parameters. The controller 

commands more or less mass flowrate of live steam to achieve the desired set point 

of generation capacity. Figure 6.31 shows this controller as displayed in EBSILON 

 

 
Figure 6.31: Power Generation Capacity Controller 

 

- Olive pomace feeding controller: It controls the mass feeding rate of the olive 

pomace to the combustion chamber. In such a way that the heat input required to 

generate the desired live steam temperature is achieved. Figure 6.32 shows this 

controller as displayed in EBSILON 

 
Figure 6.32: Olive Pomace Feeding Controller 
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- DNI switch Assembly:  This controller is designed to switch the solar field heating 
system on whenever: 
 
 DNI is available and heat is generated from the reflectors. 

 The amount of heat generated is more than the thermal losses of the system. 

The DNI switch is a macro-object built inside the EBSILON to perform a specific 

function. In the developed models, the DNI switch simulates one string of solar 

reflectors. And a decision is made to either operate the system (generating HTF 

mas flow) or not (set HTF mass flow rate to 0.0). Figure 6.33 shows this controller 

as displayed in EBSILON 

 

Figure 6.33: DNI Switch Controller of The Solar Field Operation 

At this point, the power plant model development is done, Table 6.10 introduces a 

summary for all technical data and involved parameters.  

The component in Figure 6.34 in EBSILON is used to identify some Design conditions 

epically olive pomace composition and heating value also is used to identify the HTF 

Therminol VP-1 conditions and specifications. 

 

Figure 6.34: General Input Value/Start Value Component in EBSILON 
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Table 6.14: Technical Data for Power Block 

Fuel 
 

Olive Pomace 

GCV 17.095 MJ/ kg 

NCV (as calculated 
by EBSILON under 
Boiler pressure of 60 

bar) 

15.763 MJ /kg 

Fuel Temperature 𝑇௨ 𝑇௨ =  𝑇  

Composition 

Elemental (C) 0.4842 

Elemental (H) 0.0596 

Elemental (O) 0.3409 

Elemental (N) 0.0097 

Ash 0.1056 

Fresh air 
Air Pressure 𝑃  1 bar 

Air Temperature 𝑇  Variable 

Combustion 
Chamber 

Combustion Efficiency 𝜂௨௦௧  98 % 

Excess Air Ratio λ 1.35 

Exhaust gas outlet and slag temperature 𝑇௨ ௦ 200 ºC 

Boiler 

Live steam Pressure 𝑃௩  60 bar 

Live Steam Temperature 𝑇௩  550 ºC 

Pressure Drop ΔP 0.5 bar 

Steam 
Turbine 

Isentropic Efficiency 𝜂௦ 90 % 

Mechanical Shaft Efficiency 𝜂 99.8 % 

Reheat and Bleed Pressure 𝑃௧ିௗ  11 bar 

Air Cooled 
Condenser 

 

Overall Heat Transfer coefficient per Bay 𝑈 50 W/m² K 

Pressure Drop in Airside 𝛥𝑃  50 Pa 

Condenser Pressure 𝑃ௗ௦  0.25 bar (25 k pa) 

Generator Generator Efficiency 𝜂ீ 98% 

Open FWH 
(Deaerator) 

Pressure 𝑃௧  11 bar 

Pressure Drop 𝛥𝑃௧  0 bar 

Pumps 

Isentropic Efficiency 𝜂௦ 85 % 

Mechanical shaft Efficiency 𝜂  99.8 % 

Motors Efficiency 𝜂 ௧  85 % 

Condenser 
fans 

Overall Efficiency 
 

𝜂  
 

70% 

 

In the following chapter, the developed models will be used to simulate the power 

generation based on olive pomace and CSP throughout. So that results could be obtained 

for discussion and conclusions. 
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CHAPTER 7 

Simulation Results and Economic Analysis 
 

7.1 Preamble  

After the hybrid power blocks are modeled via EBSILON using all the related 

information to all equipment and operation circumstances. In this chapter, the models are 

used for simulating the operation of the plant. So that generated information can be used 

to assess the outcomes. 

The simulation will be based on the LFR and PT hybrid olive pomace-CSP models 

developed in the previous chapter. For each model, the annual DNI data and annual 

ambient temperature profile will be set and the power generation process for 12 months 

will be run based on a 1-hour time step. 

7.2 Power Block Results 

Figure 7.1 depicts the T-s of the adopted power block in the previous chapter (Model 

I). this figure results from the given for each component of the power block. 

- Power Plant T-s Diagrams  

Figure 7.1 depicts the T-s of the adopted power block in the previous chapter (Model 

I). this figure results from the given for each component of the power block. The figure 

shows the real expansion processes in turbines and the pressure drops in heat transfer 

components. 

- Boiler Efficiency 

The boiler efficiency at this point can be determined using the following formula: 

𝜂 =  
𝑄ௐி

�̇�௩   ∗   𝐺𝐶𝑉ை௩ 
 

(7.1) 

Where: 

- QWF: The transferred power to the working fluid via the boiler 
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- �̇� olive Pomace: The mass flowrate of the olive pomace into the combustion chamber 
- GCV olive Pomace: The gross calorific value of olive pomace. 

 

 

Figure 7.1: T-s Diagram of the adopted power block (Model I) 

The calculated boiler efficiency at 36 ºC is 80.15 %, Figure 7.2 represents the relation 

between the ambient temperature and the boiler efficiency. The boiler efficiency increases 

as the ambient temperature increase due to the less required heating of loaded air and fuel. 

 

Figure 7.2: Boiler efficiency vs ambient temperature 
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- Power Block Carnot Efficiency 

Power cycle Carnot efficiency formula is: 

𝜂௧,௧ = 1 − 
𝑇𝐿

𝑇𝐻
  

(7.2) 

Where: 

- T L: Low-temperature side of the cycle (in Kelvin) 

- T H: High-temperature side of the cycle (in Kelvin) 

 Accordingly, 𝜂௧,௧ = 59 %. 

7.3 Annual Simulation Results 

Simulation of the hybrid power models was carried out through an entire year of 

operation. Changing all the parameters related to the operation such as ambient 

temperature, DNI, and sun path. Resulting in the following results: 

- Olive Pomace Annual Consumption 

Table 7.1 shows the required amounts of olive pomace annually. The simulation was 

run for capacities 6 and 7 MW for both LFR and PT solar fields: 

Table 7.1: Olive pomace required amounts for annual operation 

Power Plant Capacity 7 MW 6 MW 
Solar Field Type LFR PT LFR PT 

Olive Pomace (Ton) 39,613.8 40,021.7 33,441.8 33,848.7 

 

As shown in Table 7.1, the consumed amount of olive pomace increases when 

production power increases since the solar field area is fixed and does not increase 

accordingly. Figures 7.3, 7.4, 7.5, and 7.6 show the profile of olive pomace consumption 

in June and January, which are the best and worse in terms of the DNI amounts. All the 

generated figures will rely on the 6 MW capacity model that satisfies the olive pomace 

consumption compatible with the annual average amount of olive pomace in Palestine 

unless otherwise is stated. 
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Figure 7.3: LFR hybrid model Olive Pomace Consumption Rate profile in January 

 

Figure 7.4: PT hybrid model Olive Pomace Consumption Rate profile in January 
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Figure 7.5: LFR hybrid model Olive Pomace Consumption Rate profile in June 

 

Figure 7.6: PT hybrid model Olive Pomace Consumption Rate profile in June 
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By looking at Figures 7.3 to 7.6, the olive pomace consumption rate oscillates 

according to the available DNI. Olive pomace consumption rate in January is higher than 

in June due to lower DNI rates in January. 

- Boiler Expended Power (Energy Generated by Biomass Boiler per time) 

Base on the annual simulation, Table 7.2 represents the annual boiler-generated 
energy to drive the power plant. 

Table 7.2: Annual boiler expended energy  

Power Plant Capacity 7 MW 6 MW 
Solar Field Type LFR PT LFR PT 

 Boiler Expended Energy 
(MWh) 

155,372.1 156,971.1 131,129.0 132,723.4 

 

Table 7.2 shows that the required expended energy for both LFR and PT hybrid 

models is so close, the LFR requires less boiler expended energy. Figures 7.7, 8, 9, and 10 

show the profile of the boiler’s expended power in June and January, which are the best 

and worse in terms of the DNI amounts for 6 MW. 

 

Figure 7.7: LFR hybrid model boiler expended power profile in January 
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Figure 7.8: PT hybrid model boiler expended power profile in January 

 

Figure 7.9: LFR hybrid model boiler expended power profile in June 
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Figure 7.10: PT hybrid model boiler expended power profile in June 

- Solar Energy Yield 

Table 7.3 shows the summary of the solar energy yield for both LFR and PT solar fields 

(the solar energy generated by solar fields is the same for two capacities). 

Table 7.3: Solar energy annual yield summary for 6 and 7 MW capacities, equipped with LFR or 
PT solar fields 

Solar Field Type LFR PT 
Net Solar Energy Yield QEFF (MWh) 14,325.6 12,762.8 

 

Table 7.3 shows that LFR solar field exceeds in terms of net solar yielded energy. That 

despite LFR is lower than PT in optical efficiency, but it has the advantage of more 

allowable area occupation (less unoccupied area).  Figures 7.11, 12, 13, and 14 show the 

profile of generated solar power in June and January, which are the best and worse in terms 

of the DNI amounts. 
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Figure 7.11: LFR hybrid model generated solar power (QEFF) profile in January 

 

Figure 7.12: PT hybrid model generated solar power (QEFF) profile in January 
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Figure 7.13: LFR hybrid model generated solar power (QEFF) profile in June 

 

Figure 7.14: PT hybrid model generated solar power (QEFF) profile in June 
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- HTF Operational Temperature Range 

HTF operational temperature range was tuned for not exceeding 400 ºC (the max of the 

Therminol VP-1) and not less than 300 ºC to maintain proper heat transfer on the oil to the 

water heat exchanger. Figures 7.15 and 16 introduce the HTF temperature swinging over 

time. 

 

Figure 7.15: LFR hybrid model HTF (THTF) profile in June 

Each solar field has its design HTF flowrate. This flow rate depends on the 

manufacturer's solar field design instruction and product specifications. 
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Figure 7.16: PT hybrid model HTF (THTF) profile in June 

- Thermal Power Input Shares  

According to the annual simulation, Table 7.4 introduces the thermal input shares to 

the power plant. 

Table 7.4: Thermal input shares to the power plant. 

Power Plant Capacity 7 MW 6 MW 
Solar Field Type LFR PT LFR PT 
Boiler Share (%) 91.56% 92.48% 90.15% 91.23% 

 Solar Field Share (%) 8.44% 7.52% 9.85% 8.77% 

Choosing lower electricity generation capacity leads to more solar energy share in the total 

heat input since less olive pomace will be needed at the same generated thermal power 

from the solar system.  

- 24 hours simulation for highest DNI day (June 10th) 

Plant performance was investigated taking June 10th, which is the highest DNI day in the 

year, and Jan 18th, which is the lowest DNI day in the year, as a case study to represent 

the essential data regarding the power plant. Figures 7.17 to 7.26 show different power 

plant and solar field characteristics as in these days for 6 MW capacity. 
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Figure 7.17: LFR hybrid model olive pomace consumption rate on June 10th 

 

Figure 7.18: PT hybrid model olive pomace consumption rate on June 10th 
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Figure 7.19: LFR hybrid model olive pomace consumption rate on Jan 18th 

 

Figure 7.20: PT hybrid model olive pomace consumption rate on Jan 18th 
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Figure 7.21: LFR hybrid model boiler expended heat and solar field heat on Jan 18th 

 

Figure 7.22: LFR hybrid model boiler expended heat and solar field heat on June 10th 
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Figure 7.23: PT hybrid model boiler expended heat and solar field heat on Jan 18th 

 

Figure 7.24: PT hybrid model boiler expended heat and solar field heat on June 10th 
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Table 7.5 shows the thermal Shares based on the best DNI on Jun 10th. 

Power Plant Capacity 6 MW 
Solar Field Type LFR PT 

Boiler Contribution (%) 84.60% 85.04% 
 Solar Field Contribution (%) 15.40% 14.96 % 

 

HTF temperature rise is also monitored so that it does not exceed the maximum 

allowable temperature which is 400 ºC. Figures 7.25 and 7.26 represent the HTF 

temperature on June 10th. 

 

 

Figure 7.25: LFR hybrid model HTF Temperature on June 10th. 
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Figure 7.26: PT hybrid model HTF Temperature on June 10th. 

PT solar field has the advantage of fast heating response when the DNI is available. 

That’s because LFR suffers the transversal losses whereas the PT does not have this 

problem. As shown in Figures 7.25 and 7.26. they show a superior thermal performance of 

PT over LFR in heating response to the DNI availability. 

- Solar Field Efficiency on the highest DNI day (June 10th) 

Solar Field Thermal efficiency can be determined using the following formula: 

𝜂௧,௦ ௗ =  
𝑄ாிி

𝐷𝑁𝐼 ∗ 𝐴௧
 

(7.3) 

Where: 

- A net: a total of the aperture area of solar reflectors or concentrators 

 For LFR solar field, field is composed of 752 LFR modules. Each aperture area is 23 

m2, giving an Anet of 17,296 m2. And for PT solar field, consists of 12 PT each one aperture 

area is 817.5 m2, with a total Anet of 9810 m2.  
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Using the max DNI on June 10th. Simulation shows that the LFR field provides a 

heating capacity of 8.064 MW, and the PT field provides 6.467 MW of heating capacity.  

Yielding 57.5% solar field thermal efficiency for the LFR solar field, and 75.8% for the PT 

solar field thermal efficiency at the same given DNI 869.36 W/m2. This demonstrates the 

superior performance of the PT over LFR in terms of the solar field efficiency on the same 

land size (relative to the less net area). Table 7.6 summarizes the solar field efficiency 

calculations. 

Table 7.6: Solar field values for both LFR and PT solar fields at DNI=869.36 W/m2 

 LFR Solar Field PT Solar Field 
DNI (W/m2) 869.36 869.36 
Anet (m2) 17,296 9,810 
QEFF (MW) 8.064 6.467 
ηSF (%) 57.5% 75.8% 

  

- Annual Generated Electricity  

The annual generated electricity can be determined by the following formula: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = (𝑄ீ − 𝑄௨௫) ∗ 8760 ℎ𝑜𝑢𝑟 

(7.4) 

Where: 

- Electricity: the annual generated amount of electricity (MWh) 

- Q Gen: Power plant capacity (MW). Either 6 or 7 MW in the proposed models 

- Q Aux: The sum of the other electrical consumption equipment in the plant. Such 

as pumps and air-cooled condenser fans. 

As per the simulation results. Table 7.7 introduces the calculated amounts of 

electricity 

Table 7.7: Annual generated electricity for all capacities based on both LFR and PT. 

Power Plant Capacity 7 MW 6 MW 
Solar Field Type LFR PT LFR PT 

Annual Generated Electricity 
(MWh) 

60,321 60,251 51,691 51,629 
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In terms of annual generated capacity, LFR and PT are very close to each other. That 

demonstrates the fact that PT modules installed are far less than LFR modules. But the PT 

compensates using its superior concentration ratio and better solar field thermal efficiency. 

7.4 Levelized Cost of Energy (LCOE) Calculation 

At this point, all the technical framework of the proposed hybrid olive pomace-CSP 

power plant was introduced and explained. Simulations were run to extract different 

outcomes for assessing plant performance. 

Since all plant parameters are known, economic analysis is now feasible. All the costs 

incurred in building the proposed models physically and their running costs during the 

plant lifetime are considered, to estimate the LCOE generated from the proposed models. 

The incurred costs are divided into three main categories: 

- Direct costs (DC): which are the costs that are paid to erect the power plant, 

purchase equipment, and all other costs that are paid for the power plant itself or its 

related works such as site preparations and infrastructure works. 

- Indirect cost (IDC): costs that come as overheads, technical works, land costs, 

insurance, engineering, and construction management. 

- Running costs: They are mainly Operation and Maintenance (O&M), annual 

insurance, and the cost of fuel feedstock (olive pomace). 

Financing options for plant erection are either using Capital Recovery Factor (CRF) 

or Islamic financing. CRF is a factor that determines the annual due payment based on 

the number of years and an interest rate by the following formula (Masters, 2013): 

𝐶𝑅𝐹 =
𝑖(1 + 𝑖)

(1 + 𝑖) − 1
 

(7.5) 

Where: 

 i: the interest rate 

 n: number of years 
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So that: 

𝐴𝑁 = 𝑇ℎ𝑒 𝑃𝑟𝑖𝑛𝑐𝑖𝑝𝑙𝑒 𝐵𝑜𝑟𝑟𝑜𝑤𝑒𝑑 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 ∗ 𝐶𝑅𝐹 

(7.6) 

Where: 

𝐴𝑁: the annual due payment from the borrowed investment cost 

 

In this study, Islamic financing using direct profit (Murabaha) will be used for financial 

analysis. It is based on applying a selected profit rate that increases by the years of the 

payment plan. The following formulas describe the mechanism. Pr stands for the profit 

intended in a deal (بوجلال and  ,2010بورقبة ): 

𝑃𝑟 = 𝑇𝐶 ∗ 𝑟 ∗ 𝑛 

(7.7) 

𝑆𝑝 = 𝑃𝑟 + 𝑇𝐶 

(7.8) 

Where: 

- Pr: profit amount 

- TC: the required finance amount for Investment (total investment cost) 

- rm: average profit rate (percentage) 

- n: number of years 

- Sp:  the bank selling price used to calculate the annual payment  

So that: 

𝑟 =  
𝑆𝑝 − 𝑇𝐶

𝑇𝐶 ∗ 𝑛
∗ 100% 

(7.9) 

rm has a range that follows every Islamic financing institution. Also, in Islamic 

financing there is an exchange insurance amount that is added for contingencies and 

protection, the amount of exchange insurance rate is determined by the following formula: 
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𝐼 = 𝑇𝐶 ∗ 𝑖௫ ∗ 𝑛 

(7.10) 

iex stands for the applied percentage for exchange insurance. Where I is the added 

exchange insurance amount to the financed amount beside profit. So that: 

𝑇𝑜𝑡𝑎𝑙 𝐹𝑖𝑛𝑎𝑛𝑐𝑒𝑑 𝐴𝑚𝑜𝑢𝑛𝑡 =  𝑇𝐶 + 𝑃𝑟 + 𝐼 

(7.11) 

Thus, the annual installments are by dividing the number above by the number of years 

(n). the profit percentage in Islamic banks differs from one bank to another and starts from 

3% up to 6%. The exchange insurance rate is also the same, it starts from 0.5% to 1% (JIB, 

2021). These percentages depend on the policy of the financing institution, risk assessment, 

and other factors related to the policies of the monetary authority. 4% value of profit 

percentage will be considered and 0.75% for exchange insurance rate to establish the main 

outline of the LCOE, then sensitivity analysis will be presented to study how these and 

other factors affect the LCOE of electricity produced from an LFR or PT hybrid olive 

pomace 6 MW plant model. Tables 7.8 and 7.9 represent the LCOE calculation for both 

Hybrid LFR and PT-Olive pomace at 6 MW capacity. 
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Table 7.8: LFR-Olive pomace hybrid 6 MW LCOE calculation summary (Askari and Ameri, 2018, 
Kincaid et al., 2018, Kurup and Turchi, 2015, Jericho.Municipality, 2021, Aliqtisadi.Editors, 2021, 
Hudson.Inc, 2019, Whitfoot, 2018) 

Direct Costs (DC) Unit Unit Price Quantity Total 

Site improvement works Per m2 20 50,000 $1,000,000 

Solar Field Cost 

Solar Field Reflectors (LFR) Per m2 170 30,000 $5,100,000 

HTF System and Filling - Using Therminol VP-1 Per m2 60 30,000 $1,800,000 

HTF Pumps Per KWe $5,000 28.62 $143,100 

Power Block Cost 

Steam Turbine Per kWe $260 6,000.00 $1,560,000 

Olive Pomace Boiler Kg/s (Steam) $135,000 5.22 $704,565 

Air Cooled Condensor Per m2 $435 11,961.91 $5,203,430 

Pumps Per KWe $2,400 47.55 $114,120 

FWH Kg/s (Water) $52,000 4.27 $221,936 

Common Overheads 

Equipment Freight and Transportation 8% $1,188,536 

Frieght Insurance and contengencies 5% $792,358 

Total of Direct Costs $17,828,045 

Indirect Costs (IDC) Unit Unit Price Quantity Total 

Engineering and Construction % of DC 15% 1.00 $2,674,207 

Project Contengenceis and Construction Insurance % of DC 10% 1.00 $1,782,804 

Total of Indirect Costs $4,457,011 

Total Construction Costs Estimation $22,285,056 

Islamic Financing Costs (Murabaha) 

Investment Duration (years) 25 

Islamic Profit percentage 4% 

Exchange insurance percentage 0.750% 

Profit amount $22,285,056 

Exchange insurance amount $4,178,448 

Total Construction Costs Financed Amount $48,748,559 

Annual installments based on 25 years payments plan $1,949,942 
     

Running Costs (IDC) Unit Unit Price Quantity Total 

Annual Insurance % of DC 1.0% 1.00 $178,280 

Annual O&M Per kWe $66 $6,000 $396,000 

Consumed Olive Pomace Per Ton $90 $33,442 $3,009,762 

Land Rent Cost Per Dunum $2,000 $50 $100,000 

Total of  Annual Running Costs $3,684,042 

Total Annual Costs $5,633,985 

Annual Generated Electricity (MWh) 51,691 

LCOE for kWh $0.1090 
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Table 7.9: PT-Olive pomace hybrid 6 MW LCOE calculation summary. (Askari and Ameri, 2018, 
Kincaid et al., 2018, Kurup and Turchi, 2015, Jericho.Municipality, 2021, Aliqtisadi.Editors, 2021, 
Hudson.Inc, 2019, Whitfoot, 2018) 

Direct Costs (DC) Unit Unit Price Quantity Total 

Site improvement works Per m2 30 50,000 1,500,000 

Solar Field Cost 

Solar Field Reflectors (PT) Per m2 170 30,000 5,100,000 

HTF System and Filling - Using Therminol VP-1 Per m2 60 30,000 1,800,000 

HTF Pumps Per KWe $5,000 31.59 $157,950 

Power Block Cost 

Steam Turbine Per kWe $260 6,000 1,560,000 

Olive Pomace Boiler Kg/s (Steam) $135,000 5.22 $704,565 

Air Cooled Condensor  Per m2 $435 11,961.91 $5,203,430 

Pumps Per KWe $2,400 47.55 $114,120 

FWH Kg/s (Water) $52,000 4.27 $221,936 

Common Overheads 

Equipment Freight and Transportation 8% $1,227,150 

Frieght Insurance and contengencies 5% $818,100 

Total of Direct Costs $18,407,251 

Indirect Costs (IDC) Unit Unit Price Quantity Total 

Engineering and Construction % of DC 15% 1 $2,761,088 

Project Contengenceis and Construction Insurance % of DC 10% 1 $1,840,725 

Total of Indirect Costs $4,601,813 
Total Construction Costs Estimation $23,009,063 

Islamic Financing Costs (Murabaha) 

Investment Duration (years) 25 

Islamic Profit percentage 4% 

Exchange insurance percentage 0.750% 

Profit amount $23,009,063 

Exchange insurance amount $4,314,199 

Total Construction Costs Financed Amount $50,332,326 
Annual installments based on 25 years payments plan $2,013,293 

     

Running Costs (IDC) Unit Unit Price Quantity Total 

Annual Insurance % of DC $0 $1 $184,073 

Annual O&M Per kWe $66 $6,000 $396,000 

Consumed Olive Pomace Per Ton $90 $33,849 $3,046,383 

Land Rent Cost Per Dunum $2,000 $50 $100,000 

Total of  Annual Running Cost $3,726,456 

Total Annual Costs $5,739,749 

Annual Generated Electricity (MWh) 51,629 

LCOE for kWh $0.1112 
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The kWh is sold to the final consumer in Palestine from 0.5 NIS/kWh or more 

according to the distributor. Considering USD at 3.3 NIS. Then the levelized costs of 

energy LCOE for LFR and PT hybrid models are 0.3597 and 0.3670 NIS/kWh respectively. 

Which is below the final selling price of electricity in Palestine. It is worthy to mention 

that the selected site north of Jericho is characterized by relatively low cost, flat terrains, 

and abundant solar irradiance year around. The economic feasibility of these LCOEs is 

subjected to the terms of distribution companies. 

Sensitivity Analysis of the Levelized Cost of unit Energy (LCOE) 

LCOE can be affected by many parameters. Any change in the inputs of the proposed 

models changes the LCOE by different rates. In this study, the sensitivity analysis will be 

examined vs the cost of olive pomace and profit rate. 

- Olive Pomace Price 
 

Table 7.10 represents the modified values of LCOE based on different costs that may 

be incurred for a ton of olive pomace. These values consider that all other input values kept 

the same as in Table 7.8 and 7.9. 

Table 7.10: LCOE values corresponding to different costs of olive pomace. 

Olive Pomace Price ($) LCOE of LFR ($) LCOE of PT ($) 
80 0.1028 0.1046 
90 0.1090 0.1112 

100 0.1155 0.1177 
110 0.1219 0.1243 
120 0.1284 0.1308 

 

These values represent how the LCOE rises against the change of olive pomace stock. 

Figure 7.27 depicts the relation. 
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Figure 7.27: LCOE vs price of olive pomace in USD 

- Islamic Financing Profit Rate: 
 

Table 7.11 shows the modified values of LCOE at different financing profit rates. These 

values consider that all other input values kept the same as in Table 7.8 and 7.9. 

Table 7.11: LCOE values corresponding to different financing profit rates. 

Average Profit Rate rm (%)  LCOE of LFR ($) LCOE of PT ($) 
3% 0.1047 0.1067 

4% 0.109 0.1112 

5% 0.1133 0.1156 

6% 0.1176 0.1201 

7% 0.1219 0.1245 
 

Figure 7.28 illustrates shows the relation between the variables at different rates. 

 

Figure 7.28: LCOE in USD vs finance profit rates in % 
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CHAPTER 8 

Conclusions and Future Work 
 

8.1 Conclusions 

Authentic renewable resources play a vital role in contributing to the progress of 

societies. It is abundant, clean, and environmentally friendly. Solar-powered and biomass-

powered power plants are increasing annually. Employing the solar and biomass resources 

in Palestine is a step to mitigate the vast reliance on energy importation, and strengthen the 

energy sector in Palestine. 

In this research, an investigation was carried out to study the potential of using hybrid 

olive pomace-CSP power plants for electricity generation in Palestine. A survey was 

carried out to collect the statistics of the produced olive pomace amounts between 2010-

2018 from the official governmental statistical bodies. The annual average amount of olive 

pomace was found at 35,569 tons. Experimental testing was performed to determine the 

heat content of olive pomace in Palestine. Four different samples were tested and the GCV 

was determined as 17.095 MJ/kg using Oxygen bomb calorimeter. 

Rankine power cycle was considered for building the power generation model, where 

olive pomace is the fuel used for combustion. Different methods for upgrading the cycle 

were studied to be used in building the power generation model. CSP different technologies 

were studied and two options were adopted for developing the CSP field: the Linear Fresnel 

Reflectors (LFR) and Parabolic Troughs (PT). The CSP field was built as a supplementary 

source to reduce the consumption of the olive pomace in the boiler section. The CSP field 

used Therminol VP-1 as an HTF to convey the harvested solar power to the power block. 

CSP field was represented on a rectangular 30 dunums of flat terrains. And connected in 

series to the power block. 

The power plant site was selected at the north of Jericho governate based on different 

criteria: flat terrains are available to install the solar field, the availability of connected flat 

areas at low cost, the abundance of solar irradiance with relatively few cloudy days years 

around. The geographic location that facilitates the transportation of olive pomace from all 
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West Bank governates, and the existence of main power transmission lines for transporting 

generated power to the grid. Calculations were performed to estimate the power plant 

capacity based on the available inputs and found to be near 6 MW.  

Using EBSILON Software, a power block was developed based on 550 Co and 60 bar 

live steam temperature and pressure, 0.25 bar condensing pressure, and using a dry cooling 

condenser. 4 different power block models were modeled and optimized to obtain the best 

efficiency. One model (with optimized single bleed pressure of 11 bar and single reheat 

pressure of 11 bar) was selected and hybridized with the solar field. The solar field was 

connected to the selected power block through a heat exchanger in series with the boiler 

section. So that high-temperature HTF is used to preheat the condensed water before 

entering the biomass boiler. 

Using two versions of hybrid olive pomace-CSP power plant model (one is LFR 

powered and the other is PT powered). Simulations were carried out for one year taking 

into consideration all changing parameters such as DNI, sun angles, solar times, and 

ambient temperatures for both hybrid models at 6 and 7 MW capacities. According to the 

consumed olive pomace results from the simulation process for two capacities 6 and 7 MW, 

the hybrid power plant is concluded to be capable to generate 6 MW of electric power 

continuously. Solar field share for 6 MW capacity was found to be 8.77% for PT and 9.85% 

for LFR on an annual scale. The thermal performance of the PT field was found to 

overwhelm the performance of the LFR at the same DNI. Results also show that for the 

same considered land area, the LFR and PT annual contribution is very close. Although the 

LFR installed aperture area was higher compared to the PT, the PT compensated using its 

superior optical efficiency. On the best DNI day June 10th, generated heat from the PT field 

was found to be higher than the LFR field. Regarding generated electricity, the 6 MW LFR 

hybrid model generated 51,691 MWh, and the PT hybrid model generated 51,629 

considering the consumed electricity within the plant equipment. 

Using the 6 MW hybrid LFR and PT models. The LCOE calculation was conducted 

taking into consideration all the related financial aspects considered in this study. The cost 

of the power block was determined as a function of the thermodynamic properties of the 

cycle based on previous works. The LCOE when LFR is used was 0.1090 $/kWh and 
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0.1112 $/kWh when PT is used. The calculated LCOE is directly influenced by the location 

of land and its rent prices and bound to this input, any change in land rental cost directly 

changes the calculated LCOE determined in this research. The selected site for analysis in 

this research has a relatively low cost compared to other real estates in Palestine. The LCOE 

was found close since the costs of erecting solar fields for both LFR and PT are quite close, 

PTs are higher in price and better in optical efficiency but fewer modules are used per area. 

And both generate roughly close amounts of thermal energy annually. LFR is more 

adaptable with different land shapes that PT do, for different land shape other than 

suggested in this study outcomes would be different. Olive pomace price is selected based 

on the local market prices to be ready for combustion regardless of the operation of 

collecting, transporting, and preparation of olive pomace. Which can be a topic for further 

research. Where imported electricity in 2019 was 6,249,104 MWh, the generated energy 

via the proposed 6 MW models can secure 0.83 % of electricity importation. 

8.2 Future Works and Recommendations 

- Studying the proposed models considering other potential sites in Palestine and 

compare resulting LCOE. 

- Considering hybridization between LFR and PT solar power systems with other 

biomass resources that are suitable for combustion available in Palestine. 

- Studying hybridization with the solar tower. Using solar tower for boosting cycle 

steam temperature 

- Conducting further analysis on the proposed models in part-load conditions. 

- Evaluating the use of thermal storage for CSP applications in Palestine, and their 

effects on the potential generated electricity and LCOE. 

- Expand the study using more land area. And assess the techno-economic 

performance. 

- Conducting a study for the supply chain formulation and management for olive 

pomace supply for the power plant consumption. 
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