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ṅ Molar rate (mol/s)

Ncs Number of solar collectors in series

Ncp Number of solar collectors in parallel

Q̇ Heat rate (kW)

R Universal gas constant (kJ/kg.K), resistance (ohms)

s Specific entropy (kJ/kg.K)

S Absorbed solar radiation (W/m2)

T Temperature (◦C)

UL Heat loss coefficient (W/m2.oC)

V Voltage (V)

W Width (m)
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Globally, there is a huge increase in energy demand while there are serious concerns

over the negative impact of climate change that results from the use of fossil fuels

which are the main source of global emissions. While decarbonization of carbondiox-

ide emitting industries is a pathway to a carbon-free economy, there are industries

that are difficult to decarbonize via the conventional way of using renewable energy

resources. This requires a shift to sustainable fuels that can burn without emitting car-

bondioxide. Hydrogen is currently the best sustainable fuel. Nevertheless, when it is

produced using fossil fuels, the whole aim of decarbonization is defeated. To overcome

this, a detailed thermodynamic and cost analysis of solar-powered hydrogen production

using a Proton Exchange Membrane (PEM) electrolyzer was performed for different
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system configurations using solar power tower (SPT) and parabolic trough collector

(PTC). A Modified Steam Rankine cycle, supercritical carbondioxide Brayton cycle,

and organic Rankine cycle were combined in different ways to form four configurations

of integrated power cycles: MSRC-SCBC-ORC, MSRC-ORC, MSRC-SCBC, SCBC-

ORC configurations. Among the four, the SPT-powered MSRC-ORC configuration

achieved the best thermodynamic performance, with a thermal efficiency of 42.36%,

solar-to-electricity energy and exergy efficiencies of 28.59% and 30.15%, respectively,

a hydrogen production rate of 63.04 kg/hr, and an oxygen production rate of 504 kg/hr

at a solar-to-hydrogen efficiency of 20.43%. However, the PTC-powered MSRC-ORC

gave the least levelized cost of hydrogen (LCOH) of 7.78 $/kg. Parametric analysis of

the systems revealed that the solar field area and the solar irradiation had the greatest

influence on hydrogen yield while the capacity factor of the system had the highest

impact on the LCOH. Furthermore, an optimization of the systems using the brute

force method showed that the brute force method was a good way for deciding optimal

operating conditions for hydrogen systems. For instance, the optimal solution for the

SPT-MSRC-ORC configuration was a thermal efficiency of 44.97% and LCOH of 9.5

$/kg which improved the efficiency (from 42.36%) at a slight increase in cost (from

9.11 $/kg). The analysis of this work showed that using PTC could be more profitable

for green hydrogen production.
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الرسالة ملخص

تيفا انٔتوني تيرونغوا الاسم:

المركزة الشمسية الطاقة تقنيات باستخدام الاخٔضر الهيدروجين لإنتاج التقني والاقتصادي الطاقي التحليل الدراسة: عنوان

الميكانيكية الهندسة التخصص:

2025 مايو العلمية: الدرجة تاريخ

عن الناجمة المناخ لتغيّر السلبية الاثٓار بشانٔ المخاوف فيه تتزايد وقتٍ في كبيرًا، ارتفاعًا الطاقة على الطلب يشهد العالمي، الصعيد على

اكٔسيد لثاني المُصدِرة الصناعات من الكربون ازٕالة تعَُد حين وفي الدفيئة. الغازات لانبعاثات الرئيسي المصدر يُعد الذي الاحٔفوري، الوقود استخدام

المتجددة الطاقة اسٔاليب باستخدام منها الكربون ازٕالة يصعب صناعية قطاعات هناك تظل الكربون، من خالٍ اقتصاد نحو محوريًا مسارًا الكربون

الانٔسب الخيار الراهن الوقت في الهيدروجين ويُعد كربونية، انبعاثات دون الاحتراق على قادرة مستدامة وقود انٔواع نحو التوجّه ذلك ويستلزم التقليدية.

تحليل أُجري المنطلق، هذا من الاسٔاسي. هدفها الكربون ازٕالة عملية يُفقد احٔفورية مصادر باستخدام الهيدروجين انٕتاج انٔ الٕا الانٔواع. هذه بين من

مختلفة تكوينات ضمن وذلك ،PEM نوع من كهربائي محلل عبر الشمسية الطاقة باستخدام الهيدروجين لإنتاج مفصّل واقتصادي حراري ديناميكي

المعدّلة رانكن دورة دمج جرى وقد .(PTC) المكافئة القطعية والمجمعات (SPT) الشمسية الابٔراج الشمسية: الطاقة تركيز تقنيتي على تعتمد للنظام

تكوينات ارٔبع لتشكيل متعددة باشٔكال (ORC) العضوية رانكن ودورة ،(SCBC) الحرج فوق الكربون اكٔسيد بثاني برايتون ودورة ،(MSRC) بالبخار

النظام حقق التكوينات، هذه بين ومن .SCBC-ORC و ،MSRC-SCBC ،MSRC-ORC ،MSRC-SCBC-ORC مدمجة: طاقة دورات من

الشمسية الطاقة تحويل وكفاءتا ، % 42.36 الحرارية الكفاءة معدل بلغ اذٕ حراري، ديناميكي ادٔاء افٔضل SPT تقنية على المعتمد MSRC-ORC

504 والاكٔسجين كغ/ساعة، 63.04 الهيدروجين انٕتاج معدل بلغ حين في التوالي، على %30.15 و %28.59 اكٕسيرجي والٕى كهرباء الٕى

xx



.% 20.43 بلغت الهيدروجين الٕى الشمس من تحويل بكفاءة كغ/ساعة،

لكل امٔريكي دولار 78 .7 بقيمة (LCOH) الهيدروجين لإنتاج تكلفة ادٔنى سجل فقد PTC تقنية على المعتمد MSRC-ORC النظام امٔا

انٕتاج كمية على تاثٔيرًا الاكٔثر العوامل يمثلّان الشمسي الإشعاع وشدة الشمسي الحقل مساحة من كلًا انٔ البارامتري التحليل اظٔهر وقد كيلوغرام.

"القوة اسٔلوب باستخدام الانٔظمة تحسين نتائج اظٔهرت ذلك، عن فضلًا الإنتاج. تكلفة على تاثٔيرًا الاكٔثر هو السعة عامل انٔ تبيّن بينما الهيدروجين،

الاكٔثر الخيار يكون قد PTC تقنية استخدام انٔ التحليل هذا من ويُستنتج الهيدروجين. لإنتاج المثلى التشغيل ظروف تحديد في فعاليته الغاشمة"

الاخٔضر. الهيدروجين لإنتاج اقتصاديًا جدوى

xxi



CHAPTER 1

INTRODUCTION

With the global warming crisis and the burgeoning energy demands across the globe,

there is a need to adopt sustainable energy resources that do not emit greenhouse

gases. The greatest contributor to global warming is Carbon dioxide (CO2), which

is a key product in the combustion of fossil fuels that constitute the major source of

energy supply today. One way to combat this is through the electrification of day-to-

day processes. If everything can be electrified and powered by electricity from only

renewable energy sources, CO2 emissions into the atmosphere can be significantly cut

down. Many processes essential for human life have already been electrified, such as

mobile phones, lighting, etc.

Several policies and fundings across the globe have also been geared towards mov-

ing to renewable energy resources such as solar, wind, hydro, and so on. As of 2023,

the total investment in renewable energy was about 619 billion U.S Dollars [7]. The

Kingdom of Saudi Arabia, in particular, has set a very ambitious goal to generate 50%

of the country’s electricity from renewable energy by 2030 geared towards achieving

the country’s vision 2030 [8]. However, certain industries, like the transportation sec-
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tor, remain challenging to electrify. In industries like this, sustainable fuels are needed

to be able to cope with the increasing energy demands and that is where hydrogen

comes in.

Hydrogen is a good sustainable fuel because it has high energy density and burns

without emitting CO2, the only products of hydrogen combustion are water and heat.

Hydrogen is a naturally occurring element but often needs to be extracted before

use. There are different methods of producing hydrogen and each method determines

the color of hydrogen which shows how much CO2 is emitted in the process. The

dirtiest form of hydrogen is brown or black hydrogen, which is produced through coal

gasification. The most common type of hydrogen is grey hydrogen, which is produced

from steam methane reforming, while the cleanest form is green hydrogen, which is

produced via water electrolysis using sustainable energy. Apart from green and blue

hydrogen, any other color of hydrogen used as a fuel defeats the aim of combating

carbon emissions as these emissions occur in its production process. According to

International Energy Agency’s 2022 hydrogen review, global hydrogen consumption

had reached 97 Mt in 2022 while about 38 Mt of low-emission hydrogen was projected

to be produced in 2030 [9]. Also, as of 2022, there were 439 green hydrogen plants in

the top 10 countries with the highest number of green hydrogen production facilities,

with Australia having the highest number of 96 plants [10]. This underscores the need

for improved hydrogen production technology.

While green hydrogen offers a clean source of energy, the cost that comes with it is

huge when compared to other colors of hydrogen. This is due to the high cost of low-

carbon electricity that is used for green hydrogen production as well as the high cost of

2



electrolyzers. According to the International Energy Agency, between 2019 and 2050,

the cost of hydrogen produced by natural gas through steam methane reforming (SMR)

could be as low as 0.7 - 1.6 $/kg while that of low-carbon electricity towers at 3.2 - 7.7

$/kg [6]. Figure 1.1 shows the cost of hydrogen by technology. A more specific report

by the Department of Energy (DOE) gives the cost of green hydrogen per technology

to be 5.5-7.9 $/kg for hydropower, 5.2-7.5 $/kg for land-based wind power and 4.4-6.0

$/kg for hybrid-wind-Photovoltaic (PV) [11]. The DOE’s report was based on PEM

electrolyzer cost ranging from 1500 $/kW to 2500 $/kW with low-carbon electricity

cost of 0.03 $/kWh and capacity factors of 50% to 75%. This was a reasonable estimate

by the DOE because in 2023 (which was just a year after the DOE’s report) the

prices of renewable energy electricity were reported by the International Renewable

Energy Agency (IREA) to be 0.044 $/kWh for utility-scale solar power and 0.033

$/kg for onshore wind power [12]. To enhance the adaptability of hydrogen as a

source of energy, low-cost systems have to be produced for the production of green

hydrogen. This work aims to perform a comparative analysis of green hydrogen using

concentrating solar technologies based on cost and system efficiency, and to optimize

the systems in order to determine the best operating parameters for low-cost hydrogen

production.

1.1 Motivation

To decarbonize industries where it is difficult to use renewable energy resources, sus-

tainable fuels like hydrogen are used. However, the low resource-to-hydrogen con-

3



Figure 1.1: Hydrogen cost by technology [6].

version efficiency and high cost of hydrogen pose a big challenge to the adoption of

hydrogen as a sustainable fuel. This work seeks to solve this problem by analyz-

ing different integrated cycle configurations to improve the conversion efficiency and

optimize the best system for reduced cost of hydrogen.

1.2 Aims and Objectives

The aim of this work is to perform a detailed thermodynamic and technoeconomic

analysis of green hydrogen production using various configurations of combined Steam

Rankine Cycle (SRC), Supercritical Carbon dioxide Brayton Cycle (SCBC), and Or-

ganic Rankine Cycle (ORC) integrated with a PEM electrolyzer and either a PTC or

an SPT for comparative analysis. This will be accomplished through the following

objectives:

I. To perform thermodynamic analysis of the PTC and SPT systems using Engi-
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neering Equation Solver (EES).

II. To conduct technoeconomic analysis of the systems powered by PTC and SPT

to determine which one is more economically viable.

III. To carry out multi-objective optimization of the best system to improve the

overall system’s performance.

5



CHAPTER 2

LITERATURE REVIEW

The conventional way of producing green hydrogen is through the use of electrolyzers.

Three kinds of electrolyzers are used for green hydrogen production, namely, alkaline

electrolyzers, solid oxide electrolyzers, and PEM electrolyzers. While alkaline elec-

trolyzers are cost-effective and long-lasting, they have low efficiency and are not best

fitted for intermittent power supply, which is what renewable forms of energy often of-

fer. Solid oxide electrolyzers are highly efficient and highly productive due to the high

operating temperatures and low cell voltage. However, they require a very high energy

supply, high maintenance, and manufacturing cost [13]. PEM electrolyzers, on the

other hand, are expensive but highly efficient and can work well with transient power

supply. For these reasons, PEM electrolyzers are more common in applications that

involve the use of renewable energy. Solid oxide electrolyzers can also be considered

when the energy source is at a high temperature, like in SPTs [14]. Numerous studies

have explored green hydrogen production. Many researchers have concentrated on

green hydrogen as part of a multi-generation system utilizing sustainable energy tech-

nologies such as PTCs [15], SPTs [16], photovoltaic-thermal (PV-T) [17], Parabolic
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dish [18], hydro plants [19], or a combination of any of these technologies [4]. While

others focused on green hydrogen alone [14], [20], [21]. Among all these technolo-

gies, concentrated solar technologies are the most widely used technologies to produce

green hydrogen. The major challenge with these types of technologies is their expen-

sive nature and the low resource-to-hydrogen efficiency. Different power cycles have

been used with these technologies to produce hydrogen such as SRC [21], ORC [20],

SCBC [22], or a combination of any of these cycles [3].

2.1 Steam Rankine Cycle (SRC)

For SRCs, not much research has been done on integrating only steam Rankine cycle

with renewable energy resources for the purpose of hydrogen production. However,

SRC is the simplest and most widely used power cycle in power generation. Recently,

Soni and Reddy [23] studied the use of a SRC for hydrogen production with two

different energy conversion systems: PTC and parabolic dish collector (PDC). The

system was designed to produce 5.5 MW of electricity at an energy efficiency of 15.06%

for the PTC and 18.8% for the PDC. Technoeconomic analysis of the system revealed

that incorporating ternary salts in the PTC resulted in a 22.7% decrease in capital

cost and a 7.8% shorter payback period when compared with the PDC. Sun et al. [24]

did a comparative analysis of a supercritical reheating Rankine cycle with an SCBC

and their results showed that at supercritical level and with the reheat process, the

supercritical Rankine cycle performed better than the SCBC.
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2.2 Organic Rankine Cycle (ORC)

ORCs are good for low temperature heat sources like geothermal energy or waste

heat from other power cycles like SRC and SCBC. Wang et al. [25] conducted an

analysis of a hydrogen generation system powered by a solar tower integrated with a

gas-steam turbine and an ORC. The total electricity from the system was 103.9 MW

with a hydrogen output of 62.2 kg/day. The system achieved an electrical efficiency

of 41.3%, with the combustion chamber and solar receiver accounting for the highest

exergy destruction. In a separate study, Cao et al. [26] conducted a thermodynamic

and exergoeconomic analysis of a geothermal power plant to generate hydrogen using

PEM electrolyzer and a two-stage ORC. Their optimization and parametric analysis

showed that the R123 and isopentane were the best and second-best ORC working

fluids, respectively. Khouya [27] utilized a dual-loop ORC powered by a PTC to gen-

erate hydrogen and ammonia in his analysis. The analysis revealed that the efficiency

of the combined system ranged from 15% to 20.28%, which is considered high for ORC

systems. Yuksel [28] in his work modified an ORC to include a feedwater heater and

then integrated this with a PTC, an absorption cooling cycle, and a PEM electrolyzer

to generate hydrogen and cooling. Parametric analysis indicated that solar radiation

was the most significant factor influencing the system’s exergy efficiency and hydro-

gen output. Similarly, Derbal-Mokrane et al. [20] studied the production of hydrogen

through an ORC powered by a PTC under the Algerian Sahara climate. They per-

formed their analysis using SAM (System Advisor Module) and EES for three different

cities and eight different ORC working fluids. Their results showed that benzene gave
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the best system efficiency, which was recorded in July with hydrogen output, power

output and efficiency of 847 Nm3, 8.74 kW and 21.65% respectively. To investigate

the impact of mixed refrigerants on hydrogen production rate of a geothermal-powered

ORC, Ganjehsarabi [29] combined pentane, butane and iso-pentane to serve as the

system’s working fluid. The result showed that the hydrogen production rate of the

system improved due to the glide match profiles of heat exchangers’ temperatures. In

a different approach, Nassar and Hassan [30] studied the performance of PEM elec-

trolyzer and solid oxide electrolyzer cell (SOEC) powered with the same energy from

waste heat. The waste heat was utilized to power an ORC for electricity generation

to run the PEM electrolyzer and to produce high-temperature steam required for the

SOEC. Their analysis showed that the SOEC outperformed the PEM electrolyzer in

terms of hydrogen production yielding 36.9 kg/h at a system efficiency of 23.8% and

27.4 kg/h at a system efficiency of 14.45% respectively.

2.3 Supercritical Brayton Cycle

Supercritical Brayton cycles are single phase cycles that work in the supercritical state.

The common heat transfer fluids for supercritical Brayton cycles are helium and car-

bon dioxide but SCBC is the most used supercritical Brayton cycle in the analysis

of power systems for green hydrogen production. Supercritical carbon dioxide cycles

have many advantages over the conventional Rankine cycles. They are highly efficient

at moderate temperatures (450oC – 700oC), operate at lower critical pressure than wa-

ter, are compact in design due to the high fluid density, give room for pinch point
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elimination in heat exchangers due to the single-phase operation, and are suitable for

air cooling thereby reducing environmental impact that is caused by water-cooled sys-

tems [31]. Abid et al. [18] conducted an analysis to compare two SCBC configurations

for hydrogen production via a solar dish technology. The two configurations were a

recompression Brayton cycle with reheat and one without reheat. The system’s energy

and exergy analysis revealed that the SCBC with recompression and reheat performed

better than the one without reheat, yielding 0.0125 g/s, 3177 kW, 30.37%, and 32.7%

hydrogen rate, power output, energy and exergy efficiency respectively. The system

optimization resulted in a levelized electricity cost of $0.2831 per kilowatts and a

payback period of 9.5 years.

Similarly, Liu et al. [32] conducted an analysis to compare four configurations of

SCBCs integrated with a fluoride cooled high temperature reactor. The four con-

figurations were single-stage regenerative SCBC, main pressure intercooling SCBC,

recompression SCBC, and a reheat recompression SCBC. Their analysis showed that

the recompression SCBC gave the best results with a system efficiency in the range

of 42% to 44% at a minimum system temperature of 20oC to 40oC and a core outlet

temperature of 700oC. Al-Sulaiman and Atif [33] did the same analysis as Liu’s group

but instead of a high temperature reactor and four-cycle configurations, they used so-

lar power tower and five cycle configurations which were a simple SCBC, regenerative

SCBC, recompression SCBC, pre-compression Brayton SCBC, and a split expansion

SCBC. However, their results were similar to that obtained by Liu’s group, the best

performing cycle configuration was the recompression SCBC with an integrated cycle

efficiency of 40%.
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2.4 Combine Cycle Configurations

All the cycles discussed above have their own challenges, ORCs are best suited for

heat sources with low temperatures. SCBC outperforms conventional steam Rankine

cycles only at temperatures above 500oC [34], while steam Rankine cycles rely heavily

on water for cooling among other challenges. Therefore, many research works focused

on combining more than one power cycle to improve energy efficiency and system de-

sign. Hai et al. [3] conducted techno-economic optimization of a supercritical Brayton

cycle (with helium as the heat transfer fluid) combined with an ORC and an SPT to

produce green hydrogen. Their analysis showed that under optimum operating con-

ditions, the integrated supercritical Brayton cycle and ORC performed better than

the supercritical Brayton cycle-based system. The combined cycle produced 15.8%

more hydrogen and reduced the hydrogen cost by 4.2%. Yang et al. [34] studied the

performance of an SCBC cycle bottomed by an SRC for power production through an

SPT, with the incorporation of a large thermal storage to take care of solar radiation

fluctuations. Their analysis revealed that the electricity output of the combined cycle

was 9.5% better than a simple SCBC.

Tong et al. [35] did the same analysis as Yang’s group and gave the same conclu-

sion that the integrated cycle had a significant improvement in system performance

when compared to the simple SCBC. In a different approach, Singh and Mishra [36]

analyzed an SCBC bottomed by an ORC for power production via a PTC. Eight

different ORC heat transfer fluids were studied and their results revealed that R123

gave the best performance for the combined cycle with thermal and exergy efficiency
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of 73.4% and 40.89% respectively. Recently, Das and Reddy [37] studied hydrogen

and electricity production via a nuclear reactor coupled with an SCBC bottomed by

an ORC, and a PEM electrolyzer. The energy and exergy analysis revealed system

efficiencies of 42.13% and 58.32%, respectively, along with a levelized energy cost of

$0.063 per kilowatts-hour. In another study, Ajaj et al. [38] studied green hydrogen

production from biomass waste heat by using an SRC bottomed by an ORC. Eight

system configurations and heat transfer fluids were considered, and the best system

performance was for the SRC regenerative cycle bottomed by an ORC with a recu-

perator and R245fa as a heat transfer fluid. This configuration’s hydrogen yield was

94.65 tons/year with a levelized hydrogen cost of 1.724 $/kg and carbon credit gain

of $37527.

Balta et al. [39] studied the production of hydrogen by a solar-assisted Brayton

cycle combined with SRC and an ORC for high-temperature steam electrolysis. The

energy efficiency for the system power generation was 24.79% while the exergy effi-

ciency was 22.36%. The hydrogen production block had energy efficiency of 87% and

exergy efficiency of 88%. At 230oC, the system produced 0.057 kg/s hydrogen and

consumed 1.98 kWhe. Bentoumi et al. [40] did the analysis of an SRC bottomed by an

ORC integrated with an SPT for hydrogen generation using different electrolyzers. In

their analysis, the SOE gave the best performance, followed by the PEM electrolyzer

while the alkaline electrolyzer ranked lowest in terms of hydrogen yield.
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2.5 Cost and Optimization

As discussed in Chapter 5, the cost of green hydrogen is very high which makes the

adoption of hydrogen as a source of clean energy difficult, among other factors. The

cost of green hydrogen is influenced by the type of electrolyzer as well as the type

of power cycle deployed. Cheaper power cycles for installation translate to cheaper

levelized cost of electricity (LCOE) which greatly influences the cost of green hydrogen

[41]. The installation cost of using popular cycles like ORC and SCBC can range from

1800$/kW to 3000$/kW for ORCs [42], and 3000$/kW to 5000$/kW for SCBCs [43].

Xu et al [44] did a comparative cost analysis of SCBC and an advanced SRC for a

coal-fired system and their results revealed that while the SCBC outperformed the

advanced SRC in terms of efficiency, the advanced SRC was 1.32% cheaper than the

SCBC which had an LCOE of 0.06056$/kW.

Abdesselem et al [45] studied the cost of integrating an ORC, SRC and Kalina cycle

with an SPT and reported that the ORC offered the cheapest LCOE of 0.163$/kWh

while the Kalina cycle was the most expensive with 0.1745$/kWh. Recently, Muham-

mad et al [46] studied the impact of electrolyzer type on the cost of green hydrogen by

doing an analysis of hydrogen production using different electrolyzers. Their results

showed that the alkaline electrolyzer gave the cheapest LCOH of 7.86$/kg while the

PEM electrolyzer was the most expensive with an LCOH of 14.44$/kg. In a different

approach, Razmi et al [47] performed technoeconomic analysis of hydrogen production

using methane pyrolysis and SOEC, both powered by solar energy. Their analysis re-

vealed that the methane pyrolysis was a cheaper way of producing hydrogen (at a cost
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of 2.31$/kg) when compared to SOEC (which had a cost of 5.19$/kg).

There are different optimization algorithms that are used for energy optimization

analysis but the popular ones are genetic algorithm [48] and particle swamp algo-

rithm [49]. Optimization processes are used in the production [50], storage [51] and

transportation [52] and usage [53] of hydrogen to improve efficiency and decrease cost.

2.6 Summary

It can be seen from the literature review that many works have been done on the

analysis of green hydrogen production using concentrating solar technologies such as

PTC ans SPT as well as different electrolyzer types such PEM, SOEC and alka-

line electrolyzers. These different works have also used different cycles which include

SMR, SCBC and ORC. However, there is no work that has compared SPT and PTC

technologies for the purpose of green hydrogen production using energy, exergy and

technoeconomic analysis of various configurations of these three power cycles: SMR,

SCBC and ORC. Morealso, there is no work that uses the modified version of SMR

in this work in combination with SCBC. Furthermore, the novel cycle configuration

comprising of all three power cycles that is used in this work for analysis has not been

used in the literature before. This work therefore aims to analyze eight (8) different

configurations of SMR, SCBC and ORC powered by either PTC or SPT for the pur-

pose of green hydrogen production in order to determine the best system with the

highest efficiency and least cost of hydrogen.

14



CHAPTER 3

METHODOLOGY

This section describes working principle of the system and the thermodynamic and

cost models that were used in the analyzing the systems.

3.1 System Description

Figure 3.1 shows the new integrated power system proposed in this paper for the

production of green hydrogen using SPT, PTC, PEM electrolyzer and different con-

figurations of thermodynamic cycles. Figure 3.1(a) shows the first cycle configura-

tion,the MSRC-SCBC-ORC configuration, which consists of a solar tower, a modified

steam Rankine cycle (MSRC) bottomed by an SCBC, an ORC, and an electrolyzer.

In this setup, reflected solar radiation from the heliostats heats the heat transfer fluid

(HTF), which is molten salt, in the solar tower receiver. The heated HTF transfers

its energy to water in the MSRC through heat exchanger (HEX) I, converting the

water into superheated steam. The steam is then directed to the high pressure tur-

bine (HPT), where it expands to generate power. A portion of the steam is extracted
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Figure 3.1: Integrated Cycle Configurations: (a) The MSRC-SCBC-ORC Cycle Con-
figuration. (b) The MSRC-SCBC Cycle Configuration. (c) The MSRC-ORC Cycle
Configuration. (d) The SCBC-ORC Cycle Configuration.

at state 11 in the HPT and routed to the feed water heater (FWH) to preheat the

water entering HEX I. The remaining steam goes to the low pressure turbine (LPT)

where it expands again to produce more power. The exhaust of the LPT is used to

heat supercritical CO2 in the SCBC through HEX II. The heated supercritical CO2 is

expanded in the SCBC turbine before it goes to the recuperator for energy recovery.

After the recuperator, the supercritical CO2 is used to provide heat to the ORC via

the evaporator. From the evaporator, CO2 is compressed and sent to the recuperator

where it is preheated before being sent to HEX II to restart the SCBC. In the ORC,

R600a gains energy from the evaporator and vaporizes to expand in the ORC turbine

before it passes to the condenser where it is cooled and pumped back to the evaporator
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to begin the ORC again. The electricity produced from the four turbines is sent to

the electrolyzer to produce hydrogen and oxygen. The electrolyzer receives electricity

and water and gives out hydrogen and oxygen as useful products. Figure 3.1(b) shows

the second configuration, the MSRC-SCBC configuration, which consists of a solar

tower, an MSRC, an SCBC and an electrolyzer. The difference between between the

MSRC-SCBC-ORC and MSRC-SCBC configurations is the absence of the ORC in the

MSRC-SCBC configuration. Every other thing remains the same. Figure 3.1(c) shows

the third cycle configuration, the MSRC-ORC configuration, which consists of a solar

tower, an MSRC, an ORC and an electrolyzer. The MSRC-ORC configuration is also

similar to the MSRC-SCBC-ORC configuration but without an SCBC. In the MSRC-

ORC, the steam that leaves the LPT is used to the heat the HTF in the ORC through

the evaporator instead of CO2 through HEX II as in the case of MSRC-SCBC-ORC.

THe electricity produced from the MSRC and the ORC is fed to the electrolyzer for

the production of hydrogen and oxygen. Figure 3.1(d) shows the last configuration,

the SCBC-ORC configuration, which consists of a solar tower, an SCBC, an ORC

and an electrolyzer. In this configuration, the heat from the solar reciever’s HTF is

used to heat supercritical CO2 in the SCBC which expands in the SCBC turbine to

produce power. After the SCBC turbine, the supricitical CO2 undergoes heat recover

in the recuperator and then supplies heat to the ORC via the evaporator before it is

finally compressed. The electricity generated from the SCBC and ORC is as usual fed

to the electrolyzer for hydrogen and oxygen production.

The four circle configurations discussed thus far are all powered by a solar tower.

These same configurations are used for the PTC and the only difference is the re-
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placement of the solar tower with the PTC in the cycle diagram. The HTF for the

PTC is Therminol_VP1.

3.2 Thermodynamic Modeling

The different cycle configurations were modeled in EES for the two major energy

sources, PTC and SPT. In the modeling, more emphasis was given to the PTC model,

the SPT model and the electrolyzer model. Other components of the systems were

analyzed on the basis of energy and exergy balances. To model the systems, some

assumptions were made which include:

• The systems are modeled under steady state conditions and pressure drop along

pipes and heat exchangers is negligible.

• Kinetic and potential energy variations were ignored.

• The isentropic efficiencies of turbines, pumps, and compressors were respectively

0.85, 0.9, and 0.85.

• The condenser exit is considered to be saturated liquid while the evaporator exit

is considered to be saturated vapor.

3.2.1 Energy and Exergy Assessments

The system was modeled as a control volume and therefore the energy balances used

were those of a control volume. The mass and energy balances of a control volume

are given by equations (3.1) and (3.2), respectively [54]:
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∑
ṁin =

∑
ṁout (3.1)

Q̇− Ẇ =
∑

(ṁh)out −
∑

(ṁh)in (3.2)

Where ṁin and ṁout are the inlet and outlet mass flow rates, h is the flow enthalpy,

Q̇ is heat rate and Ẇ is power. The energy balance equations for the MSRC-SCBC-

ORC configuration are given in Table 3.1 and these equations apply to the rest of the

configurations. The thermal efficiency, the solar-to-electricity efficiency and the solar-

to-hydrogen efficiency are given by equations (3.3), (3.4) and (3.5) respectively [3],

[35].

ηth =
Ẇtotal

Q̇u

(3.3)

ηSTE =
Ẇtotalηgen

Q̇solar

(3.4)

ηSTH =
ṁH2LHVH2

Q̇solar

(3.5)

Where ṁH2 is the mass flow rate of hydrogen, LHVH2 is the lower heating value of

hydrogen, Q̇solar is the solar energy received by the solar collectors, Q̇u is the thermal

energy absorbed in the solar receiver and Ẇtotal is the total power output from the

integrated cycle. ηgen, ηth, ηSTE and ηSTH are generator efficiency, thermal efficiency,

solar-to-electricity efficiency and solar-to-hydrogen efficiency respectively.

Exergy can be defined as the work potential of a system relative to a defined

dead state, indicating the amount of work that can be performed. Unlike energy,

which simply denotes the total work potential contained in a system, exergy explicitly

19



Table 3.1: Energy and Exergy Balances for the MSRC-SCBC-ORC configuration [1]

Component Energy Balance Exergy Balance

Solar field Q̇u = ṁsolar(h2 − h1) ẊD,SF = Ẋsun + Ẋ1 − Ẋ2

HEX I ṁsolar(h2 − h3) = ṁSR(h8 − h7) ẊD,HEXI = Ẋ2 + Ẋ7 − Ẋ3 − Ẋ8

Pump 1 ẆP1 = ṁsolar (h1 − h3); ηP1 (h1 − h3) = v3(P1 − P3) ẊD,P1 = Ẋ3 − Ẋ1 + ẆP1

HPT ẆHPT = ṁSR (h8 − h9); ηHPT (h8 − h9s) = h8 − h9 ẊD,HPT = Ẋ8 − Ẋ9 − ẆHPT

LPT ẆLPT = ṁSR (h10 − h12); ẊD,LPT = Ẋ10 − Ẋ12 − ẆLPT

FWH ṁ5h5 + ṁ11h11 = ṁ6h6 ẊD,FWH = Ẋ5 + Ẋ11 − Ẋ6

Pump 2 ẆP2 = ṁsolar (h7 − h6); ηP2 (h7 − h6) = v6(P7 − P6) ẊD,P2 = Ẋ6 − Ẋ7 + ẆP2

FWH Pump ẆFWP = ṁ4 (h5 − h4); ηFWP (h5 − h4) = v4(P5 − P4) ẊD,FWH = Ẋ4 − Ẋ5 + ẆFWP

HEX II ṁSR(h12 − h4) = ṁCO2(h13 − h18) ẊD,HEXII = Ẋ12 + Ẋ18 − Ẋ13 − Ẋ4

SCBC Turbine ẆSBT = ṁCO2 (h13 − h14); ηSBT (h13 − h14s) = h13 − h14 ẊD,SBT = Ẋ13 − Ẋ14 − ẆSBT

Compressor ẆCM = ṁCO2 (h17 − h16); ηCM (h17 − h16) = h17s − h16 ẊD,CM = Ẋ16 − Ẋ17 + ẆCM

Recuperator h14 − h15 = h18 − h17; ϵREC = (T14 − T15)/(T14 − T17) ẊD,REC = Ẋ17 + Ẋ14 − Ẋ15 − Ẋ18

Evaporator ṁCO2(h15 − h16) = ṁORC(h21 − h20) ẊD,Eva = Ẋ15 + Ẋ20 − Ẋ21 − Ẋ16

ORC Turbine ẆORT = ṁORC (h21 − h22); ηORT (h21 − h22s) = h21 − h22 ẊD,ORT = Ẋ21 − Ẋ22 − ẆORT

Pump 3 ẆP3 = ṁORC (h20 − h19); ηP3 (h20 − h19) = v19(P20 − P19) ẊD,P3 = Ẋ19 − Ẋ20 + ẆP3

Condenser Q̇con = ṁORC(h22 − h19) ẊD,con = Ẋ22 − Ẋ19 − Q̇con(1− To/Tcon)

considers the system’s reference to a dead state. There are physical, chemical, kinetic

and potential exergies. Only physical and chemical exergies were considered in the

analysis of the integrated power cycles. The exergy balance of a control volume is

given by equation (3.6) [54]. The total exergy flow of a substance at a given state is

expressed by equation (3.7) [55]. Where Ẋ stands for exergy rate and the subscripts Q

and w stand for heat and work respectively, while ẊD stands for the exergy destroyed

or irreversibility. eph is physical exergy, ech is chemical exergy and ṁ is the mass flow

rate of the substance.
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ẊQ +
∑

Ẋin =
∑

Ẋout + Ẋw + ẊD (3.6)

Ẋ = ṁ
(
eph + ech

)
(3.7)

Equation (3.8) gives the physical exergy while equation (3.9) gives the molar chem-

ical exergy of a mixture as a function of its constituents [56].

eph = h− ho − To(s− so) (3.8)

ech =
∑
j

xjeo,j +RTo

∑
j

xjlnγjxj (3.9)

In equation (3.8) and (3.9), ho is standard enthalpy while s and so are flow and

standard entropies respectively. eo,j is the standard molar chemical exergy, xj is the

mass fraction and γj is the activity coefficient of the jth constituent of a mixture. R

and To are the universal gas constant and the standard temperature respectively. The

chemical exergy of the HTFs in the solar tower, the MSRC, the SCBC and the ORC are

considered to be constant throughout the cycle since there is no change in their chemi-

cal composition during the cycle. The standard chemical exergy of some substances is

given in Table 3.2 [2]. The exergy balances for the MSRC-SCBC-ORC configuration

are given in Table 3.1. The exergy balances for the other cycle configurations are the

same with this configuration except for the numbering. The thermal exergy efficiency

is given by equation (3.10) while the solar-to-electricity and solar-to-hydrogen exergy

efficiencies are given by equation (3.11) and (3.12) respectively [3].
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ηex =
Ẇtotal

Q̇u(1− To/Tr)
(3.10)

ηex,STE =
Ẇtotalηgen

Ẋsolar

(3.11)

ηex,STH =
ṁH2e

ch
H2

Ẋsolar

(3.12)

Where echH2
is the chemical exergy of hydrogen, Tr is the temperature of the solar

receiver, and Ẋsolar is the solar exergy supplied to the system which is a function of

the solar energy received by the solar collectors. ηex, ηex,STE and ηex,STH are thermal

exergy efficiency, solar-to-electricity exergy efficiency and solar-to-hydrogen exergy

efficiency respectively.The solar exergy is given by equation (3.13), where Tsun is the

temperature of the sun.

Ẋsolar = Q̇solar

(
1− To

Tsun

)
(3.13)

Table 3.2: Standard chemical exergy Values [2]

Substance Standard chemical exergy (kJ/kmol)

Oxygen (g) 3970

Hydrogen (g) 238490

Water (l) 3120

Water (g) 11710
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3.2.2 Solar Tower Model

The solar tower model adopted in this work is the one used by Hai et al [3] as presented

in Table 3.3. Where Afield is total area of the heliostat field, Gb is solar irradiation,

ηfield is optical efficiency of the heliostat field, ηRec is receiver’s efficiency, ARec is

receiver surface area, C is concentration ratio and AApt is receiver’s aperture area. h2

and h1 are the flow enthalpies at the exit and inlet of the solar receiver respectively.

The input values for the solar tower plant are given in Table 3.4.

Table 3.3: Solar tower model [3].

Parameter Equation

Total energy received on the heliostats, Q̇solar Q̇solar = AfieldGb

Energy concentrated on the receiver by the heliostats, Q̇Rec Q̇REC = ηfieldQ̇solar

Useful heat absorbed by the molten salt in the receiver, Q̇u Q̇u = ηRecQRec

Mass flow rate of molten salt in the receiver, ṁms ṁms = Q̇u/ (h2 − h1)

Receiver surface area, ARec ARec = Afield/CFr

Concentration ratio, C C = Afield/AApt

View factor, Fr Fr = AApt/ARec

3.2.3 PTC Model

The PTC model used in this work is the one adopted by Alirahmi et al. [4] as presented

in Table 3.5. Where Ncp is the number of PTCs in parallel, Ncs is the number of PTCs

in series, Ar is the area of the receiver in the PTC, Tri is the receiver’s inlet temper-
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Table 3.4: Input Parameters for the Integrated Power Cycle

Parameter Value Reference

SPT

Gb 850 W/m2 [3]

Aheliostat 9.45× 12.8 m2 [3]

ηfield 0.75 [3]

ηRec 0.90 [3]

PTC

W 5.76 m [4]

L 12.27 m [4]

Do,r 0.07 m [4]

Di,r 0.066 m [4]

UL 3.82 W/m2.◦C [4]

hfi 300 W/m2.◦C [4]

k 16 W/m.◦C [4]

τc 0.96 [4]

τp 0.94 [4]

αr 0.96 [4]

γ 0.95 [4]

PEM

TPEM 353 K [57]

Eact,a 76× 103 kJ/kmol [57]

Eact,c 18× 103 kJ/kmol [57]

λa 14 [57]

λc 10 [57]

D 1× 104 m [57]

Ja
ref 1.7× 105 A/m2 [58]

J c
ref 4.6× 103 A/m2 [58]

F 96485 C/mol [4]

24



ature, Ta is the ambient temperature, γ is the correction factor for diffuse radiation,

τc is the transmissivity of the cover glazing, τp is the PTC effective transmissivity, αr

is the receiver’s absorptivity, UL is the total heat loss coefficient, L is the length of

the collector, W is the width of the collector, Di,r and Do,r are the inner and outer

diameters of the receiver, hfi is the internal fluid heat transfer coefficient, k is thermal

conductivity, Cp,c is the specific heat capacity of PTC’s HTF and ṁc is the mass flow

rate of the HTF in the PTC. The HTF for the PTC is Therminol_VP1. The input

parameters for the PTC are given in Table 3.4.

Table 3.5: PTC Model [4].

Parameter Equation

Useful heat absorbed by PTC HTF, Q̇u Q̇u = NcpNcsFR[SAa − ArUL(Tri − Ta)]

Absorbed solar radiation by receiver, S S = Gbηr

Efficiency of the PTC receiver, ηr ηr = γτcτpαr

Heat removal factor FR FR = ṁcCp,c

ArUL

[
1− exp

(
−ArULF1

ṁcCp,c

)]
Collector’s efficiency factor, F1 F1 =

1/UL

1
UL

+
Do,r
hfi

+

(
Do,r
2k

+ln
Do,r
Di,r

)

Aperture area of the collector, Aapt Aapt = L(W −Do,r)

3.2.4 Electrolyzer

Electrolyzers are used to produce hydrogen, and they are of different types as dis-

cussed earlier in the introduction. For this work a PEM electrolyzer was used. PEM

electrolyzers operate at very high efficiencies (80% - 90%) with high hydrogen purity
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(> 99.99%) [59]. They use electricity to split water into hydrogen and oxygen. A solid

polymer membrane acts as the electrolyte, allowing only protons to pass through while

blocking gases. Water enters the anode, where it splits into protons, electrons, and

oxygen. Protons move through the membrane to the cathode, where they combine

with electrons to form hydrogen gas while oxygen gas is released at the anode as a

by product. The basic reactions in a PEM electrolyzer are the oxidation reaction at

the anode, (I), and the reduction reaction at the cathode, (II). Two moles of water

are electrolyzed using electricity to produce two moles of hydrogen and one mole of

oxygen as shown in reaction (III), where ∆H signifies the total energy required to

split water into hydrogen and oxygen.

2H2O → O2 + 4H+ + 4e− (I)

4H+ + 4e− → 2H2 (II)

2H2O +∆H → 2H2 +O2 (III)

The total energy demand of a PEM electrolyzer is expressed in equation (3.14) [60].

Where T∆S is the thermal energy demand in the electrolyzer, and ∆G is the Gibb’s

energy.

∆H = ∆G+ T∆S (3.14)

The molar rate of hydrogen and oxygen produced per unit area is given by equa-

tions (3.15) and (3.16) respectively, while the power per unit unit area of the elec-
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trolyzer is given by equation (3.17).

ṅH2 =
Je
2F

(3.15)

ṅO2 =
Je
4F

(3.16)

Ẇe = JeV (3.17)

In equation (3.15) and (3.17), ṅH2 is the molar rate of hydrogen, Je is the current

density of the electrolyzer, F is Faraday’s constant, V is the cell voltage and Ẇe is the

electrolyzer’s power. The reversible voltage and the losses in form of activation over-

potentials and ohmic overpotential all sum up to give the cell voltage as expressed

in equation (3.18), where Vo is the reversible voltage, Vact,a and Vact,c are the acti-

vation overpotentials at the anode and cathode respectively, and Vohm is the ohmic

overpotential. The reversible voltage is a function of the electrolyzer temperature as

expressed in equation (3.19) [4] where TPEM is the electrolyzer temperature, while the

ohmic overpotential is the product of current density and ohmic resistance, RPEM as

expressed in equation (3.20).

V = Vo + Vact,a + Vact,c + Vohm (3.18)

Vo = 1.229− 8.5× 10−4 (TPEM − 298) (3.19)

Vohm = JeRPEM (3.20)

The local ionic conductivity of PEM membrane, σPEM is given by equation (3.21)
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where x is the membrane space calculated out of the cathode membrane contact and

λ (x) is the content of water at position x. λ (x) is given by equation (3.22) where D

is the membrane thickness while λa and λc are respectively the content of water at

the anode and cathode interfaces [4].

σPEM [λ (x)] = [0.5139λ (x)− 0.326] exp

[
1268

(
1

303
− 1

TPEM

)]
(3.21)

λ (x) =
λa − λc

D
x+ λc (3.22)

The activation overpotential is given by equation (3.23) [61] where i = a, c, R is

the universal gas constant and Jo,i is the exchange current density which is given by

equation (3.24).

Vact,i =
RT

F
sinh−1

(
Je
2Jo,i

)
(3.23)

Jo,i = J i
refexp

(
Eact,i

RTPEM

)
(3.24)

In equation (3.24), Eact,i is the activation energy for anode and cathode and J i
ref

is the pre-exponential factor. The PEM resistance is given by equation (3.25). The

input parameters for PEM electrolyzer are given in Table 3.4.

RPEM =

∫ D

0

dx

σPEM [λ (x)]
(3.25)
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3.3 Cost Analysis

In the evaluation of engineering systems, different cost analysis methods are used

depending on the nature and aims of the cost assessment. In this work, the cost

model used by Muhammad et al [5] was deployed to evaluate the LCOH for each

cycle configuration. In this cost assessment method, the capital cost of equipment or

purchase of equipment cost (PEC), and operation and maintenance cost (ĊO&M) are

used. The capital recovery factor (CRF) and life span of the designed system was used

to convert the PEC of each component denoted as Zk into a cost rate denoted as Żk.

Where the subscript k stands for the component whose cost is being evaluated. The

PEC of the system components was gotten from different sources and is presented in

Table 3.6. The cost rate, Żk is given by equation (3.26) [5], where H is the annual

operating hours and CRF is the capital recovery factor. The annual operating hours

can also be expressed as a capacity factor of the system which in this work was taken

be 25%. That is, 6 hours of operation per day. The ĊO&M is given by equation (3.27)

where CELF is the constant escalation leveling factor, and θ is the operation and

maintenance cost ratio which was taken as a percentage of the initial capital cost.

The CRF and constant escalation leveling factor (CELF) are given by equation (3.28)

and equation (3.29) respectively. In the equations for CRF and CELF, ieff , k and N

stand for effective interest rate, annual escalation rate and economic life span of the

system respectively. The annual escalation rate is given by equation (3.30) where rN

is the nominal escalation rate. The economic assumptions used for the cost model

are given in Table 3.7 [5]. The total cost rate and the LCOH were then calculated
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by equations (3.31) and (3.32) respectively. Where ṁH2 is the rate of production of

hydrogen in kg/s.

Żk =
n∑
i

Zk ∗
(

CRF

3600H

)
(3.26)

ĊO&M =
n∑
i

Zk ∗ θ ∗
(
CELF

3600H

)
(3.27)

CRF =
ieff (1 + ieff )

N

(1 + ieff )N − 1
(3.28)

CELF =
k(1− kN)

1− k
∗ CRF (3.29)

k =
1 + rN
1 + ieff

(3.30)

Ċtotal = Żk + ĊO&M (3.31)

LCOH =
Ċtotal

ṁH2

(3.32)

For the cost functions for the SCBC, there is a temperature correction factor, fT

for each component. That is, fT,turbine, fT,HEX , fT,CM and fT,Recu.fT,CM is 1 while

the other temperature correction factors are given by equations (3.33) - (3.35) [66].

The pressure factor for the cost of the ORC’s pump, fpw is also given by equation

(3.36) [65].

fT,turbine =


1 if Tmax < 550oC

1 + 1.137× 10−5(Tmax − 550oC) if Tmax ≥ 550oC

(3.33)
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Table 3.6: Equipment Capital Cost

Equipment Cost Equation Reference

PTC
Solar field 150 $/m2 [62]

HTF system 60 $/m2 [62]

Site improve-
ments

25 $/m2 [62]

SPT
Solar field 140 $/m2 [63]

Tower and solar
receiver

152 $/m2 [63]

Site improve-
ment

16 $/m2 [63]

MSRC
MSRC turbine ZT,MSRC = 3880.5Ẇ 0.7

T

[
1 +

(
0.05
1−η3T

)3
] [

5exp(T−866
10.4

)
]

[64]

Heat exchanger ZHEX1 = 130
[
AHEX1

0.093

]0.78 [65]

Pump ZP2 = ZFWP = 705.48Ẇ 0.7
p

[
1 + 0.2

(1−ηp)3

]
[64]

SCBC

SCBC turbine ZT,SCBC = 406200Ẇ 0.8
sh × fT,turbine [66]

Heat exchanger ZHEX2 = 820800Q̇0.7327
in,SCBC × fT,HEX [67]

Compressor ZCM = 1.23× 106Ẇ 0.3992
sh × fT,CM [66]

Recuperator Zrecu = 49.45UA0.7544 × fT,Recu [67]

ORC

ORC turbine ZT,ORc = 2237Ẇ 0.41
T,ORC [65]

Pump ZP = (475.3 + 34.95ẆP − 0.031Ẇ 2
P )fpw [65]

Evaporator Zeva = 235Q̇0.75
eva [68]

Condenser Zcon = 43dotQ0.68
L [65]

PEM 1000ẆPEM [69]

fT,HEX =


1 if Tmax < 550oC

1 + 5.4× 10−4(Tmax − 550oC) if Tmax ≥ 550oC

(3.34)
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Table 3.7: Economic Assumptions [5].

Parameter Value

Effective interest rate (ieff ) 6.0%

Economic lifetime (N) 20 years

Operation and maintenance cost ratio (θ) 6.0%

Nominal escalation rate (rN) 2.5%

fT,Recu =


1 if Tmax < 550oC

1 + 0.02141(Tmax − 550oC) if Tmax ≥ 550oC

(3.35)

fpw =



1 if 1 < P < 1.03MPa

1.62 if 1.03 < P < 3.45MPa

2.12 if P > 3.45MPa

(3.36)

The area for the heat exchangers, AHEX in the MSRC and SCBC was modeled

using equation (3.37) [70]. Where Q̇ is the heat transfered across the heat exchanger

area, U is the heat transfer coefficient of the heat exchanger material and ∆(Tm)ln is

the logarithmic temperature difference which is calculated using equation (3.38) [70].

In equation (3.38), T is temperature of the HTF in the heat exchanger. The subscripts

h and c stand for hot and cold flows while i and o stand for inlet and outlet flows

respectively. U for the heat exchanger in the MSRC and SCBC is taken to be 0.3

kW/m2K and 1.6 kW/m2K respectively, [70].
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AHEX =
Q̇

U∆(Tm)ln
(3.37)

∆(Tm)ln =
(Th,i − Tc,o)− (Th,o − Tc,i)

ln
(

Th,i−Tc,o

Th,o−Tc,i

) (3.38)

3.4 Optimization

An optimization of the system configurations was done for the SPT powered configu-

rations using brute force algorithm in Python. CoolProp was used for the evaluation

of the thermodynamic properties of water, carbondioxide and R600a. However, for

the molten salt in the SPT, the correlation for specific heat capacity of molten salt as

given by equation (3.39) [71] was used to evaluate the enthalpy and entropy of molten

salt using equation (3.40) and (3.41) [1] respectively. Where T , h, s and Cp stand for

temperature specific enthalpy, specific entropy and specific heat capacity respectively.

The subscripts ms and ref stand for molten salt and reference state respectively. The

reference temperature used for the calculation of molten salt properties in python was

533K. The values gotten in Python using the correlations were then validated with

the values from EES with negligible errors.

Cp,ms = 1443 + 0.172(T − 273.15); 533K < T < 873K (3.39)

hms = href +

∫ T

Tref

Cp(T )dT (3.40)

sms = Sref +

∫ T

Tref

Cp(T )
dT

T
(3.41)
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3.4.1 Brute-Force Optimization Algorithm

Optimization in multi-domain thermodynamic systems often presents challenges re-

lated to non-convexity, discontinuities, and complex interdependencies among decision

variables and performance metrics. For these reasons, a brute-force grid search method

was employed in this study. Unlike gradient-based techniques or heuristic algorithms,

the brute-force method guarantees global optima within the sampled parameter space

and does not rely on assumptions of smoothness or continuity in the objective func-

tions. This makes it particularly robust and reliable for systems governed by non-linear

thermodynamic equations and hard physical constraints [72].

The brute-force method evaluates a large number of configurations by discretizing

each decision variable over a fixed interval. For each variable xi, a set of Ni values is

defined over its feasible range. The complete input space, X , is then formed by taking

the Cartesian product of these discretized sets as given in equation (3.42)

X = {x(1)
1 , ..., x

(N1)
1 } × · · · × {x(1)

n , ..., x(Nn)
n } (3.42)

This usually results in Ntotal =
∏n

i=1 Ni total configurations to evaluate. The de-

cision variables for the optimization of the SPT-powered configurations are given in

Table 3.8 where NC is number of collectors and PR is pressure ratio. Each configura-

tion x ∈ Rn is passed through a high-fidelity simulation model which returns one or

more objective functions. These typically include LCOH, energy efficiency exergy ef-

ficiency, fuel consumption, or carbon intensity depending on the system under study.

In this study, the objective functions were LCOH, denoted f1(x), measured in dollars
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per kilogram ($/kg), and the thermal efficiency, denoted f2(x) = ηth(x), expressed as

a percentage.

Table 3.8: Decision variables for optimization

Decision variables
Range

MSRC-SCBC-ORC MSRC-SCBC MSRC-ORC SCBC-ORC

T2 (oC) 540-565 540-565 540-565 540-565

NC 100-10000 100-5100 100-10000 100 - 5100

P8 (MPa) 10-15 10-15 10-15 -

P9 (MPa) 5.5-7.0 5.5-7.5 1.5-3.5 -

P21 (MPa) 0.8-1.2 - 1.0-1.5 1.0-2.5

PR 2.5-3.5 2.5-3.5 - 2.5-3.5

Only configurations that meet a set of predefined physical and thermodynamic

constraints are considered valid. These constraints can include bounds on tempera-

tures, pressures, phase quality, and pressure ratios. In this work, the most critical

constraints were related to exergy destruction. For each system component or subsys-

tem j, the exergy destruction rate ẊD,j(x) was required to be non-negative, ensuring

that no component violates the second law of thermodynamics [73]. That is:

∀j, ẊD,j(x) ≥ 0

Configurations that violated any such constraints were discarded as physically

infeasible.
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To evaluate trade-offs between the competing goals of minimizing cost and max-

imizing efficiency, a scalarized composite objective function was defined as given in

equation (3.43) where w1 and w2 are weighting coefficients.

J(x) = w1 · f1(x) + w2 · (1− f2(x)) (3.43)

The first term, f1 in equation (3.43) represents the cost objective (LCOH), which

is to be minimized. The second term, 1 − f2, represents inefficiency, which should

also be minimized. This structure ensures that the function J(x) increases with both

higher cost and lower efficiency. In this study, the weights were selected as w1 = 1

and w2 = 10, giving greater emphasis to improving efficiency while still accounting

for cost.

The optimization results included the identification of the following:

1. The minimum levelized cost of hydrogen (LCOH) observed among feasible de-

signs, in $/kg.

2. The maximum thermal efficiency achieved, in percent.

3. The configuration that minimized the composite objective J(x), indicating a

compromise between cost and efficiency.

The overall procedure of the brute-force optimization algorithm is outlined in Fig-

ure 3.2, which illustrates the sequential steps: from grid generation, through simula-

tion and constraint filtering, to the storage and analysis of valid results.
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Figure 3.2: Process diagram for the brute-force algorithm.

This method is particularly advantageous when the objective functions are non-

differentiable, or when the simulation model is a black box, as is often the case in

thermodynamic systems. Moreover, the dense sampling provides a rich dataset suit-
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able for downstream tasks such as surrogate modeling, regression analysis, or machine

learning-based decision support. Despite its computational expense, the brute-force

approach provides a robust foundation for comparative studies and a baseline against

which more sophisticated algorithms can be benchmarked. After the optimization was

done, the Pareto frontier curve for all the cycle configurations were plotted to see the

decision boundaries between feasible and non-feasible reasons.

3.5 Validation

Figure 3.3 shows the validation of the electrolyzer model with experimental work by

Ioroi et al. [74], a consistency was observed between the experimental work and the

current numerical study.
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Figure 3.3: Electrolyzer model validation showing the variation of electrolyzer voltage
with electrolyzer current density for experiment work and current work.
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CHAPTER 4

RESULTS AND DISCUSSION

This section describes the results of both thermodynamic and economic analysis of

the different cycle configurations as well as the optimization of the SPT-powered cycle

configurations in Python.

4.1 Thermodynamic Modeling Results

The different power cycle configurations were simulated with the same amount of solar

irradiation at 850 W/m2 and 100 solar collectors each for PTC and SPT-powered

configurations. Subsequently, a parametric analysis was carried out to see the impact

of some input parameters on the performance of the system. For the SPT-powered

configurations, the outlet temperature of the receiver was set at 527oC while the

receiver’s outlet temperature for the PTC-powered configurations was 380oC. These

outlets temperatures were set based on the temperature range for Therminol_VP1,

12oC to 400oC, for PTC [75], and the values used by Ratlamwala et al. [76] for SPT

analysis. The results showed that the MSRC-ORC configuration gave the best results
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for both PTC and SPT configurations while the MSRC-SCBC configuration was the

least performing configuration for both PTC and SPT configurations as shown in Table

4.1. The MSRC-SCBC-ORC was the second best configuration and the SCBC-ORC

was the third best configuration.

Table 4.1: Efficiency values for different cycle configurations

Cycle Configuration ηth ηSTE ηSTH ηex ηex,STE ηex,STH

MSRC-SCBC
SPT 34.54 23.32 16.77 36.42 24.58 17.68

PTC 24.90 20.06 14.49 26.26 21.15 15.28

MSRC-SCBC-ORC
SPT 40.65 27.44 19.63 42.86 28.93 20.70

PTC 30.54 24.60 17.66 32.20 25.94 18.86

MSRC-ORC
SPT 42.36 28.59 20.43 44.66 30.15 21.54

PTC 34.54 27.82 19.90 36.42 29.33 20.98

SCBC-ORC
SPT 35.94 24.26 17.42 37.89 25.58 18.37

PTC 27.88 22.45 16.17 29.40 23.68 17.05

For the SPT integrated power cycles, the MSRC-ORC configuration produced a

total power output of 2939 kW at a thermal efficiency of 42.36%, a solar-to-electricity

efficiency of 28.59% and a solar-to-hydrogen efficiency of 20.43%, with a hydrogen

and oxygen yield of 63.04 kg/hr and 504 kg/hr respectively. The thermal exergy ef-

ficiency, solar-to-electricity exergy efficiency and solar-to-hydrogen exergy efficiency

for this configuration were 44.66%, 30.15% and 21.54% respectively. These values

were lesser for the PTC-powered MSRC-ORC configuration because of the lower out-
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let temperature of the receiver in the PTC. The MSRC-ORC for the PTC gave a

total power output of 1651 kW at a thermal efficiency of 34.54%, solar-to-electricity

efficiency of 27.82% and solar-to-hydrogen efficiency of 19.90%, with a hydrogen and

oxygen production of 36 kg/hr and 288 kg/hr respectively. Interestingly, the MSRC-

SCBC-ORC did not outperform the MSRC-ORC in any of the concentrating solar

technologies. However, it outperformed the other two configurations. This means

that using three power cycles did not give the best result at the temperature ranges

for which the integrated cycles were simulated. The decreased system performance

when SCBC was added to the MSRC-ORC configuration was due to the reduced per-

formance of the MSRC when the SCBC was added. The MSRC in the MSRC-ORC

configuration was operated at low exit pressure for the LPT ensuring maximum power

was harnessed in the MSRC turbines but in the MSRC-SCBC-ORC configuration a

low exit pressure in the LPT of the MSRC was not feasible because it also resulted

to a low exit temperature that was not feasible for transferring enough heat to the

SCBC.

Figure 4.1 shows the comparison between PTC-powered configurations and SPT-

powered configurations. The SPT-powered configurations outperformed the PTC con-

figurations. This was due to the higher solar receiver temperature in the SPT which

enabled the supply of heat to the power cycles at elevated temperatures thereby in-

creasing the efficiency of the SPT configurations. In terms of the best performing

configuration and the least performing configurations, the trend was the same for

SPT-powered and PTC-powered configurations.

This trend is similar with the energy and exergy efficiencies for the different con-
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Figure 4.1: Comparison of the total power output from SPT and PTC cycle configu-
rations.

centrating solar technologies as shown in Table 4.1. By extension, the hydrogen yield

from the SPT configurations was also higher than that of the PTC configurations. The

percentage increase in hydrogen yield for MSRC-SCBC-ORC, MSRC-SCBC, MSRC-

ORC, SCBC-ORC configurations powered by SPT as compared to those powered by

PTC was 89.6%, 97.4%, 75.1% and 83.9% respectively. For exergy destruction, the

highest exergy destruction was recorded in the solar receivers for both the SPT and

PTC-powered configurations. The solar receivers accounted for more than 80% of the

exergy destruction in all cycle configurations.

4.1.1 Thermodynamic Parametric Analysis

Parametric analysis was carried out to determine the impact of input parameters on

the performance of the cycle. An independent parametric study was done for the elec-

trolyzer to study the effect of electrolyzer current density on electrolyzer efficiency and

rate of hydrogen production. Figure 4.2 shows the variation of hydrogen production
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and electrolyzer’s efficiency with current density. It was observed that while the elec-

trolyzer efficiency decreased with increasing current density, the hydrogen production

rate constantly increased as the current density was increased.
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Figure 4.2: Variation of hydrogen production and electrolyzer’s efficiency with current
density of the electrolyzer.

A non-linear relationship existed between electrolyzer’s efficiency and its current

density. As the current density increased, the electrolyzer’s efficiency decreased to

a certain value where an increase in current density did not result to a significant

decrease in the electrolyzer efficiency. This is because as the current density

increased, electrolyzer losses, primarily due to activation and ohmic overpotentials,

also increased, leading to a reduction in the electrolyzer’s efficiency. However, higher

current density simultaneously resulted in a greater hydrogen output. Eventually,

the increase in hydrogen production and the corresponding rise in electrolyzer losses

balanced each other, making the effect of current density on the electrolyzer’s

efficiency negligible. Changing the current density from zero to 20 A/m2 resulted to
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about 23% decrease in electrolyzer’s efficiency while varying it from 20 A/m2 to 5000

A/m2 only resulted to about 18% decrease in electrolyzer efficiency.

For the integrated power cycles, only the cycle configurations powered by the SPT

were used for parametric analysis. This is because the same pattern of system response

to varying input parameters was observed for both the SPT and PTC-powered config-

urations. Figure 4.3 shows the system’s response to varying solar irradiation. A study

on the effect of solar irradiation on system performance reviewed that changes in solar

radiation did not affect the energy or exergy efficiencies of the integrated power cycles

but varied directly with hydrogen and power output. This is because the parametric

analysis was done at a constant exit temperature for the solar receiver and as such an

increase in the solar irradiation only resulted to increased flow rate of the HTF in the

solar receiver which increased the amount of heat transferred to the power cycles but

at the same temperature. The increase in the heat transferred resulted to increased

power output and hydrogen production but the efficiency remained the same due to

the constant temperature of the heat source, the solar receiver.

Figure 4.4 shows that a similar pattern was observed in the effect of solar

collectors’ area on the system’s performance. The larger the area of the solar

collectors, the more the heat that is concentrated on and absorbed in the solar

receiver. However, the increase in absorbed heat only results to an increased flow

rate in the solar receiver which by extension results to higher amounts of hydrogen

and power output. The correlation between hydrogen and oxygen production was

linear, as the amount of hydrogen produced increased so also did the amount of
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oxygen produced and vice versa. The impact of solar radiation and solar collector’s

area on the system was massive as a 100% increase in solar radiation resulted

in a 100% increase in the total power output and at least a 75% increase in

hydrogen production rate. Similarly, a 100% change in solar collector’s area re-

sulted in a 100% change in power output and at least 95% change in hydrogen output.
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Figure 4.3: Variation of hydrogen and total power output with solar irradiation

Figure 4.5 shows the response of the system’s performance to changes in the

exit temperature of the solar receiver. In the analysis of the effect of the exit

temperature of solar receiver, T2, on the system performance it was observed that

both the energy and exergy efficiencies of the system increased with increasing T2.

The solar-to-electricity exergy and energy efficiencies of all the cycle configurations

increased. The increased solar-to-electricity energy efficiency also resulted in an

increased hydrogen production and solar-to-hydrogen efficiency as well. When T2
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Figure 4.4: Variation of hydrogen and total power output with total area of the solar
collector

was varied from 450oC to 550oC, the changes in the solar-to-electricity efficiency for

the SCBC-ORC, MSRC-ORC, MSRC-SCBC and MSRC-SCBC-ORC configurations

were 8.8%, 2.8%, 18.6% and 13.% respectively. It was observed that the cycle

configurations with the SCBC were more sensitive to T2 changes. The SCBC-ORC

configuration with a SCBC as the top cycle was the most sensitive with 18.6% while

the MSRC-ORC configuration without an SCBC was the least sensitive with just

a 2.8% increase in efficiency. This is because the HTF in the SCBC which was

supercritical CO2 operates at supercritical state where there is no phase change and

changes in temperature significantly affect fluid properties. The change in the power

output of the cycle configurations with respect to the changes in T2 was also similar

to the change in hydrogen production.

Figure 4.6 shows the system’s performance with respect to varying inlet pressure
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Figure 4.5: Variation of solar-to-electricity energy and exergy efficiencies with the exit
temperature of the solar receiver.

of HPT for the MSRC, P8. As the top cycle for most of the cycle configurations, P8

had a significant effect on the performance of the integrated cycle. An increase in

P8 resulted in increased solar-to-electricity exergy efficiency and increased hydrogen

production. Changing P8 from 7000 kPa to 15000 kPa resulted to a continuous

increase in solar-to-hydrogen efficiency and hydrogen production for the MSRC-ORC

cycle configuration as illustrated in Figure 4.6 (a). However, for the other cycle

configurations with SCBC bottoming the MSRC, there was a threshold around

14000 kPa where an increase in P8 did not result in a significant increase in the

performance of the system as shown in Figure 4.6 (b). The increase in solar-to-

electricity exergy efficiency was due to the increased power output in the HPT of

the MSRC that comes with increasing P8 which results to higher total power output

from the integrated cycle. The increased total power output means more energy

is supplied to the electrolyzer thus resulting to increased hydrogen production.
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Overall, the effect of P8 on the system performance was minimal. Increasing P8

from 7500 kPa to 1500 kPa only resulted to about 3% to 8% changes in the energy

and exergy efficiencies as well as hydrogen production across all system configurations.

Figure 4.7 shows the variation of system performance with changing inlet pressure

of the LPT (P9). Unlike P8, increasing P9 led to a decrease in the solar-to-electricity

energy efficiency and, consequently, a reduction in the solar-to-electricity exergy

efficiency of the MSRC-ORC configuration. This occurred because P9 represents the

pressure at which steam was extracted and sent to the FWH, which was also the

exit pressure of the HPT. Therefore, increasing P9 resulted in lower power generation

in the HPT and greater energy extraction with the steam sent to the FWH. This

resulted to a decreased power output in the MSRC as shown in Figure 4.7 (a). A

decreased power generation in MSRC resulted to a decreased total power output

which resulted to the decrease in solar-to-electricity efficiency of the system. Because

the total power output was decreased, hydrogen production rate also dropped when

P9 was increased for the MSRC-ORC configuration. For the other cycle configurations

with SCBC bottoming the MSRC, there was an increase in system performance as

P9 was increased. However, a peak was reached and then the performance of the

system began to decline as shown in Figure 4.7 (b). This is because the presence

of the SCBC required high pressures at the exit of the LPT for heat to be supplied

to the SCBC at feasible temperatures. Therefore, the reduced power generation in

the HPT of the MSRC that came with increasing P9 was compensated for by the

power generated in the SCBC. However, at very high values of P9, very little power
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was generated in the MSRC and most of the energy was sent to the SCBC which

was less efficient than the MSRC at the temperature ranges for which the parametric

analysis was done. This caused both the power generated in the MSRC and the

solar-to-electricity energy efficiency to drop at very high values of P9. Similar to P8,

the effect of P9 on the overall system performance was minimal.

Figure 4.8 shows the effect of pressure ratio of the SCBC on the overall system

performance. For the SCBC-ORC configuration, increasing the pressure ratio from

1.5 to 4.0 resulted in a sharp increase in system performance from a pressure ratio of

1.5 to 3.0 but after that changes in pressure ratio did not result to significant changes

in the performance of the system as shown in Figure 4.8 (a). For the other cycle

configurations where SCBC was not the top cycle, the increase in system performance

that resulted from increasing the pressure ratio peaked at a pressure ratio of 3.0 after

which the performance of the system began to decrease as shown in Figure 4.8 (b).

This is because in the other configurations where SCBC is not the top cycle, the

temperature at which heat was supplied to the SCBC subcycle was lower than the

temperature at which heat was supplied to the SCBC from the solar receiver in the

SCBC-ORC configuration. Therefore, although the system performance continued to

improve beyond a pressure ratio of 3.0 in the SCBC-ORC configuration, increasing

the pressure ratio beyond this point in the other cycle configurations led to higher

energy consumption in the compressor without a corresponding significant increase of

power generation in the SCBC turbine. As a result, the net power output of the SCBC

decreased, as shown in Figure 4.8 (b). In general, within the pressure ratio range of
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Figure 4.6: Variation of solar-to-electricity exergy efficiency and hydrogen production
rate with the inlet pressure of the HPT: (a) The system’s response for the MSRC-ORC
configuration and (b) the system’s response for other cycle configurations with SCBC
bottoming the MSRC.

1.5 to 3.0, there was an increase in solar-to-electricity energy and exergy efficiencies,

along with an increase in total power output and hydrogen production rate across all

cycle configurations.
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(a) P9’s effect on MSRC-ORC

(b)  P9’s effect on other configurations

Figure 4.7: Variation of solar-to-electricity energy efficiency and the power output
of the MSRC with the inlet pressure of the LPT: (a) The system’s response for the
MSRC-ORC configuration and (b) the system’s response for other cycle configurations
with SCBC bottoming the MSRC.

Overall, the pressure ratio had a remarkable impact on the performance of

the integrated power cycles: a 100% increase of pressure ratio from 1.5 to 3.0

resulted in 64.3% increase in the net power output of the SCBC and 38.3% in the
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Figure 4.8: Variation of solar-to-electricity energy efficiency and SCBC power output
with the pressure ratio of the SCBC: (a) the system’s response when SCBC is the top
cycle and (b) the system’s response when SCBC is a bottoming cycle.

solar-to-electricity efficiency of the overall cycle for the SCBC-0RC configuration.

These figures were 46.7% and 16.1% for the MSRC-SCBC-ORC configuration, and

46.7% and 21.8% for the MSRC-SCBC configuration. The improved system efficiency

resulted to higher hydrogen production rate across all configurations.
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(b)  ORC turbine’s pressure effect on other configurations

(a)  ORC turbine’s pressure effect on MSRC-ORC

Figure 4.9: Variation of solar-to-electricity exergy efficiency and hydrogen production
rate with the inlet pressure of the ORC turbine: (a) The system’s response for the
MSRC-ORC configuration and (b) the system’s response for other cycle configurations
with SCBC bottoming the MSRC.

Lastly, Figure 4.9 shows the system’s response to inlet pressure of the ORC turbine.

In the study on the effect of the inlet turbine pressure for the ORC on the systems

performance it was observed that a direct proportionality existed between the per-
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formance of the system and the ORC turbine inlet pressure. The solar-to-hydrogen

exergy efficiency and the hydrogen production rate both increased as the ORC inlet

turbine pressure was increased as shown in Figure 4.9 (a) for MSRC-ORC config-

uration and Figure 4.9 (b) for the other cycle configurations which has the SCBC.

Generally, the effect of this parameter on the system was the same across all cycle

configurations. As the exergy efficiency was improved, so also was the total power

output and energy efficiency of the cycle.

4.2 Cost Assessment Results

A comparative cost analysis for the different cycle configurations was performed for a

3MW electrolyzer capacity. In the cost analysis, only the major equipment costs were

considered. The cost for things such as Engineering and liscensing, civil works, work-

ing capital, instrumentation and control, piping and bearings, and other installation

accessories were not considered. Therefore the cost presented here is an underestima-

tion of the real cost of the system. The result of the cost analysis showed that the

configuration with the highest LCOH was the MSRC-SCBC configuration while the

configuration with the lowest LCOH was the MSRC-ORC configuration as shown in

Table 4.2. The more efficient configuration was, the lower the LCOH for the configura-

tion given that all other things were equal. The MSRC-SCBC had the highest LCOH

because the PEC for both the MSRC and the SCBC were high. Also, because of the

low efficiency of the MSRC-SCBC configuration which was lower than other config-

urations as shown in Table 4.1 in Section 4.1. The difference in the LCOH for the
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MSRC-SCBC and the MSRC-SCBC-ORC was not much because the improvement

in system efficiency that came with the addition of the ORC also came with more

PEC for the ORC. The performance of the SCBC-ORC was similar to that of the

MSRC-SCBC in terms of cost. This is because of the low efficiency of the SCBC cycle

at low temperature ranges under which the analysis was performed, that is , around

527oC. As explained by Baglietto et al [77], the MSRC and the ORC are most likely

to overperform the SCBC at this temperature range. The MSRC-ORC configuration

had the lowest LCOH because the CAPEX for the ORC for each configuration was

lower than the other power cycles. Therefore, combining it with the MSRC, which

was very efficient under the operating temperature, greatly improved the performance

of the system at a lower cost thereby lowering the LCOH of the configuration.

Table 4.2: The hydrogen cost for 3MW electrolyzer capacity.

Cycle Configuration Hydrogen cost ($/kg)

MSRC-SCBC
SPT 17.02

PTC 17.76

MSRC-SCBC-ORC
SPT 15.57

PTC 15.93

MSRC-ORC
SPT 9.11

PTC 7.78

SCBC-ORC
SPT 16.62

PTC 16,67
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Table 4.3 shows the total PEC for the power cycles under each configuration. It

was observed that the total PEC for the SCBC was high but according to the report

done by [66], the SCBC total installation cost for this work falls within the range

for SCBCs. Moreover, as it will be seen later in the parametric analysis, at higher

capacity, the cost per kilowatt for all cycles drops with increased production capacity.

The total PEC for MSRC and ORC was very low in all configurations compared to

the reports in the literature that give a range of 1800-3000 $/kW for ORC and a range

of 4000-7000 $/kW for steam power plants [78]. The cost of MSRC and ORC was low

because only a few components were considered in the technoeconomic analysis, while

in practice, the installation of steam power plants involves many components.

When comparing the SPT and PTC configurations, the SPT configurations just

slightly outperformed the PTC configurations except for the MSRC-ORC configura-

tion where the cost for the PTC-MSRC-ORC configuration, 7.78$/kg was better than

that of the SPT-MSRC-ORC configuration, 9.11$/kg. Given that the operating tem-

perature of the SPT configurations was way higher than the PTC configurations, it

was expected that the cost for the SPT configurations would considerably drop when

compared to the PTC configurations. However, this was the not the case because the

PEC for the SPT was higher than that of the PTC thereby compromising the effi-

ciency improvement in the cost equation. In fact, for the MSRC-ORC configuration,

the PTC-powered configuration was cheaper because the efficiency improvement that

resulted from the increase in operating temperature did not have a great impact on

the LCOH as can be later seen in the cost parametric analysis.
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Table 4.3: Total PEC values for different power cycles

Configuration PEC ( $/kW)

MSRC SCBC ORC

MSRC-ORC
SPT 374.7 - 372.9

PTC 236.6 - 345.2

MSRC-SCBC
SPT 918.3 3518 -

PTC 514.9 3879.3 -

MSRC-SCBC-ORC
SPT 959.6 3716 396.5

PTC 544.3 4151 427.1

SCBC-ORC
SPT - 2673.1 329.9

PTC - 3340 354.5

4.2.1 Cost Parametric Analysis

Parametric analysis was carried out for the SPT-powered configurations to determine

the influence of some system parameters on the LCOH. It is good to note that the same

pattern was observed with the PTC-powered configurations therefore only the analysis

for the SPT-powered configurations is discussed. For the solar field, the influence of

solar irradiation, number of collectors and the exit temperature of the receiver, T2 on

the LCOH was studied. Figure 4.10 shows the variation of solar irradiation with LCOH

where it can be seen that solar irradiation had a huge impact on the LCOH. In all

configurations, increasing the solar radiation drastically reduced the cost of hydrogen.

Increasing the solar irradiation from 100 W/m2 to 900 W/m2 reduced the cost of
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hydrogen from: 41.64 $/kg to 9.65 $/kg for the MSRC-ORC configuration, 63.60 $/kg

to 17.13 $/kg for the MSRC-SCBC configuration, 55.13 $/kg to 15.35 $/kg for the

MSRC-SCBC-ORC configuration and 60.57 $/kg to 16.09 $/kg for the SCBC-ORC

configuration. The huge drop in the cost of hydrogen is due to the enormous increase

in energy supplied to the power block when solar irradiation is high. As discussed in

Section 4.1.1, the solar radiation had a great influence on the amount of power output

from the system. And this translate to reduced LCOH when other system costs are

fixed.
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Figure 4.10: The variation of levelized cost of hydrogen with solar irradiation.

Figure 4.11 shows the variation of LCOH with number of collectors. Just like the

solar irradiation, the number of solar collectors also had a significant impact on the

cost of hydrogen. This is due to the law of economies of scale which states that as the

quantity of output increases, the average cost per unit of production decreases [79].

Increasing the number of collectors from 100 to about 500 collectors produced a sharp
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Figure 4.11: The variation of levelized cost of hydrogen with number of solar collectors.

decline of LCOH in all configurations but after that, the decrease in LCOH that came

with increasing the number of solar collectors was low and at some point negligible.

This is also due to the law of diminishing returns which states that: as additional units

of a variable input are added to a fixed input, the marginal output from each additional

unit of input will eventually decrease given that all other factors are constant [80].

Figure 4.12 shows the variation of LCOH with T2. Just like the other two param-

eters for the solar field, the LCOH decreased with higher values of T2. This is because

as T2 increased, so did the efficiency of the system as discussed in Section 4.1.1. The

increased efficiency resulted in increased power output while other cost parameters

remained the same thereby reducing the cost of hydrogen. More power means more

hydrogen produced and more hydrogen implies lesser LCOH when the total cost is

constant as given by equation (3.32). However, the impact of T2 on the LCOH was

not very significant. A 22.22% increase in T2 only resulted in a 0.64%, 12.58%, 9.54%
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Figure 4.12: The variation of levelized cost of hydrogen with the exit temperature of
the solar receiver.

and 6.66% decrease in LCOH for the MSRC-ORC, MSRC-SCBC, MSRC-SCBC-ORC

and SCBC-ORC configurations respectively. This little influence of T2 on system

performance could be attributed to the fact that it directly affects heat transfer in a

single heat exchanger, which is the heat exchanger for the topping cycle. The heat

transfer to the other cycles depends largely on the operating conditions of the topping

cycle. For instance, in the MSRC-ORC configuration, no matter the exit temperature

of the solar receiver, what determines the amount of heat transferred to the ORC

HTF is the outlet pressure of steam in the LPT in the MSRC.

Figure 4.13 shows the variation of LCOH with the inlet pressure of the HPT in the

MSRC, P8. The P8’s influence was only studied for 3 configurations as the SCBC-ORC

did not have a steam turbine. The impact of P8 on LCOH was not significant even

though LCOH decreased at higher values of P8. Increasing P8 from 7 MPa to 15 MPa

only resulted to a 3.83%, 2.18% and 1.69% decrease in LCOH for the MSRC-ORC,
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MSRC-SCBC and MSRC-SCBC-ORC configurations respectively. Figure 4.14 shows

the variation of LCOH with the inlet pressure of the ORC turbine. Just like P8, the

inlet pressure of the ORC turbine in all configurations (except for the MSRC-SCBC)

had an inverse proportionality with the LCOH but did not significantly affect the cost

of hydrogen.
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Figure 4.13: The variation of levelized cost of hydrogen with the inlet pressure of the
HPT.

Figure 4.15 shows the variation of LCOH with the pressure ratio of the SCBC.

The LCOH decreased when the pressure ratio was increased because higher values of

the pressure ratio made the SCBC more efficient, thereby increasing the amount of

total power output from the system which by extension reduced the cost of hydrogen

produced. Unlike P8 and the ORC turbine inlet pressure, the pressure ratio had a

significant impact on the cost of hydrogen. The LCOH had a sharp decline in all

configurations when the pressure ratio was increased from 1.5 to 2.5. After that the

decrease in LCOH was mild until a pressure ratio of 3.5 when the LCOH started
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Figure 4.14: The variation of levelized cost of hydrogen with the inlet pressure of the
ORC.

increasing with increasing values of pressure for the MSRC-SCBC and MSRC-SCBC-

ORC configurations. This behavior was different for the SCBC-ORC configuration

where the LCOH continued to drecrase gradually till the pressure ratio of 4.0. This

discrepancy in the pattern of system response when it comes to pressure ratio was

explained in Section 4.1.1 under the parametric analysis for pressure ratio. The effect

of pressure ratio on the LCOH was also mild. A 100% increase in the pressure ratio

resulted in just 3.71%, 7.12% and 18.14% decrease in the LCOH for the MSRC-SCBC-

ORC, MSRC-SCBC and SCBC-ORC configurations respectively.

Figure 4.16 shows the variation of LCOH with the capacity factor of the system.

The capacity factor had the greatest impact on the LCOH among all the studied

parameters in the parametric analysis. This is because this parameter deals with how

effectively a system is utilized over time as compared to its maximum capacity. Apart

from the operation and maintenance costs, which are usually a small fraction of the
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Figure 4.16: The variation of levelized cost of hydrogen with capacity factor of the
system.

fixed cost for renewable energy systems, all the fixed cost remain constant regardless

of how effective the system is utilized. Therefore, the capacity factor has a huge role

to play in the LCOH which accounts for the cost of hydrogen over the entire lifetime
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of the hydrogen production system. When the capacity factor was increased from 10%

to just 35%, the LCOH reduced from: 22.80 $/kg to 6.51 $/kg for the MSRC-ORC

configuration, 43.86 $/kg to 12.53 $/kg for the MSRC-SCBC configuration, 39.28 $/kg

to 11.22 $/kg for the MSRC-SCBC-ORC configuration and 41.28 $/kg to 11.79 $/kg

for the SCBC-ORC configuration. At a capacity factor of 35%, the LCOH for the

MSRC-ORC which was 6.51$/kg was a reasonable price compared to the prices in

the literature which are around 5 $/kg [11]. Considering that 35% capacity factor is

roughly 8 hours of system capacity per day, this is a reasonable estimate because in

regions with high solar irradiation, 8 hours of solar light is common for most part of

the year. This shows that the system designed in this work is competitive in terms of

cost with the systems discussed under literature review in Chapter 2 even though it

is without storage.

4.2.2 Sensitivity Analysis

A sensitivity analysis was performed on two cost parameters to see their influence

on the LCOH. The parameters considered were the effective interest rate and eco-

nomic lifetime. While the LCOH increased with increase in the effective interest rate,

it decreased with increasing economic lifetime. This is because, when the interest

rate increases, it makes the upfront investment in hydrogen production systems such

as solar collectors, electrolyzers, and power cycles seem more expensive in today’s

terms. Since most of the costs in green hydrogen production are paid upfront (PEC),

a higher interest rate spreads these costs less efficiently over the system’s lifetime,

resulting in a higher levelized cost of hydrogen. In essence, the project becomes less
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economically attractive when money is more expensive to borrow or invest. Similarly,

increasing the lifetime of the project means you’re producing hydrogen for more years

without repeating the large initial investment. Since most of the cost in green hydro-

gen production is upfront, operating the system longer spreads that cost across more

kilograms of hydrogen, making each unit cheaper.

The relationship between LCOH and effective interest rate as well as that of LCOH

and economic lifetime was the same across all cycle configurations. For instance, for

the configuration with the least hydrogen cost, the PTC-MSRC-ORC configuration,

increasing the effective interest rate from 5% to 7% increased the LCOH from 7.45

$/kg to 8.13 $/kg. However, increasing the economic lifetime from 15 years to 25

years for the same configuration decreased the LCOH from 8.55 $/kg to 7.36 $/kg.

4.3 Optimization result

The result of the multiobjective optimization that was carried out on the SPT-powered

configurations using brute force optimization method in Python is presented in Table

4.4. When the result in this table is compared with the results in Table 4.2 under

Section 4.2 and Table 4.1 under Section 4.1, it can be seen that the optimized system in

each configuration was improved in terms of efficiency and cost. Figure 4.17 also shows

the Pareto frontier for the configurations. This shows the decision boundary between

the feasible region and the infeasible region for the configurations as demonstrated

in Figure 4.17 (c). For instance for the MSRC-SCBC-ORC configuration, the Pareto

frontier shows that it was impossible to get a system with an LCOH of 11.5 $/kg and
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an efficiency of 40.5%.

(a) MSRC-SCBC-ORC (b) MSRC-SCBC

(c) MSRC-ORC (d) SCBC-ORC

Feasible region

Infeasible region

Figure 4.17: Pareto frontier for the optimization result of the four SPT-powered con-
figurations: (a) MSRC-SCBC-ORC configuration, (b) MSRC-SCBC configuration, (c)
MSRC-ORC configuration and (d) SCBC-ORC configuration.
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Table 4.4: Optimization results for the SPT-powered configurations

Configuration
Best decision variables Best Objective

Function

T2

(oC)
P8

(MPa)
P9

(MPa)
OIP
(MPA)

PR NC LCOH ηth(%)

MSRC-ORC 548 15 2.6 1.2 - 1000 9.51 44.97

MSRC-SCBC 565 15 7.5 - 3.2 21000 12.47 36.64

MSRC-SCBC-ORC 565 15 7 1.1 3.4 6000 11.55 43.02

SCBC-ORC 549 - - 1.5 3.5 18500 11.93 38.01

Note: OIP = ORC turbine’s inlet pressure, PR = pressure ratio of the SCBC and NC
= number of solar collectors.
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CHAPTER 5

CONCLUSIONS, CHALLENGES

AND RECOMMENDATIONS

5.1 Conclusions

A novel integrated power cycle configuration comprising an MSRC, an SCBC, and

an ORC and other integrated cycle configurations were studied for green hydrogen

production using SPT and PTC. The steam Rankine cycle in all the integrated cycle

configurations was enhanced with a feedwater heater to have an MSRC for improved

cycle efficiency. A comparative and parametric analysis of the system was carried

out interms of energy and exergy analysis. Additionally a cost analysis was also and

another parametric analysis based on the LCOH of systems was performed for the

SPT-powered configurations. Then an optimization using brute force method was

performed in Python on the SPT-powered configuration to determine optimal system

parameters. The following observations were made.
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• In terms of energy and exergy efficiencies, and hydrogen yield, the SPT-powered

MSRC-ORC configuration achieved the best performance, with a thermal effi-

ciency of 42.36%, solar-to-electricity energy and exergy efficiencies of 28.59%

and 30.15%, respectively, and a hydrogen production rate of 63.04 kg/hr along-

side an oxygen production rate of 504 kg/hr at a solar-to-hydrogen efficiency of

20.43%.

• Adding a third cycle, the SCBC, to the MSRC-ORC did not enhance efficiency

in either the SPT or PTC-powered configurations. However, incorporating the

ORC improved the efficiency of the MSRC-SCBC configuration. Therefore, for

concentrating solar technologies, a two-cycle integrated configuration proved to

be the most effective option

• As the current density in the electrolyzer increased, the hydrogen production

rate increased, while the electrolyzer’s efficiency decreased.

• The solar collector area and solar irradiation had the greatest influence on hy-

drogen production across all configurations, while the pressure ratio of the SCBC

had the most significant impact on the efficiencies of the integrated power cycles

incorporating the SCBC.

• The performance of the system was positively correlated with solar irradiation,

solar collector area, exit temperature of the solar receiver, inlet pressure of the

HPT and inlet pressure of the ORC turbine in all cycle configurations.

• In the MSRC-ORC configuration, system performance varied inversely with the
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LPT inlet pressure, whereas in the other configurations, the relationship was

nonlinear for the investigated pressure range.

• In terms of hydrogen cost, the PTC-MSRC-ORC had the lowest cost with an

LCOH of 7.78 $/kg while the PTC-MSRC-SCBC had the highest cost with an

LCOH of 17.76 $/kg. Also, all SPT-powered configurations outperformed the

PTC-powered configurations except for the MSRC-ORC configuration which

was due to how well the MSRC-ORC configuration performed under the low

operating temperature of the PTC system.

• Analysis of the total PEC from each subcycle showed that the cost relations for

the SCBC did well in predicting the cost of the SCBC cycle while the cost re-

lations for the MSRC and ORC underestimated the PEC for their components.

This showed that the cost gotten from the analysis in this work was an underes-

timation of the real LCOH of a practical system that would operate under the

system parameters for which the configurations were analyzed.

• Parametric analysis of the system based on LCOH revealed that the capacity

factor had the greatest impact on the LCOH of the configurations. At a capacity

factor of 100%, the SPT-MSRC-ORC configuration had an LCOH of just 2.28

$/kg which was a huge reduction from the LCOH at 10% which was 22.77$/kg.

Additionally, other parameters like solar irradiation and the number of solar

collectors also had a significant impact on the LCOH of the system while the

rest of studied parameter presented a mild effect on the LCOH of the systems.

• Finally, the optimization of the SPT-powered configurations revealed that the
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brute force optimization method was a good method for determining the best

decision variables for optimal system performance. The optimal system from the

optimization of each configuration showed an improvement in terms of LCOH

and thermal efficiency. For instance, the optimal solution for the SPT-MSRC-

ORC configuration was a thermal efficiency of 44.97% and LCOH of 9.5 $/kg.

This improved the efficiency (from 42.36%) at a slight increase in cost (from

9.11 $/kg).

5.2 Challenges

During the process of this thesis, the challenges encountered were:

• The difficulty in getting financial information about the installation cost of the

different power cycles.

• Getting cost relations that could correctly predict the cost of the power cy-

cles which is largely due to the uncertainty in the prices of equipment and the

assumptions that are made when developing the cost relations.

5.3 Recommendations

The following recommendations are made for further research.

• More research should be done on developing accurate cost relations for different

capacities or operating conditions for the MSRC, SCBC and ORC. This will

enhance cost analysis and provide a more reliable way of doing cost analysis.
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• To improve the system’s performance, further research could be done in devel-

oping SPT and PTC models with higher efficiency than the one used in this

work. This could be done by developing new HTFs with improved heat transfer

properties and/or developing solar receiver systems with higher optical efficien-

cies.

• The configurations analyzed in this work did not have storage because it was

not considered wise to add storage to a system that is used strictly for the

production of an energy carrier like hydrogen, which is largely used as an energy

storage. Further research should focus on producing optimized systems for green

hydrogen production that would have additional outputs like fresh water without

comprising the energy usage by electrolyzers. This would make the addition of

storage a more appealing option.

• Other interesting research areas to improve this work could be in development

of electrolyzer materials that could improve PEM electrolyzer efficiency and cost

as the cost of the PEM electrolyzer played a huge role in increasing the cost of

hydrogen production.

• Finally, this work did not consider the storage, transport and supply chains for

hydrogen, a cost analysis incorporating all these aspects of green hydrogen will

give a broader understanding of the economics of green hydrogen and how this

could be optimized to enhance the adoption a hydrogen economy.
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