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PREFACE 

 

The International Conference on Hydrogen Production (ICH2P) is one of the key events initiated by Professor 

Ibrahim Dincer and his colleagues to highlight the state-of-the-art research going on in the area of hydrogen 

energy. It provides a unique opportunity for scientists, researchers, academicians, and engineers to present 

their research and findings in the area of hydrogen energy ranging from production to the storage and use of 

hydrogen in different applications such as fuel cells, power, and transportation. ICH2P does not cover only 

the recent trends in the area of hydrogen energy but also projects the future of hydrogen energy in the 

upcoming era. 

 

Pakistan Navy Engineering College (PNEC) - National University of Sciences and Technology, Pakistan is 

honoured to organize the 13th conference this year on hydrogen production in collaboration with National 

Hydrogen Association, Turkey, International Association for Hydrogen Energy (IAHE), and Ontario Tech 

University. 

 

In closing, we are thankful to our esteemed keynote speakers, invited speakers, and all the participants for 

making this conference a successful one. 

 

 

Tahir Abdul Hussain Ratlamwala 

Conference chair 
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DESIGN OF METAL HYDRIDE REACTOR FOR HYDROGEN SUPPLY TO DIESEL ENGINE 

 

1Xianchun Huang,1 Yuhan Zhao, 1Hongxia Wang,1Zhen Wu,1 Fusheng Yang, 1,2Zaoxiao Zhang* 

1School of Chemical Engineering and Technology, Xi’an Jiaotong University, No.28 Xianning West Road, 
Xi’an 710049, P. R. China 

2State Key Laboratory of Multiphase Flow in Engineering, Xi’an Jiaotong University, No.28 Xianning West 
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P. R. China 
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ABSTRACT 

Remarkable for the advantages of high fuel efficiency, large output power and long service life, diesel engine is restricted 
by the exhaust containing a lot of pollutants such as NO, CO and unburned hydrocarbon. In order to improve its 
environmental friendliness, a combustion system of diesel engine with mixed fuel by injecting hydrogen is proposed in 
this study. In this system, a magnesium hydride hydrogen storage reactor with rich sources, low price and high hydrogen 
storage capacity is designed to achieve safe and stable hydrogen supply. It is worth noting that this system can recover 
the waste heat of engine exhaust and provide the required heat for the reactor desorption process. In addition, a double 
closed-loop ratio control system is designed to control the injection time and mixed flow of hydrogen. To obtain the 
optimal emission effect, the numerical simulations have been performed with the various mixed mass fraction of hydrogen 
addition varying from 0% to 15% in 3% increments. The simulation results show that when the hydrogen mass fraction of 

the fuel is 3 ωt%, the economy of emission reduction is optimal. When the initial torque of the engine is 60 N∙m, the CO 

emission is reduced by 33%, while the NOX is reduced by 25%, indicating that the emission performance of this diesel 
engine system has effectively improved. 

Keywords: Diesel engine, Hydrogen, Magnesium hydride reactor, Emission reduction 

 

INTRODUCTION 

A 2021 analysis by the US Energy Information Administration (EIA) expects that the global energy demand will rise by 
47% in the next 30 years, with petroleum still being the top energy source and the internal combustion engine vehicle 
fleet to peak at 2038[1]. Hydrogen energy, a clean secondary energy, has great development potential. Bose et al. [2] 
pointed out that it is not convenient to completely replace diesel combustion with hydrogen, but it is feasible to achieve 
diesel-hydrogen mixed in a dual-fuel system. As a hydrogen storage method, metal hydride materials have high storage 
density, good stability and high safety per unit volume. The heat absorbed by the dehydrogenation of the metal hydride 
is just enough to be provided by the high temperature gas emitted by the engine. The key to the safety and stability of 
hydrogen source is to design a reaction vessel that can operate safely and has an appropriate reaction rate. 

 

SYSTEM 

In order to combine metal hydride reactor with diesel engine, the following system diagram is proposed. It includes the 
control system which aims to control the mass flow of hydrogen and reactor pipelines. Hydrogen generated by the reactor 
and injected into the engine cylinder through the pressure valve. The engine exhaust gas is directly connected to the 
reactor. The hydrogen injection time of the process is controlled by the control system, so the system can be divided into 
three parts. Control system, Combustion chamber and Reactor. 

mailto:zhangzx@xjtu.edu.cn
https://www.sciencedirect.com/topics/engineering/internal-combustion-engine-vehicle
https://www.sciencedirect.com/topics/engineering/internal-combustion-engine-vehicle
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Figure.1 Hydrogen mixed combustion system composed of diesel engine and metal hydride reactor 

 
 

1 - Fuel tank,2 - Oil pump,3 - Fuel filter, 4 - Exhaust port,5 - Hydrogen nozzle,6 - Fuel injector,7 - Intake pressure sensor, 
8 - Air filter, 9 - Hydrogen power valve, 10 Hydrogen buffer tank,11 Oxygen sensor,12 - Throttle valve, 13- Metal hydride 
reactor 

RESULTS AND DISCUSSION 

The structure of the magnesium hydride reactor is shown as Figure 2, and the reactor is simulated for endothermic 
hydrogen desorption reaction. When the diesel engine exhaust is 600K, and the operating pressure in the reactor is 
1.1MPa, hydrogen is directly injected into the engine cylinder for mixed combustion with diesel . 

To investigate the temperature distribution and material distribution in the reactor during the reaction process, CFD 
simulation was carried out for the reactor. 

 

 

 
Figure.2 Reactor model [3] 

 
 

 
Figure.3 T=300s,MgH2 distribution 
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Figure.4 T=300s,Temperature distribution 

 

 
Figure.5 T=300s,H2 distribution 

 

 
 

 

Figure.6 T=1000s,Temperature distribution 

 

 
Figure.7 T=2000s,Temperature distribution 

 

When reaction time T=300s, the data are sorted out to get Figure. 3-5, when T=1000s and 2000s, the reaction is basically 
completed. Therefore, only the temperature distribution Figure.6-7 are sorted out. The reaction simulation in Fluent are 
preliminary data, mainly to understand the reaction process and bed temperature of the reactor under 600 K heat 
conduction on the wall. Figure. 3 to 5 is the composition and temperature distribution at the beginning of the reaction. 
Figure.6 to 7 shows the temperature distribution after 1000 s and 2000 s. It can be seen that although this is an 
endothermic reaction, heat conduction still dominates. 

CONCLUSIONS 

1. Compared with titanium series and rare earth series hydrogen storage materials, magnesium hydride has obvious 
advantages of high hydrogen storage capacity. The high temperature required for magnesium hydride 
decomposition can be completely provided by diesel engine exhaust to realize waste heat recovery. 

2. Considering that the reactor supplies hydrogen to the diesel engine, so the reaction rate does not need to be too 
fast, the tube bundle design scheme is adopted. 

 

REFERENCES 

 
[1] https://www.eia.gov/todayinenergy/detail.php?id=49876. Accessed on November 02, 2022 

[2] Bose, Maji. 2009. An experimental investigation on engine performance and emissions of a single cylinder diesel engine using 
hydrogen as inducted fuel and diesel as injected fuel with exhaust gas recirculation. International Journal of Hydrogen Energy, 
34(11):4847-4854. 

[3] Tsai ML,Yang TS. 2010. On the selection of metal foam volume fraction for hydriding time minimization of metal hydride reactors. 

International Journal of Hydrogen Energy 35(20): 11052-11063 

 

https://www.eia.gov/todayinenergy/detail.php?id=49876


13th International Conference on Hydrogen Production (ICH2P-2022) 
December 11-14, 2022  

9 
 

AN INNOVATIVE RENEWABLE ENERGY–BASED TRIGENERATION SYSTEM FOR 
ELECTRICITY, LNG AND HYDROGEN PRODUCTION 
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ABSTRACT 

The sustainable disposal of waste is a huge challenge in the present era due to the globally generated waste in result of 
growing population and industrialization. Waste-to energy incineration is one of the most effective and sustainable waste 
disposal technique as compared to the landfill, anaerobic digestion, pyrolysis and gasification. It generates useful energy 
simultaneously reducing the waste volume to almost 90%. However, the efficiency of such plants is relatively low as 
compared to the conventional fuelled power plants due to the presence of higher moisture content that lowers it calorific 
value. Solar integration and waste heat recovery are the two proposed solutions that considerably increase the 
performance of the Waste-to-energy plants. In the present work, solar integrated waste-to-energy tri-generation plant is 
proposed and investigated that delivers electricity, liquefied natural gas and hydrogen production. Steam conditions at 
the inlet to the turbine are improved by adding parabolic trough solar collector as a heating source, while condenser of 
the power generating cycle exchanges heat to the organic Rankin cycle. Power output from organic Rankin cycle is 
utilized for hydrogen production through electrolyser, while flue gasses provide input heat source for the liquefied natural 
gas. 

Keywords: Waste-to-energy, Hydrogen production, Exergo-economic, Incineration, Liquefied natural gas, 

Parabolic trough. 

INTRODUCTION 

The huge production of municipal solid waste (MSW) is inevitable and a severe challenge in the recent decade because 
of the industrialization, increasing human population, urbanization and demand for goods [1]. The production of 
worldwide MSW will reach approximately 6.1 million tons/day by 2025, stated by the World Bank [1], while the amount 
of MSW produced in just China has exceeded 215.21 million tons per annum since 2017 [2]. Nowadays, a sustainable 
and effective waste management system is necessary to deal with the generated waste. Waste management approaches 
have been exploited to minimize the waste and/or its toxicity as well as to recover material/energy [3]. The recommended 
waste management hierarchy includes, in descending order, waste reduction, reuse, recycling, energy recovery, 
treatment, and disposal [4]. Energy recovery is used after waste is converted to energy using various technologies. 
Waste-to-energy (WtE) will play a significant role in reducing our dependence on fossil fuels and decreasing carbon 
emissions [5]. The WtE incineration provides an effective solution to reduce the worldwide waste management problems 
by achieving both “Recovery” and “Prevention” because it has the advantage to extract useable energy presented in the 
MSW [6]. To improve the efficiency of WtE incineration facilities, attempts have been made to integrate such plants with 
other renewable and conventional energy source thermal plants. On the other hand, waste heat recovery (WHR) is an 
important factor that boosts the system performance by utilizing waste energy as input source for low temperature cycles. 
Simultaneous utilization of different forms of renewable energies in multigeneration systems is also pronounced in recent 
years due to their mixed benefit through a year. Liquefied natural gas (LNG) is principally used for transporting natural 
gas to markets, where it is regasified and distributed as pipeline natural gas. To allow its widespread utilization in 
commercial applications, it must be stored in the special tanks which are highly expensive [7]. Regasification (process  

of converting LNG at−162 C to natural gas at atmospheric temperature) can be used to convert the LNG back into its 
gas form to deliver to the end-user. In recent years, extraction of energy from power cycles using low-temperature heat 

mailto:engr.sajidazam@yahoo.com
mailto:Muhammad.abid@ubd.edu.bn
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sources as well as LNG cold energy as heat sink is highlighted by many researchers. Pan et al. [8] proposed a novel 
concept of cascade waste heat recovery system for WtE incineration plant to improve thermal performance, consisting 
of an organic Rankine cycle, supercritical CO2 cycle and a vapor absorption refrigeration system. In the current proposed 
work, parabolic trough solar collector integrated WtE plant is evaluated, whereas condenser of the steam cycle serves 
as a heating source for the ORC to generate power for proton exchange membrane. In addition, LNG cycle is also 
connected with the integrated system and detailed thermodynamic and exergo-economic analysis are performed. 

SYSTEM DESCRIPTION 

Fig. 1. Shows the proposed solar integrated WtE system for multiple outputs, in which parabolic trough system serves 
as a heating source for the steam before entering to the steam turbine. In this way, steam temperature is significantly 
enhanced that will ultimately improve the plant performance. After the expansion process, low pressure and high 
temperature steam is utilized as a heating source for the ORC that is further integrated with the PEM electrolyser for 
hydrogen production. Moreover, liquefied natural gas gets heated from the incinerator flue gasses and transport to the 
end users at very low pressure after LNG turbine expansion. 

 

MODELING AND THERMODYNAMIC ANALYSIS 

Engineering equation solver (EES) is used for the thermodynamic modeling and analysis of the proposed investigated 
systems considering steady state conditions. Thermodynamic relations used to model the examined systems are 
presented by the energy mass and exergy balance equations. Design input parameters for the investigated system is 
adopted from the references [1][3][4]. 

 

 

 

RESULTS AND DISCUSSION 

In this study, an innovative solar integrated MSW incineration plant with multiple outputs is proposed and investigated 
thermodynamically and exergo-economically. Fig. 2 comparison among different components of the considered system. 
It can be seen that total exergy destruction of the system is almost 42.9 MW, while exergy cost and total cost rates are 
approximately 542 $/hr and 665 $/hr, respectively. The highest cost rates are associated with the MSW incineration 
followed by PTSC system and steam turbine. Pumps of the power generating systems have the least share of the exergy 
destruction and its associated costs. 
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Figure 2: Comparison of exergy destruction rate, cost of exergy destruction and total cost rate of the individual components of the 

proposed system 
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CONCLUSIONS 

A solar integrated waste-to-energy (WtE) system with cascade organic Rankine cycle (ORC) system utilizing proton 
exchange membrane (PEM) and liquefied natural gas (LNG) for thermal power generation, liquefied natural gas and 
hydrogen production is proposed. Exergo-economic analysis is performed for the considered system in a systematic 
manner as exergy efficiency indicates the irreversibility in the elements of thermodynamic system. The exergo-economic 
evaluation states that the exergy destruction rate of the system is 42.96 MW, while the rate of exergetic cost and total 
cost rate of 542 $/hr and 665 $/hr respectively. The sustainability index of the proposed system is calculated to be nearly 
1.64, while fresh water and hydrogen production rates are 26.96 kg/s and 2.87 g/s, accordingly. 
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ABSTRACT 

In this study, a multigenerational geothermal based system has been developed to obtain power from reheat regenerative  
Rankine cycle, cooling from double effect absorption cycle, portable water and brine from desalination, hydrogen from 
PEM electrolyzer, heating and drying effect as a secondary outputs from Absorption cycle. In this integrated system we 
have three subsystems which are investigated and analyzed on the basis of energy and exergy. Thermal efficiency of 
the plant is found to be 48.64%. A Predictive Regression model based on Feed Forward Back Propagation technique is 
used in this research. The model predicts the Power Output, Mass flow rate of fresh water produced by taking 
temperature and mass flow rate of geothermal source and saltwater flow rate. All the data used for the back propagation 
neural network (BPNN) was acquired by the system formulated on EES. The exeregetic and energetic coefficients of 
performance (COP) are found to be .5047 and .6378, respectively. 

Keywords: Regenerative Rankine Cycle, Thermal Efficiency, EES, Back propagation neural network (BPNN), Coefficient 
of performance (COP). 

INTRODUCTION 

The global electrical power demand is increasing dramatically [1] as the world's population grows also demanding 
improved quality of life. Despite dependency of developing countries on fossil fuels, it is evident that fossil fuels are tightly 
linked to air pollution and climate changes. Therefore, to address these issues, the efficient use of limited fossil 
resources, as well as the Renewable resources diversity is critical [2]. Researchers have recently been paying more 
attention to integrated multigeneration energy systems in order to address challenges such as efficiency, affordability, 
and environmental effect. Geothermal energy, which makes use of the earth's heat, is regarded as a dependable and 
environmentally friendly energy source. The Organic Ranking Cycle (ORC) are highly efficient in converting low and 
medium temperature heat sources to electrical power making it useful in geothermal sector [3,4]. Researchers [5, 6, and 
7] have used different neural network models and machine learning algorithms to analyse the thermodynamic system to 
predict the electrical output for altering exhaust steam pressure, ambient temperature, atmospheric pressure, and relative 
humidity. In this study, A multigeneration system is established with 7 outputs namely, electricity, heating, cooling, dry 
air, fresh water, hot water, and hydrogen. This system’s results are then translated into MATLAB and a machine learning 
regression algorithm is applied to predict the outcome and performance of the plant to address novelty in the work. 

SYSTEM DESCRIPTION 

1. Multigeneration System 

The multigeneration model used in this research is depicted in figure 1. When a system generates only electrical power, it 
is classified as single generation; however when the cooling effect is incorporated, it is classified as cogeneration and    
when the space heating is incorporated, it becomes trigeneration that ultimately referred to as multigenration upon 
addition of useable outputs such as electrical power, cooling, space heating, fresh water, hot water, and hydrogen. 
There are mainly three cycles integrated in the system i.e. double effect absorption chiller, reheat regenerative Rankine   
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cycle and desalination. As it can be seen from fig. 1 that strong ammonia is pumped at high pressure state 6 where is 
enters to low temperature heat exchanger after splitting at 21 and 23 and finally exits at state 7. At 7 it again splits at 24  
and one part  

Fig. 1 Multigenration Model 

2. Feed Forward Back Propagation Neural Network 

A Predictive Regression model based on Feed Forward Back Propagation technique is used as neural network approach. 
This approach is known as back propagation neural network (BPNN). The model predicts the power output, mass flow rate 
of fresh water produced by taking temperature and mass flow rate of Geothermal source and saltwater flow rate as can 
been seen as 3 neurons input and 3 neurons output in fig. 2. 

 

Fig. 2 Back Propagation Neural Network (BPNN) 

All the data used for the BPNN was acquired by the system formulated on EES software. The hidden layer neurons were 
kept 3, 6, 10, 20 for each network and nntool command in MATLAB software was used to train the model. The input data 
for each variable has 200 data points. Networks were assigned for each algorithm defined separately for the sets of 
neurons in hidden layer stated before. Network type feed forward back propagation, input data, sample data and target 
data were defined as arrays in the MATLAB Workspace in the very beginning of the process, were selected. The training 
learning functions used were TRAINGDX and LEARNGDM respectively. The transfer function used was logsig for better 
accuracy. After training, it was found that 6 neurons were best for our prediction model hence it was further trained until 
mean square error (MSE) was found to be minimum. 
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RESULTS & DISCUSSIONS 

In this study, a geothermal based multigeneration system has been designed to provide electrical power, cooling and 
portable water as primary outs and space heating and hydrogen as secondary output. It is widely seen (fig.3) that power 
output increases when the source temperature and mass flow rate is increased, similar pattern is followed  by other 
outputs as well. Hence it can be concluded that source temperature and mass flow rate are the most influential entities 
of the system. 

 
 

Fig. 3 Output of Multigeneration Model from ESS 

The output data received from the EES file by integrating it for different values of temperature and mass flow rate of the 
source. This data set was used as input for Back propagation neural network for 10 neurons. The results are presented 
in fig. 4. The model was trained till least MSE value is obtained. The network successfully predicted outputs for a range of 
100 to 300 kg/s mass flow rate and 473 K to 673K source temperature inputs while power, space heating and mass flow 
rate of potable water was the output. 

 

Fig. 4 BPNN Output 

CONCLUSION 

As a result of this work it is evident that the Increasing the temperature and mass flow rate of the geothermal source will 
cause a greater power yield, cooling output and potable water quantity. Thermal efficiency of power cycle is 49.66%.  BPNN 
also provides power, space heating and mass follow rate for desired mass flow and temperature ranges. 
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ABSTRACT 

Energy and exergy analyses of an integrated system based on anaerobic digestion (AD) of sewage 
sludge from a wastewater treatment plant (WWTP) for multi-generation are investigated in this study. The 
multigeneration system is operated by the biogas and Hydrogen produced from the digestion process. 
The useful outputs of this system are power, freshwater, cooling, and hydrogen while there are some 
heat recoveries within the system for improving efficiency. An open-air Brayton cycle, as well as a proton 
exchange membrane fuel cell (PEMFC) using biohydrogen produced from a membrane gas separation-
based bioreactor (MGSBR), is utilized for power generation. Also, using the waste heat produced from 
the Brayton cycle, a humidifier dehumidifier system (HDH) is utilized for producing freshwater and a vapor 
absorption cooling system (VAC) is utilized for cooling. The system operates with an overall energy 
efficiency of 56.5% and overall exergy efficiency of 30.9%. 

INTRODUCTION 

The increasing trend of global temperature as a result of human-caused carbon emissions gives rise to 
environmental instability and climatic change. On the other hand, the world population and in turn, energy 
demand are being increased. Therefore, fossil fuel reserves are no longer reliable sources for the 
sustainable and environmentally benign production of energy carriers [1,2]. Research and development 
on providing efficient and viable solutions for the production, storage, and consumption of energy are 
carried out growingly worldwide. Alternative energy sources for fossil fuels are renewables such as 
geothermal, biomass, wind, solar, and tidal energy [3]. Nevertheless, the useful output of renewable 
energy systems is recommended to be in a way that covers the needs of customers as most as possible. 
Therefore, multigeneration systems have gained importance and are developed for enhancing the 
productivity of systems and giving a holistic service according to the 3S concept presented by Dincer et 
al. [4]. The products of such systems can be used instantaneously or stored via storage technologies. 
Integrating the energy streams within a system in a practical and meaningful way is another approach for 
minimizing the loss and maximizing efficiency [5].  

Among renewable resources, biomass as an abundant resource that stores the energy from the sun can 
be converted into value-added bio-products [6]. However, among different kinds of biomass, wasted 
biomass (bio-waste) which has no major competition with the food chain or other utilizations is regarded 
as a promising source for biofuel and chemicals production. Wet sludge, which is regarded as the bio-
waste of urban life, has attracted a lot of attention for the production of different kinds of products in recent 
years. The conversion of sludge can be performed through either thermochemical or biochemical 
conversion. The biochemical conversion of biomass is a process of biomass decomposition by  
microorganisms. AD is a biochemical route for gas production from biomass which is being developed to 
be used in different upstream technologies for a variety of applications depending on consumer demands.  
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The mesophilic AD takes place in temperatures in the range of 30-40 0C and the biogas yield depends 
mostly on the biomass composition and also reactor condition. Produced biogas from digestion can be 
directly used as fuel in gas engines (GEs), gas turbines (GTs), or fuel cells (molten carbonate and solid 
oxide fuel cells), or can be upgraded for producing chemicals. Using GTs in power generation has some 
features such as the relatively higher power-to-capital cost ratio, reliability, and fuel flexibility along with 
short running and start-up time. Besides, although fuel cells result in higher electric efficiency, due to the 
sensible catalyst layer inside the fuel cells, highly efficient purification of biogas is required. The 
combusted gas of the gas turbine can be further used for the generation of heat, stream, or other products 
depending on the thermodynamic viability and the need of the customer. 

The two major pathways for the bioresource conversion to hydrogen are biochemical conversion (i.e. 
anaerobic digestion or dark fermentation), thermochemical conversion (i.e., combustion or gasification), 
or using microbial electrolysis cells (MECs). The wastewaters are a rich source of organic nutrients that 
supports the growth of hydrogen producers along with the disposal of waste and energy recovery. Among 
various processes used for wastewater treatment (such as physicochemical/biological processes, 
advanced oxidation processes/photocatalytic reactions, adsorption, filtration, and membrane processes), 
biological processes have been known as one of the best, cost-effective, and high-performing solutions 
for secondary treatment. The type of hydrogen application plays a key role in choosing the fuel and 
processing system for hydrogen production. Among the various hydrogen production processes, less 
energy is used through the biological method since it can be accomplished at moderate operational 
conditions. Thus, biohydrogen production through fermentation is more feasible, economic, and simple 
and received more attention in recent years.  

This study aims to investigate a novel integration of the AD process with power, heat, freshwater, and 
hydrogen production with a focus on the combustion of biogas. The significance of this study is to develop 
a novel system and provide a comprehensive thermodynamic analysis for this biomass-based 
multigeneration system overall along with each of the system components. A biogas combustion model 
is also incorporated into the analysis methodology. The main objectives of the current study are listed as 
follows:  

• Develop an integrated system based on the AD of sludge for power generation, heating, 

desalination, and hydrogen production.  

• Perform energy and exergy analyses of the system components and overall system.  

• Investigate the effect of biogas quality and quantity as well as some other operating parameters on 

the system outputs and the system's overall energy and exergy efficiencies. 

SYSTEM DESCRIPTION  

The multigeneration system proposed in this study is based on the AD of sewage sludge as bio-waste 
coming from a WWTP. Sewage sludge has a high portion of water and a low portion of dry matter (almost 
5 wt%) which is the main source for biogas production. The digestion process results in two main 
products; biogas and digestate. Although the composition of biogas is mainly related to the dry matter 
composition of sludge, it is mainly comprised of CO2 and CH4 and usually contains negligible amounts 
of other gases. Hence, for the base case condition in this study, the biogas is considered as a mixture of 
CH4 with a molar fraction of 60% and CO2 with a molar fraction of 40%. The remaining digestate in the 
digester can be stored for further utilization. Utilization of the digestate can be in the form of soil 
amendment for agriculture or for gas production through gasification.  

 

Produced biogas is used as fuel for power generation in an open Brayton cycle. Air the atmospheric 
pressure and a temperature of 25 0C is first compressed by a certain compression ratio in the compressor 
and meets the fuel in the combustion chamber for high-temperature gas production. The ratio between 
air and fuel is determined according to the operating parameters of the system. The exhaust gases with 
a temperature of 1200 K leave the combustion chamber and expand for power generation in a gas 
turbine. Next, the expanded exhaust gases are further used for steam generation in a VAC subsystem 
and utilized in the HDH system. The work done by the turbine is utilized by the biogas reactor to produce 
hydrogen and then sent to the PEMFC to do the work. The system consists of the following: 
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• Digestion Unit 

• Gas Turbine 

• Vapor Absorption cooling system (LiBr-H2O) 

• Humidifier-Dehumidifier system 

• Membrane Gas Separation-Based Bioreactor 

• PEMFC system 

 

Fig.1 

RESULTS AND DISCUSSION 

For the standard designed conditions, the overall energy and exergy efficiency values of the designed 
multigeneration system are 56.65% and 30.93%, respectively. At standard steady-state designed 
conditions, the system provides 408.2 kW for space cooling in total. The system provides 0.56 kg/s of 
dehumidified water and 1873 kW net Work is supplied by the system. The system provides a total of 
33.65 kg/day of hydrogen, out of which 5.63 kg is stored and the rest is utilized by the fuel cell. The 
digestate produced by the system is utilized as fertilizers and is produced at the rate of 11.85 Kg/s.  

PARAMETRIC STUDY 

The turbine inlet temperature is an important factor affecting the performance of the biogas-fueled 
Brayton cycle. However, the upper band of the Tin turbine for small-scale gas turbines is usually set at 
about 1200 K because of the limited size gas turbine which doesn't allow proper cooling. Fig. 2, indicates 
the effect of Tin on the mass flow rate of fresh water and work done by the Brayton cycle as well as the 
cooling effect produced by the vapor absorption cycle. As shown,  the exhaust mass flow rate decreases 
by increasing the Tin, the specific heat transfer to VAC in the generator plays a major role and hence, an 
increase in Tin from 1200 K to 1500 K, results in an increase in the net power generation of Brayton cycle 
and cooling effect VAC. As a result, as Tin increases the mass flow rate increases for fresh water 
production rate increases from 0.56 to 1.025 kg/s.  
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Fig.2 

CONCLUSION 

In this study, the exergy and energy analyses for the designed solar-based CPV system are performed 
in extensive detail. The main findings of this study are listed as follows:  

• The overall energy efficiency of the system is 56.5% using a biomass-based multigeneration 
system. It also achieved an overall exergy efficiency of 30.9%. 

• The parametric study also displays the ability of the designed system to operate for the locations 
with different Tin values. Higher Tin values result in higher thermal and electrical outputs  

• This study displays a satisfactory performance from the designed system for switching between the 
outputs of the system, such as between heating, cooling, and water requirements according to the 
needs of the users. The system can be rescaled and applied to a different location with different 
demands. 
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Abstract 

The move towards a de-carbonised world, driven partly by climate science and partly by the business opportunities it 
offers, will need the promotion of environmentally friendly alternatives, if an acceptable stabilisation level of atmospheric 
carbon dioxide is to be achieved. This requires the harnessing and use of natural resources that produce no air pollution 
or greenhouse gases and provides comfortable coexistence of human, livestock, and plants. This article presents a 
comprehensive review of energy sources, and the development of sustainable technologies to explore these energy 
sources. It also includes potential renewable energy technologies, efficient energy systems, energy savings techniques 
and other mitigation measures necessary to reduce climate changes. The article concludes with the technical status of 
the ground source heat pumps (GSHP) technologies. 

Keywords— renewable energy resources; technologies; sustainable development; environment 

INTRODUCTION 

Over millions of years ago, plants have covered the earth converting the energy of sunlight into living plants and animals, 
some of which was buried in the depths of the earth to produce deposits of coal, oil and natural gas [1-3]. The past few 
decades, however, have experienced many valuable uses for these complex chemical substances and manufacturing 
from them plastics, textiles, fertiliser and the various end products of the petrochemical industry. Indeed, each decade 
sees increasing uses for these products. Coal, oil and gas, which will certainly be of great value to future generations, 
as they are to ours, are however non-renewable natural resources. The rapid depletion of these non-renewable fossil 
resources need not continue. This is particularly true now as it is, or soon will be, technically and economically feasible 
to supply all of man’s needs from the most abundant energy source of all, the sun. The sunlight is not only inexhaustible, 
but, moreover, it is the only energy source, which is completely non-polluting [4]. 

Industry’s use of fossil fuels has been largely blamed for warming the climate. When coal, gas and oil are burnt, they 
release harmful gases, which trap heat in the atmosphere and cause global warming. However, there had been an 
ongoing debate on this subject, as scientists have struggled to distinguish between changes, which are human induced, 
and those, which could be put down to natural climate variability. 

Notably, human activities that emit carbon dioxide (CO2), the most significant contributor to potential climate change, 
occur primarily from fossil fuel production. Consequently, efforts to control CO2 emissions could have serious, negative 
consequences for economic growth, employment, investment, trade and the standard of living of individuals everywhere. 

ENERGY SOURCES AND USE 

A. Energy Sources 
Scientifically, it is difficult to predict the relationship between global temperature and greenhouse gas (GHG) 
concentrations. The climate system contains many processes that will change if warming occurs. Critical processes 
include heat transfer by winds and tides, the hydrological cycle involving evaporation, precipitation, runoff and 
groundwater and the formation of clouds, snow, and ice, all of which display enormous natural variability. The equipment 
and infrastructure for energy supply and use are designed with long lifetimes, and the premature turnover of capital stock 
involves significant costs. Economic benefits occur if capital stock is replaced with more efficient equipment in step with 
its normal replacement cycle. Likewise, if opportunities to reduce future emissions are taken in a timely manner, they 
should be less costly. Such a flexible approach would allow society to take account of evolving scientific and technological 
knowledge, while gaining experience in designing policies to address climate change [4]. 

The World Summit on Sustainable Development in Johannesburg in 2002 [4] committed itself to ‘‘encourage and promote 
the development of renewable energy sources to accelerate the shift towards sustainable consumption and production’’. 
Accordingly, it aimed at breaking the link between resource use and productivity. This can be achieved by the following: 
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• Trying to ensure economic growth does not cause environmental pollution. 

• Improving resource efficiency. 

• Examining the whole life-cycle of a product. 

• Enabling consumers to receive more information on products and services. 

• Examining how taxes, voluntary agreements, subsidies, regulation and information campaigns, can 
best stimulate innovation and investment to provide cleaner technology. 
 

The energy conservation scenarios include rational use of energy policies in all economy sectors and the use of combined 
heat and power systems, which are able to add to energy savings from the autonomous power plants. Electricity from 
renewable energy sources is by definition the environmental green product. Hence, a renewable energy certificate 
system, as recommended by the World Summit, is an essential basis for all policy systems, independent of the renewable 
energy support scheme. It is, therefore, important that all parties involved support the renewable energy certificate 
system in place if it is to work as planned. Moreover, existing renewable energy technologies (RETs) could play a 
significant mitigating role, but the economic and political climate will have to change first. It is now universally accepted 
that climate change is real. It is happening now, and GHGs produced by human activities are significantly contributing to 
it. The predicted global temperature increase of between 1.5 and 4.5oC could lead to potentially catastrophic 
environmental impacts [5]. These include sea level rise, increased frequency of extreme weather events, floods, 
droughts, disease migration from various places and possible stalling of the Gulf Stream. This has led scientists to argue 
that climate change issues are not ones that politicians can afford to ignore, and policy makers tend to agree [5]. 
However, reaching international agreements on climate change policies is no trivial task as the difficulty in ratifying the 
Kyoto Protocol and reaching agreement at Copenhagen have proved. 

Therefore, the use of renewable energy sources and the rational use of energy, in general, are the fundamental inputs 
for any responsible energy policy. However, the energy sector is encountering difficulties because increased production 
and consumption levels entail higher levels of pollution and eventually climate change, with possibly disastrous 
consequences. At the same time, it is important to secure energy at an acceptable cost in order to avoid negative impacts 
on economic growth. To date, renewable energy contributes only as much as 20% of the global energy supplies 
worldwide [5]. Over two thirds of this comes from biomass use, mostly in developing countries, and some of this is 
unsustainable. However, the potential for energy from sustainable technologies is huge. On the technological side, 
renewables have an obvious role to play. In general, there is no problem in terms of the technical potential of renewables 
to deliver energy. Moreover, there are very good opportunities for RETs to play an important role in reducing emissions 
of GHGs into the atmosphere, certainly far more than have been exploited so far. However, there are still some technical 
issues to address in order to cope with the intermittency of some renewables, particularly wind and solar. Nevertheless, 
the biggest problem with relying on renewables to deliver the necessary cuts in GHG emissions is more to do with politics 
and policy issues than with technical ones [6]. For example, the single most important step governments could take to 
promote and increase the use of renewables is to improve access for renewables to the energy market. This access to 
the market needs to be under favourable conditions and, possibly, under favourable economic rates as well. One move 
that could help, or at least justify, better market access would be to acknowledge that  

there are environmental costs associated with other energy supply options and that these costs are not currently 
internalised within the market price of electricity or fuels. This could make a significant difference, particularly if 
appropriate subsidies were applied to renewable energy in recognition of the environmental benefits it offers. Similarly, 
cutting energy consumption through end-use efficiency is absolutely essential. This suggests that issues of end-use 
consumption of energy will have to come into the discussion in the foreseeable future [7]. 

However, RETs have the benefit of being environmentally benign when developed in a sensitive and appropriate way 
with the full involvement of local communities. In addition, they are diverse, secure, locally based and abundant. In spite 
of the enormous potential and the multiple benefits, the contribution from renewable energy still lags behind the ambitious 
claims for it due to the initially high development costs, concerns about local impacts, lack of research funding and poor  

institutional and economic arrangements [8]. Hence, an approach is needed to integrate renewable energies in a way 
that meets the rising demand in a cost-effective way. 

B. Role of Energy Efficiency Systems 
The prospects for development in power engineering are, at present, closely related to ecological problems. Power 
engineering has harmful effects on the environment, as it discharges toxic gases into atmosphere and also oil- 
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contaminated and saline waters into rivers, as well as polluting the soil with ash and slag and having adverse effects on 
living things on account of electromagnetic fields and so on. Thus there is an urgent need for new approaches to provide 
an ecologically safe strategy. Substantial economic and ecological effects for thermal power projects (TPPs) can be 
achieved by improvement, upgrading the efficiency of the existing equipment, reduction of electricity loss, saving of fuel, 
and optimisation of its operating conditions and service life leading to improved access for rural and urban low-income 
areas in developing countries through energy efficiency and renewable energies. 

Sustainable energy is a prerequisite for development. Energy-based living standards in developing countries, however, 
are clearly below standards in developed countries. Low levels of access to affordable and environmentally sound energy 
in both rural and urban low-income areas are therefore a predominant issue in developing countries. In recent years 
many programmes for development aid or technical assistance have been focusing on improving access to sustainable 
energy, many of them with impressive results. Apart from success stories, however, experience also shows that positive 
appraisals of many projects evaporate after completion and vanishing of the implementation expert team. Altogether, the 
diffusion of sustainable technologies such as energy efficiency and renewable energy for cooking, heating, lighting, 
electrical appliances and building insulation in developing countries has been slow. Energy efficiency and renewable 
energy programmes could be more sustainable and pilot studies more effective and pulse releasing if the entire policy 
and implementation process was considered and redesigned from the outset [9]. New financing and implementation 
processes, 

which allow reallocating financial resources and thus enabling countries themselves to achieve a sustainable energy 
infrastructure, are also needed. The links between the energy policy framework, financing and implementation of 
renewable energy and energy efficiency projects have to be strengthened and as well as efforts made to increase 
people’s knowledge through training. 

RENEWABLE ENERGY TECHNOLOGIES 

Buildings consume energy mainly for cooling, heating and lighting. The energy consumption was based on the 
assumption that the building operates within American Society of heating, Refrigeration and Air-conditioning Engineers 
(ASHRAE) - thermal comfort zone during the cooling and heating periods [10]. Most of the buildings incorporate energy 
efficient passive cooling, solar control, photovoltaic, lighting and day lighting, and integrated energy systems. It is well 
known that thermal mass with night ventilation can reduce the maximum indoor temperature in buildings in summer [11]. 
Hence, comfort temperatures may be achieved by proper application of passive cooling systems. However, energy can 
also be saved if an air conditioning unit is used [12]. The reason for this is that in summer, heavy external walls delay 
the heat transfer from the outside into the inside spaces. Moreover, if the building has a lot of internal mass the increase 
in the air temperature is slow. This is because the penetrating heat raises the air temperature as well as the temperature 
of the heavy thermal mass. The result is a slow heating of the building in summer as the maximal inside temperature is 
reached only during the late hours when the outside air temperature is already low. The heat flowing from the inside 
heavy walls could be reduced with good ventilation in the evening and night. The capacity to store energy also helps in 
winter, since energy can be stored in walls from one sunny winter day to the next cloudy one. However, the admission 
of daylight into buildings alone does not guarantee that the design will be energy efficient in terms of lighting. In fact, the 
design for increased daylight can often raise concerns relating to visual comfort (glare) and thermal comfort (increased 
solar gain in the summer and heat losses in the winter from larger apertures). Such issues will clearly need to be 
addressed in the design of the window openings, blinds, shading devices, heating system, etc. In order for a building to 
benefit from daylight energy terms, it is a prerequisite that lights are switched off when sufficient daylight is available. 
The nature of the switching regime; manual or automated, centralised or local, switched, stepped or dimmed, will 
determine the energy performance. Simple techniques can be implemented to increase the probability that lights are 
switched off [12]. These include: 

• Making switches conspicuous and switching banks of lights independently. 

• Loading switches appropriately in relation to the lights. 

• Switching banks of lights parallel to the main window wall. 

•  
There are also a number of methods, which help reduce the lighting energy use, which, in turn, relate to the type of 
occupancy pattern of the building [12]. The light switching options include: 
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• Centralised timed off (or stepped)/manual on. 

• Photoelectric off (or stepped)/manual on. 

• Photoelectric and on (or stepped), and photoelectric dimming. 

• Occupant sensor (stepped) on/off (movement or noise sensor). 

 

Likewise, energy savings from the avoidance of air conditioning can be very substantial. Whilst day-lighting strategies 
need to be integrated with artificial lighting systems in order to become beneficial in terms of energy use, reductions in 
overall energy consumption levels by employment of a sustained programme of energy consumption strategies and 
measures would have considerable benefits within the buildings sector. The perception is often given however is that 
rigorous energy conservation as an end in itself imposes a style on building design resulting in a restricted aesthetic 
solution. It would perhaps be better to support a climate sensitive design approach that encompasses some elements of 
the pure conservation strategy together with strategies, which work with the local ambient conditions making use of 
energy technology systems, such as solar energy, where feasible. In practice, low energy environments are achieved 
through a combination of measures that include: 

 

• The application of environmental regulations and policy. 

• The application of environmental science and best practice. 

• Mathematical modelling and simulation. 

• Environmental design and engineering. 

• Construction and commissioning. 

• Management and modifications of environments in use. 

 

While the overriding intention of passive solar energy design of buildings is to achieve a reduction in purchased energy 
consumption, the attainment of significant savings is in doubt. The non-realisation of potential energy benefits is mainly 
due to the neglect of the consideration of post- occupancy user and management behaviour by energy scientists and 
designers alike. Calculating energy inputs in agricultural production is more difficult in comparison to the industry sector 
due to the high number of factors affecting agricultural production. However, considerable studies have been conducted 
in different countries on energy use in agriculture [13-18] in order to quantify the influence of these factors. 

 
A. Sustainable Development 

Sustainable energy is the energy that, in its production or consumption, has minimal negative impacts on human health 
and the healthy functioning of vital ecological systems, including the global environment. It is an accepted fact that 
renewable energy is a sustainable form of energy, which has attracted more attention during recent years. Increasing 
environmental interest, as well as economic consideration of fossil fuel consumption and high emphasis of sustainable 
development for the future helped to bring the great potential of renewable energy into focus [19]. Nearly a fifth of all 
global power is generated by renewable energy sources, according to a new book published by the Organisation for 
Economic Co- operation and Development (OECD) / International Energy Association (IEA) [20]. ‘‘Renewables for power 
generation: status and prospects’’ claims that, at approximately 20%, renewables are the second largest power source  

after coal (39%) and ahead of nuclear (17%), natural gas (17%) and oil (8%) respectively. From 1973-2000 renewables 
grew at 9.3% a year and it is predicted that this will increase by 10.4% a year to 2010. Wind power grew fastest at 52% 
and will multiply seven times by 2010, overtaking biopower and hence help reducing green house gases, GHGs, 
emissions to the environment. 

DISCUSSIONS 

The availability of data on solar radiation is a critical problem. Even in developed countries, very few weather stations 
have been recording detailed solar radiation data for a period of time long enough to have statistical significance. Solar 
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radiation arriving on earth is the most fundamental renewable energy source in nature. It powers the bio-system, the 
ocean and atmospheric current system and affects the global climate. Reliable radiation information is needed to provide 
input data in modelling solar energy devices and a good database is required in the work of energy planners, engineers, 
and agricultural scientists. In general, it is not easy to design solar energy conversion systems when they have to be 
installed in remote locations. First, in most cases, solar radiation measurements are not available for these sites. Second, 
the radiation nature of solar radiation makes the computation of the size of such systems difficult. While solar energy 
data are recognised as very important, their acquisition is by no means straightforward. The measurement of solar 
radiation requires the use of costly equipment such as pyrheliometers and pyranometers. Consequently, adequate 
facilities are often not available in developing countries to mount viable monitoring programmes. This is partly due to the 
equipment cost as well as the cost of technical manpower. Several attempts have, however, been made to estimate solar 
radiation through the use of meteorological and other physical parameter in order to avoid the use of expensive network 
of measuring instruments. 

A sustainable energy system includes energy efficiency, energy reliability, energy flexibility, fuel poverty, and 
environmental impacts. A sustainable biofuel has two favourable properties, which are availability from renewable raw 
material, and its lower negative environmental impact than that of fossil fuels. Global warming, caused by CO2 and other 
substances, has become an international concern in recent years. To protect forestry resources, which act as major 
absorbers of CO2, by controlling the ever-increasing deforestation and the increase in the consumption of wood fuels, 
such as firewood and charcoal, is therefore an urgent issue. Given this, the development of a substitute fuel for charcoal 
is necessary. Briquette production technology, a type of clean coal technology, can help prevent flooding and serve as 
a global warming countermeasure by conserving forestry resources through the provision of a stable supply of briquettes 
as a substitute for charcoal and firewood. 

District Heating (DH), also known as community heating can be a key factor to achieve energy savings, reduce CO2 
emissions and at the same time provide consumers with a high quality heat supply at a competitive price. Generally, DH 
should only be considered for areas where the heat density is sufficiently high to make DH economical. In countries like 
Denmark for example, DH may today be economical even to new developments with lower density areas, due to the 
high level of taxation on oil and gas fuels combined with the efficient production of DH. 

Platinum is a catalyst for fuel cells and hydrogen-fuelled cars presently use about two ounces of the metal. There is 
currently no practicable alternative. Reserves are in South Africa (70%), and Russia (22%). Although there are sufficient 
accessible reserves in South Africa to increase supply by up to 5% per year for the next 50 years, there are significant 
environmental impacts associated with its mining and refining, such as groundwater pollution and atmospheric emissions 
of sulphur dioxide ammonia, chlorine and hydrogen chloride 

Hydrogen is now beginning to be accepted as a useful form for storing energy for reuse on, or for export off, the grid. 
Clean electrical power harvested from wind and wave power projects can be used to produce hydrogen by electrolysis 
of water. Electrolysers split water molecules into its constituent parts: hydrogen and oxygen. These are collected as 
gases; hydrogen at the cathode and oxygen at the anode. The process is quite simple. Direct current is applied to the 
electrodes to initiate the electrolysis process. Production of hydrogen is an elegant environmental solution. Hydrogen is 
the most abundant element on the planet, it cannot be destroyed (unlike hydrocarbons) it simply changes state (water to 
hydrogen and back to water) during consumption. There is no CO or CO2 generation in its production and consumption 
and, depending upon methods of consumption, even the production of oxides of nitrogen can be avoided too. However, 
the transition will be very messy, and will take many technological paths to convert fossil fuels and methanol to hydrogen, 
building hybrid engines and so on. Nevertheless, the future of hydrogen fuel cells is promising. Hydrogen can be used 
in internal combustion engines, fuel cells, turbines, cookers gas boilers, road-side emergency lighting, traffic lights or 
signalling where noise and pollution can be a considerable nuisance, but where traffic and pedestrian safety cannot be 
compromised. 

Water is the most natural commodity for the existence of life in the remote desert areas. However, as a condition for 
settling and growing, the supply of energy is the close second priority. The high cost and the difficulties of mains power 
line extensions, especially to a low populated region can focus attention on the utilisation of different and more reliable 
and independent sources of energy like renewable wind energy. 

Accordingly, the utilisation of wind energy, as a form of energy, is becoming increasingly attractive and is being widely 
used for the substitution of oil-produced energy, and eventually to minimise atmospheric degradation, particularly in 
remote areas. Indeed, utilisation of renewables, such as wind energy, has gained considerable momentum since the oil 
crises of the 1970s. Wind energy, though site-dependent, is non-depleting, non-polluting, and a potential option of the 
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alternative energy source. Wind power could supply 12% of global electricity demand by 2020, according to a report by 
the European Wind Energy Association and Greenpeace. 

The challenge is to match leadership in GHG reduction and production of renewable energy with developing a major 
research and manufacturing capacity in environmental technologies (wind, solar, fuel cells, etc.). More than 50% of the 
world’s area is classified as arid, representing the rural and desert part, which lack electricity and water networks. The 
inhabitants of such areas obtain water from borehole wells by means of water pumps, which are mostly driven by diesel 
engines. The diesel motors are associated with maintenance problems, high running cost, and environmental pollution. 
Alternative methods are pumping by photovoltaic (PV) or wind systems. At present, renewable sources of energy are 
regional and site specific. It has to be integrated in the regional development plans. 

CONCLUSIONS 

There is strong scientific evidence that the average temperature of the earth’s surface is rising. This is a result of the 
increased concentration of carbon dioxide and other GHGs in the atmosphere as released by burning fossil fuels. This 
global warming will eventually lead to substantial changes in the world’s climate, which will, in turn, have a major impact 
on human life and the built environment. Therefore, effort has to be made to reduce fossil energy use and to promote 
green energy, particularly in the building sector. Energy use reductions can be achieved by minimising the energy 
demand, rational energy use, recovering heat and the use of more green energy. This study was a step towards achieving 
this goal. The adoption of green or sustainable approaches to the way in which society is run is seen as an important 
strategy in finding a solution to the energy problem. The key factors to reducing and controlling CO2, which is the major 
contributor to global warming, are the use of alternative approaches to energy generation and the exploration of how 
these alternatives are used today and may be used in the future as green energy sources. Even with modest assumptions 
about the availability of land, comprehensive fuel-wood farming programmes offer significant energy, economic and 
environmental benefits. These benefits would be dispersed in rural areas where they are greatly needed and can serve 
as linkages for further rural economic development. The nations as a whole would benefit from savings in foreign 
exchange, improved energy security, and socio-economic improvements. With a nine-fold increase in forest – plantation 
cover, a nation’s resource base would be greatly improved. The international community would benefit from pollution 
reduction, climate mitigation, and the increased trading opportunities that arise from new income sources. The non-
technical issues, which have recently gained attention, include: (1) Environmental and ecological factors, e.g., carbon 
sequestration, reforestation and revegetation. (2) Renewables as a CO2 neutral replacement for fossil fuels. (3) Greater 
recognition of the importance of renewable energy, particularly modern biomass energy carriers, at the policy and 
planning levels. (4) Greater recognition of the difficulties of gathering good and reliable renewable energy data, and 
efforts to improve it. (5) Studies on the detrimental health efforts of biomass energy particularly from traditional energy 
users. 

RECOMMONDATIONS The following are recommended: 

• Launching of public awareness campaigns among local investors’ particularly small-scale entrepreneurs and end 
users of RETs to highlight the importance and benefits of renewable, particularly solar, wind, and biomass energies. 

● Amendment of the encouragement of investment act, to include furthers concessions, facilities, tax holidays, and  

● preferential treatment to attract national and foreign capital investment. 

● Allocation of a specific percentage of soft loans and grants obtained by governments to augment budgets of (R &  

D) related to manufacturing and commercialisation of RETs. 

● Governments should give incentives to encourage the household sector to use renewable energy instead of 
conventional energy. 

● Execute joint investments between the private sector and the financing entities to disseminate the renewable with 
technical support from the research and development entities. 

● Availing of training opportunities to personnel at different levels in donor countries and other developing countries 
to make use of their wide experience in application and commercialisation of RETs particularly renewable energy. 

● The governments should play a leading role in adopting renewable energy devices in public institutions, e.g., 
schools, hospitals, government departments, police stations, etc., for lighting, water pumping, water heating, 
communication and refrigeration. 

● Encouraging the private sector to assemble, install, repair and manufacture renewable energy devices via 
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investment encouragement and more flexible licensing procedures. 
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ABSTRACT 

This paper concerns the development of a new hybridized powering system that uses environmentally benign hydrogen-based 
mixed with methane. The proposed powering system is uniquely designed and consists of an internal combustion engine 
(ICE), gas turbine (GT), solid oxide fuel cell (SOFC), and thermoelectric generators (TEG). This system is investigated 
thermodynamically using the Aspen PLUS simulations. The two traditional ICE engines produce a net power of 21048 
kW with a 22.9% energy efficiency and 29.0% exergy efficiency. In conjunction with this, the hybridized GT and ICE system 
can deliver a maximum power of 24968 kW using a hydrogen-methane fuel blend. The engine energy and exergy 
efficiencies are 30% and 39%, respectively. The specific fuel consumption decreases to 273 g/kWh by 16%, and the carbon 
emissions are drastically decreased by about 35% by utilizing a sustainable fuel blend; meanwhile, the overall system 
performance is increased by more than 25%, respectively. 

Keywords: Exergy, energy, efficiency, hydrogen, SOFC, gas turbine 

INTRODUCTION 

Marine transportation is recognized as another source of global warming due to the pollutants emitted, and sometimes it 
can be considered as conditional marine pollution for international shipping [1]. However, greenhouse gas (GHG) 
emissions are anticipated to rise by 50% in 2050, and an international mitigation governance system should be the 
initiative to ease some challenges to reduce the emissions [2]. Different methods to improve efficiency and reduce 
emissions. For example, Wang et al. [3] presented a review of marine renewable energy storage evolving pumped hydro, 
hydrogen, battery and buoyancy energy storages and need more contribution to enhance the energy performance with 
economic benefits. Also, numerous researchers have been studying on-board hydrogen storage using desalination of 
seawater and electrolysis for hydrogen production combined with proton membrane fuel cells. Some researchers have 
recommended that hydrogen and ammonia is the best option for zero-carbon ships. However, it is not applicable for 
tankers and global shipping. Therefore, this research is presented to fill this gap. 

The research objectives are to conduct a new powering system for marine transport, especially for tankers, by combining 
an existing marine diesel engine and hybridized marine gas turbine in addition to using thermoelectric generators to 
recover the waste heat. The new system is analysed thermodynamically to assess the engine performance. Moreover, the 
new engine system is operated using 25%wt. hydrogen and 75%wt. methane instead of marine gas oil (MGO-DMA). 

MATERIALS AND METHODS 

Oil tankers are used for transporting refined or unrefined oils and their derivatives. There are different sizes and capacities, 
such as Panamax, and Ultra-Large Crude Carriers (ULCC). Aframax with a length of 254 m and maximum 120,000 DWT. 
It can carry up to 4 million barrels of oil. This tanker is operated using marine gas oil (MGO-DMA), However, the newly 
developed Aframax is operated using 75%wt. methane and 25%wt. hydrogen. The hybrid combined engines consist of 
an ICE, a marine gas turbine (GT), a solid oxide fuel cell (SOFC) system, and two thermoelectric generators (TEGs), as 
shown in Fig. 1. The first system is the TEG-ICE system. The intake air is going under a similar process to traditional 
ICE, but the exhaust gases from the engine are gathered into one large exhaust manifold and then cooled by the first 
TEG1. The second system is the hybridized GT system, which comprises of two compressors with an intercooler, and 
two turbines with a reheater. The air is compressed by the low-pressure compressors, then cooled by an intercooler, then 
compressed by a high-pressure compressor. The compressed air is added heat by the exhaust air from the last turbine 
before entering the cathode of the SOFC to be catalytically burned and expanded by the high-pressure turbine. The 
exhaust air is reheated by the exit of the catalytic burner before entering the low-pressure turbine. The excess heat from 
exhaust gases can be used for the TEG2 to provide electricity. 

mailto:shaimaa.seyam@ontariotechu.net


13th International Conference on Hydrogen Production (ICH2P-2022) 
December 11-14, 2022  

28 
 

The proposed system is modelled using thermodynamic analysis and simulated using the Aspen PLUS, which is a reliable 
and authentic software in the field of thermo-chemical engineering. The hybridized marine engine system is a combination 
of TEG-ICE engine and hybrid GT that each of them can fulfil the power of Aframax and adding them can increase the total 
power to double without increasing the overall engine weight. Therefore, the performance of each engine system is 
considered as well as the combination of them. The TEG-ICE has a net thermal efficiency of 𝜂𝐼𝐶𝐸,𝑛𝑒𝑡 and a net exergetic 

efficiency of 𝜓𝐼𝐶𝐸,𝑛𝑒𝑡 that includes the ower and heat reduction of TEG1, while the hybrid GT has a net thermal and exergetic 

efficiency of 𝜂𝐺𝑇,𝑛𝑒𝑡 and 𝜓𝐺𝑇,𝑛𝑒𝑡 , respectively. If the two engines are totally combined and utilized, then the total thermal 

and exergetic efficiency can be given as 𝜂𝑡  and 𝜓𝑡, as mentioned below. 

The specific fuel consumption (SFC) is another parameter addressing the engine performance in terms of fuel 
consumption as follows: 

 

Fig. 1. A layout of the proposed hybrid marine engine 
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RESULTS AND DISCUSSION 

The presented design of two marine engines is simulated and analysed using Aspen Plus by selecting an equation of 
state of Soave-Redlich-Kwong (SRK) for the hydrocarbons. These components and processes are combined into 
subsystems, which are analyzed in Table 12. The ICE engine has a net power of 12050 kW using the methane and 
hydrogen blend, with a heat addition of 52550 kW and a heat rejection of 4849 kW. This ICE engine has an energetic and 
exergetic efficiency of 25.3% and 31.5%, respectively. If the TEG1 is attached to the exhaust pipeline, it provides 220 kW 
with a thermal and exergetic efficiency of 6%. Therefore, the hybrid ICE engine can provide a total of 12270 kW and has 
a thermal efficiency of 28% and an exergetic efficiency of 35%. The second engine is the GT hybridized with a fuel cell of 
SOFC. The GT provides a net power of 7135 kW, while it requires a heat of 41684 kW and rejects some of 2216 kW, so 
its performance is 18% and 24.6% of thermal and exergetic efficiencies, respectively. The SOFC system generates a 
power of 5120 kW by using a net heat addition of 8491 kW with thermal and exergy efficiencies of 42.9% and 59.5%, 
respectively. Also, the exhaust gases have a rejected heat of 7350 kW, which is converted to the electricity of 352.5 kW 
by using TEG2 with an efficiency of 5%. This second engine has a net power of 12697.9 kW, thermal efficiency of 31.3%, 
and an exergetic efficiency of 42.4%. The two combined engines have a net power of 24968 kW, thermal efficiency of 
29.5% and exergy efficiency of 38.5%. The SFC of the traditional engine is 325 g/kWh, and the two engines produce 
carbon emissions of 6.02 kg/s. Also, this traditional marine engine has a total energetic and exergetic efficiency of 22.9% 

and 29%, respectively. However, The SFCt of the total engines is 272.5 g/kWh, which is decreased by 16.1%, and the 
carbon emission is reduced to 3.89 kg/s. 

CONCLUSIONS 

This paper presents a newly designed marine engine of the Aframax tanker. The new design has replaced one engine 
with a hybridized gas turbine engine consisting of low- and high-pressure compressors and a turbine Brayton cycle, and 
a direct SOFC system. The hybrid marine engine can produce a total power of 24968 kW, thermal efficiency of 29.5% 
and exergy efficiency of 38.5%. 
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ABSTRACT 

Although industrialization marks to the economy of a country yet it increases the pollution and temperature of the 
environment. The world is now shifting towards green energy because the utilization of fossil fuels is resulting in global 
warming. There is a dire need to utilize various technologies in order to develop our reliance on the renewable energy 
sources. In the current study, a biomass-assisted system is used to produce various outputs like fresh water, electricity, 
cooling effect, etc. The fuel cell is employed to consume the hydrogen-based fuel to power the proposed system. 
Moreover, the bleed steam that comes out from the high-pressure turbine of the regenerative power cycle has been 
utilized by the Isobutane power plant. The cooling effect was produced via a Li-Br-based Double Absorption cooling 
system. A detailed thermos-and-economic analysis was conducted. The rate of power produced by the regenerative 
power plant is 1407 kW while iso-butane turbine has power producing capacity of 773.3 kW. The fresh water production 
from the reverse osmosis system was almost 5.8 kg/s. 

Keywords: Iso-Butane power cycle, Fuel cell, Hydrogen Production, Multigeneration system, Double vapor absorption 
cycle 

INTRODUCTION 

The current energy crisis has made finding efficient power systems a major issue of concern. Amongst the technologies 
needed to transition to green technologies, fuel cells are considered to play a huge role. Mainly because of their high 
efficiencies, long term stability, and lower carbon emissions [1]. Solid oxide fuel cells (SOFC) are considered not only to 
be of low cost but also because it directly utilizes hydrocarbon fuel and converts the chemical energy to electrical energy 
[2]. Another future benefit of using SOFC is their flexibility and compatibility with higher operating conditions enabling 
them to be integrated into multigenerational systems which are integrated with other renewable sources of energy [3]. 

Many studies have shown the importance of employing a multigeneration system. Significant studies like Dincer et al, 
[4], and Ratlamwala et al. [5] has shed important light on employing multigeneration system for various applications that 
can support the energy transition. Studies like Dagdas et al [6] highlighted the use of various working fluids and Isobutane 
turned out to be one of the prominent ones. This study improves the understanding of a novel multigeneration system by 
performing detailed energy and exergy analysis of an integrated multigeneration system based upon using biomass 
energy to function multiple other cycles like vapor absorption cycle, power cycle, and freshwater production. 

ANALYSIS 

System Description 

The proposed system uses biomass as a source of hydrocarbon fuel for the fuel cell. The hydrogen evolves on the anode 
via the reduced oxygen. The cathodic and anodic reactions generate an electric potential that can be used to produce 
electricity which powers an electric boiler. The superheated stream is generated from the boiler which then moves 
towards the high and low-pressure turbine of the regenerative power cycle. The feed water heaters and economizer 
assists the power cycle in a closed loop with increased efficiencies than the conventional one. Moreover, the cooling 
effect is produced via the Li-Br-based double absorption cycle and the generator of the VAC is powered by the electric  

heater. A cooling tower is also introduced to prevent the cycle from overheating. The discharged bleed steam is further 
processed in the iso-butane power cycle which is utilized to increase the overall power capacity of the multi-generation 
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system. In the end, seawater passes through a Reverse Osmosis plant to obtain fresh water. The schematic diagram of 
the proposed cycle is shown in detail in Figure 1. 

 

RESULTS AND DISCUSSION 

Cost rate of Exergy destruction of essential components has been calculated in Fig. 2, it is seen that iso-butane turbine 
has the maximum cost of exergy destruction this is because the influence of high-temperature water streams and unit 
cost of fuel. Fig. 3 represents that whenever there is change in the Current density of SOFC there will be also change in 
efficiencies (Energy and Exergy). It is seen that the iso-butane power plant has very gradual escalation in efficiencies 
during the increase in current density while on the other side regeneration power plant and DEACS has rapid increase 
rate. Furthermore, the SOFC has relatively minimal changes in efficiencies as it is the source which produces current 
and supply to the subsystems of the multi generation system hence due to more heat gain more heat loss will be occurred 
which correspond to more rate of power consumption. 

CONCLUSIONS 

A novel multigenerational system integrated with Iso-Butane Power Cycle and Solid Oxide Fuel Cell has been analyzed 
where system has the ability to produce five outputs viz. Electricity, Cooling, Heating, Drinking Water, and Hot water. A 
comprehended examination has been performed which includes energy and exergy, and Exergo Economic analysis. 
The thermal efficiency of the regenerative power cycle is 62.88%, with a power production of 1407 kW. Additionally, the 
rate of power produced by the iso-butane turbine is 773.3 kW. The COP of the Double Effect Absorption System (DEACS) has 
been calculated as 1.8 and its cooling rate is 116.9 kW. 
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The decrease in the rate of exergy destruction has to be done by utilizing the wasted heat in the better mode which may 
also lead to the overall better performance of the system. The power produced by the solid oxide fuel cell is 66.654 
kW.Additionally, it has also been noted that the iso-butane cycle has the maximum rate of exergy destruction which is 
12.42 $/h on the other side the desalination cycle has 0.13 $/h. The unit cost of fuel for the DEACS is 12 $/GJ which 
is the maximum as compared to the other sub-systems. 

 
 

 

Figure 1: Schematic of the proposed Multigeneration system. 

 

 

Figure 2: Cost Rate of Exergy destruction of components 

 

 
Figure 3: Variations in Thermal and Exergy Efficiencies due to 

change in Current Density of SOFC 

 

The mass of fresh water production by the reverse osmosis cycle is about 5.818 kg/s it is achieved by pre-treatment of 
seawater whereas, the power produced by the Pelton turbine that is implemented in the desalination cycle is 68.73 kW. 
This power has been produced by the utilization of the bleed stream of the brine. Furthermore, it is also found that the 
regenerative power plant and double effect absorption chiller system have consumed more thermal energy which may 
correspondingly lead to more exergy destruction. 
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ABSTRACT 

Even though the Proton Exchange Membrane Fuel Cell (PEMFC) is sought to be an effective power source, about fifty 
percent of the energy generated by the electrochemical reaction is lost as heat due to the cathodic reaction being 
irreversible, there is an Ohmic resistance, and there are mass transport overpotentials. This study focuses on how the 
heat loss from the cell can be recovered and used as source of useful energy, ultimately increasing the efficiency of the 
cell. The paper further explains how PEMFC fuel cell, working along two external energy sources which are a part of a 
system using Kalina cycle to extract energy from every source to convert into work. This is to not only power an Industry 
but also used for wastewater treatment from the industry to regenerate oxygen and hydrogen through a hydrogen power 
plant, which will be used in fuel cell as well. Paper further presents an overview on the Kalina cycle; effects of the 
separator, recuperator and basic ammonia mass fraction are investigated. Furthermore, in this research, thermal 
efficiency of the Kalina cycle is one of the objective and optimum value of the efficiency of the Kalina cycle is found to be 
55%. At the optimum thermal efficiency, power of the cycle is calculated and analysis of the choice to opt Kalina cycle 
over the conventional Rankine cycle is also done. Finally, in this paper a working Simulink model is made to calculate the 
response of cell against different types of input. This paper carries novelty. 

KEYWORDS: Kalina Cycle, PEMFC, Regeneration of Fuels, Simulation and Analysis, Wastewater Treatment. 

INTRODUCTION 

Waste heat is everywhere. Every time an engine runs, a machine clunks away, or any work is done by anything, heat is 
generated. That’s a law of thermodynamics. Often, that heat gets thrown away, dribbling out into the atmosphere. The 
scale of this invisible garbage is huge: About 70 percent of all the energy produced by humanity gets chucked as waste 
heat. In its most basic definition, Waste heat is the unused heat given to the surrounding environment (in the form of 
thermal energy) by a heat engine in a thermodynamic process in which it converts heat to useful work. The second law 
of thermodynamics states that waste heat must be produced when converting a temperature difference into mechanical 
energy (which is often turned into electrical energy in power plants). Waste heat is inevitable for any heat engine and 
the amount it produces compared to the amount of input heat are factors that make up its thermal efficiency. Moreover, 
this waste heat contributes greatly to climate change in the form of global warming, as the heat lost is dissipated into the 
atmosphere, or large bodies of water like rivers and even oceans. In order to counter this problem, in place of an Organic 
Rankine cycle (which is the cycle usually used), we opt for a more efficient Kalina cycle. This cycle serves by improving 
the overall efficiency of the cycle by utilizing the heat exiting the turbine and adding it to increase the temperature of the 
working fluid (Ammonia and Water) for power generation of the turbine. 
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SYSTEM DESCRIPTION 

Fig 1.0 shows proposed design of using PEMFC generated heat passed onto the heat exchanger which vaporizes the 

working fluid (ammonia solution) and passes it to the heat exchanger (2) to convert it into superheated vapor and into the 
turbine. Immediately after exiting the turbine (5), the working fluid will have 70% of ammonia by weight, so the 
concentration of ammonia is decreased with the help of a device called separator which mixes the concentrated mixture 
with lean solution to make a solution containing 40% ammonia by weight (10) to get a greater condensing temperature 
in the condenser. The condensed liquid from the condenser is mixed again with the rich mixture (9,11) to take working 
fluid to the original concentration, to pe pumped into the recuperator which transfers the heat from the hot steam coming 
out of turbine (6) into the cold condensed solution to increase temperature at heat exchanger to increase efficiency of 
the cycle. 

 

Regeneration of fuels 

 

The water tank in the factory stores the incoming water from the industrial water treatment plant. The water tank feeds 
water to the electrolyser which is powered from one of the power outputs from the Kalina Cycle. The electrolyser has a 
highly conductive electrode stack to which a high voltage and current is applied which causes the water to break down 
into its components: hydrogen and oxygen. Hydrogen and Oxygen are then fed into fuel cells to provide to go under 
electrolysis within fuel cell. 

 

RESULTS AND DISCUSSION 

 

Power inputs and consumption of power 

 

The system is built to power a textile industry in the northern regions of Pakistan through 3 power sources. There are 3 
power inputs, first from the heat generated from fuel cell being converted into useful work through generator (4) in kalina 
cycle which is used to power machinery in textile industry. 
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All the power inputs additional to the supplies done to kalina cycle also supply power to the grid which transfers power to 
the industry for several purposes. 

CONCLUSION 

It can be concluded that the efficiency of the system is increased by using a superheater in the Kalina cycle and using the 
electrolyser to generate the fuels and by using the condenser water out in the electrolyser that will require minimum 
power for the electrolyser to work. 
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ABSTRACT 

Hydrogen fuel cells are considered as an alternative to Lithium-Ion batteries as they have a far greater energy storage 
density than Lithium-ion batteries and are much more environmentally friendly options. Different types of fuel cells are being 
developed and are used as required. Furthermore, fuel cell technology is being introduced in electric vehicles due to their 
significant range advantage over conventional batteries. This paper is based on an analysis of Phosphoric Acid Fuel Cells 
(PAFC) and studies their mathematical model in SIMULINK. The H2 gas is produced in-house using pyrolysis to overcome 
the logistical issues with its transportation. An analysis of the system response under different ambient conditions was 
conducted. Moreover, the pressure of produced H2 gas is regulated or adjusted, and the variation of voltage output is noted. 
Our simulated use case is in the commercial sector however the scaling of the system is adjustable. The exhausted steam 
is used to generate electricity, further increasing the efficiency of the overall system. Lastly, a heat exchanger may be 
coupled with the fuel cell to make use of its operating temperature and heat water which can be used for domestic or 
commercial purposes as required. 

Keywords: Fuel Cell, Phosphoric Acid, Pyrolysis, Commercial Use, SIMULINK 

INTRODUCTION 

PAFCs have an efficiency of about 40% in electricity generation. However, this number may rise up to 85% in co- 
generation of heat and electricity. To overcome their size disadvantage, they are employed in institutions for the heat 
and electricity generation purposes. For combined heat and power processes the by-product water may be utilised due 
to optimum operating temperatures of 1500C – 2000C which are not readily available in the similar Proton Exchange 
Membrane Fuel Cells (PEMFC). Like all fuel cells H2 is utilised for proper working of the fuel cells to produce clean 
energy. However, H2 storage and transportation is a major issue, and a cost intensive. During liquefication H2 may lose 
up to 30% of its energy content, further hydrogen is transported in super-insulated, cryogenic tanker trucks which means 
that petroleum, a non-renewable energy source, is required [1]. Therefore, H2 generation, or pyrolysis, at site area would 
resolve both issues to a large extent. Although to start the production, energy is required which may be compensated 
through by integrating a renewable energy source such as solar power. To make the systems environmentally friendly 
and economically viable, products obtained throughout the system may be used either for commercial purposes or to 
fulfil the needs in residential areas, such as the utilisation of flue gases. 

SYSTEM DESCRIPTION 

The system is designed to produce power outputs for large, static loads i.e., Universities and Hospitals by using a stack 
of Phosphoric acid fuel cells. The entire system is sustainable and the Hydrogen which is being utilized is produced in- 
house to overcome the transportation issues, refuelling times, and potential hazards possessed by hydrogen. Pyrolysis 
of readily available natural gas is employed as a manufacturing process of Hydrogen. Catalyst and Natural gas 
preheaters, as well as the initial start-up of the Fuel cell, is powered by a large solar field. A pressure regulator is placed 
before the fuel cell to monitor and optimize the pressure of hydrogen gas after separating it from (other gases). 

Power output from the fuel cell is used to energize the loads. Excess preheated water which is released after the reaction 
is allowed to enter a boiler where it takes heat from the flue gases released during pyrolysis and low-pressure steam is 
generated which runs a turbine producing power. Steam is then passed through a condenser where distilled water is 
obtained as a by-product. Cold flue gases from the heat exchanger are then released into the environment. 

 

Fig (2-a) shows the variations in output voltage with respect to the change in pressure of H2. The rise is sensitive to 

pressure during the early (till 200 kPa) and keeps on getting less sensitive as the pressure increases. A similar behaviour 
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is observed when the pressure of O2 is changed however it is much less pronounced. There is also a considerable effect 

of temperature in the output voltage as shown in fig (3). As the internal temperature of the Fuel cell increases, the voltage 
also increases but too high temperatures may cause distortion of cells. The total power resulting from this PAFC is about 
120 KW or 0.12 MW. 

 

Figure 1: Schematic diagram of proposed system. 

PROJECTED EXPERIMENTAL OBSERVTIONS IN SIMULINK MODELING 

Analysis of the variation of Power Output as the pressure of gases taking part in the electrochemical reaction is varied. As 
well as effect of change in temperature on the Power Output because of change in the Output Voltage and Current Variation,  
on a fuel cell consisting of 5 stacks which can be modelled up to 100 stacks as per the requirements of the commercial 
and/or residential requirement. To replace the conventional non-renewable sources of energy and find an optimum 
concentration of H2 gas in the Hydrogen-Air mixture which would provide the most efficiency i.e., Power Output. 

 

 

RESULTS AND DISCUSSION 

From Figure 2 it may be noted that an increase in pressure of either of the two input gases would result in an increase 
in the power output. To increase the pressure of O2 gas energy needs to be expended, however due to the nature of our 
system H2 produced in pyrolysis would already be at a high pressure suitable for our requirements, and thus making the  
system more efficient. Although H2 and O2 have moles of ratio 1:2 utilised for the process as per equation 3, however the  

Simulink results show that a ratio of approximately 1:0.75 is followed. As seen from the graphs, O2 shows a fairly linear 
increase in output as its pressure is increased whereas H2 shows a sharp increase which and the gradient is gradually 
lowered and becomes equal to that of O2 as a higher pressure of both gases is analysed. 
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Moreover, as observed from Figure 3 an increase in the operating temperature inside the fuel cell would also have 
positive effects on the power output. However, this temperature may only be increased up to an extent due to material 
and fuel cell safety and the utilisation of heat exchangers would be a useful addition for positive results. 

 

Figure 2: Effect of pressure variation on the output voltage (a) O2 (b) H2 

 

Figure 3: Effect of temperature variation on the output voltage 

CONCLUSIONS 

We can see from our findings that the working temperature of PAFC fuel cell is optimum for our requirements. Coupled with 
the inhouse production of Hydrogen gas, to fulfil its needs greatly increase the efficiency and provides a tough competition 
to non-renewable sources of energy. The starting power for Hydrogen production may be supplied through solar as 
proposed, which individually is considered an undependable source of energy, but would work perfectly in this system 
atmosphere. 
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ABSTRACT 

In addition to battery electrification and renewable fuels, hydrogen has the potential to be a revolution that will have a 
significant impact on the development of the carbon-neutral society of the future. A fuel with characteristics like hydrogen 
can lower the overall amount of greenhouse gas emissions. A fuel cell utilizes the chemical energy of Hydrogen or other 
fuels to efficiently generate electricity. Using Hydrogen and Oxygen as inputs we get electricity, steam and heat. It offers 
the possibility of zero- emission electricity generation. In this paper, we will be focusing on the thermodynamic analysis 
of a power generation system consisting of a Proton Exchange Membrane (PEMFC) fuel cell whose solid electrolyte 
system also averts the need to contain corrosive liquids and is thus preferred by many developers over alkaline, 
phosphoric, or molten carbonate fuel cells. An operating temperature of 100– 200 °C is desired which will allow for the co-
generation of heat and power. Waste heat recovery is also done using the Rankine Cycle which is a process used to 
harness the thermal energy of a fuel or other heat source using a pump, heat exchangers, turbine and a condenser to 
generate work. MATLAB/Simulink R2022a is used for the modelling of this power generation system. 

Keywords: MATLAB/Simulink, PEMFC, Rankine Cycle, EV Charging Station 

INTRODUCTION 

Alternative renewable clean energy is urgently needed in the twenty-first century due to the growing global concern over 
the depletion of fossil fuels and the preservation of the environment. The proton exchange membrane fuel cell (PEMFC), 
which has a lower emission burden than many other energy- conversion technologies, is one of the most promising 
options. PEMFC is used as a prime mover in multi-generational systems to achieve improved energy efficiency, while 
waste utilisation technology is used to recover the heat produced during chemical reactions. A significant portion of the 
fuel's energy—30–40%—is lost, and only 12–25% of it is transformed into useable power. Additionally, waste heat is 
released during all manufacturing and machine activities in a variety of methods, including radiation, exhaust gas, and 
cooling fluid. To analyse RC thermodynamically, numerous studies have been conducted in which cycle configurations, 
working fluid choices, and economic parameters were examined. Some researchers concentrated on the net power 
output of the RC cycle that can be utilised in the numerous industrial plants that are currently operational worldwide. 

Researchers from several nations are working to overcome the combined heat and power (CHP) processes' constraint, 
and certain heat recovery fixes have been proposed. The combined heat and power system's highest efficiency was close 
to 81%. In order to recover waste heat, Briguglio et al. tested a 5 KW PEM fuel cell system in a cogeneration configuration 
with a heat exchanger that was directly linked to the cathode outlet. The results showed that the overall system efficiency 
increased up to 85% when heat exchanger worked at nominal power. 

SYSTEM INTRODUCTION 

A HT-PEMFC that runs at 150–180 oC and the waste energy that a Rankine cycle is using to regenerate power make 
up our system. Our system has three inputs: a wind turbine, a water supply tank, and the fuel cell itself, with two outputs: 
a gypsum factory and an EV charging station. Our PEMFC is made up of a polybenzimidazole (PBI) membrane, 
phosphoric acid as an electrolyte, and the reactions at the anode and cathode are monitored. 
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Our fuel cell system has a 55% efficiency rate. The effect of variations in PEMFC operating temperature and current 
density on cycle efficiency was explored, and the results show that as PEMFC working temperature increases, combined 
system efficiency increases, however as PEMFC current density increases, Rankine Cycle efficiency remains constant 
and combined system efficiency declines. Utilizing the Rankine cycle, which includes a heat exchanger, condenser, 
turbine, and pump, the residual waste heat is recovered. R134a is the operating fluid. The working liquids for RC to 
capture energy from the PEMFC are R134a and R245fa. Based on the first and second laws of thermodynamics, a 
combined PEMFC and model is developed. It is discovered that R134a has a greater cycle efficiency (RC) than R245fa, 
which is about 11.33 percent versus 9.16 percent. When compared to the fuel cell stack alone, the overall system 
efficiency (sys) for R134a can be raised by about 5.84%. The effect of variations in the operating temperature and current 
density of the PEMFC stack on cycle efficiency (RC) is studied for R134a. The results show that as the PEMFC stack's 
working temperature rises, both the RC cycle efficiency (RC) and the combined system efficiency (sys) rise as well. In 
contrast, as the PEMFC's current density rises, the RC cycle efficiency (RC) practically stays constant while the combined 
system efficiency (sys) falls. The Rankine cycle utilizes water from a water tank supply to provide water to the condenser, 
which uses it to exchange heat from the working fluid for use in the gypsum plant's operation, which necessitates hot 
water. The EV Charging Station receives the output power from the turbine. If there is enough electricity for the pump, 
the wind turbine will also supply power to the EV charging station. The pump in our Rankine cycle receives power from 
this source. The efficiency of our whole system is 62%. 

Equations 

TOTAL FUEL CELL OUTPUT 

𝑊𝐹𝐶 = 𝑁𝑐𝑒𝑙𝑙 . 𝑉𝑐𝑒𝑙𝑙 . 𝐼 

TOTAL ENERGY OUTPUT OF SYSTEM 

𝑄𝑛𝑒𝑡 = 𝑄𝑐ℎ − 𝑄𝑓𝑐 − 𝑄𝑠.1 
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CONCLUSIONS 

In conclusion this research paper discusses a High temperature Proton Exchange Membrane Fuel Cell (HT-PEMFC) 
operating at temperatures between 150oC-180oC used to power an EV Charging Station along with an energy recovery 
cycle. The whole system is modelled using MATLAB/SIMULINK 2022. A steady power of 100kW is generated using a cell 
stack of 100 and a Rankine cycle is used which consists of a heat exchanger, pump, condenser and a turbine to utilize the 
heat energy output from the fuel cell. The whole system is integrated in such a way that losses are minimized and combined 
efficiency of 62% is achieved. 
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ABSTRACT 

Hydrogen will play a key role in the decarbonisation of hard-to-abate sectors such as transportation, iron & steel, cement, 
and chemicals. These sectors will constitute the pillars of the tools necessary to empower global emission reduction targets. 
While the progress had so far been stalling and challenges remain, including Russia’s war against Ukraine which has 
resurrected deep fault lines in international relations not seen since after the Cold War. The resulting sanctions against 
Russian oil and gas have created a rush to exploit more fossil fuels causing demand spikes making energy security a 
priority and putting climate change policy in the background. Nevertheless, recent climatic events ranging from record 
floods in Nigeria and Pakistan to record droughts in China and parts of Europe exacerbated by heat waves continue to remind 
the world that climate change is real, and the problem is worsening. Opportunities for membrane technology in a rapid 
transformation of hard-to-decarbonise sectors are there for the taking. 

 

Keywords: Hydrogen, Decarbonisation, Hard-to-abate, Energy Security, Membrane Technology 

 

INTRODUCTION 

Figure 1 describes the future zero-carbon hydrogen (H2) infrastructure chain. Historically, H2 has been a key constituent in 

the processing and manufacturing of several key industrial chemicals, including methanol (CH3OH); and ammonia (NH3); 

but it is predominantly used as an ingredient in hydrotreating operations during crude oil refining. While the use of H2 in 

these already established areas will continue, the so-called ‘energy transition’ leading to the ‘hydrogen economy’ seeks to 

disrupt these conventional applications in favour of H2 itself being used as a fuel. As fossil fuels dwindle in importance 

over time global leaders in the processing and manufacturing industry are searching for solutions that can help them achieve 

decarbonisation and at the same time enhance energy security. H2 seems to be on track to becoming an energy source 

and its use is gathering notoriety. At the centre of this is membrane technology used in fuel cells, H2 manufacturing and 

processing. H2, specifically green H2, has been a topic of interest for the renewable energy economy for a very long time. H2 

remains one of the most abundantly available and commonly known elements in the world, and it will create a paradigm shift 

with its significant contribution to clean energy transitions. H2 is light, storable, energy-dense and at the point of use does 

not result in direct carbon emissions of greenhouse gases (GHG). Sectors such as crude oil refining and NH3, CH3OH, and 

steel production have been utilising H2 extensively. H2 will play a critical role in the transition to clean energy with the 

advancement of its applications in end-use sectors such as transportation (fuel cells), buildings (H2 blending) and power 

generation. 
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POTENTIALS FOR UNPRECEDENTED ATTENTION 

Figure 2 below shows the key technology trends impacting the H2 industry and provides an overview of the unfolding of H2 

as a theme and its potential applications areas over the next three decades to 2050. It provides a detailed analysis of the 
H2 value chain, participation of leading players and H2 policies of key countries around the world. 

 

 

H2 technology is now harvesting the fruits of unprecedented political, environmental, and business attention, with many 
strategies, policies and upcoming projects worldwide expanding swiftly. Globally, nations are striving to speed up the 
development and implement H2 technology to resolve environmental concerns and strengthen energy security. Formulating 

a remunerative and effective transition is an intricate issue, and the cost of H2 production from renewable energy sources  
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is currently not cost- effective. However, the spotlight that has been built along the entire value chain is accelerating the 

cost reduction in H2 production, transmission, distribution, retail, and end-applications. The time has now come to scale 

up zero-carbon technologies and precipitate cost reductions to enable H2 technology to be widely utilised. 

Currently, in the power industry, H2 plays an insignificant role and accounts for less than 0.2% of the total electricity 
generation. But a shift is highly possible soon because mixing of NH3 can decrease the effect of carbon in existing 
conventional power plants running on coal, H2 gas turbines and combined- cycle gas turbines (CCGT). In the long-term 
large-scale energy storage involving hydrogen (in the form of compressed gas, NH₃ or synthetic methane (CH4)) will have 
a role to play in balancing seasonal discontinuities in electricity supply and demand from renewable energy sources. 

H2 can also be used to cover stranded areas that are remote with their power needs, by generating electricity from H2 

fuels cells in these areas and electricity storage comes as part of the integration of Renewable Energy Sources (RES), 
which might be difficult to achieve in stranded areas. H2-based fuel cells aim to ensure daily and seasonal electric needs, 
without relying on diesel or any other fossil fuel power generator, and to enable stranded areas to become energy self-
sufficient while also contributing hugely to climate change goals. The longing for the H2 economy is rooted in the fact that 
it is a clean- burning fuel and abundantly available. H2 can work in tandem with renewable energy from solar, wind and 
other sources, and it can take the role of an energy carrier for renewable energy when deployed for electrification 
purposes. RES, such as wind and solar power, are expected to be a building block for the realisation of a green H2 

economy. 

CONCLUSION 

Membranes are at the heart of the green H2 economy at every stage along the infrastructure highway from production 
to end-use. Abundant and cost-effective renewable energy sources such as wind and solar power coupled with cost 
reductions of electrolysers through innovation (increased durability, high efficiency, robust design), plant size reduction 
(targeting the 20-50MW range). Increased availability of assembly lines for component and mega factories will help 
reduce costs by two to three times. The breakthrough will be scale: terawatts of electrolyser capacity, compared with the 

promises thus far of hundreds of gigawatts (and current global installed capacity is only a meagre 200MW). Green H2 
can compete head-on with blue H2 (fossil-based H2 production with CCS) by 2030 if rapid scale-up occurs in the next 

decade. Therefore, the most critical issue is the economics of renewable power generation as it will spur growth of green 

H2 adoption. Recent Levelized Cost of Energy (LCOE) analysis [1] indicate that technologies including onshore wind and 
utility-scale solar power systems have become very competitive with the marginal cost of existing conventional 
generation technologies [1]. The cost of energy from renewables, particularly new wind and solar projects commissioned 
in 2021, fell below the costs of over 800GW of existing coal-fired power plants globally [2] The technological advancements 

in wind power such as larger wind turbines and longer wind turbine rotor blades; along with the increasing efficiency of 

solar PV cells would prove beneficial for green H2 project deployments. The costs of new solar PV projects have fallen 

below $1,000 per kWh, while average new wind projects costs have fallen to about $1,400 per kWh. This improves the 

levelized costs of green H2 projects [2]. 
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ABSTRACT 

The PEMFC is a sustainable and environmentally friendly source of renewable energy. This paper incorporates the 
modelling of PEMFC on MATLAB SIMULINK alongside the waste energy recovery system of the fuel cell by introducing 
the MERCURY CYCLE for the recovery of the heat of the PEMFC as it can be run on low heat output. The MERCURY 
CYCLE output response is also modelled and studied. The variable inputs, like the concentration and pressure of H2 
and O2, were taken as ramped inputs blocks, whereas the waste heat from PEMFC is taken as constant blocks. Also, 
the biomass heat input, the solar, PEMFC CELL operating temperature and wind energy output were all taken as constant 
block. The fuel cell used is the BALLARD V MODEL [1]i and designed using the same concepts and equations, whereas 
the use of unique heat recovery system and multiple energy sources bears novelty. The PEMFC gives a power output 
of 8.325 KW (combined output of 100 cells). This output of the cell is used to run a grid system that supplies power to 
the CAMPUS BLOCK. A wind turbine and solar panels are also installed in parallel with the PEMFC to provide additional 
power to the grid system. Thus, the overall power produced is the sum of PEMFC, WIND TURBINE and the MERCURY 
CYCLE outputs [2]ii. The heat produced as the by-product of the cell is used to run a MERCURY CYCLE from which a 
turbine is run, and power is produced, which is supplied to the computer labs and research laboratory, in contrast the 
water vapors from PEMFC are condensed and cooled to provide water to the laboratory for various cleansing purpose. 
MATLAB SIMULINK R2018a is used to model and study the PEMFC, MERCURY CYCLE, and the WIND TURBINE 
outputs. 

Keywords: PEMFC, MERCURY CYCLE, MATLAB SIMULINK, BIOMASS, WIND TURBINE, SOLAR PANELS, 
HYDROGEN, OXYGEN. 

INTRODUCTION 

Global environmental pollution has tremendously raised in terms of air pollution since the last decade. The mere cause 
of this pollution is the use of fossil fuels in the power generation sector. The fossil fuels combustion results in the 
discharge of harmful and useless pollutants. The hydrogen has proven to be the environmentally friendly and the ultimate 
source of energy has can widely replace the traditional power generation methods. The fuel cell based on hydrogen are 
excessively efficient and ecofriendly duel to minimal waste production. The proton exchange membrane fuel cell is based 
on the use of hydrogen to produce power. The largest hydrogen fuel cell can produce up to 78.96MW and can produce 
700GWh electricity annually and can easily supply power to 250000 households and heat to 44000 households 
additionally [3]iii. Hydrogen is the present in very less amount in our atmosphere with 0.0005% free form. But it can be 
obtained from the water by the process of hydrolysis. The automotive industries are also shifting on the hydrogen fuel 
cars and tends to contribute to the reduction of the environmental pollution [4]iv. 

The combined use of various renewable energy resources like the solar energy and the wind energy along with the fuel 
cell in a control manner can easily replace the traditional fossil fuel power generation sector. This may result in a system 
which may greatly contribute toward the green environment and reduced air pollution. According to a report of a NRDC 
the burning of fossil fuel in industrial and power generation sector results in nearly one and every five deaths worldwide 
[5]. 
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According to the research exposure to fine particulate matter or PM, 2.5, conducted in 2018 that burning fossil fuels was 
responsible for about 8.7M deaths. This calls for designing a society that can incorporate the use of green fuel and 
sustainable energy resource that may support a green environment. 

 

SYSTEM DESCRIPTION 

The proposed system constitutes the use of the PEMFC along with multiple regenerative energy resources like solar 
panels and wind turbines to meet the power output for running a green campus. The prime source of power is the PEMFC 
whereas the solar panels and wind turbines stores the power in the batteries which are the standby sources and can 
switched on in case of power shortage or the fall back of PEMFC. The standby resources power is controlled through 
VCBs to ensure safety. The system is also having a byproduct or waste products recovery system which is installed to 
minimize the output loss of the system. The output of the PEMFC is the power, heat, and water. The heat from the system 
is utilized in the MERCURY CYCLE as the waste heat of the PEMFC is not enough to run mercury cycle therefore a 
standby biomass gas is stored in tanks to be burned by the burner to meet the input heat requirements of the MERCURY 
CYCLE.[6]vi The mercury cycle drives the turbine which produces the power which runs the computer lab. Whereas the 
wastewater from PEMFC is treated by the chillers and then the water is stored in tanks which is utilized by the labs. So, 
the whole system utilizes all the outputs of the fuel cells and thus no wastage of energy occurs, and the system runs in 
a controlled manner 

 

Figure 1 SCHEMATICS 
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MODELLING AND ANALYSIS OF THE SYSTEM 

The system described above is modelled and simulated using the MATLB SIMULINK R2018a. the PEMFC is modelled 
using the equation and principles of the BALLARD V model [7]vii, but the Simulink model bears novelty. The equations 
used in modelling the system are as follows: 

• Vcell = E x Vact x Vohm x Vconc [8]viii 

• E = A x r x H x PR 

• P= 0.5 x ρ x A x Cp x V3 x Ng x Nb 

• HHV = 0.196(FC) + 14.119 

• Wnet, Hg = Wt – Wp 

 

 

 

 

 

 

 

 

 

 

 

 

Results and discussion: 

A stack of 100 fuel cells was used for PEMFC and it gives a total power output of 8.325KW. also, the exhaust heat from 
the PEMFC was measured to be 120 DEGREES CELCIUS. The temperature required to run MERCURY CYCLE was 
found to be 926.85 DEGREES CELCIUS. The additional heat is supplied from biomass gas burning to meet the 
requirement. The initial pressure of H2 and O2 at the input of the PEMFC is calculated to be -8.65004*10^-4 and -
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2.989*10^-3 pascals and the operating temperature is 273 kelvins. The power output from solar panels is 205 watts and 
from wind energy is on average 840 watts. All the values are measured on optimum working conditions of the system. 
The graph of PEMFC is shown as below. 

 

Figure 4 GRAPH OF PEMFC 

 

from the graph shown above it can be analyzed that the power of the PEMFC increases linearly with the time and then 
becomes constant at the end limit the graph of solar panel output and wind energy are also shown as below 
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From the graphs it can easily be analyzed that the voltage of the solar and wind energy is time dependent and increases 
linearly with the time. 

Conclusion 

The system has capability of self-sufficiency. The total output of the main sources system is estimated to be 9370 watts 
and it is enough to run the campus. Whereas, the water from the fuel cell is estimated to be 9 liters in one cycle reaction 
and is stored in tanks for later cleansing purpose 

The estimated requirement of the campus is found to be only 6 kw so the remaining power can be supplied to the other 
campuses too or can be stored for use in case of some failure in lines or if the PEMFC stops working. Thus, keeping in 
view, the above system, the traditional method of power generation can widely be reduced, and it may ultimately help to 
sustain clean and green environment 
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ABSTRACT 

In order to improve productivity characteristics of green algae, this study focused on ultrasonic (US)  pretreatment 
of Enteromorpha before anaerobic digestion (AD) Process. The aim of pretreatment is the dissolution of cell walls 
and increasing the kinetics of hydrolysis stage of AD. The pretreatment process is optimized by using response 
surface methodology (RSM). Batch experiments were conducted to optimize the AD process of green algae at 
different sonication temperatures (35–55 oC), liquid to solid ratio (20–60), and sonication time range (5–15 min). 
The RSM results showed that optimum values of sonication time, sonication temperature and liquid to solid ratio 
were 5 min, 35oC and 20, respectively. The cumulative biogas and biohydrogen % (v/v) at optimum values were 
373 ml and 32.67 %, respectively. In addition, two mathematical kinetic models named Modified Gompertz Model and 
Logistic Function Model are used for finding the effect of US pretreatment on the enhancement of reaction kinetics. 
Both models were found to be fitted well with the obtained experimental data. Akaike’s Information Criterion (AIC) 
Test showed that logistic function model is better than modifed gompertz model for this case. 

Keywords: Anaerobic Digestion, Biogas, Biohydrogen, Green Algae, Ultrasonic pretreatment 

INTRODUCTION 

The increasing demand due to development and advancement in every field of life has caused depletion of fossil 
fuels. This depleting fossil fuel reserve throughout the world has enforced to get energy from other 
alternative/renewable sources. Biogas production via anaerobic digestion (AD) is considered as one of the 
economical way to produce hydrogen energy as compared  to  other hydrogen production methods [1]. AD is a 
process in which anaerobic  bacteria  disintegrate the organic matter rich in protein, carbohydrates and fats to 
produce biogas. 

One of the promising substrate to produce biogas and biohydrogen is green algae. Numerous types of green 
algae are available which naturally grow and sometimes cultivated under controlled environment by various 
methods. Enteromorpha is green algae and also a kind of red tide. This alga is seriously contaminating the sea. 
Enteromorpha is rich in protein, carbohydrates, minerals and crude fibre. These algae can be utilized for the 
production of biohydrogen via anaerobic digestion process. However, productivity characteristics of Enteromorpha 
are very low due to its strong and resilient cell walls. These cell walls limit AD process in the hydrolysis stage. In 
order to dissolute cell walls and increase the AD process reaction kinetics different pretreatment methods are used. 
Ultrasonic pretreatment is one of the mechanical methods which can be used for such purpose [2]. However, to  
maintain the process energy efficient and for improvement of biogas quality in terms of biohydrogen percentage, 
optimum conditions for ultrasonic pretreatment are necessary. The aim of present study is  to optimize ultrasonic 
pretreatment conditions by using response surface methodology (RSM) [3]. AD experiments were conducted and 
optimum values were found. Moreover, two mathematical models named as Modified Gompertz and Logistic 
Function Models are used for biogas perdition and reaction kinetics parameters identification. 
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MATERIALS AND METHODS 

Raw Material and Equipment 

An anaerobic sludge acquired from an Anaerobic-Anoxic-Oxic (AAO) reactor at Harbin Wenchang Sewage 

Treatment Plant, Harbin, China. Enteromorpha was acquired from the Institute of Hydrobiology of The Chinese 

Academy of Science, Wuhan, China. Ultrasonic pretreatment was performed using SONICS vibra cell (VCX800, 
Sonics and Materials INC. USA). The experiments were carried out via anaerobic batch system. Anaerobic glass 
lab-scale bottles with a working volume of 500 ml were used as bio digesters. The digesters were sealed with rubber 
stoppers, purged with nitrogen gas for 5 minutes to create anaerobic condition inside digester. 

Response Surface Methodology 

A three-factor central composite design (CCD) was used to design the experiment for constructing models using 
design expert software version 8.0.6. List of independent variables are shown in Table 2 and corresponding results 
at Table 3. 

Table 2. List of independent variable 

Independent variable Parameters Low Level High Level 

A Sonication Time (min) 5 15 

B Sonication Temperature (oC) 35 55 

C Liquid-Solid Ratio 20 60 

 
Table 3. Design of Experiments & Results 

Run Sonication Time (min) Sonication 

Temperature (oC) 

Liquid:-Solid 

Ratio 

Cumulative Biogas 

Production (ml) 

1 10.00 45.00 40.00 285 

2 15.00 45.00 20.00 135 

3 15.00 35.00 40.00 150 

4 10.00 45.00 20.00 270 

5 10.00 45.00 40.00 290 

6 15.00 55.00 40.00 140 

7 5.00 35.00 20.00 373 

8 5.00 55.00 40.00 355 

9 10.00 45.00 40.00 338 

10 5.00 35.00 40.00 326 

11 10.00 55.00 20.00 315 

12 5.00 45.00 60.00 308 

13 10.00 55.00 60.00 266 

14 10.00 45.00 40.00 273 

15 10.00 35.00 60.00 290 

16 15.00 45.00 60.00 160 

17 10.00 45.00 40.00 245 

Following regression equation fit the experimental data for biogas: 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡i𝑣𝑒 𝐵i𝑜𝑔𝑎𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡i𝑜𝑛 = +282.85 − 99.27𝐴 + 2.07𝐵 − 9,52𝐶 − 7.13𝐴𝐵 + 26.87𝐴𝐶 − 

11.38𝐵𝐶 − 39.38𝐴2 + 3.46𝐵 2 + 0.62𝐶 2 (1) 
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RESULTS AND DISCUSSION 

Three dimensional response curves showing the response surface design results are shown. The determination of 
coefficient R2 and adjusted R2 were found to be 0.9402 and 0.8634, respectively. From the impact of different 
factors in this experiment on the biogas production, the term A2 Prob > F value of ratio is 0.0386 which is less than 
0.05, meaning that A2 had significant influence in the biogas production. The term C2 also has conspicuous effect 
on biogas production. Further, comparing the P- value with A, B and C, it can be found that the influence of these 
3 factors was sonication time > temperature > liquid-solid ratio. Response curves are shown in Figure 1. 

 
 

Fig. 1. Response curves 

 

Cumulative biogas production at different conditions is shown in Table 2 and Figure 2. Biohydrogen % (v/v) for 
each case is shown in Figure 3.  At the optimum conditions of 5 min ultrasound at 35oC and 20 liquid solid ratio, 
maximum biogas production (373 ml) was observed. 

Fig. 2. Cumulative biogas production Fig. 3. Biohydrogen % (v/v) 

CONCLUSIONS 

The optimization of best conditions for Ultrasonic pretreatment of green algae was carried out by using RSM. The 
best result was found to be 5 min ultrasonication, 35oC temperature liquid solid ratio of 20. Results showed that 
optimum condition achieved cumulative biogas production of 373 ml. The experimental data obtained was modelled 
by using Modified Gompertz and Logistic function model. Both models fit successfully. Logistic Function model has 
lower AIC value which is suggesting being a better model to use in this case. 
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ABSTRACT 

Hydrogen, as an effective energy carrier, plays a vital role in replacing fossil fuels with renewable energy. However, 
hydrogen production methods are still under extensive investigation to obtain the most feasible way. In this study, hydrogen 
production is proposed through microwave steam plasma. The system is modelled and solved numerically in the COMSOL 
Multiphysics software. Forty-one reactions and fourteen species are considered for the steam plasma kinetics. In the case 
of 800 W microwave power and 110°C steam temperature, hydrogen production rate and energy efficiency are found as 
0.48 μg/s and 3.32%, respectively. Moreover, it is parametrically demonstrated that steam temperature enhances the 
system performance. 

Keywords: Hydrogen production, Steam plasma, Microwave source 
 

INTRODUCTION 

Hydrogen is a suitable energy vector for renewable energy storage and transportation. Among several methods, plasma-
based hydrogen production may be an alternative to conventional methods. Since nonthermal plasmas are suitable for 
various gas conversion processes due to the existence of highly reactive species. These species later form various 
neutral molecules. In this context, one of the most effective ways to generate plasma is using microwaves, as it is more 
economical and applicable. In the literature, there are several studies regarding microwave plasma-based hydrogen 
production from methane, ethanol and methanol. However, these studies use various gas plasma discharges such as argon, 
helium, or nitrogen. To remove the need of additional carrier gas, pure steam plasma might be suitable for hydrogen 
production. Yet, this method lacks sufficient numerical study. Thus, the main objective of this study is to numerically 
simulate hydrogen production through microwave steam plasma. 

 

MODELING AND ANALYSES 

The system layout for microwave-based steam plasma generation is demonstrated in Figure 1. A waveguide is 
considered to intensify the electric field at the plasma region. The quartz tube is placed at a maximum electric field. The 
steam at 110°C is introduced from the bottom of the reactor, while the electromagnetic waves are emitted from the 
magnetron at 2.45 GHz and 800 W, similar to a commercial microwave oven. Modelling the steam plasma is difficult due 
to its complex kinetics which consists of numerous reactions and species. The main reaction for the hydrogen production 
is the dissociation reaction of water: 

H2O → H2 + 1⁄2 O2 (1) 

Additionally, there are several electron impact reactions, such as momentum transfer, dissociation ionization, dissociative 
excitation, dissociative attachment, and associative detachment, where an electron dissociates water molecule to produce 
positive, negative, and neutral species. Generated species then form new species through neutral-neutral, mutual 
neutralization, and surface reactions. In the proposed model, the reactions that are important for hydrogen production were 
considered (41 reactions and 14 species in total). To simulate the system, plasma and electromagnetic waves-frequency 
domain modules were coupled in the COMSOL Multiphysics software [1]. The electromagnetic waves were defined from a 
port with the deposited power. The plasma reactions were defined by either cross-section area [2], or reaction rate [3]. 
Initially, the mole fraction of the neutral species and electron density were defined as 10-9 and 1017, respectively. 

Steam + species 
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Fig. 1. A system layout. 

To simplify the problem, some assumptions are made as follows: (i) the reactor is considered as a closed volume between 
10-10s-10-5s, (ii) the reactor is at vacuum pressure to enable the maximum propagation from electromagnetic waves, (iii) 
dissociative excitation reactions are not included to the kinetics. 

RESULTS AND DISCUSSION 

Once the initial values and solver settings are adjusted, numerical solutions are obtained for the defined time domain. For 
the developed kinetic model, it is found that hydrogen atoms (H), hydrogen molecules (H2) and hydroxyl radicals (OH) are 
the main products of the plasma system. Water molecules (H2O) begin to dissociate drastically after 10-7 seconds, which 
is the same time step when oxygen atoms (O) are produced. Electron density is one of the most important parameters for 
plasma since more electron leads to more hydrogen production. Therefore, the electron density contour at the last time 
step (10-5 seconds) is shown in Figure 2a. One can notice that the plasma state is formed at the centre of the glass tube, 
reaching to an electron density of more than 2 1017 per m3. Therefore, more hydrogen is produced at those regions where 
electron density is higher. For the base case (110°C), energy efficiency and hydrogen production are found as 3.32% and 
0.48 μg/s, respectively. As seen in Figure 2b, increasing the steam temperature enhances hydrogen production, thus, 
energy efficiency drastically. 

 
Fig. 2. (a) electron density at the last time step, (b) energy efficiency and hydrogen production depending on steam temperature 

CONCLUSIONS 

Microwave steam plasma is one of the least studied hydrogen production methods. In this study, a steam plasma model 
is developed by considering 41 reactions and 14 species. The model is numerically solved in COMSOL Multiphysics. It is 
found that hydrogen is one of the three main products of the steam plasma. Within the model parameters, electron density 

reaches around 2.35 1017 per m3, forming a flame-like plasma shape at the centre of the reactor. Moreover, at a steam 
temperature of 110°C, hydrogen production and energy efficiency are found as 0.48 μg/s and 3.32%, respectively. It is 
shown that increasing the steam temperature enhances the system performance drastically. Despite the low system 
performance, microwave steam plasma may be an alternative technology for hydrogen production with higher microwave 
power and steam temperature. 



13th International Conference on Hydrogen Production (ICH2P-2022) 
December 11-14, 2022 

 

57 
 

REFERENCES 

1) COMSOL AB, “COMSOL Multiphysics.” Stockholm, Sweden. [Online]. Available: https://www.comsol.com/ 
2) Y. Itikawa and N. Mason, “Cross Sections for Electron Collisions with Water Molecules,” Journal of Physical and 

Chemical Reference Data, vol. 34, no. 1, pp. 1–22, Mar. 2005, doi: 10.1063/1.1799251. 
3) S. V. Avtaeva, A. A. General, and V. A. Kel’man, “Kinetic model for low-density non-stationary gas discharge in 

water vapour,” Journal of Physics D: Applied Physics, vol. 43, no. 31, p. 315201, Aug. 2010, doi: 10.1088/0022-
3727/43/31/315201. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.comsol.com/
http://www.comsol.com/


13th International Conference on Hydrogen Production (ICH2P-2022) 
December 11-14, 2022 

 

58 
 

HYDROGEN FUEL CELL 

Tanzila Younas, and Nasreen Bano 

SZABIST University, Department of Mechatronics Engineering, 100 Clifton, Karachi, Pakistan  

Corresponding author e-mail: tanzila@szabist.edu.pk, Nasreen.bano@szabist.edu.pk 

 

ABSTRACT: 

Nowadays where everything is based around protecting the environment and reducing global warming, people are trying 
to find cleaner ways of producing energy one such way is using hydrogen fuel cells. Minimization of greenhouse gases 
from vehicles while big car manufacturers are going towards hybrid and fully electrical path, but there is another route 
which is using hydrogen technology, is fuel cell cars. Energy unit vehicles use hydrogen gas to produce power which is 
stored batteries. Regular vehicles create power from gas or diesel combustion, fuel cell vehicles use hydrogen gas which 
is combusted with oxygen gas to create power. That power created then used to drive the wheels. Hydrogen gas is drawn 
from an installed tank that responds on the spur. In the cycle hydrogen electrons are separated, liberating them to power 
the electric engine and control a vehicle. There are some problems related to the fuel cell technology relating safety 
efficiency and power output that halts its production. Fuel cells can cover some of the short comings of electric vehicles 
further explained below. Fuel cell technology can be a great asset in the future. 

 

Keywords: Hydrogen fuel cell (HFC), energy, Hydrogen Fuel cell vehicle (HFCV), Internal Combustion Vehicle (ICV) 

 

INTRODUCTION: 

As of present times, the main source to fulfill the ever-growing demand of energy, or more specifically the demands for 
producing electricity or power, are fossil fuels. Fossil fuels are depleting at an alarming rate because of its high 
consumption. In addition to this, it has devastating effect on economic and environmental sector because of unstable 
prices and greenhouse gases (GHG) emission [1]–[3]. Most of the major environmental and social problems such as global 
warming and pollution are direct consequences of overusing fossil fuels. To overcome these issues, use of renewable 
sources has gained popularity[4]– [8]. 

 

Hydrogen is one of the few elements which does not take part in global warming when obtained from renewable source. 
That is why, it is regarded as a non-polluting energy carrier [9]. However, it can be produced from various primary sources 
of energy [10]. Moreover, it has broad spectrum of applications, ranging from transportation to the small stationery units 
[11]. Energy can only be produced when used in fuel cells [12].Nowadays, Hydrogen is considered as the fuel of future. 
When it is condensed below - 422.986 K in the liquid state, it gives highest energy density/unit of mass when compared 
with other fuels and energy carriers. 

 

This eminent feature made hydrogen as one of the best fuels for spaceships. In HFC, hydrogen behaves like a 
sustainable and non-toxic source in contrast to gasoline, coal and oil. As hydrogen is sustainable, import of energy 
sources and environmental pollution can be reduced if Hydrogen is used [13]–[16]. It is known as Green Energy, when 
produced from non-conventional sources such as geothermal, biomass, hydroelectric, and wind. It is expected to fulfill 
the demand of clean green energy [15], [17]–[20]. The distinguishing physical characteristics of hydrogen makes it an 
alternative fuel. In addition to this, it’s comparison with other fuels [21]–[23] is shown in table 01. Table 01 illustrate that 
it is the most effective way to guarantee global energy stability [24]. 
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Table 1: Comparison of Hydrogen with fossil fuels 

Fuel Type Unit 
(J/kg) 

Factor Specific 
(kgC/kg 
Fuel) 

Liquid hydrogen 141.90 1.00 0.00 

Hydrogen gas 141.90 1.00 0.00 

Gasoline 47.40 0.76 0.86 

Biodiesel 37.00 - 0.50 

Natural gases 50.00 0.75 0.46 

Coal 30.00 - 0.50 

 

FUEL CELL (FC) AND HYDROGEN FC (HFC) 

Revolution in the energy sector is made by the introduction of Fuel Cells (FC). FCs are of many types depending on the 
type of electrolyte but their working principle is same. The three components are: a cathode, an anode and an electrolyte. 
The schematic diagram is shown in Fig. 2. 

 

 
Figure 1: Hydrogen fuel cell 

FC produced electricity as a result of electrochemical reaction. The main difference between FC and battery is that batteries 
store energy and FC produced energy i.e. power. Reverse reaction takes place in FC which results in the production of 
water and electricity by the reaction of oxygen and hydrogen, where as in electrolysis they are expelled because of 
electrolysis. The FC convert hydrogen or hydrogen fuels in to heat and electricity [25], the electro-chemical is given in Eq. 
1: 

 

2𝐻2 + 𝑂2   → 2𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 (1) 

 

A FC uses hydrogen as the energy carrier and converts the chemical energy stored in it to charge a battery which then 
supplies rotational energy to the wheels. So, it can overcome the range of electric vehicles by suppling it with fuel in the 
form of hydrogen and the byproduct is water which is harmless to the environment. When sustainable hydrogen fuel is used 
it has wide range of advantages over conventional thermal engines, such as high efficiency, noise free and non-GHG 
pollutant. 
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H2 STORAGE IN FC VEHICLES (FCV) 

Storage of hydrogen is one of the preponderant issues in the development of FC vehicle (FCV). Systems for storing 
hydrogen are being developed in order to implement novel techniques to satisfy consumer demands. Since hydrogen 
has a low energy density, it is challenging to store enough on board, a vehicle to get a sufficient driving range without 
making the storage container excessively big or heavy. Fig. 3 depicts a hydrogen FCV with on-board compressed gas 
storage. 

 
 

Figure 2: Hydrogen storage in HFCV [26] 

 

However, hydrogen can be store by using the following three ways: 
1. Pressurized Storage Tank 
2. Metal Hydration 
3. Liquid Hydrogen 

Pressurized Storage Tank 

Storage of liquid hydrogen at low temperatures is not feasible for normal vehicles. Because of its low density, it cannot 
be stored for safely. 

Metal Hydration (MH) 

MH can be used to store hydrogen below 4 MPa at room temperature, as a consequence it will add excessive weight 
due to metal and expensive solution[27]. 

Liquid Hydrogen 

Maintaining the low temperature for liquified hydrogen is a challenging task and it requires good insulation [4], [28], [29] . 
Not only this, thorough cleaning of the tank is also required before refilling the tank to avoid explosion. Both of these 
factors make it an expensive solution. More research is required in this field to make it an economical solution. 

COMPARAISON HFCV VS. ICV 

Compared to ICVs, FCVs have a very basic structure as they have solid state devices instead of moving parts. As a 
result, they have no or little vibrations or noise. Maintenance cost is reduced by eliminating the need of lubrication due to 
stationery mechanical components in the FC systems. Economic analysis and pricing variations should also be 
considered when contrasting FCV and ICV [30], [31]. On account of the HFCVs a lot of energy is lost during the creation 
of hydrogen and other energy is also lost while changing over hydrogen into power inside the vehicle. This implies that 
the hydrogen-fueled e-vehicle efficiency is between 25 to 35 percent [32]. An expensive distribution system, hydrogen 
technologies, lack of efficient storage system and legislation for its implementation is a concern with hydrogen FCV. 
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CONCLUSION 

Hydrogen fuel cell vehicle (HFCV) viable alternatives to Internal combustion engine vehicles (ICVs) since they are more 
effective, fuel-abundant, safe, simple and have no negative effects on the environment. Additionally, when compared 
with conventional ICs, they generate more output power for the same quantity. of the fuel. Efficiency of HFCV is almost 
30 to 90% more when compared with gasoline ICVs. Despite the fact that HFCV is more expensive than ICV, operating 
expenses over the course of the vehicle's lifetime are more convincing. 
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ABSTRACT 

A key aspect in controlling the catalytic membrane properties containing disperse platinum group metals is the adjustment 
of the morphology and physicochemical properties of the catalytic phase existing within the porous network of the substrate 

material. It is desirable to provide a high catalyst surface area per unit volume without destroying the membrane perm-

selectivity. The TiO2/γ-alumina membrane supports are tubular ceramic membrane comprising three concentric layers with 
average pore diameters 12 µm (outer), 0.2 µm and 4 nm (inner). The preparation process is based on dip-coating and 
resulted in active metallic particles of average diameter 1.3 nm, with 0.2, 0.04 and 0.02 weight per cent metal being deposited 
in the pore structure. 

Keywords: Membranes, metal-dispersed, gas transport, platinum, scanning electron microscope 

INTRODUCTION 

Platinum is one of the excellent catalysts used in hydrogen production [1]. The performance of a catalytic membrane for 
various application such as fuel cell depends greatly on the particle size, metal distribution, metal loading and surface area 
covered by the platinum catalyst deposited on the membrane [2]. Due to the expensive nature of platinum- a noble catalyst, 
several studies have been carried out to decrease Pt loading and improve their mass specific activities [3-4]. In this study 

we report the preparation and characterisation of catalytic platinum metal deposition in a porous TiO2/γ-alumina 

membranes with difference pore sizes. The method used was wet impregnation technique. 

MATERIALS AND METHODS 

The ceramic supports used were purchased from Ceramiques Techniques et Industrielles (CTI SA) France. These 
supports are tubular in shape and are made up of majorly alumina material with a wash- coat of titania. Table 1 shows the 
dimensions of the 3 different supports used in this study. The platinum catalyst was deposited into the pores of the support 

by an evaporation-crystallization deposition technique. The support was dipped into a H2PtCl6 solution for 24 h, dried and 

then Pt catalyst was activated by reduction in hydrogen. The reactors used for housing each of these membranes has a 
shell and tube arrangement with tubular membrane centralized within the tube guided by two ‘’o’’ rings at both ends of 
the reactor. The morphology and physicochemical properties of the Pt deposited membrane were characterized by 
scanning electron microscopy and gas permeation. Figure 1 shows the process of platinum deposition carried out. 

Table 1. Ceramic supports used and their parameters 
 

 Membrane A Membrane B Membrane C 

Outer diameter d2, m 0.01 0.025 0.025 

Inner diameter d1, m 0.007 0.02 0.02 

Total Length (l), m 0.37 0.37 0.65 

Grazed ends, m 0.05 0.05 0.05 

Permeable length (lo), m 0.32 0.32 0.645 

Membrane Area, m2
 0.008m2

 0.025m2
 0.045m2

 

Pore size, nm 15 6000 15 
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Figure 1 Pictures showing the processes of platinum impregnation, (a) platinum solution undergoing proper mixing in deionised 

water, (b) membrane dipped in water, (c) membrane dipped in platinum solution 

RESULTS AND DISCUSSION 

The Pt content in the γ-Pt/Al2O3 membrane were determined as seen in table 2. Figure 2a shows the SEM micrograph 
of the Pt catalyst supported on the membrane. The tiny white particles correspond to the Pt precious metals been 
deposited and it can be seen to be homogenously dispersed. Figure 2b shows the gas permeation carried out on both 
fresh support and Pt deposited membrane, the deposited metal appeared to have little effect on the pore size distribution 
of the membrane following deposition, compared to the original support membrane. This effect was confirmed by the 
closely similar nitrogen permeabilities of the impregnated and original support membranes. 

 

Figure 2 (a): Micrograph showing the outer surface for the 15 nm γ-Pt/Al2O3  membrane, (b) A graph showing the effect of 
hydrogen feed gauge pressure against flow rate of support and platinum deposited membranes at 573 K 

 

Table 2 showing the catalyst loading of the platinum metal 

 Membrane A Membrane B Membrane C 

Weight of support w1 (g) 49.0 274.8 482.2 

Weight of support after soaking in water (g) 55.8 312.7  

Weight after platinum deposition w2 (g) 49.1 274.9 482.3 

Weight of catalyst deposited w3 (g)= w2-w1 0.1 0.1 0.1 

Catalyst loading % [ 𝑤3 ] 
𝑤1 

0.2 0.04 0.02 

 
 
 

 b 
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CONCLUSIONS 

Evaporation-crystallization deposition technique was employed, The Pt catalyst were homogeneously dispersed on the 
alumina support. The gas permeation result showed that the platinum catalyst was present in the pores of the support.  

Platinum is an exceptional oxidizer of carbon dioxide and has been a long-time favourite for exhaust gas catalytic 
converters. The future zero-carbon hydrogen economy will be based on the proton exchange membrane fuel cell 
(PEMFC) especially in transport applications due to its excellent performance of low start-up temperature, zero-carbon 
emission, high energy conversion efficiency and significantly large power density. Widespread large-scale 
commercialisation is currently limited by the high manufacturing cost because of platinum catalyst demand in the catalyst 
layer. This layer is located within the membrane electrode assemble (MEA) and is the location where the electrochemical 
reactions leading to the generation of electricity occurs. The slow kinetics of the cathode oxygen reduction reaction 
(ORR) is known to be the key limiting step in PEMFCs. This is in direct contrast to the relatively fast kinetics of anode 
hydrogen oxidation reaction (HOR). Also, the lower diffusion coefficient of oxygen and the flooding caused due to the 
accumulation of liquid water does further complicates the mass transport characteristics of cathode. Therefore, this study 
has shown that the structure and composition of porous substrate can reduce the platinum loading and can be extended to 
the preparation process of cathode catalyst layer to create a decisive influence on the performance, which has always 
been and continues to be the key focus of fuel cell researchers. 
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ABSTRACT 

This abstract presents a sophisticated dynamic model for a molten carbonate fuel cell (MCFC) that incorporates 
geometric resolution and dynamic modelling of physical and electrochemical processes in the stream-wise direction. The 
model was created utilising electrochemical and chemical reaction processes, mass and momentum conservation, and 
heat transfer. The model's output is contrasted with information from an experimental MCFC unit. The model was also used 
to forecast the dynamic changes in voltage, current, and temperature that an MCFC would experience in response to 
shifting load demands. Another uses typical local pressures and temperatures to simplify equations. The findings 
demonstrate that both models may be used to forecast the voltage and dynamic response properties of an MCFC, and the 
Simulink model both confirms the findings and displays voltage production as an output. 

Keywords: Molten carbonate fuel cells (MCFC), Rankine cycle, Absorption cycle 

 

INTRODUCTION 

Molten carbonate fuel cells are one example of the developing technology for fuel cells that generate both high heat and 
power. These cells are widely used for a variety of activities, including supplying electricity to numerous enterprises and 
signal towers. Molten carbonate fuel cells have an efficiency of up to 60%, but they may reach an efficiency of up to 80% 
when used in combined heat and power applications. In this study, Rankine cycles and molten carbonate fuel cells are 
combined to supply energy for a hotel as well as both electric and heat power for the hotel's central cooling system. 
Since these systems need to be exceedingly efficient, mathematical, and numerical analysis must be finished before 
making any physical progress. Physical model of molten carbonate fuel cell is shown below. 

 

Fig. 1. Molten Carbonate fuel cell 
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For this reason, we studied the behaviour of 600K watts of Molten Carbonate Fuel Cells. 1200 °F is the operating 
temperature for MCFCs. This heat serves as the boiler for the water and drives the Rankine cycle. The absorption cooling 
system is utilised to supply air conditioning to the hotel. The fuel cell may also produce the thermal energy required to run 
the absorption cycle's generator. The heated water that is excess is then use in a hotel. The Molten Carbonate Fuel Cells 
use hydrogen gas as their fuel, whilst oxygen is allowed to react with hydrogen, producing water as a by-product. 
Interstitial carbonate ions are produced at the cathode of this cell using carbon dioxide. These ions then flow through the 
electrolyte and react with hydrogen at the anode, producing the necessary heat and power. Sewage water is utilised in 
a water treatment facility to extract biomass, which is subsequently converted into biofuel. The water treatment facility is 
powered by a windmill, and methane gas from biofuel is extracted using a solar-powered gas chamber. The windmill and 
pump are used in combination with a battery and an inverter to fight power changes caused by erratic wind currents. The 
machinery can operate a hotel's central cooling system continuously for 24 hours. 

SYSTEM MODELLING 

It is expected that the electrochemical kinetics will occur at a pace that is significantly quicker than the dynamics of the 
transport and heat transfer models to describe the electrochemistry in the cell as a quasi-steady process. The electrolyte 
surface reactions are therefore thought to occur instantly and be finished. The same order as the chemical kinetics is also 
believed to apply to the diffusion times to the active sites in the electrolyte matrix, which is why they are ignored. With 
these presumptions, the species' rates of production and consumption are completely reliant on the cell's output of 
current. The local current output is therefore dependent on the local bulk species concentrations in the anode and cathode 
compartments, an iteratively calculated cell voltage (under the assumption of electrode equipotentiality), and the local 
polarizations at any given moment. Thus, a mass/species balance equation for the conservation of species is produced. 

 

where Vcell is the cell voltage under load; ηact, the activation polarization; ηconc, the concentration polarization; and 
ηohm, the Ohmic polarization. Gas partial pressures, temperature, and current density—all of which are spatially 
dispersed in a real cell—are often related to polarization losses. In the literature, several methods for estimating these 
polarization losses have been given. One method is to use the Butler-Volmer equation to obtain the activation polarization 
and the concentration polarization. Where: 

  

where jL is the limiting current density; j0, the exchange current density; A, the area of the cell; and Rint, the internal 
resistance of the fuel cell. The transport phenomena that take place in the fuel cell electrodes have an impact on the 
limiting current density. The operating pressure and temperature of the fuel cell affect the exchange current density. 
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RESULTS AND DISCUSSION 

We have researched the behavior of 600K watts of Molten Carbonate Fuel Cells for this purpose.MCFCs operate at a 
temperature of 1200 °F. The Rankine cycle is powered by this heat, which acts as the boiler for the water. The absorption 
cooling system is used to provide air conditioning to the hotel. The heat energy to operate the generator of the absorption 
cycle is also attained by the fuel cell. The left-over heated water is then used in a hotel for utility. While oxygen is permitted 
to react with hydrogen, generating water as a byproduct, the Molten Carbonate Fuel Cells employ hydrogen gas as their 
fuel. This cell uses carbon dioxide to create interstitial carbonate ions at the cathode. The requisite heat and electricity are 
subsequently generated as these ions move through the electrolyte and react with hydrogen at the anode. A water 
treatment plant is used to extract biomass and then biofuel from sewerage water. A windmill is installed to power the 
water treatment plant and a solar-powered gas chamber is deployed to extract methane gas from biofuel. To combat 
power variations brought on by nonconstant wind currents, a battery and inverter are used in conjunction with the windmill 
and pump. The technology is equipped to run a hotel's central cooling system nonstop for 24 hours. 
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CONCLUSIONS 

In this work, a detailed model was developed in the MATLAB Simulink environment using the principles of fluid 
dynamics, electrochemical and chemical reaction mechanisms and heat-transfer that govern a MCFC. Two- 
dimensional geometric representation of the cell is included. The model was applied to predict dynamic variations of 
voltage, current and power in an MCFC as it responds to varying load demands. A corresponding set of experiments 
were carried out for a single MCFC cell using a test stand that can apply perturbations and measure the cell 
performance for a set of otherwise fixed operating conditions. The experiments were conducted at various overall 
temperature (590–650 ◦C) and pressure conditions (1–3 atm.) in a manner to allow direct comparison to the dynamic 
simulation results. A series of simulations and analyses were carried out to verify model performance. The models are 
shown to provide simulation results that are in good agreement with experimental results. The results for steady-state 
performance comparison demonstrated that a simplified model can be used to get a reasonable solution of current-
voltage characteristics while the agglomerate model can be used to get more accurate results. The results of dynamic 
performance comparisons showed the effect of a load decrease on the local (spatially resolved) cell current, hydrogen 
usage and power predicted by two models. The models revealed the dynamic response of current density along the cell 
length with a fast initial increase in all nodes, a subsequent smaller increase for upstream nodes and decrease for 
downstream nodes in the immediate aftermath of the perturbation. 
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ABSTRACT 

One of the main drawbacks of the electrodes used in direct methanol fuel cells (DMFC) is their oxidation or corrosion. The 
coating electrode surface with conductive and protective films may provide good protection against corrosion. In this 
study, a novel thin film was applied as a substrate for this aim. For this aim, a self-assembly monolayer (SAM) thin film 
of Sivan Dut Pekmezi (mulberry molasses, Sivan MM) was fabricated on a copper electrode (Cu/Sivan MM-SAM). The 
film was assembled in an absolute ethanol. The modified electrode was tested as anode for electrooxidation of methanol 

in 0.1 M KOH solution in the presence of 1 M CH3COH solution. Surface characterization studies indicated that a very 

adherent and homogenously distributed SAM film was assembled on the copper surface. The film was very durable. The 
film enhances the rate of methanol electrooxidation with respect to the bare copper. The increased methanol oxidation 
activity was assigned to the presence of many electroactive goups in the molecular structure of the components and high 
charge transfer activity of these components in the assembled film as well as increased surface porosity. 

Keywords: Sivan Dut Pekmezi (Mulberry Molasses), Self-Assembly Monolayer Films, Methanol 

Electrooxidation, Direct Methanol Fuel Cells, Anode 

 

INTRODUCTION 

Fuel cells are considered to be energy converters of the future and play an important role in meeting the energy demand 
[1]. There are many types of fuel cells. Direct methanol fuel cell (DMFC) is one of the promising one, which have a high 
energy density. However, some disadvantages such as anode poisoning, and low anode kinetics are currently the most 
important obstacles to their commercial expansion. The electrodes used in fuel cells should have large surface area, low 
cost and high efficiency [2]. Another important problem in these devices is corrosion of electrodes, especially anode, in 
the operation system. Therefore, improving mechanical or electrochemical properties of anode is essential. Coating the 
surface of electrodes with a suitable organic film increases their corrosion resistance and could overcome this problem. 
Dense and uniformly arranged SAM films are fine- structured organic layers. These films have many active centres, 
which are similar to the polymer structures. The films bind to the metal surface via chemical interactions are very durable 
[3]. Since, they have many functionally groups, further modifications with the metal deposition, binding new groups etc. 
are possible to enhance the activity of the electrode. 

In this study, SAM films were fabricated on a copper sample using Sivan Mulberry Molasses, which is a healthy and 
natural product. Sivan Mulberry Molasses, produced completely naturally in Sivan region and Servi village of Bingöl 
province of Turkey, received a Geographical Indication Certificate by the Turkish Patent and Trademark Office in 2021, 
which was issued by the Bingöl Provincial Directorate of Agriculture and Forestry. It is also effective in anemia, stomach 
diseases, ulcers, asthma and bronchitis, mouth and throat diseases. It is an energy store and also contributes to the 
mental and physical development of children [4]. 

The aim of this study was improve an electroactive, durable and protective film against corrosion for fabricating an anode 
of DMFCs. For this aim, Sivan MM-SAM films were assembled on the surface of Cu anode. The electrocatalytic activity 
of the Cu/Sivan MM-SAM for methanol electrooxidation reaction was studied in an alkaline solution of KOH using 
electrochemical and surface characterization techniques. 
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MATERIALS AND METHODS 

The Sivan MM-SAM thin films were assembled on the surface of copper, which is widely used as electrode material for 
methanol electrooxidation reaction due to its some unique properties. An absolute ethanol containing 1000 ppm Sivan MM 
was used as assembly medium and the time for this aim was 24 hours. In order to facilitate and enhance quality of the 
film, 1000 ppm KI was added to film formation solution since iodide ions are very polarizable and are good for this aim. 
The procedure applied for the preparation of copper before the film assembling and the experiments were the same as 
described before [5]. 

The SAM films were characterized using SEM, AFM and EDX techniques. Their electrocatalytic activity against to the 

methanol electrooxidation reaction was examined in 0.1 M KOH solution in the presence of 1 M CH3COH with the help of 

electrochemical techniques. For this aim, cyclic voltammetry (CV) technique was utilized. The voltammograms were 
obtained between the hydrogen and oxygen gas evolution ranges. A computer controlled CHI instrument with three 
electrode configuration was used for these experiments. A Pt sheet (2 cm2 surface area) and Ag/Ag/AgCl (3 M KCl) were 
used as counter and reference electrodes, respectively. 

 

RESULTS AND DISCUSSION 

Fig. 1 shows the SEM, AFM and EDX mapping images of the Sivan MM-SAM modified copper surface. The SEM image 
clearly indicates formation of a very adherent and homogenous thin film on the metal surface. The AFM image is 
comparative and shows a very porous structure, which is suitable for the electrocatalysis since the reaction of methanol 
electrooxidation is a surface process. The EDX mapping image indicates that C element, which exists in the chemical 
structure of Sivan MM components, homogenously distributes over the metal surface. Since C element comes from only 
the film, this result also indicates a homogenously distributed Sivan MM-SAM film on the metal surface. 

 

Fig. 1. SEM, AFM and EDX mapping images of the Cu/Sivan MM-SAM surface 

 

The CVs of bare Cu obtained in 0.1 M KOH solution in the absence and presence of 1 M CH3OH are given in Fig. 2a. 
By comparing two voltammograms, a new peak starting from around 0.5 is related to methanol oxidation. The peak 
potential and current density are 0.864 V and 2.13 mA cm-2, respectively. The methanol electrooxidation performance of 
the film modified Cu/Sivan MM-SAM was compared with uncoated copper in Fig. 2b. The oxidation rate increases 
significantly when the surface of copper is modified with the Sivan MM-SAM, which apparently indicates that the film is 
electroactive for this process. The performance of the film modified copper electrode enhanced by 38% with respect to 
the uncoated electrode. The enhanced activity could be explained by increased real surface area as shown in the 
surface characterization studies as well as electroactive properties of the assembled surface film [6]. However, the Sivan 
MM contains many components and in order to determine which component(s) is responsible for this enhancement 
further analytical studies are required, which is the topic of the future studies. 

 

 

 

C%: 7.4 
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Fig. 2. Cyclic voltammograms of uncoated Cu in 0.1 M KOH solution in the absence (─) and presence (─) of 1 M CH3OH (─) (a), 

comparison of methanol oxidation activities of bare (─) and Sivan MM-SAM coated (─) copper electrodes in the same solution (b). 

Scan rate was 100 mV s-1. 

CONCLUSIONS 

A thin Sivan MM-SAM film was assembled on a copper electrode in an absolute ethanol containing 1000 ppm Sivan 
MM and 1000 ppm KI. The film was characterized with SEM, AFM and EDX mapping studies. The methanol 

electrooxidation activity of the prepared electrode was tested in 0.1 M KOH solution in the presence of 1 M CH3OH. 

The following main points could be summarized: 

• The Sivan MM-SAM film was adherent and homogenous on the metal surface. 

• The film has a very good appearance, which could also be used for decorative purposes. 

• The film was physically and electrochemically stable. 

• Assembling the Sivan MM-SAM thin film on copper enhances its methanol oxidation peak current density 

from 2.13 mA cm-2 to 3.41 mA cm-2. 

• Studies will be further expanded and reported later. 
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ABSTRACT 

One of the major concerns for the world is the rapid depletion of hydrocarbon reserves and the subsequent increase in 
global warming due to the excess usage of said resources. Renewable energy resources are the alternative, and 
researchers struggle to increase energy density and consistency. An experiment has been conducted to evaluate the 
integration of solar PV, Piezoelectric and Proton Exchange Membrane (PEM). The data has been collected from the first 
two sources through a lab- scale experiment using a water tunnel coupled with a solar simulator. Hydrogen production 
has been estimated through numerical calculations, which can serve as a consistent energy source. The proposed 
system has three advantages stacked together, i.e., the energy density has been increased due to the reduction in solar 
panel thermal losses, less evaporation rate of water and the production of hydrogen. Results showed that the energy 
density was increased by up to 5% for a PV of 0.01m2 approximately. Solar energy loss due to heating was also reduced 
by up to 7%. 

Keywords: Solar Hybrid System, Electric Eel, Hydrogen Energy, Water Tunnel 

INTRODUCTION 

Petroleum products and natural gas are the main sources for generation of electricity used for commercial and domestic 
purposes. Burning for generation of electricity causes, poisonous gases are emitted which are harmful to the environment 
and produces greenhouse effect. As per OPEC (Organization of Petroleum Exporting Countries) earth is left only with 
1.5 trillion barrels of oil reserves and suffice for 44 years only [1]. Classical Hydro power generation systems require 
specialized sites, multidimensional designing, considerable timeframe for planning and construction, huge investment 
for construction and maintenance. Wind turbines are also being used for power generation as part of alternate energy 
resource but can be setup only at specified wind corridors with gigantic capital cost. Sun is the main source of heat and 
light for earth habitats since centuries. Thereby, photovoltaic (PV) cells are commonly used to collect sun rays and 
convert them into electrical energy. Multiple environmental factors on PV have been studied to explore the power loses 
at different sites [2]. PV cells are cheap source of renewable energy however electricity generation is restricted only to 
sunshine hours dependent on intensity of sunrays. Bifacial solar panels are also used for energy generation and many 
studies are being done to estimate the power output [3]. Other than the traditional methods Artificial intelligence 
approaches are incorporated to estimate the energy generation from solar and wind energy sources [4-6]. 

Mechanical vibrations around us can be effectively used to produce electricity. Energy can be extracted from vortex 
induced vibrations (VIV) using piezoelectric sensor. Smit and Allen [7] used piezoelectric membrane to extract electric 
energy produced by VIV. The piezoelectric membrane flaps/oscillates with large flapping amplitude just like cantilever 
beam [8, 9]. Comprehensive review on production of energy from flow induced vibrations (FIV) through various methods 
has been carried out by Wang et al. [10]. Dynamics of the vortex structure behind the bluff body (circular) has been 
explained by Williamson [11]. Flexible body placed down the stream can make effective use of VIV through flapping by 
overcoming drag [12]. Studies have been performed to review various parameters of energy harvesting from ocean/ 
water [13-18]. Energy harvesting through deformation of the piezoelectric cantilever beam placed in wakes of vortex 
generator and its deformation has been studied by Goushcha et al. [19]. Study on aspect ratio effect on energy harvesting 
in water channel has been done by Shi et al. [20]. Experiments have been performed to analyze the impact of bluff body 
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shape i.e. square, triangular, prism, pentagon, quasi-trapezoid, and cir-tria prism on energy harvesting performance [21, 
22]. 

 

MATERIALS AND METHODS 

The experimental setup for energy generation consists of solar PV, hydrogen lamp, Piezoelectric device, water tunnel and 
stand to hold the lamp and solar PV. Water tunnel has a cross section of 0.4 m x 0.4 m, and the length of the test section 

is 2 m. Solar panel is placed on the top of the water surface as shown in Figure 1. The bluff body creates wakes in the 

flowing water which causes piezoelectric flag to vibrate resulting in energy generation. The piezoelectric device is attached 
with a copper rod connected to solar panel lying on the copper plate for effective heat transfer. 

Figure 1 - Experimental setup, Water Tunnel with Piezo Electric Flag & inverted C-shape cylinder 

The velocity of the water was varied to find the energy generated by the electric eel at different velocities. The temperatures 
were measured at different locations i.e. temperature on surface of the solar panel, Temperature of copper plate, and 
temperature of copper rod. Voltage generated by the solar panel was measured with the help of voltmeter. Various studies 
have been performed for maximum output by the electric eel using different cylinder shapes and by changing the length 
between the eel and bluff body [23]. The hydrogen lamp was illuminated on the solar panel, giving the output of 1000 W/m2. 
The increase in temperature drops the efficiency of the solar panel. Thereby placing the PV on the coper plate and 
connecting it to a copper rod which is submerged in the flowing water will act as a heat sink. It will dissipate the heat generated 
on the surface of the panel resulting in increase in power output. 

 

RESULTS AND DISCUSSION 

The result indicates that the proposed system has three advantages stacked together, i.e., PV panel coupled with the 
electric eel generates more energy due to the increase in efficiency of solar panel, evaporation rate of water is reduced 
with this approach, copper rod attached to hold the eel serves as the heat sink for passive cooling and simultaneous 
generation of energy by the eel.From Figure 2 its evident that as the temperature of solar cell increases its output power 
starts continuously decreasing. The main purpose of placing copper plate on back side of solar cell was to provide heat 
sink to solar cell, so that its heat can be dissipated to water via solar plate and rod. From the results it can be observed 
that heat dissipation becomes effective after 550 seconds as the temperature and output power shows stable trend at 
550 seconds. 

 

Piezoelectric 
Flag 

Bluff Body- C 
shaped 
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Figure 2 - Voltage Drop vs Time 

CONCLUSIONS 

The study provides effective hybrid solution for renewable energy harvesting. The system can be effectively installed on 
water bodies or canals in rural areas where the energy crisis is at peak. Results showed that the energy density was 
increased up to 5% for a PV of 0.01m2 approximately. Solar energy loss due to heating was also reduced by up to 7%. 
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ABSTRAT 

This paper presents a method for modelling a phosphoric acid fuel cell (PAFC) system in steady state. Three fuel cell 
stacks are present in the chosen PAFC system. The model presented in this study is based on empirical equations. The 
model is simulated using Matlab-Simulink software. Hydrogen that is not needed is recycled and use in regeneration. Fuel 
cell heat is used to produce output in the Rankine cycle. Wind turbine electricity is used to run the pump and condenser. 
This study has a focus on hydrogen generation since it is the most ecologically benign fuel that can help us meet long-
term sustainability objectives. 

Keywords: Phosphoric acid fuel cell, Wind Power Generation, Hydrogen Recycling 

 

INTRODUCTION 

A fuel cell is an electrochemical device that generates electricity from streams of fuel and oxidant that are continually 
delivered to porous anodes and cathodes. Like a traditional battery, a fuel cell generates power through electrochemical 
processes. Alkaline (AFC), Phosphoric Acid (PAFC), Molten Carbonate (MCFC), Solid Oxide (SOFC), and Proton 
Exchange Membrane are the five main kinds of fuel cells (PEMFC) [1].Typically, the PAFC system runs between 150 
and 190 °C and at pressures between atmospheric and 5 atm. In a PAFC system, Pt is often utilised as a catalyst for 
both the hydrogen and oxygen electrodes. Due to its many features, the PAFC system is appealing. This method enables 
co- generation by using the waste heat from the stack. Additionally, a portion of the waste heat can be sent to the upstream 
reformer and used to generate process steam. All these qualities might result in system efficiencies of roughly 80%. 

 

Fig. 1. Representation of phosphoric acid fuel cell. 
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In this study, a PAFC system with three fuel cell stacks is modelled in steady state. There are three modelling strategies 
offered. Empirical equations serve as the foundation for the initial model. For each value of the input current density, it 
calculates the output voltage of the cell, stack, and system (three fuel stacks). Additionally, the I-V curve may be studied, 
and the system dynamics can be seen. Also provided are two more models based on straightforward curve fitting and 
Simulink building components[2]. 

SYSTEM MODELLING AND EQUATIONS 

Understanding the steady state modelling requires mathematical modelling. Empirical equations serve as the foundation 
for the first PAFC modelling. Nernst potential, activation loss, ohmic loss, and concentration loss are all included in this 
model. The block diagram that follows shows an overview of a single fuel cell loss[3]. 

 

Fig 2. Block diagram of a PAFC 

Equation (1) represents the above block diagram 

Voutput = ENernst + Vact + Vohmic + Vconc 

Vcell is always smaller than Enernst since all losses have negative equation signs. 

Equations 

Nernst Potential 

At thermodynamic equilibrium, the thermodynamic potential is discovered. The voltage is expressed by the Nernst 
potential[4]. The combination of hydrogen, oxygen, and vapor creates a thermodynamic potential at normal conditions 
(298.15 K, 1 atm). 

 

ENernst =  + RT/F*ln[PH2(PO2)0.5/PH20 

Here, E stands for the reference potential at unity cavity (1.229 V in the standard state), while PH2, PO2, and PH20, 
respectively, are the partial pressures of hydrogen, oxygen, and vapors (in atm). 

Activation Loss 

Both chemical and electrical processes are influenced by the activation of energy. The species that reacts can help 
differentiate them. The rate parameters and activation energy of one or more rate- limiting reaction steps can be used to 
reduce the voltage drop caused by the activation loss. 

 

where _ is the electron transfer coefficient of the reaction at the electrode being addressed, I is the current density and 

Io is the exchange current density. 

Ohmic Loss 

Ohmic loss is caused by the resistance of moving ions in the electrolyte and via the electrode. By reducing the electrode 
spacing and raising the electrolyte's ionic conductivity, this loss can be minimized 

. Equation provides the ohmic loss[5]. 

 

𝑉𝑜ℎ𝑚𝑖𝑐 = −𝐼 ∗ 𝑅𝑖𝑛𝑡 
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I stand for electrical current in this case, and Rint for internal resistance. Based on certain experimental data and the 
suggested model's fixed temperature of 451 K, the equation of Rint is generated experimentally (178 0C). The following 
is an expression for the Rint equation. 

𝑅𝑖𝑛𝑡 = 0.0652*I-0.819 

Concentration Loss 

In electrochemical processes, the products can occasionally dilute the reactants. As a result, focus is lost. The 
concentration equation looks like this: 

 

where il is the limiting current density. 

Input Parameters 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Schematic 

 

Fig. 3. Schematic of system 
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Result and discussion 

The proposed model is run for 2 seconds in MATLAB/Simulink R2022a to observe the results. Our main objective is fulfilled 

in this proposed model. 

Fig. 4. Simulink model of PAFC 

 

The output is around 20-500kW, and it is fixed during the simulation. There is almost no fluctuation. And so, it is safe to 
inject this power into the grid. Another main objective is to reduce losses at each stage. Measurements are made at 
three stages of the proposed model to meet this objective. Firstly, the measurement is done after the fuel stacks, secondly 
after the connection of the power block i.e., diode (dc measurement), and thirdly after converting the dc power into ac 
(measurement). 

 

Fig. 5. Voltage vs Temperature Graph 
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Conclusion 

This study gives a steady-state and dynamic model of a 20–500kW power plant powered by a grid- connected PAFC-
type fuel cell device. The PWM inverter is also managed by a basic control system. In the publication, model specifics 
and simulation results are provided. The suggested model is simulated in Simulink and contains a straightforward control 
mechanism, a grid connection, and minimal losses. Our project focuses mostly on phosphoric acid fuel cells (PAFCs), 
describing their operation and providing suggestions for useful applications. The many parts of PAFCs, including the 
electrolyte, catalysts, and bipolar plates, are given along with how much of each one the final product depends on. Extra 
hydrogen can be recycled and used for regeneration. The Rankine cycle generates output using fuel cell heat. Pump and 
condenser operation is powered by wind turbine electricity. Hydrogen for the fuel cell is extracted from hydrocarbon fuel 
in an external reformer. In order to prevent the electrode catalyst from being harmed, sulfur must be eliminated from 
gasoline hydrocarbon fuel. The typical efficiency of PAFCs is 40 to 50 percent, however, reusing waste heat in a 
cogeneration system may increase this to roughly 80 percent. Units with a capacity of 11 MW have been tested, and 
PAFCs with a capacity of up to 200 kW are already in use commercially. 
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ABSTRACT 

Hydrogen production is of paramount importance nowadays as it displays a wide range of applications either as a 
chemical compound, zero-emission fuel, heat source, or as a power energy carrier. Hydrogen is commercially produced 
from various raw-materials (i.e., fossil fuels such as natural gas and coal, or renewable sources such as biomass, biogas, 
bioethanol, bio-glycerol, etc.) using diverse technologies (i.e., reforming, gasification, fermentation, etc.). The present 
research is focused on the green hydrogen production using different bio-sources as feedstock. Hydrogen is produced 

starting from biogas, bio-glycerol, and bioethanol obtained from corn stover and cereal straw following either reforming or 

fermentation as manufacturing technologies. Four scenarios for green H2 production were simulated and evaluated using 
a commercial process simulation software (i.e., ChemCAD). As benchmark case hydrogen production using natural gas 
steam reforming was considered. All cases consider a hydrogen productivity of 1,000 kg/h and a purity higher than 99%. 
The main model’s assumptions, as well as discussions in regards to the most relevant technical key performance 
indicators (i.e., productivity, purity, and thermal and electrical energy consumption/generation) are reported. 

Keywords: Hydrogen production, Process modelling and simulation, Bioethanol, Biogas, Bio-glycerol. 

INTRODUCTION 

In the last decade, many researchers focus on finding new and sustainable ways to obtain hydrogen with high purity and 
productivity and in the meantime with a low environmental and social impact [1]. Bioethanol has been proposed as a 
feedstock for various processes such as hydrogen or ethylene [2]. Bioethanol produced by fermentation of biomass can 
be used to produce hydrogen by steam reforming of ethanol (SRE) [3]. SRE is considered to be an efficient method with the 
highest selectivity of hydrogen [4]. Another possible feedstock for hydrogen production is bio-glycerol. It is a by-product of 
biodiesel production so its valorisation and conversion to various value-added products is an interesting research topic. 
Statistics show that the glycerol market was valued around 2.4 billion dollars in 2020, with trends increasing in the next 
decade. It is forecasted that by 2027, the revenues would reach 3.7 billion dollars [5]. Biogas is an important bio-source 
derived from agriculture residues, forest residues, organic industrial waste, aquatic biomass or animal manure [6]. 
According to World Biogas Association [7] biogas production continuously increases during the last decades. Its 

valorisation and transformation into various products such as H2, bio-CO2, bio-CH4, bio-fertilizer or electricity represents 

an important research topic. A schematic representation of the bio-sources investigated in the present research for H2 

generation is illustrated in Figure 1. 

 
 

Figure 1. H2 from various bio-sources (schematic representation) 
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MATERIALS AND METHODS 

The approach of the present research contains eight steps as follows: 1) literature investigation on the most relevant bio-

sources for H2 production; 2) raw-materials and technologies selection for green H2 production; 3) definition of the model 

assumptions; 4) simulation of the processes; 5) validation of the proposed models; 6) scale-up the models to the desired 

H2 productivity (e.g. 1,000 kg/h); 7) calculation of technical key performance indicators (KPIs) and 8) comparison of various 
KPIs. ChemCAD process simulator, version 7.1.3, developed by Chemstations [8] was used in order to simulate the 
cases summarized in Table 1. Table 1 contains also the assumptions used in the simulations. 

 

Table 1. Cases investigated and main design assumptions 

Case 
name 

Case description Main design assumptions considered in ChemCAD 

Reference 

Case (RC) 

H2 production using 
natural gas steam 
reforming (SMR) 

Raw-materials: natural gas and steam; 
Natural gas (NG) composition: 89.00% CH4, 2.00% CO2, 0.88% 
N2, 7.00% C2H6, 0.99% C3H8, 0.05% C4H10, other 0.08% (mole %); 

Technology involved: SMR; Reforming 
temperature: 900˚C; 
Water gas shift reactions considered in two steps: high temperature shift (HTS) at 
450˚C and low temperature shift (LTS) at 295˚C. 

Case 1 Green H2 production using 
biogas as raw- material 

Raw-materials used: biogas, air; 
Biogas composition: 59.70% CH4, 40.06% CO2, 0.24% N2 (mole %); Technology 
involved: reforming; 
HTS and LTS were also considered. 

Case 2 Green H2 production using bio-
glycerol as raw- material 

Raw materials used: bio-glycerol, water; 

Bio-glycerol: derived from biodiesel production; Technology 
involved: reforming; 
HTS and LTS were also considered. 

Case 3 Green H2 production using 
bioethanol from corn stover as 
raw- material 

The process involves: bioethanol production and H2 production; Raw-materials 
used in part 1: corn stover, enzyme, H2SO4, Inoculum; Technology involved in 
part 1: fermentation; 
Corn stover composition: cellulose 26.75%, hemicellulose 19.67%, lignin 
12.87%, acetate 2.09%, water 38.62%; 
Raw-materials used in part 2: bioethanol, water; Technology involved in part 2: 
bioethanol reforming; 
HTS and LTS were also considered. 

Case 4 Green H2 production using 
bioethanol from cereal straw 
as raw- 
material 

Same as assumptions for Case 3 the difference consisting on the fact that 
cereal straw is used as raw-material for fermentation; Cereal straw composition 
(% wt.): cellulose 48.69%, hemicellulose 32.82%, lignin 18.49%. 

 

RESULTS AND DISCUSSION 

Table 2 presents the main results derived from process modelling and simulation. 
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Table 2. Main technical KPIs obtained for investigated cases 

Parameter 
Units of 
measure RC Case 1 Case 2 Case 3 Case 4 

Product characteristics       
H2 productivity kg/h 1,000.00 1,000.00 1,000.00 1,000.00 1,000.00 

H2 purity % 99.80 99.98 99.99 99.99 99.99 
Raw-materials used       

NG kg/h 3,467.00 - - - - 
Biogas kg/h - 27,817.00 - - - 

Bio-glycerol kg/h - - 10,368.00 - - 
Corn stover kg/h - - - 14,3700.00 - 
Cereal straw kg/h - - - - 81,418.00 
Bioethanol kg/h -   32,203.43 32,193.49 

Bioethanol purity % - - - 99.72 99.75 
Other technical KPIs       

Thermal energy consumption MWth 11.17 12.79 13.21 27.80 20.37 
Electrical 

consumption/generation 
MWe 1.17 2.22 1.14 -2.49 -2.49 

Analysing the results from Table 2 it can be noticed that the same productivity of hydrogen was obtained. H2 purity was 

higher than 99.80% in all scenarios. With these high purities H2 can be used in various applications (i.e., in the fuel cells 
or in the electronic industry for devices like microprocessors). Comparing the quantities of the bio-sources involved it can 
be concluded that the lowest flow rate of raw-materials was registered for Case 2. Case 2 was followed by Case 1 when 
biogas leads to hydrogen generation. The quantities of bioethanol involved is about three times higher compared to that 
of bio- glycerol. Comparing Case 3 and Case 4 it can be seen that the flow-rate of corn stover is almost double than the 
cereal straw flow-rate (e.g., 14,3700 kg/h vs. 81,418 kg/h). This is mainly due to different composition of the two 

biomasses considered. In terms of thermal energy consumptio the most favourable case is Case 2 with 12.79 MWth. 

Considering the electrical consumption/generation it can be said that Case 2 has the highest electrical power generated 

(e.g., 2.22 MWe). The value is almost double than in Case 3 and RC. The electricity consumption for Case 3 & Case 4 is 

the same, 2.49 MWe. 

CONCLUSIONS 

Hydrogen production from biogas, bio-glycerol, bioethanol was investigated in the present research using modelling and 

simulation tools. A flow-rate of 1,000 kg/h of H2 was obtained with above 99.80%. Bio-glycerol was the most convenient 
bio-sources for hydrogen production considering the flow-rate of the raw-materials involved the thermal and the electrical 
energy generated. 
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ABSTRACT 

Hydrogen transport from gas to liquid phase (water) through palladium and platinum-dispersed membrane catalysts was 
investigated in connection with dissolved oxygen removal. The hydrogen flux in three phase transfer was considerably reduced 
compared with that from gas to gas in two-phase transfer. The reason of such a significant reduction in the flux was discussed 
by analysing the mass transfer resistances caused by solubility issues. Tests on the catalytic properties of the membrane for 
the removal of dissolved oxygen from water, showed that the properties of platinum and palladium particles within the porous 
network were very similar to those of a conventionally supported catalyst (platinum 0.6 weight per cent, 1.5 nm average 
particle diameter). 

Keywords: Hydrogen transport, Palladium membrane, Platinum membrane, Membrane reactors, Gas to liquid 

 

INTRODUCTION 

Dissolved oxygen (DO) is one of the many gases found in water, and it is referred to as the free and non-bonded oxygen 
in water or other liquids. The concentration of DO in water determines its quality hence its use [1,2]. Depending on the 
water application in some industries, for example in downhole water injection for enhanced oil production, the DO 
concentration should ideally not exceed 1 part per billion (ppb). Meanwhile, under normal conditions, the concentration 
of DO in water is about 8 parts per million (ppm) which is the same as 8 milligram per litre (mg/L) [3]. A promising strategy 
to the deoxygenating of water is the use of a catalytic membrane reactor process in which a three-phase hydrogen 
transport is carried out [4]. The hydrogen is introduced into a water tank, where the hydrogen dissolves in the water at the 
gas-liquid interface [5]. It is expected at this point, that the water is well mixed with hydrogen and the dissolved hydrogen 
in water is then fed into the reactor housing the catalytic membrane. At this stage, the hydrogen transport is at a liquid- 
solid interphase. In contrast, hydrogen two-phase transport proceeds from gas to solid interphase with the fixed bed 
deoxygenation method. Here, the hydrogen gas and water are separately introduced into the reactor housing the fixed bed 
of catalysts. The catalysts employed in this study were platinum and palladium metals. 

 

MATERIALS AND METHODS 

Commercial ceramic supports used in this research were purchased from Ceramiques Techniques et Industrielles. (CTI), 
France. These materials are porous, made up of 77% alumina and 33% titania and tubular in shape. The reactors used 
for housing each of these membranes has a shell and tube arrangement with tubular membrane centralized within the 
tube guided by two ‘’o’’ rings at both ends of the reactor. The membrane supports were impregnated with both platinum 
and palladium metals. Platinum metal was deposited by an evaporation-crystallization deposition technique in which the 

membrane was dipped in a solution containing Chloroplatinic acid solution constituting 8wt. % in water (H2PtCl6) (Sigma 

Aldrich). The technique ensures that the metal is highly dispersed inside and all around the pores. After dipping, the 
membranes are left at room temperature to air dry for about 24 h, and then in an oven at 338 K for 48 h to enable 
complete drying. This is then followed by activation of the platinum metal by reduction with the help of hydrogen gas 
flowing through it at 573 K for about 30 min [4]. Meanwhile, the fabrication of the palladium membrane was done by 
electroless plating method [4, 6]. The fixed-bed comprised of Platinum on alumina pellets (sigma-Aldrich) and a mesh 
which was used to suspend the catalytic bed in the reactor. 
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EXPERIMENTAL 

I. Catalytic membrane design involving hydrogen transport in a three-phase process. 

In this experimental procedure, hydrogen and water were mixed in a vessel and this mixture was fed through a catalytic 
membrane reactor at room temperature. The reactants diffused through the pores of the catalytic membrane, where 
chemical reaction, adsorption and desorption took place, and then the product was measured with a dissolved oxygen 
analyser to determine the level of DO left in the water. The DO at the feed of the experiment was 9.66ppm. Table 1 shows 
other experimental variables considered. 

Table 1: List the experimental conditions and system parameters used in the study. 

Parameters Values units 
Length of membrane, pore size 370; 15 Mm; nm 

Feed water flow rate 200-1000 mL/min 

Hydrogen flowrate into the mixing unit 0.19, 0.65, 1.16,1.28, 1.55 L/min 

II. Fixed bed design involving hydrogen transport in a two-phase process. 

A reactor housing the bed of catalyst was installed. The process of water deoxygenation was carried out by introducing 
hydrogen gas from the top of the reactor while water was introduced from its side. A stopwatch was used to manually 
calculate the water flowrates into a 500ml beaker. As flow was turned on, the timer was also started immediately, and the 
water and hydrogen were allowed to flow through the catalyst bed into a collecting beaker at the reactor exit until 500 mL 
of water was collected. The time duration to fill up the 500ml beaker varied from 3.5 min to 1.21 min. Measurement of the 
DO before and after the experiment were taken with the use of a DO analyser. The DO at the feed of the experiment was 
9.70ppm. Table 2 shows other experimental variables considered. 

Table 2: List the experimental conditions and system parameters used in the study 

Parameters Values Units 

Feed water flow rate 150-450 mL/min 
Hydrogen flowrate into the mixing unit 0.1-0.8 bar 

Catalyst % loading 0.6  

RESULTS AND DISCUSSION 

Effect of the hydrogen gas flow rate on water deoxygenation in catalytic membrane 

Figure 1a illustrates the effect of hydrogen gas flow rate on the removal of DO in a 15nm platinum membrane at 200 
mL/min water feed flow rate and hydrogen flow rate range of 0.19 to 1.55 L.min-1. 

From this graph, it is observed that, the higher the flow rate of hydrogen gas introduced into the water vessel, the higher 
the amount of DO removal, this is because of an increase in the partial pressure of hydrogen gas in the water mixing 
unit. From Henry’s law, increasing the flow rate of hydrogen will automatically increase hydrogen partial pressure thereby 
resulting in an increase in the driving force of hydrogen dissolved into the water. This will result in having a higher 
concentration of hydrogen in the water. The higher concentration of hydrogen in the water will lead to a higher reaction 
of hydrogen and DO on the catalyst [7]. It also shows that the removal of DO from water depends on the DO concentration 
where the hydrogen gas is supplied in excess. 

Figure 1a: Effect of H2 gas flow rate and H2 pressure on water deoxygenation in catalytic membrane reactor Figure 1b: 
Graph showing the effects of catalyst weight and hydrogen pressure on the removal of DO in the fixed bed 

 

   b  
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Effect of varying the amount of catalyst and hydrogen pressure 

Figure 1b illustrates the effect of catalyst weight and hydrogen pressure on the removal of DO in a fixed bed reactor 
experiment. 0.8g (16 wt.%) and 3g (60 wt.%) of catalyst pellet were used in the fixed-bed reactor at feed flowrate range 
of 400-450 mL/min and hydrogen pressure range of 0.1 to 0.7 bar. Generally, it could be seen that the higher the catalyst 
weight and hydrogen pressure in the system, the more effective the DO removal. The higher the hydrogen pressure, the 
more soluble hydrogen is present in the water system to react with DO. The initial DO level in the feed water was 9.7 
mg/L, and it was reduced to 5.62 mg/L with the 3.0g of catalyst, while 7.74 mg/L was achieved for 0.8g catalyst. 

 

CONCLUSIONS 

Tests on the catalytic properties of the membrane for the removal of dissolved oxygen from water, showed that the 
properties of platinum and palladium particles within the porous network were very similar to those of a conventionally 

supported catalyst. There was a linear correlation between the percentage DO removal and the H2 flowrate, which gave 

a very high correlation value of 0.9945. The H2 flux in three phase transfer was considerably reduced compared with that 
from gas to gas in two- phase transfer as seen in figures 1a and 1b. The reason of such a significant reduction in the flux 
was discussed by analysing the mass transfer resistances caused by solubility issues. This group concluded that in future 
this type of membrane may find application in three-phase reactions as a method of improving the gas-liquid-solid 
interface. 
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ABSTRACT 

In this study, a parabolic trough collector (PTC) integrated with a conventional gas turbine and a steam cycle assisted with 
a heat recovery steam generator (HRSG) is proposed. The proposed configuration is capable of producing multiple 
important outputs like electricity, hydrogen, freshwater from a feed of seawater, and district heating. A comprehensive 
thermodynamic study was carried out with certain design parameters was also taken into account. Crucial parameters for 
the whole cycle like compression ratio of the gas turbine and evaporation pressure were varied and different results were 
plotted against them. An optimized configuration was also proposed keeping in lieu the compression ratio and evaporation 
pressure, and finally, the best compromise was highlighted. The power production from the proposed multigeneration cycle 
and rate of hydrogen production was also reported. The rate of hydrogen, one of the objective functions for our study was 
reported to be around 650 mg/s. 

Keywords: Parabolic Trough Collector (PTC), Heat Recovery Steam Generator (HRSG), Multigeneration 

system, Hydrogen, Combined cycle 

INTRODUCTION 

The world is experiencing a continuous surge in the world's population and over-exhaustion in the usage of fossil fuels. 
Nevertheless, these organic hydrocarbons are the primary source of the world's energy and would remain in the future. 
Energy production and consumption are some of the most crucial measures to judge the capacity of a nation’s living 
standard, quality of life, urbanization, development, and technological development. The upcoming energy transition is 
not to have an abundance of renewables but to reduce carbon emissions [1]. This is infact the increasing rate of Carbon 
emissions that is contributing towards the negative consequences of the environment and that is why it is one of the main 
focuses of many industries and researchers. Conventional power plants contribute heavily to environmental issues as 
well as energy loss after combustion. The loss can be reduced and many researchers are working on these scenarios 
[2, 3]. The energy waste in the scenario of TPP to the environment in the form of heat energy can be utilized to produce 
more outputs, other than just electricity or power, known as Multigeneration system or Combined heat power plants 
(CHPP). The solar integrated combined cycle have (SICC) gained a lot of attention and success in previous years [4,5]. 
Jamel et al. [6] stated that SICC not only provides better energetic efficiency and work rate but also demands lower 
investment costs. 

Kelly et al. [7] illustrated in their research that a Heat recovery steam generator (HRSG) is one of the most efficient 
procedures to convert thermal energy from the sun into electricity by extracting feed water at very high pressure from the 
economizer and then reheating it from the HRSG. Hydrogen is a very important source of energy and would continue to 
do so in the upcoming future. With the increase in the energy demand, the use of hydrogen as a source of fuel alternate 
and to power other processes would be very crucial. The objective of this research is to propose a novel schematic of a 
CHPP where the exhaust from a Gas turbine can be used to power a steam generator to attain a higher work rate as 
compared to the conventional CHPP. Moreover, the plant is also integrated with a Parabolic trough collector (PTC) field 
to utilize solar energy from the sun, adding up to the novelty of this work. A detailed thermodynamic assessment and 
parametric analysis were also conducted to realize the functioning of the proposed system under various conditions like 
solar irradiance, the pressure ratio of the gas turbine, and the evaporation pressure of HRSG; which is also optimized 
for the maximum power generation. The feed of fluid flowing through the PTC field will make up for the energy lost after 
expansion and also provide enough heat to the flash chamber where the seawater will undergo desalination in a flash 
chamber for freshwater production. The multiple outputs gained from this configuration are electricity, H2 production, 
district heating, and freshwater. 
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ANALYSIS 

System Description

In this study, The Rankine cycle incorporated with HRSG (Heat Recovery Steam Generator) is being operated by the 
exhaust gases expanded by the gas turbine. The major percentage of power (65%) produced by the turbines in each 
cycle is directed towards the distribution grids, while the remaining power (35%) of each turbine is supplied to the 
electrolyzer for hydrogen production. Solar Collectors are also installed to preheat water coming from the pump of the 
steam cycle, as well as to provide heat input to the desalination plant. The schematic of the proposed system is illustrated 
in Fig. 1. The exhaust gases (state 13) leaving the gas turbine, become the heat source for the HRSG unit in the steam 
cycle. In the steam cycle, the saturated liquid (state 1) goes into the pump, which increases the pressure of the liquid 
moderately. The saturated liquid (state 2) vacates the pump and goes into the heat exchanger (HX1). The incoming liquid 
(state 2) being at a lower temperature, heats up in the heat exchanger with heat transfer by incoming hot water stream 
(state 14 and 15) from the solar collector. The preheated water (state 2x), being at constant pressure exits the heat 
exchanger at comparatively higher temperature and goes into the economizer. The economizer heats the liquid (state 3) 
further before feeding it to the deaerator. The application of the deaerator is to remove the liquid phase gassy compounds 
that can cause corrosion to the components. Hence, the dissolved oxygen is stripped from the liquid-vapor mixture (state 
4L and 4V) in the deaerator and the heated liquid (state 3) leaves the deaerator as saturated liquid (state 4). The incoming 
liquid goes into the pump and leaves at considerably high pressure (state 5), which is at the highest pressure of the 
steam cycle (evaporator pressure). Subsequently, the high-pressure saturated liquid enters the economizer for being 
heated up before going into the evaporator (state 6). 

 

Figure 1_Schematic of the proposed multigeneration system.

 

 

Thermodynamic equations 
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The gas turbine in the current cycle is responsible for the production of the major portion of electricity production. In this 
section, the thermodynamic analysis of the gas turbine has been carried out concerning our current study. 

The molecular complexity of air and exhaust from the turbine is represented as; 

 

RESULTS AND DISCUSSION 

Figure 2 illustrates the net power supplied to the grid (𝑃𝑛𝑒𝑡,𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 ) is the sum of 65% of power production of both Rankine 

cycle and Brayton Cycle, while the remaining 35% of both cycles are directed towards the electrolyzer for the Hydrogen 
production. Fig. 3 illustrates the parametric analyses of the power production of the gas turbine by varying compression 
ratios within 2-28. By keeping the aforementioned design parameters fixed, It was observed that the power produced 
was 158.1 MW at the lowest compression ratio, which achieved its maximum of 353.4 MW at a compression ratio of 

The slight decline in power production was observed by further increasing the compression ratio, which is due to the fact 
of turbomachinery losses (losses related to pressure, compression ratio, etc) become significant, thereby decreasing the 
power output of the gas turbine. 

 

Figure 2_ Effect of Evaporation pressure on Net Power 
supplied to the grid and the Hydrogen Production. 

 

 
 

Figure 3_ Effect of Compression ratio on the net power 
production and Efficiency of Gas Cycle 

CONCLUSIONS 

The current study focuses on the Multigeneration system in which combined cycle and parabolic trough collectors are 

integrated to fulfill the power demand for domestic as well as industrial needs. 

Some of the important outcomes concluded were as follows: 

● For the proposed Gas cycle, at the optimized compression ratio 𝛽 = 15.3, the net power produced by the 

Gas Turbine (𝑃𝑛𝑒𝑡,𝐺𝑇 ) and the thermal efficiency (𝜂𝐺𝑇) were 353.4 MW & 46.47% respectively. 



13th International Conference on Hydrogen Production (ICH2P-2022) 

December 11-14, 2022 

Pakistan 

 

96 
 

● For the suggested Heat Recovery Rankine Cycle, at the optimized Evaporation Pressure 𝑃𝑒𝑣𝑎 =2200 

kPa, the overall power production of the Steam Cycle (𝑃𝑆𝐶 ) and the 1st law efficiency were 133.763 MW 

and 45.68% respectively. 

● It is concluded that the suggested system is capable to supply net power (𝑃𝑛𝑒𝑡,𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑) of 316.654 MW 

to the grid and the hydrogen production of 673.8 mg/s. 
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ABSTRACT 

BP is not an ordinary paper, it is a lot more than a paper, in fact, it is the next generation paper or material. It can be the next 
aerospace and hydrogen fuel cell material. It provides mechanical as well as electrical advantages because they exhibit 
excellent mechanical, electrical, and magnetic properties. Materials used in structure of aircrafts are good but they also 
have some flaws which cannot be neglected. These flaws may be overcome by using BP. The prospects of carbon 
nanotube usage intended for fuselage, satellite weight reduction, lightning protection for aircraft and future space launch 
are further explored. BP is the replacement of many materials or composites. Due to its distinctive properties it can be used 
in the making of light and energy efficient aircrafts. This research paper is all based upon comparative analysis of BP with 
different material or composites with respect to their applications in Aeronautical industries. 

Keywords: Bucky paper(BP), carbon nanotubes (CNT), hydrogen fuel cell 

INTRODUCTION 

BP is composite of carbon nanotubes (CNT), or "Bucky tubes". It is also termed as buckminsterfullerene which includes 60 
carbon fullerenes (it is the solitaire of carbon with similar bonding that is also known as a "Bucky ball" in assimilation of 
R.Buckminster Fuller)[1]. BP is basically a thin sheet, carbon nanotubes or the carbon nanotube grid paper form the major 
component of it. When compared to human hair, carbon nanotubes prove to be 50,000 times thinner. BP is very light 
weighted and is 500 times stronger than the steel and powerful twice as hard as a diamond. If the sheets of Bucky paper 
are compiled they will form a composite which can scatter heat alike brass and steel. It is also a good conductor of 
electricity like silicon and copper [2-3]. This material proves to be better than steel because of its light weight, durability and 
stability. BP possesses all the qualities like the materials which are stated above. BP is a material which can bring revolution 
in the major industries like aeronautical, aerospace, shipbuilding, building construction and automotive. The changes that 
a BP can bring in aeronautical industry. The diagnosis that led to the existence confirmation of BP came from outer 
space. The toughness that a BP has is only because of the large surface area of every nanotube [4]. 

The properties of BP are highly affected by the structure of nanotubes because they are the only component of BP. 

Graphene being the carbon atom form the structure of nanotubes. The main property of the carbon atoms is sp2 orbital 
hybridization which is the main reason behind the extensible strength of carbon nanotube structure [5]. This CNTs are 
may single or multiple walled [6]. 
 
The newest planes and airbuses are manufactured from highly state of art conglomerate materials like carbon fibre 
fortified plastic which are extremely rare weighted which results in airplanes body weight reduced by 20 percent as 
compared to aluminium bodied planes [7-8]. These light framed bodies result in fuel saving and thus adding value to the 
use of these advanced conglomerate materials. The engineers affixed the tiny groups of carbon nanotubes in a polymer 
matrix that look alike glue, then pressured the matrix in between the blanket of carbon fibre conglomerate material. The 
nanotubes seem small, perpendicularly integrated working within each slot of conglomerate material layer serving the 
purpose of the joint and holding the layers together. In a comparison of newly developed material with the existing one, 
the new development was found to be 30 percent stronger than the existing material and withstanding more intense wear 
and tear before breaking. The advancement in the making of the material will result in stronger, light weighted airplane parts 
particularly affixed with nuts and bolts, but this still needs more work and study [5]. The improvement will result in fuel 
saving, resulting in low pollution, low costs for the producers and eventually the customers 

The structure of carbon nanotubes varies depending on the condition [9]. The structure of carbon nanotubes[10] is 
presented in vector form i.e. 𝑣 = 𝑛𝑎1 + 𝑚𝑎2, the structure of carbon nanotubes is defined by the integer’s n and m as shown 

mailto:Nasreen.bano@szbist.edu.pk
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in fig 1. 

 

Figure 1: Single Walled CNTs [6] 

 

BUCKY BALL IN AIR CRAFT 

One potential application of BP is to protect airplanes from lightning knocks, a common problem faced by all aircraft. The 
material used by airplane producers is a structure of copper or aluminium foils. They cover the wings and fuselage to 
provide protection against lightning strike. A main fault of copper is its density and weight. BP has 15 percent of the 
weight when compared to copper, and only delicate layers are required [11-12]. A lot of saving in weight can help the 
airplane designers to work on other things in the plane because the weight is reduced. So they can bring other features 
or provide other facilities in the plane. BPs in the airplane will be aligned in such a way so that they can distribute 
current to the whole aircraft which will not form a crack in the body of the airplane [6]. BP is a conductor of electricity unlike 
the existing material eg. Silicon and disseminates heat efficiently like steel. Currently metal netting is used in the airplanes 
to disseminate lightning strikes and thunder, whereas BP containing high current transmitting capacity, would allow the 
lightning and thunder strikes to flow within the plane without damaging an inch of the plane. BP also being fire resistant 
would help retaliate fire occurrence in emergency cases on plane and other structures [12]. The body, weight and strength 
ratio proves to be ideal component when adding safety measures such as helmets and armours for military forces. It 
would also serve in materials used for making artificial supplements or replacement of wounded or damaged part of the 
body of wounded soldiers and officers. This is the main reason behind making huge investment in research and 
development of this material to extract the pull potential out of it by US Airforce and other multinational companies [7]. 
BP is a major cause of the weight change that occurs in the structure of aircraft. 

 

BP keeps the electromagnetic waves intact and disallows them from flowing outside the structure which proves to an 
important aspect in designing the furtive aircrafts and other military support systems. It helps reduce the electromagnetic 
mark of the systems which in turns keeps the system/aircraft undetected from the enemies’ radar. A branch of stealth 
technology is to control the heat sinking out of the aircraft engine which proves to be a vital trail for a heat pursuant missile 
that tracks down the heat, follows the path of high temperature and ends up in complete disaster. BP is seen to be a 
thermal conductor with high intensity like Brass. 
Originally the design of the wing was fixed and it did not alter on the deployment of the missile, but recently  air force is 
planning to add more range of missiles without increasing the weight of the wing. In recent preparations, they came up 
with a new design which allows distending of additional section at the end of each wing when the original fixed missile is 
fired. 
 
According to the recent computer tests, the size of the section is 3.5 by 5 inches and increasing the sailing range of missiles 
by 23 percent. In coordination with the researchers of Air force at Air Force Research Lab Munitions Directorate, Wang 
along with his researchers, carried out an experiment under which the team extended a thin layer of BP combination 
over a foam nucleus, which resulted in production of a 

material as light as feather and can serve as a highly strong and effective wing extender. It is the largest lone fenced 
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carbon nanotube formation ever made. It is a zero weight material which helps in protection against electromagnetic 
intrusion and being a good thermal conductor serves as a cover against the lightning strikes [4]. 

 

In recent years, the materials that are used for many aerospace applications are made of layers, or flap, of carbon fibers 
that in turn are combined with polymer glue. But that glue can disassemble and makes the carbon-fiber flaps dismantle. 
As a result, engineers have made a mixture of ways to shore up the network between the layers by fastening, queuing, 
looping or securing them together. 

 

Air force was very delighted with the invention and has used it as a prototype to show the practical implication of BP in 
aerospace formation materials. But the full fledge production of BP to be used in missiles and aircraft needs high-tech 
manufacturing facilities and large scale production lines. BP along with the uses in aerospace and aircraft industry will 
prove to be significant used component in consumer electronic industry. When the designer have to fit in a lot of material 
in given small structure (laptop computer), it results in heating problem of the devices. BP being a strong thermal 
conductor tops the list for the eligible materials to be used to eradicate the heating issue without adding much weight to 
the product overall. Often the issue of intervening is noticed in the electronic products, but Bucky paper being the 
electromagnetic intrusion shield help mitigate the issue. The working of BPs to exploit new venues for its use in electrical 
properties in daily lives such as in television screens, computer displays, so that the energy consumption can be 
minimized, weight can be reduced and high level of brightness can be produced to fit in today’s liquid crystal technology. 
The composition of carbon nanotubes is highly effective in fuel saving therefore resulting in less carbon dioxide emission 
and being environment friendly when compared to other materials. Further due to the innate light weight of the material 
composition, these stand no comparison in fuel saving and low pollution in commercial and military aircrafts. BP is 
widely unused because it is expensive when compared to steel so making it costly and time consuming to mold at the 
same time [5]. Therefore, scientists need to introduce ways for mass production of BP to make it cheaper and easily 
accessible. With the best possible use of the available resources and the technology, it takes several hours to make a 
single sheet of BP. The researchers’ team is facing continuous issues in making the product and finally has made a 
prototype production machine that has the ability to produce 1.5-inch-wide and 36-inch-long composite material ribbons. [4] 
Currently the one sheet of BP is produced at one time, using the traditional assembly line. For the commercial feasibility 
large scale production of BP would be required. 

 

Figure 1: BP in Airplane[14] 

BP AS ELECTRDOE MATERIAL 

The fuel cell technology gets higher advantage by replacing carbo fiber paper(CFP) with the bucky material. One of the 
advantages is that CFPs are brittle while BPs are flexible. The development of fuel cell electrode is studied as future 
work for fuel cell technology.BP works as electrodes in an electrochemical cell [15]. BPs likewise work as terminals in 
an electrochemical cell, and in light of the distinction in the infused charge between two sheets of BP, electrolyte particles 
structure a twofold layer. A bimorph cantilever actuator demonstrates this by submerging BP on either side of an adhesive 
tape in a 1Molal Sodium Chloride solution [16]. For this electrodes are replaced by BP (BP). Due to this replacement, 
the deposition of Platinum on the electrode of the fuel cell became easier. Platinum film can be directly deposited on the 
BP via copper [17]. 
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CONCLUSION 

BP is a very strong material that is made now a day. It has many advantages. Along with advantages it has a very big 
disadvantage which is the cost of BP. Copper has a specific weight which make the aircraft heavy by using BP in the 
aircraft the weight of the aircraft can be reduced to 80 percent. BP is made with numerous penetrations and distribution 
steps and it has relatively homogenous permeable structure and size of a rope. The BP can be used to boost the growth 
of specific cell types and can be used to grow biological tissues namely nerve cells. Although the BPs do not have any 
properties that carbon nanotubes do not have in them, BP enables the transferability of the properties of nanotubes into 
composites. When blending the nanotubes into polymer matrices, the nanotubes will form a band and not disperse in the 
composite. A lot research is still need to be done regarding the effect of BP on the society. Production of BP is costly so 
a research needs to be done to check some methods to make the Bucky paper in large quantity and not so costly. 
Electrodes using BP can be of great value. 
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ABSTRACT 

In this study, an advanced exergy analysis was applied to a liquid air energy storage (LAES) system which can simultaneously 
produce electricity, refrigeration, heating, and hydrogen. The analysis was to determine the endogenous, exogenous, 
avoidable, and unavoidable exergy destruction in the system. The findings reveal that the avoidable exergy destruction is 
highest in the compressors, turbines, and the ARS. The avoidable endogenous exergy destruction is also highest in the 
compressors, turbines, and PEM which gives them priority for improvement that can benefit the system. 

Keywords: LAES, Hydrogen, Exergy destruction, Advanced exergy, Improvement potential. 
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𝑓,𝑘 

 

Fig. 1: Schematic diagram of the LAES and multigeneration system 

Table 1. Assumptions made for calculating the real, theoretical, and unavoidable exergy destructions 

 

Component Real Theoretical Unavoidable 

Pump 𝜂 = 0.7 𝜂 = 1 𝜂 = 0.98 

Compressors & Turbines 𝜂 = 0.85 𝜂 = 1 𝜂 = 0.98 

Expanders, Intercoolers, & Reheaters Approach Temp = 5 Approach Temp = 0 Approach Temp = 3 

ARS COP = 0.9 COP = 2.49 COP = 1.2 

PEM 𝜂 = 0.6 𝜂 = 1 𝜂 = 0.9 

 

The conventional exergy destruction (under real conditions) in the kth component of a system is calculated as a difference 

between the exergy of the product streams 𝐸�̇�  𝑟𝑒𝑎𝑙  and the exergy of the fuel streams 𝐸�̇�  𝑟𝑒𝑎𝑙 . In an advanced exergetic 
analysis, the exergy destruction is split into avoidable and unavoidable parts as well as into endogenous and exogenous 
parts. Then, further splitting of the exergy destruction of the system will be done according to the following equations [2]: 
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RESULTS AND DISCUSSION 

The LAES system discharges 40 MW/320 MWhe of electricity and supplies 23.89 MW of refrigeration. It also utilizes 5% 
of the electricity supplied during discharge to produce 0.008 kg/s of hydrogen. Table 2 shows the results from the 
conventional and advanced exergy analysis of the system. 

Table 2: Advanced exergy parameters of the system 

 
Component 

Destruction (MW) 

Real Single splitting Combined splitting 

𝐸�̇�  𝑟𝑒𝑎𝑙 
𝐷,𝑘 𝐸�̇�  𝐸𝑁 

𝐷,𝑘 𝐸�̇�  𝐸𝑋 
𝐷,𝑘 𝐸�̇�  𝑈𝑁 

𝐷,𝑘 𝐸�̇�  𝐴𝑉 
𝐷,𝑘 𝐸�̇�  𝑈𝑁,𝐸𝑁 

𝐷,𝑘 𝐸�̇�  𝑈𝑁,𝐸𝑋 
𝐷,𝑘 

𝐸�̇�  𝐴𝑉,𝐸𝑁 
𝐷,𝑘 𝐸�̇�  𝐴𝑉,𝐸𝑋 

𝐷,𝑘 

Pump 1.56 1.47 0.09 0.10 1.46 0.10 0.01 1.37 0.09 

Compressor 4.99 4.37 0.63 0.64 4.35 0.56 0.08 3.81 0.54 

Turbines 5.54 5.43 0.12 0.77 4.77 0.70 0.07 4.73 0.04 

Intercoolers 1.93 2.29 -0.35 2.20 -0.26 2.09 0.10 0.20 -0.46 

Reheaters 1.06 1.29 -0.22 1.20 -0.14 1.15 0.06 0.14 -0.28 

Evaporators 5.30 5.96 0.30 5.96 -0.66 5.29 0.67 -0.29 -0.66 

Expander 1.11 1.04 0.07 0.15 0.96 0.14 0.01 0.90 0.06 

Recuperator 0.45 0.28 0.17 0.47 -0.02 0.44 0.03 -0.15 0.14 

Cold box 0.36 0.71 -0.35 0.69 -0.33 0.67 0.02 0.03 0.18 

ARS 3.38 0.02 3.37 0.31 3.08 0.02 0.28 -0.01 3.09 

PEM 1.35 1.35 0 0.47 0.89 0.47 0 0.89 0 

Total 27.05 24.20 3.82 12.95 14.10 11.6 1.34 11.62 2.73 

 
In Table 2, the negative values (in bold) within some components are due to the mass flow differences between the real, 
theoretical, and unavoidable conditions. This is explained more in detail in the study of Petrakopoulou et al [2]. The results 
from the table also show that the large portion of the exergy destruction being endogenous means the exergy destructions 
are mainly from each component itself. The compressors and turbines show the highest improvement potential because 
of the high value of avoidable exergy destruction in these components. Futhermore, the avoidable endogenous exergy 
destruction show that priority should be given to improving the performance of the compressors, turbines, and the PEM 
as they have a greater potential of benefiting the entire system. 
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CONCLUSIONS 

The present study presents an advanced exergy analysis of a LAES and multigeneration system. The system, a 40 

MW/320 MWhe storage system has the capability to also produce 23.89 MW of refrigeration and 0.008 kg/s of hydrogen 
during discharge. The findings of the advanced exergy analysis reveal that the avoidable exergy destruction is highest in 
the compressors, turbines, and the ARS. Additionally, priority should go to improving the compressors, turbines, and the 
PEM as they have a high potential of benefiting the system. 
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ABSTRACT 

The Photovoltaic panels lose efficiency when they operate in the environment at elevated temperatures from 25 C0. The 
standard photovoltaic panels convert solar energy 20% as electricity and 80% in the form of heat generation. The amount 
of heat loss is based on different environmental and installation parameters. The utilization of heat produced from solar 
panels is possible when its estimate is available for that specific environment. In this study, real-time temperatures are 
measured on the back surfaces of solar panels installed on a rooftop for peak seasons. The heat energy from a solar 
panel is calculated that can be extracted through convection from the back surface of the solar PV system. The thermal 
energy Qconv average daily value in the summer season is found 350 watts during May and up to 100 watts during the 
winter season in January is calculated. The electrical efficiency of the solar panel is 12%, and 8% improved during 
summer and winter. The 300 watts of thermal energy can be saved for a single day in summer and 80 watts can be 
saved in winter for preheating water to produce hydrogen through Methanol Steam Reforming (MSR). 

Keywords: Methanol Steam Reforming (MSR), Photovoltaic (PV), Hydrogen Production, Thermal Efficiency 

INTRODUCTION 

Among the renewable energy resources solar photovoltaics have got significant attention due to their low cost and 
environment friendly nature. Silicon based solar cells were introduced in 1954 with an efficiency of 6% but with ongoing 
research these have reached an efficiency of 26% till now [1,2]. Moreover, silicon based photovoltaic modules dominate 
the market contributing with about 95% share overall [3]. Crystalline silicon-based PV has several weaknesses attached 
to it like its efficiency decreases when it is operated at elevated temperatures. A PV module converts solar irradiance 
into electricity. Electrical efficiency of PV module increases with increasing irradiance. Normally, ambient temperature 
also increases with increase in irradiance which ultimately increases temperature of solar cell also. This increase in 
temperature causes a decrease in overall power output of PV module. So, there is needed a method which can efficiently 
capture the heat produced by a PV module and utilize it into a useful application. For this purpose, photovoltaic thermal 
(PVT) systems are introduced. A PVT system will capture the heat from the PV module back-surface and utilize it for 
indoor heating or other low temperature applications and in turn electrical efficiency will also be improved due to cooling 
provided by the thermal heat extractor [4]. 

Several types of working fluids are used in PVT systems. Air and water are two types of fluids most commonly used in 
PVT among them [5]. They have their own pros and cons depending upon their application. Kazemian et al. [6] studied 
PVT system with three types of working fluids. Thermal efficiencies of the PVT systems varied between 63%-44% for 
unglazed ones and 70%-53% for glazed systems. Dubey et al. [7] observed 0.4% absolute difference in electrical 
efficiency of PV module in PVT system when compared to a normal PV module. An air-type PVT system is coupled with 
a heat recovery ventilator (HRV) and results are drawn for both winter and summer season [8]. Overall efficiency of the 
system was 38% and 10% PV energy savings were also observed during both seasons. PVT systems can serve other 
multiple applications like crops and fruits drying, collection of greenhouses [9,10]. 
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Generally, performance improvement of energy systems means increase in energy conversion rate [11]. Working 
conditions, mass flow rate and temperature of fluid at inlet are the factors which determine overall efficiency of PVT 
system. Abdul Ganiyu et al. studied the effect of different flow rates on temperature changes, thermal energy and 
electrical energy of PVT system [12]. Temperature of PV cell was reduced by 11.3% and in turn increasing module 
efficiency by almost 1% when mass flow rate of water was increased from 0.025kg/s to 0.067kg/s. However, there is 
more increase in electrical energy when ventilation is provided in PVT system, while increase in thermal energy output 
is much greater than electrical energy under closed environmental conditions [6]. Water based PVT system designed by 
Ji et al. [13] had electrical efficiency as 10.15% and thermal efficiency exceeding 45% under natural circulation of water. 
Dubey at al. [14] analyzed the overall efficiency of a water based PVT system, they were able to extract a maximum of 
196.9kWh and 529.7kWh exergy for the worst and best cases during the whole year. Based on TRNSYS simulation data, 
Dupeyrat et al. [15] analyzed the performance of a water based PVT system. He reported that exergy produced by a 
PVT unit will always be higher (2796kWh in Paris, 3149kWh in Lyon, 4006kWh in Nice) than a separately installed PV 
panel and a solar collector (2510kWh in Paris, 283kWh in Lyon, 3650kWh in Nice). 

In this study, performance of PVT system coupled with methane steam reforming (MSR) for hydrogen production is 
analyzed. Amount of heat dissipated from solar PV is estimated through real-time data and further calculations are done 
to find out the amount of thermal energy that can be produced by utilizing this heat. Furthermore, increment in PV 
electrical efficiency after extraction of heat energy is also calculated. 

 

METHODOLOGY 

Module temperature (Tmod) data is measured from the back side of PV panels for 12-14 January (Winter Season) and 
5-7 May (Summer Season). This data was sorted in intervals of 10-minute. Global horizontal irradiance (GHI), ambient 
temperature (Tamb), wind speed, and relative humidity (RH) were obtained from weather station installed at the roof top 
of the adjacent building to the car parking area. This weather data is also sorted in intervals of 10-minutes. Plots are 
drawn for both seasons between different parameters i.e. module temperature and time, global horizontal irradiance and 
module temperature. There are 3 mechanisms of heat transfer within the environment as: 1) conductive 2) convective 3) 
radiative Convective heat transfer occurs when fluid molecules are in contact with another surface at different 
temperature. It is calculated according to Newtons law of cooling: 

Qconv = h×A(Tmod-T∞) (1) 

Where, Qconv is the convective heat transfer, Tmod and T∞ are the temperatures of module and fluid, A is active area 
available for heat transfer, and h is the convective heat transfer coefficient. 

 

RESULTS AND DISCUSSION 

The plot represents the relationship between the solar irradiance represented as blue, for month of May 2021 and the 
thermal energy extracted from the solar panel in the form of Qconvection Fig .2. The data is presented for the peak time 
from 8020 AM-0210 PM for three days. On 7nth May the deviation is due to the wind blowing at higher rates. The plot 
represents the total energy coming from the sun in the form of Global horizontal irradiance and the temperature of the 
solar panel and the thermal energy extracted from the solar panel in the form of convection at its back surface as 
Qconvec. 

The relationship between the solar irradiance and the thermal energy extracted is plotted in the current plot for the month 
of jan 2022. In this plot the three variables, solar irradiance, panel temperature and the thermal convection energy is 
plotted for the mid of month of January 2022 Fig. 1. 
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Figure 1 : Heat Collection in Winter 

 

 

Figure 2 : Heat Collection in Summer 
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CONCLUSION 

The obtained results reflect that in the May at roof top installed PV system we can extract up to 350 watts from a single 
module with area 1.7 square meter while in the winter season in the month of January we can extract up to 97.15 watts 
thermal energy from the PV system. This thermal energy saved the preheat energy for the Methanol Steam Reforming 
process cost as well thermal efficiency improvement of the solar system. 
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ABSTRACT 

The aim of this paper is to present a multi-generation cycle that works completely based on renewable resources without 
having any harmful effect on the environment. This system uses Parabolic Trough Collectors (PTC) for collecting solar 
energy to heat water. This water is used to run a Power Cycle, Vapor Absorption Cycle (VAC) and to heat water. We 
extract hot water from the earth and use it to generate electricity, space heating and to produce fresh water and hydrogen. 
The system works on the basic thermodynamic principles, but it uses renewable resources such as solar energy and 
geothermal energy to produce power, hydrogen, and fresh water. VAC is used to produce cooling. Renewable resources 
do not harm environment, so we can use them without worrying about environmental and health crisis, as compared with 
other resources such as coal or oil which harm atmosphere and atomic energy which causes health problems in workers 
and it also needs careful handling and radioactive waste if disposed of improperly causes severe environmental and 
health problems. 

Keywords: Hydrogen production, Vapor absorption Cycle, Parabolic Trough Collector, Geothermal 

INTRODUCTION 

Mankind has relied on fossil fuels such as coal, oil, gas in order to meet their demand for energy. The combustion of fossil 
fuels produces Greenhouse gasses which have damaging effects on the environment and health of the being. Therefore, 
the aim of achieving a cleaner environment will not be possible as long as the World keep depending on these fossil 
fuels. Moreover, these fossil fuels are not long-lasting so the world needs to seek alternative mean of energy which is 
sustainable and environment friendly. Renewable energy sources are the answer to all these problems. Renewable 
Energy includes all the energy that is derived directly or indirectly from the sun or from other natural movements and 
mechanisms of the environment. Geothermal, Hydropower, Wind, Biomass, Ocean, Solar are the main source of 
renewable energy. These energy sources are sustainable, environment- friendly and have the potential to meet all 
demand for energy of the Earth. With the recent climate change and global concern our GHG emission, the Word has 
shifted its focus toward Renewable Energy sources in order to meet their energy demand. It is predicted that in 2020 
Renewable Energy Source will have 26% of share in Global Energy Generation [1]. 

Flash steam Power Plants are the most common application of exploiting these geothermal reserves for power 
generation. They are further subdivided into Single Flash and Double Flash Steam Power Plants. In Single Flash Steam 
Power Plant High Pressure and high-temperature geothermal resource is extracted from production well and fed to the 
separator via the throttling valve. The separator separates the steam at constant pressure and fed it to the turbine. Steam 
expands in the turbine and rotates the turbine and the generator attached to it thus converting electrical energy into 
mechanical energy. After that steam enters the condenser where it is again converted into water and fed to the injection 
well. In double flash steam power plant, two separators are installed and outlet of first separator is connected to low-
pressure separator via the throttling valve. Low-pressure separator separates the remaining steam from geothermal 
resource and fed it to the low-pressure turbine [2]. 

Geothermal Energy Reservoir can be production of Hydrogen depending upon the thermal energy content of the 
reservoir. In high temperature reservoirs, the heat produced from the reservoir is used in thermochemical cycles and 
hybrid cycles [3-4] which produce hydrogen. In low and medium temperature reservoirs the electricity is produced at first 
from the geothermal plant, this electricity is fed to the electrolyzer for the production of Hydrogen. The high temperature 
electrolysis of the steam can produce 50% to 90% of Hydrogen gas [5-7]. Hydrogen has high heating value and produce 
three times more energy than gasoline after combustion. Hydrogen undergoes an electrochemical reaction with oxygen 
in fuel cell and produce emission free energy [8]. Ali et al. developed solar-geothermal base multigeneration system and 
carried out their energy and exergetic analysis. The system designed to produce electrical power, cooling, space heating, 
hot water and heat for industrial use. Energy efficiency of the system was 78% while exergetic efficiency of the system 
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was 36.6% [9]. In this paper we have designed a multigeneration system that use Geothermal Resource for Power 
Generation on the principle Double flash Steam Power Plant. Parabolic Solar Trough Collector is used to generate steam 
which is used to produce electrical power by Rankine Cycle. Fraction of steam from Parabolic Solar Trough Collector are 
used to drive Vapour Absorption Cycle by providing heat to the generator. Electrolyser is attached at the outlet of the 
turbine which is used to produce Hydrogen gas by the process of electrolysis. 

ANALYSIS 

The study reported results carried through performing the exergetic along energetic approaches of the system. Analysis 
was being performed in conformity of substantial thermodynamics laws. Mathematical model of proposed cycle was 
simulated employing Engineering Equation Solver (EES) developed by Klein [10]. Before going into the results, we 
needed to formulate some assumptions for current study, they are presented below. 

• The surrounding pressure and temperature are considered having values 101.325 kPa and 300 K, 
respectively [11]. 

• There were negligible heat losses out of the system [11]. 

• Pressure losses within fitting and piping are not observed or incorporated [11]. 

• The refrigerant is taken as saturated vapor when evaporator is vacated for ACS [12]. 

• The refrigerant is saturated liquid as supposed when during Absorption cooling system (ACS) 
[12]. 

• The current cycle has uniform solar irradiation at a steady condition [12]. 

• The geothermal parameters are taken constant to account [13]. 

• The geothermal water has to be assumed free from any kind of impurities just like a pure water 
[13]. 

• Fouling discrepancies were not orchestrated for desalination to account for the dealing of Heat 
exchanger. 

 

Figure 1_Schematic of the proposed multigeneration system. 
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RESULTS AND DISCUSSION 

A thorough thermodynamic mathematical was developed for the proposed system. In this section we will discuss briefly 
the results yielded by the analysis and its impact on other parameters. The figure 2 is between geothermal mass flow rate 
and overall energy and exergy efficiencies This graph shows that both efficiencies are inversely proportional to the 
geothermal mass flow rate. Correlation validates the study that as the flow rate of the geothermal production well is 
increased, the heat transfer to the other components would tend to lower. 

 

The figure 3 is the reflection between solar mass flow rate and work done by two turbines of power cycle and Temperature 
of hot water exiting the hot water container. This graph shows that both are directly proportional to the solar mass flow 
rate. 

CONCLUSIONS 

A novel multigenerational system with geothermal and solar energy inputs, where system is capable of producing outputs 
namely cooling, heating, hydrogen production, fresh water, hot water and electricity. A complete study of system is 
undertaken which includes energy and exergy analysis. Detailed energetic and exergetic analysis of each cycle was 
under taken and modelled respectively. The rate of hydrogen production was found to be 0.0432 g/s at a dead state and 
was also found be varying perfectly with the various parameters in parametric analysis. Detailed exergetic analysis was 
also conducted which computed the exergy destruction from various components of the system. Efforts need to be made 
to minimize these exergy destructions for the better performance of the system. The work rate produced from the turbines 
was found to be around 2502 kW at a dead state. Furthermore, it is found that the overall energy and exergy efficiencies 
of the system are 23.76% and 29.22% respectively. This systems is a novel approach to tackle the issues of the global 
warming with reliance on hydrogen production as a future fuel. 

REFERENCES 

1. International Energy Agency (IEA). Key World Energy Statistics 2016; 2016. doi:10.1787/key_energ_stat- 2016-en. 
2. Ibrahim Dincer, Muhammad F. Ezzat,” Renewable Energy Production,” Comprehensive Energy System 3, (2018):134-135. 
3. Steinfeld A, Brack M, Meier A, Weidenkaff A, Wuillemin D, “A solar chemical reactor for the co-production of zinc and synthesis 

gas,” Energy 23 (1998): 803–814. 
4. Steinfeld A, Kuhn P, Reller A, Palumbo R, Murray JP, Tamaura Y, “Solar-processed metals as clean energy carriers and water-

splitters,” Int J Hydrog Energy 23, (1998): 767–774. 
5. Fletcher EA, Moen RL, “Hydrogen and oxygen from water,” Science 197, (1977):1050–1056. 
6. Steinberg M, Cheng HC, “Modern and prospective technologies for hydrogen production from fossil fuels,” Int J Hydrogen Energy 

14, no. 11(1989): Pages797–820. 
7. Doenitz WR, Schnitedberger R, Steinfield E, Strucker R,” Hydrogen production by high temperature electrolysis of water vapor,” 

Int J Hydrog Energy 5, (1980): 55–63. 
8. Omar Z. Sharaf, Mehmet F. Orhan. “An overview of fuel cell technology: Fundamentals and applications,” Renewable and 

Sustainable Energy Reviews 32, (2014): 810–853. 
9. Muhammad Ali Ali, Ibrahim Dincer, “Energetic and exergetic studies of a multigenerational solar–geothermal system,” Applied 

Thermal Engineering 71, no. 1 (October 2015): 16-23 
10. Klein SA. Engineering Equation Solver (EES); 1975. http://www.fchart.com/ees/. 
11. Abid M, Ratlamwala TAH, Atikol U. Solar assisted multigeneration system using nanofluids: a comparative analysis. Int J Hydrog 

Energy. 2017;42(33):21429‐21442. 
12. Ozlu S, Dincer I. Development and analysis of a solar and wind energy based multigeneration system. Sol Energy. 2015;122: 

1279‐1295. 

13. Ratlamwala TAH, Dincer I, Gadalla MA. Performance analysis of a novel integrated geothermal‐based system for 
multigeneration applications. Appl Therm Eng. 2012;40:71‐79 

http://www.fchart.com/ees/


13th International Conference on Hydrogen Production (ICH2P-2022) 

December 11-14, 2022 

Pakistan 

 

112 
 

ANALYSIS AND PERFORMACE EVALUATION OF A HYDROGEN PRODUCING RENEWABLE 
BASED MULTI-GENERATION SYSTEM 

1Yasir Qazi, 2 Syed Muzzammil Ali, 3 Gopal Parkash 4Armaghan Shahzad 5Khurram Kamal 6Tahir A.H. Ratlamwala 

National University of Sciences and Technology, Karachi, Pakistan 

*Corresponding author e-mail: yasirqazi1015@gmail.com 

ABSTRACT 

This paper proposes a new renewable energy based multi-generation system which incorporates parabolic trough solar 
collectors and geothermal energy system to simultaneously generate Hydrogen, electricity, heating, cooling, dry air, fresh 
water, and hot water. Two Rankine Cycles are used to produce power for electricity and are operated with the same fluid 
which increases the overall efficiency of the cycles. Useful heat is obtained from the condensers of the Rankine Cycles 
to operate Heat Pump and Absorption Chiller to produce space heating, cooling, and hot water. Psychometric study is 
employed for obtaining the properties and quantity of the dry air being generated. The performance of the system is 
determined by examining all system components through energy and exergy analysis methods and for a selected case, 
the overall energetic and exergetic efficiencies of the system are 78% and 64% respectively. Furthermore, to improve 
the system’s performance, parametric and optimization studies are conducted in EES which also let us observe the 
effects of various inlet and operating conditions on the efficiencies of the overall system and sub-systems. In addition to 
this, MATLAB SIMULINK is also used to analyse the stability of PID controllers located at various points in the system 
to control the mass flow rate of different fluids which let us maximize the system’s overall performance. The system is 
designed considering the natural environmental conditions of San Diego, California. 

Keywords: Hydrogen, Renewable, Multi-generation, PID, Exergy. 

INTRODUCTION 

In recent years, renewable energy sources have gained great significance due to the destructive environmental impacts of 
using fossil fuels in major powerplants across the globe. Fossil Fuel is not only a danger to the environment but to human 
health itself by release large amount of greenhouse gases like CO2 and CO into the atmosphere. Fossil Fuels such as oil, 
coal, natural gas is limited which means eventually they will be totally exhausted which will drive up the overall energy costs. 
Renewable energies such as wind, solar, geothermal, biomass, hydropower, and ocean. Renewable energy is gaining 
interest all over the world as it doesn’t cause environmental pollution and it has low or zero carbon and greenhouse 
emission. However, the efficiency and economic feasibility of fossil fuels is still better than renewable energy. To counter 
this problem, multi-generation systems with multiple renewable resources are designed which yields efficiency higher than 
the combined efficiency of separate units. Although, a renewable based multi-generation system is impressive, it is not 
without its challenges as most of the renewable sources like solar and wind oscillate daily. 

A multi-generation system produces several products such as heating, cooling, electricity, dry air simultaneously. A multi- 
generation system makes use of all the wasted energy used in different cycles to produce various products. Many 
researchers have done a lot of work on multi-generation systems. Tahir A.H. Ratlamwala et al proposed an integrated 
system consisting of a heliostat field, an ORC, a steam cycle, and an electrolyser in which the results showed that the 
heliostat field area is directly proportional to the power and hydrogen production. The optimization result yielded an energy 
and exergy efficiency of 18.74% and 39.6% respectively. 

Taking an inspiration from these studies, we designed a novel multi-generation system for this study which comprises of a 
combined regenerative reheat Rankine cycle with a simple Rankine cycle connected with a common working fluid to 
produce power. The heat from their condensers is used to operate a 2-stage compression Heating system., a Triple-Effect 
Absorption cycle and to produce hot water. PIDs are integrated at the inlets of turbine, condenser, and evaporator to achieve 
the optimum mass flow rate for the component. These steps ensure minimum heat and energy losses and increases the 
overall energetic and exergetic efficiency of the system. 

Taking these things into consideration, the key objectives and innovations of this study are as follows: 

• An amalgamation of solar and geothermal based energy system is analysed in detail via energetic and 

exergetic analysis methods. 

• Energy and exergy efficiencies of overall system and all sub-systems are computed. 
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• Exergy destruction for all major components is calculated for the possibility of improving the proposed system. 

• A parametric study to observe the effects of various input and operating conditions on different outputs. 

• Producing fresh water and hydrogen from the novel integrated system. 

• PID stabilization of control valves to optimize the mass flow rates at various location in the system. 

• Applying multi-objective optimization to determine the optimal design parameters. 

System Description 

The figure above illustrates a solar and geothermal powered multi-generation system which produces 7 different outputs 
via the integration of 7 subsystems. The objective of the system is to provide various commodities such as electricity, space 
heating, space cooling, fresh water, hot water, hydrogen and dry air. The major cycles employed are Reheat Regeneration 
Rankine coupled with a simple Rankine (connected to geothermal source) and a triple effect vapour absorption cycle. 

The solar source employs a parabolic trough collector which absorbs the energy potential of solar radiations and transmits 
it to the power-producing cycle via a heat exchanger. The HTF enters the boiler of the Reheat Regeneration Rankine at 
state 65 and undergoes a temperature drop after transferring heat to the fluid in the Rankine cycle. The water at state 13 
enters the high-pressure turbine and expands to a lower pressure where it is extracted out and reheated to the same 
temperature as that of state 13. The preheated water then re-enters the low-pressure turbine to expand to the condenser 
pressure. The expanded saturation mixture at state 17 releases latent heat at a temperature with substantial exergy 
potential for it to be used effectively to operate a heat pump cycle. A fraction of superheated steam is extracted at state 16 
and fed into an open feedwater heater where it combines with a pressurized outlet from the pump at state 2. The open feed 
water heater outlet at state 3 is pressurized to state 4 where it exchanges heat with the fluid at state 14. Finally, the water 
at states 5 and 7 mixes into a mixing chamber whose outlet is coupled to the simple Rankine cycle connected with a 
geothermal source. The Reheat Regeneration Rankine cycle makes use of high and low-pressure turbines, open feed water 
heater and closed feed water heater to increase the second law efficiency of the cycle. The mass flow rates at various 
points within the cycle are monitored and controlled by a PID controller. 

In the heat pump cycle, the heat is absorbed by the refrigerant at state 25 from the condenser of the Rankine cycle to attain 
the saturated vapour phase at state 18. The refrigerant is then compressed to intermediate pressure at state 19 where it 
combines with the saturated refrigerant vapour incoming at state 20 from the flash chamber. This combined superheated 
vapour is then compressed to a higher pressure at state 21. The refrigerant then passes through a condenser where it 
rejects heat to the conditioned space and is throttled down to the interstage pressure in the flash chamber where a fraction 
of liquid refrigerant vaporizes as mentioned above and the rest at state 24 is throttled down to state 25. 

The geothermal cycle is connected to the simple Rankine cycle through a heat exchanger. The hot steam from the injection 
well at state 30, after transferring its thermal content, is re-injected back into the well at state 70 to avoid a pressure drop 
beneath the facility and the possible formation of sink holes. The outlet from the mixing chamber at state 8 undergoes a 
temperature increase in the heat exchanger to state 9. Afterwards, it expands to state 12 and releases latent heat to be 
used in the generator of an absorption refrigeration system. The water at an atmospheric state is injected into the condenser 
of the simple Rankine cycle. The hot water is then passed through the generator to drive the triple effect absorption cycle. 
This stream of hot water after losing a portion of its thermal potential is extracted as an output. The pumped water at state 
10 is then fed back into the heat exchanger of the upper Rankine cycle. 

In the triple effect absorption cycle, the strong refrigerant/absorbent solution at state 60 enters the generator and upon 
provision of heat decomposes into a vapour at state 62 and a weak solution at state 61. The weak solution then transfers a 
portion of its heat content to the incoming strong solution at state 25 in a high-temperature heat exchanger. This solution 
at state 63 then combines with a weak solution at state 44 from the temperature generator to form state 64. The combined 
solution again rejects heat in a medium temperature heat exchanger and combines with a weak solution at state 55 from a 
low-temperature generator to form state 46. This solution then undergoes a final low-temperature heat exchanger where it 
rejects heat to increase the temperature of the strong solution from state 51 to state 35. The weak solution is then throttled 
down to an absorber pressure and temperature before re-entering the absorber. The refrigerant vapour is injected into the 
medium temperature generator where it heats the strong solution at state 58. The vapour streams at states 36 and 59 combine 
to form state 37 before entering the low-temperature generator where it heats the incoming strong solution at state 54 and 
releases refrigerant vapour streams at states 39 and 38. The refrigerant stream at state 38 rejects heat to the strong solution 
at state 49 in a condenser heat exchanger before being redirected to the condenser just like the stream at state 39. The 
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THERMODYNAMIC ANALYSIS 

combined refrigerant vapour stream in the condenser rejects heat and is throttled down to state 42 before entering the 
evaporator where it absorbs the heat from the conditioned space to leave as a saturated vapour at state 43. 

The dehumidification system is set up in conjunction with the absorption cycle and makes use of the evaporator and 
condenser to dehumidify the atmospheric/conditioned air and adjust the temperature according to the need. 

The PTC heat transfer fluid after undergoing a specified decrease in its temperature in the boiler of the Reheat Regeneration  
Rankine cycle is again passed through another heat exchanger where it transfers its remaining heat content at a 
temperature of °C to the incoming supply of water. Afterwards, the steam generated is then passed through an array of 

pipes in multiple compartments of a multi-stage flash desalination plant. The sea water is sprinkled on these hot pipes which 
upon contact evaporates and is condensed into the distillate. The saline solution accumulated at the bottom of the tanks is 
fed back into the seawater stream. Finally, the distillate from all the compartments is collected in a storage tank. 

For electrolysis, electricity and heat are supplied to the PEM electrolyzer to carry out the chemical reactions. Water is fed 
into the system at standard conditions. This stream of water is then heated in a counterflow heat exchanger to the 
temperature maintained in the PEM electrolyzer. The hydrogen deposited on the cathode dissipates heat to the environment  
and cools down to the atmospheric temperature. The O2 produced on the anode is separated from the water/oxygen mixture 
and is cooled down to the environmental conditions. The remaining hot water is recirculated into the incoming supply line 
for the next hydrogen generation cycle. The overall process could be summarized as electricity + heat + water gives 
hydrogen and oxygen. 

 
For the evaluation of the Performance of designed multi-generation system through energy and exergy analysis, a 
comprehensive thermodynamic analysis is executed employing EES software. Mass, energy, and exergy balance 
equations have been written for all major components of the system to compute the energetic and exergetic efficiencies 
along with the rate of Exergy Destruction. The designed system consists of a solar driven parabolic trough collector 
system, a Reheat-Regenerative Rankine cycle, a geothermal binary power cycle, a multi-effect distillation system, a 
multi-stage compression Heat Pump and a Triple-effect absorption refrigeration system. The aim of the multi-generation 
cycle is to obtain a diverse set of useful outputs, namely electricity, heating, cooling, domestic hot water, fresh water, dry 
air, and hydrogen. Moreover, following typical assumptions are made for the performance analysis: 

• Steady operating conditions exist 

• Kinetic and Potential energy changes are neglected 

• The dead state for the system has an environmental Temperature To = 27oC and pressure P0 = 101.325 kPa. 

• Isentropic efficiencies of Turbines, pumps and compressors is 90%. 

• Quality of working fluids are x=0 (Saturated liquid) and x=1 (Saturated Vapor) at outlet of condenser and 

inlet of evaporator respectively. 

• The pressure losses in all the heat exchangers and the pipelines are neglected. 

• The absorbent (Water) and refrigerant (Ammonia) are chemically stable, and no reaction takes place 

between them. 

• Air is treated as an ideal gas. 

• The Psychometric process cooling with dehumidification is at constant pressure. 
The mass, energy, and exergy balance of all components in the multi-generation system is as follows: 
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Results and discussion 

An extensive energy and exergy analysis of the designed multi-generation system is performed, and the acquired results 
are demonstrated in the tables and graphs below. Using all the stated assumptions above where T0 = 27oC and P0 = 

101.325 kPa, the overall first and second law efficiency of the Reheat-Regeneration and Simple Rankine cycle is 36 % 
and 42.9 % respectively. A Net Power of 7.65 MW is produced using the two steam power cycles. The heat rejected from 
the condenser of the Simple Rankine cycle is used to operate Triple-effect vapor absorption system and to produce hot 
water at 45oC for domestic purposes. COPEnergetic and COPEnergetic of the Vapor absorption system are found to be 2.335 
and 2.116, generating 544.8 Tons of cooling at a low temperature of -15oC. Hot water is produced at a rate of 84 Kg/s. 
For Space heating purposes a two-stage vapor compression heat pump is integrated with the condenser of the reheat- 
regenerative Rankine cycle. Two-Stage vapor compression cycle reduces the input pump work and enhances COP. An 
Energetic COP of 6.8 and an exergetic COP of 1.57 is achieved through the analysis. The Heat Pump Cycle produces 
approximately 1120 watts of heating at a Temperature of 70OC. Dry air is produced using the evaporator and condenser 
of the vapor absorption cycle. The atmospheric air enters the evaporator at dew point temperature of 34C, humidity ratio 
of 23.75 g/kg and relative humidity of 70%. Upon exit from evaporator, the air stream’s dew point temperature is 8.5C  
with relative humidity of 100%. The air stream is then passed through the condenser of absorption cycle to raise the 
temperature to the required level of 20C and decrease the relative humidity to 48% with humidity ratio being 7g/Kg. The 
electrolyzer produces 5.181 moles of hydrogen per second with an energetic efficiency of 54.3% and an exergetic 
efficiency of 16.9% for a current density of 1000 A/m^2. 

Conclusion: 

In this study a new integrated solar and geothermal based system for multi-generation was developed. Comprehensive 
energy and exergy analyses were performed on the system. These analyses generated some compelling results as 
expected because of the use of green and environmentally friendly energy sources. The results showed that the overall 
energetic efficiencies of RC 1 and 2 are 42.9% and 36%, respectively. Energetic COP of the absorption chiller cycle is 
2.335 whereas the exergetic COP is 2.116. Moreover, the overall energetic efficiency of the system is 78% and the 
exergetic efficiency of the cycle is 64%. In the parametric study, different variations such as increase in the Solar radiation 
showed positive results. These studies are necessary for improving the efficiencies of energy systems. 
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AN APPROACH TO SOLVE FARMER-HERDER’S CLASH THROUGH ENERGY, WATER, FOOD 
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ABSTRACT 

Fuel cells, thanks to their high electrical efficiency, reduced emissions, and useful heat output, have been singled out as a 
crucial technological solution for improving energy efficiency and lowering emissions in the face of rising climate change 
concerns and the ever-increasing cost and scarcity of fuel resources. In this paper, thermodynamic analysis was used to 
look at an integrated technological strategy that uses renewable energy and polygeneration to strengthen the security of 
the energy-water-food (EWF) nexus using the conflict between herders and farmers in rural North Central Nigeria as a case 
study. The system uses a biogas-powered SOFC plant. It produces hydrogen, hot water for dairy, energy, cooling, and 
drinking and irrigation water. The system is simulated under steady state conditions and the performance of the entire system 
was also observed under various operating conditions. 

Keywords: Fuel cells, Energy-water-food nexus, Polygeneraton, SOFC, Nigeria 

INTRODUCTION 

The use of fossil fuels, deforestation, urbanization, and industrialization have led to a significant increase in atmospheric 

carbon dioxide (C02). In the past decade, energy consumption has climbed by 236%. This process has generated a number 
of global challenges, most notably climate and atmospheric changes. Nigeria, with a total area of 923,768 sq km covering 
several climatic areas, is very sensitive to climate change. There's no point in denying that a variety of environmental 
issues, most of which are the result of climate change, pose an existential threat to the country. All 36 states and the 
nation's capital are experiencing some sort of adverse effect from climate change. There is a strong correlation between 
water, agriculture, the environment, and energy. Worries about food, energy, and water security also continue to rise, 
however, because of the ongoing discord in the connection between these compoents [1]. 

Conflicts between herdsmen and farmers are a recurring issue in West African and Nigerian civilization [2], [3]. These 
confrontations are not rare or strange, stretching back to pre-colonial times, but they have assumed a new and more 
frightening turn. Evidence is the usage of AK47 guns by Fulani herdsmen, who were previously known for using sticks. In the 
last two decades, conflicts between herdsmen from northern Nigeria and farmers in the north-central and southern region 
over resource scarcity have escalated and become worrisome. They often bring massive death, devastation, and misery, 
threatening Nigeria's security, peace, and stability and making development difficult. With an estimated 3000 deaths 
between 2016 and 2018 [4]. Despite the explosive nature of these attacks, the Nigerian government's response has been 
unsuccessful, especially since the core causes remain a mystery. 

This study analyzes the conflict between herders and farmers in rural North Central Nigeria as a case study to offer a 
technological solution to boost EWF nexus sustainability through a polygeneration energy systems. Polygeneration 
systems that produce numerous outputs from single or many energy sources have been studied. This technology integration 
is vital to the EWF nexus because it optimizes and sustains resource use. Okonkwo et al., [5] presented an innovative 
multisystem technical strategy to solve EWF nexus demands of dry regions using nanomaterials and sustainable energy 
technology. The system uses a parabolic trough collector, Rankine cycle, single-effect absorption cycle, desalination unit, 
and electrolyzer to power and cool greenhouses. Overall energy and exergy efficiency were 19% and 16.4% respectively. 

The fundamental objective of this research is to offer an integrated technological strategy that employs renewable energy 
and polygeneration in order to strengthen the security of the energy-water-food (EWF) nexus via the lens of the conflict 
between herders and farmers in rural North Central Nigeria. The objective is to examine the current nexus and propose a 
unified system that would increase the output of all nexus elements while reducing carbon emissions and settling farmer-
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herder tensions, as many farmers have been forced out of farming as a result of the widespread insecurity in farming 
communities around the country. The use of greenhouse technology in an enclosed space prevents intruders/cattle from 
entering and chewing up crops or causing other problems similar to those encountered in open field agriculture. This 
technology also highlights the need to promote ranching because animal manure may be utilized in the digester to produce 
methane, and through internal reforming produce hydrogen and fuel for the SOFC. 

DESCRIPTION OF SYSTEM AND METHODOLOGY 

The suggested polygeneration system is shown in Fig. 1 and is powered by a biogas-driven SOFC power plant. It can 
produce hydrogen, hot water for dairy production, electricity, cooling, and clean water for drinking and irrigation. The 
suggested system consists of a biogas unit, a SOFC unit, a gas power cycle, a single effect LiBR-water absorption chiller, a 
cascaded closed-loop ORC cycle, a Humidifier dehumidifier (HDH) desalination unit, and a PEM system. Using anaerobic 
digestion of agricultural waste with the help of a digester, methane is produced and through internal reforming hydrogen is 
produced as used as fuel into the anode of the SOFC. The absorption chiller cools the greenhouses, the HDH desalination 
provides water for drinking and for irrigation in the greenhouses, and the PEM generates hydrogen that can also be fed 
directly into the SOFC. The system also has a splitter, so after combustion in the after-burner, the flue gas (state 13) can be 
split into two streams; one stream (state 14) preheats the incoming air, fuel, and water for improved performance of the 
SOFC. The other stream (state 19) goes to the gas cycle heat exchanger and then to other subsystems. 

Fig 1. Schematic of the EWF polgeneration system 
In this study, the integrated system was mathematically modelled and solved using Engineering Equation Solver. The energy 
and exergy efficiencies as well as irreversibility rates were calculated to get insight into overall and component-level 
performances of the system. 

RESULTS AND DISCUSSION 

The integrated system's mathematical model uses mass, energy, exergy, and heat and mass transfer calculations. All 
system assumptions were as follows: The system is in steady-state, pressure changes are minor except in pumps and 
expansion systems, and heat transfers between system components and the atmosphere is low. 
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RESULTS AND DISCUSSION 

Table 1 shows the system main outputs. 
 

Parameter Value 

SOFC electric output 814.2 kW 

ORC turbine work 32.16 kW 

Cooling load 87.9 kW 

COP of absorption chiller 0.7857 

Overall energy efficiency 62.76% 

Overall exergy efficiency 52.49% 

Total work delivered by the integrated system 954.6 kW 

 

Figure 2 shows the effect of current density on the energy and exergy efficiencies of the integrated system. It is seen 
that the energy efficiency of the SOFC drops from about 46.25% to 36.20% as the current density increases and this is 
attributable to a decrease in cell voltage. The overall energy efficiency of the system is observed to decrease as current 
density increases. As the current density increases, the exergy efficiency is decreased. It can be explained that with an 
increase in current density, the exergy destruction and fuel flow rate both increase and any destruction of exergy decreases 
the system's ability to provide work. 

Figure 2. SOFC current density versus system's energy and exergy efficiency 
Fig. 3 reveals that the system's energy efficiency decreases as inlet temperature rises from 650°c to 1100°c. Exergy 
efficiency also decreases because an increase of the SOFC inlet temperature causes an increase in the exergy 
destruction. An increase in the SOFC inlet temperature also leads to an increase in the rate of hydrogen produced in the 
PEM electrolyzer. 

Fig 3. SOFC inlet temperature versus overall energy and exergy efficiency and rate of hydrogen produced 
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CONCLUSIONS 

This paper models an integrated solid oxide fuel polygeneration system. The system's performance was also observed 
under various operating conditions, such as current density and SOFC inlet temperature. Net power and fresh water 
production increases as current density increases, although overall system performance (energy and exergy efficiency) 
decreases. The proposed polygeneration system helps to strengthen the security of the energy-water-food (EWF) nexus via 
the lens of the conflict between herders and farmers in rural North Central Nigeria 
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ABSTRACT 

The presented article aims to design and analyse of a new and unique multigeneration system. The new multigeneration 
system primarily produces methane or natural gas by extracting the CO2 from cement production through processes such 
as calcium looping. The H2 generated in the system was synthesized through electrolysis which was supported by 
hydroelectric power. After this, a portion of the hydrogen produced from the system is reacted with the CO2 to produce 
methane. The other useful outputs of the system include electricity and space heating. The implemented system design 
also harnesses other renewable resources, such as solar energy and biomass, to enhance other aspects of its design. 
The system has an achieved hydrogen and methane production rate of 5.88E-4 kg s-1 and 1.17E-3 kg s-1, respectively. 

Keywords: Hydrogen, Methane, Hydroelectric Power, Solar Power 

INTRODUCTION 

Due to the rising global energy demand and the advent of issues revolving around climate change, engineers and 
scientists create unique, innovative solutions to remedy these issues [1]. By using more benign hydrocarbons such as 
natural gas, the polluting effects of burning fuel has the potential to be significantly reduced. The need for natural gas is 
further reinforced given a recent 2021 report by the IEA, which projected that the global energy demand for natural gas will 
continue to rise, reaching a 31% increase by 2040 [2]. This 31% increase in natural gas consumed will equate to 
approximately 17% of the total energy consumed on a global scale [2]. 

Besides its use as a fuel source natural gas can also be used in the synthetization of many prominent items that society 
continues to use today such acetic acid [3], which can be later be used to create rubber, paint, textiles, and surface finishes 
[4]. Natural gas can also be considered an essential component within the agricultural industry, given that it is commonly 
used to synthesize ammonia, which is later used in fertilizer [5]. Furthermore, hydrogen is considered one of the most 
preeminent fuel sources and energy carriers of the future. This is largely attributed to water being the primary product of 
hydrogen's combustion, which has a global warming potential (GWP) of zero, and its high energy density of 120 MJ kg-1, 
which ranks higher than other prominent fuel sources such as diesel or gasoline. Furthermore, renewable methods such 
as electrolysis via wind, solar, and hydroelectric power can also produce hydrogen. 

Given society's current dependence on natural gas, as well as society's need for cleaner energy alternatives such as 
hydrogen and natural gas, there is tremendous value in a system capable of synthesizing natural gas and hydrogen 

simultaneously. Furthermore, by also being able to capture and then utilize CO2 produced from processes ingrained 

within society, such as cement production, this will enhance the sustainability of cement production. This paper will 
present a novel multigeneration system capable of producing four useful outputs. These useful outputs consist of 
hydrogen, natural gas (methane), electricity, and space heating. The system will produce hydrogen through hydroelectric 

power, then react a portion of the hydrogen produced with the captured CO2 from calcium looping in a cement plant. 

ANALYSIS 

Fig. 1. illustrates the paper's multigeneration system capable of producing 4 useful outputs consisting of hydrogen, 
methane, electricity, and space heating. 

In order to synthesize natural gas (methane), the Sabatier reaction can be used. The Sabatier reaction, which utilizes CO2 

and H2 is presented as follows: 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂, 𝑤𝑖𝑡ℎ 𝛥𝐻298𝐾 = −164 𝑘𝐽 𝑚𝑜𝑙−1 (1) 

Additionally, the H2 produced from the process can be synthesized through electrolysis. The chemical reaction at the 
anode, cathode, and the overall reaction can be presented as follows: 
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Fig. 1. Proposed Multigeneration System 

RESULTS AND DISCUSSION 

As seen in Fig. 1, the proposed system has integrated a hydroelectric dam. The hydroelectric dam has an average 
volumetric flow rate of 1 m3 s-1 and a head of 100 m. From the electricity produced, 20% of its electrical energy output 
will be allocated toward hydrogen production. Furthermore, 50% of the hydrogen produced will be used to synthesize 

methane. Fig. 2 presents the correlation between the volumetric flow rate of water through the dam and the H2 production 

rate simultaneous to the CH4 production rate. 

 
 

The amount of H2 and CH4 produced greatly depends on the volumetric flow rate through the system. Fig. 2 measures 
the volumetric flow rate of water through the dam between 0.1 m3 s-1 to 1.0 m3 s-1. The maximum production rate for H2  
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and CH4 was achieved at 1.0 m3 s-1 rate was 1.17E-3 kg s-1 (4.21 kg hr-1) and 5.88E-4 kg s-1 (2.12 kg hr-1)  for CH4 and 
H2, respectively. 

 

In addition to the system's H2 and CH4 production rates, other aspects of the system's performance were measured. 
These system performance metrics are provided in Table 1. 

 

Table 1. System Performance Parameters 

H2 Production Rate 5.88E-4 kg s-1 

CH4 Production Rate 1.17E-3 kg s-1 

Net Power Output 994.8 kW 

Heating Load 650.5 kW 

 

As seen in Table 1, the system also has a net power output of 994.8 kW and a heating load of 650.5 kW. 

CONCLUSIONS 

The presented paper develops and analyzes a new and unique multigeneration system capable of simultaneously 
producing hydrogen and methane. The presented system utilizes the captured CO2 produced from cement production, then 
reacts it with a fraction of the H2 gas produced from electrolysis. The system produced H2 and CH4 of 5.88E-4 kg s-1 and 
1.17E=3 kg s-1. Furthermore, the system achieved an electrical power output and heating load of 994.8 kW and 650.5 kW, 
respectively. 
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ABSTRACT 

Kitchen waste accounts for more than 60% of the municipal solid waste and its disposal to protect the environment 
has become an urgent task. The high water and organic content combined with ease in disposal are the main 
characteristics of kitchen waste, making it suitable for processing by using anaerobic digestion technique for 
armless disposal and co-production of clean biogas. The present study aims to explore the effect of NaOH-urea 
pretreatment on the anaerobic digestion of kitchen waste and sludge. The pretreatment process is optimized by 
using response surface methodology (RSM). 

Batch experiments were conducted to optimize the AD process of kitchen waste at pretreatment time (10 – 50 min), 
NaOH-urea concentration (10 - 30 g/L), and pretreatment temperature (-20 – 20oC). The RSM results showed that 
optimum values found to be 30g/L, -5oC and 30 min pretreatment time. The cumulative biogas and biohydrogen % 
(v/v) at optimum values were 316 ml and 36.21 %, respectively. In addition, two mathematical kinetic models named 
Modified Gompertz Model and Logistic Function Model are used for finding the effect of US pretreatment on the 
enhancement of reaction kinetics. Both models were found to be fitted well with the obtained experimental data. 
Akaike’s Information Criterion (AIC) Test showed that Modified Gompertz model is better than Logistic Function 
model for this case. 

Keywords: Anaerobic Digestion, Biogas, Biohydrogen, Kitchen Waste, NaOH-Urea pretreatment 

INTRODUCTION 

The world will face severe energy  crises  due to the dearth of fossil fuel in coming days. For this reason countries 
across the world are trying to fulfill their  energy  needs  from alternate energy sources. The increasing demand due 
to development and advanc ement in every field of life has caused depletion of fossil fuels. This depleting fossil 
fuel reserve throughout the world has enforced to get energy from other alternative/renewable sources. As the level 
of urbanization in the world is intensified, the disposal of kitchen waste as main part of municipal solid waste has 
become more and more urgent [1]. Common food waste disposal methods are mechanical crushing  straight  row, 
sanitary landfill, incineration, composting, fodder processing, the production of biodiesel, anaerobic  fermentation 
for hydrogen production, biogas production from anaerobic digestion, alcohol fermentation, lactic acid fermentation 
and other technologies  [2]. Out of all the techniques used for food waste disposal, anaerobic digestion is of concern 
as it do not produce secondary pollution and take better advantage of nutrients present in it. Biogas production 
from anaerobic digestion of food waste is a potential method of utilizing food waste as a useful resource. Biogas 
production via anaerobic digestion (AD) is considered as one of the economical way to produce hydrogen energy 
as compared to other hydrogen production methods [3]. 

The aim of present study is to optimize NaOH-Urea pretreatment conditions by using response surface methodology 
(RSM) [2]. AD experiments were conducted and optimum values were found. Moreover, two mathematical models 
named as Modified Gompertz and Logistic Function Models are used for biogas perdition and reaction kinetics 
parameters identification. 
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MATERIALS AND METHODS 

Raw Material and Equipment 

 

The sludge used in this experiment was acquired from Longjiang Environmental Protection Group Co.,  Ltd. It had 
been aeration cultured for 1 to 2 weeks. The composition of initial synthetic wastewater was prepared with analytical-
grade chemicals: NH4Cl (0.0955g), MgSO4 (0.09g), CaCl2 (0.014g), Yeast (0.001g), CH3COONa.3H2O (0.2125g), 
Glucose (0.1031g), Soluble starch (0.2532g), KH2PO4 (0.0206g), 

NaHCO3 (30g) and trace element liquid (5ml). The kitchen waste used was obtained from Harbin Engineering 
University student dining hall. The kitchen waste passed through high speed powder machine crush for 5 minutes 
and then stored in the refrigerator at 2-4°C. KW (1g) was soaked in NaOH- Urea solution (20 ml) of different 
concentrations (2%-3%, 4%-6%, 7%-12%). It was then treated at different temperatures (-20oC, -10oC. 4oC, 12oC) 
for 4 hours. Afterwards, the samples were washed with distilled water and dried at 55oC for digestion. The anaerobic 
digestion of NaOH-urea pretreated KW with sludge was carried out batch-wise. The experiment was divided into 
four groups, each group contained 10 g NaOH-urea pretreated KW, and 30 ml of fresh sludge (TS: 5.9 g/L) in a 
250 mL-scale glass bottle. The initial pH was adjusted at 7 by 1M NaOH and 1M HCl. 

Response Surface Methodology 

A three-factor central composite design (CCD) was used to design the experiment for constructing models using 
design expert software version 8.0.6. List of independent variables are shown in Table 2 and corresponding results 
at Table 3. 

Table 2. List of independent variable 

Independent variable Parameters Low Level High Level 

A Pretreatment time (min) 10 50 

B NaOH-urea concentration(g/L) 10 30 

C Pretreatment temperature -20 20 

 
Table 3. Design of Experiments & Results 

Run NaOH-urea 
concentration(g/L) 

Pretreatment 
Temperature (oC) 

Pretreatment 
time(min ) 

COD  (mg/L) Reducing Sugar 
(g/L) 

1 20 -20 50 74320 3.1293 

2 10 0 10 69500 3.7128 

3 30 0 10 81600 3.9163 

4 10 20 30 66200 0.8781 

5 30 -20 30 74400 3.8501 

6 30 20 30 93680 3.9942 

7 10 -20 30 71520 1.4005 

8 20 20 10 66840 0.0664 

9 20 0 30 83200 4.6142 

10 30 0 50 66960 3.4005 

11 10 0 30 50840 4.7634 

12 10 0 50 73480 3.0163 

13 20 -20 10 74680 3.0686 

14 20 0 30 59600 4.6772 

15 20 20 50 75200 0.6346 



13th International Conference on Hydrogen Production (ICH2P-2022) 

December 11-14, 2022 

Pakistan 

 
  

127 
 

 

RESULTS AND DISCUSSION 

Three dimensional response curves showing the response surface design results are shown. The determination of 
coefficient R2 and adjusted R2 were found to be 0.9139 and 0.8229, respectively. From the impact of the different 
factors in this experiment on the reducing sugar, the term B2 Prob>F value of ratio was 0.0228 which was less than 
0.05, it meant the B2 was s ignificant impact in reducing sugar. A2 is 0.0744 and P value is not much different, so the 
term A2 also had an impact on the reducing sugar. In short, the concentration, the temperature and time was impact 
on it, and the influence of these 3 factors was temperature >concentration> time. A three-dimensional response 
surface map can be used to express the interaction between selected factors. According to the response surface 
design result, a three-dimensional response curve can be obtained as shown in Fig. 1. 

Fig. 1. Response curves 

Cumulative biogas production at different conditions is shown in Table 2 and Figure 2. Biohydrogen % (v/v) for 
each case is shown in Figure 3.  At the optimum conditions  maximum biogas production of 316 ml was observed. 

  

Fig. 2. Cumulative biogas production Fig. 3. Biohydrogen % (v/v) 

CONCLUSIONS 

The optimization of best conditions for NaOH-Urea pretreatment of KW was carried out by using RSM. The best 
result was found to be 30g/L, -5oC and 30 min pretreatment time. Results showed that optimum condition achieved 
COD, reducing sugar and cumulative biogas production of 93680 mg/L, 3.9942 g/L and 316 ml, respectively. The 
experimental data obtained was modeled by using Modified Gompertz and Logistic function model. 
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ABSTRACT 

Hydrogen is the energy carrier that is a cleaner, more sustainable energy system and as a fuel has properties such as 
high burning speed, octane number, no-toxicity, and ozone-forming potential. Growing hydrogen production is still a 
major obstacle to creating a clean hydrogen economy, but switching from carbon-intensive to low-carbon hydrogen 
production is much more difficult. Although the annual demand for hydrogen has increased over the past few decades, 
fossil fuels continue to supply 99% of it. In actuality, just 0.7% of the hydrogen produced at this time is derived from 
renewable sources. This research aims to artificially reproduce the process of photosynthesis in order to use solar energy 
more efficiently. The process is intended to use light energy to produce hydrogen for use as a zero-emission fuel. The 
solar energy that illuminates the earth's surface far exceeds human energy consumption on a global scale, so the efficient 
use of the ultimate solar energy source will solve these energy and environmental problems. is expected. Hydrogen 
production by artificial photosynthesis with solar energy is the most economical as comparing the other techniques 
including steam reforming of methane, coal gasification, and biomass gasification. Thus, it is crucial to develop 
dependable and effective methods for realizing solar energy conversion for use in actual applications. 

Keywords: Hydrogen Production, Artificial Photosynthesis, Solar Energy 

INTRODUCTION 

The universe's most prevalent and lightest element is hydrogen. The great wheel of nature is propelled by hydrogen. 
Following the big bang, hydrogen atoms fused to produce helium and lithium atoms[1]. Helium is created when hydrogen 
atoms are heated to a temperature of 100 million Kelvin. Atoms with higher masses such as carbon, nitrogen, and oxygen 
are created via nuclear fusion in stars. When a star is born, it emits heat and light, and when it dies, it creates a planetary 
nebula that gives rise to planets and biomass[2]. 

Plants receive energy from the sun wirelessly and transform it into chemical energy. Hydrogen has the potential to power 
the electric grid, power electric automobiles, and feed the stars. All forms of fuel, food, and 75% of the baryonic mass 
contain hydrogen. Water makes up 60% of the human body, which is made up of hydrogen and oxygen and covers 71% 
of the planet's surface. Hydrogen is created by splitting water, which is consumed as food. Since oxygen (65%), carbon 
(18%), hydrogen (10%), and nitrogen (3%) make up 96% of the human body, hydrogen is a synthetic version of all the 
elements necessary for life[3]. 

Energy efficiency standards anticipated a switch in the automotive industry from internal combustion engines to electric 
and hydrogen-powered vehicles. Initially, battery-operated electric vehicles (EV) and plug-in electric vehicles (PEV) were 
the preferred options, but later research revealed serious effects of battery charging on the local grid and power 
losses[4][5]. Due to fossil fuel-centric power plants, technical comparisons of hydrogen and electric vehicles favored the 
latter[6][7][8]. Instead of using batteries driven by fossil fuel-fired power stations, Lexus Nexus PEVs are fueled by 
hydrogen fuel cells and renewable energy[9][10][11]. The transportation and electric grid sectors must switch from 
carbon-based fuels to electricity and hydrogen as part of the grand energy transition (GET) from conventional fuels to 
sustainable energy technologies[12][13][14]. According to Fig. 1, hydrogen vehicles can assist nations in shifting their 
perspectives on reducing CO2 emissions in accordance with the Paris Accord (2016). EVs are highly efficient, but the 
electricity they use is generated by fossil fuel-fired power stations. EVs fueled by solar wind energy sources can 
drastically lower GHG emissions and air pollution. Electric vehicles powered by hydrogen have no greenhouse gas 
emissions. 
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Figure 2: Electrolysis 

 

Figure 1: CO2 emission and fuel economy in modern vehicle 

METHODOLOGY 

The process of absorbing photons that activate electrons in the semiconductor initiates artificial photosynthesis. The 
excited electrons are taken in by the anode photocatalyst, which then engages the water molecules that have been 
adsorbed. The separation of two water molecules occurs when the anode removes oxygen atoms while releasing four 
hydrogen protons and four electrons[15]. The cathode photocatalyst is drawn to the hydrogen protons. Redox reactions 
are a part of the process as shown in fig 2. 

 

2𝐻2𝑂 → 4𝐻 + 4𝑒− + 𝑂2 ---------------- (Anode Reaction) 

4𝐻+ + 4𝑒− → 2𝐻2 --------------- (Cathode Reaction) 

 

 

 

Solar energy is an abundantly available energy source which can be converted either to electricity with photovoltaic[16]. 
The basic goal of artificial photosynthesis is to produce hydrogen by using battery-assisted stored solar energy. It is 
necessary to choose donor and acceptor materials that can interact with sunlight and release enough electrons at both 
short and long wavelengths in order to do this. The two photocatalysts must interact with the electrons. Water interacts 
with the anode photocatalyst and is divided into protons and oxygen gas. Economic efficiency of hydrogen production 
systems combining photovoltaic power generation and rechargeable batteries and estimated technology levels 
necessary for the systems to produce hydrogen at a globally competitive cost. Figure 3 demonstrates the Hydrogen 
production process using battery-assisted solar energy. 

 

 

 

 

 

 

 

 

 

Figure 3: Hydrogen production process by using battery assisted solar ene 
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CONCLUSION 

There is no doubt that the large human population on the planet will require a lot of energy. In order to realize 
environmentally friendly and effective hydrogen energy generation, this work can offer a fresh line of reasoning for solar 
hydrogen production systems. One of the most promising sources of sustainable energy today is hydrogen. It is possible 
to produce hydrogen using solar-powered electrolysis, and the researchers who are working on this claim that it will be 
a cheap technique. The existing unsustainable energy output does not satiate the world's energy needs and has a 
negative impact on the climate and ecology. The basic procedures for creating hydrogen as a sustainable and clean 
energy source have been covered in this overview. The process of water splitting has been compared between organic 
photosynthesis and synthetic photosynthesis. The only truly optimal method for creating hydrogen in a clean manner is 
solar-driven photo-electrolysis. The generation of oxygen and hydrogen gases would more than quadruple if a cathode 
catalyst that can split water were developed, as opposed to relying solely on the anode for this purpose. 
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ABSTRACT 

This paper proposes a new hybrid-source multi-generation system that incorporates a gas turbine cycle consisting of 
multi-stage compression & expansion and a geothermal energy system to produce 7 useful outputs, namely Hydrogen, 
Power, Space heating, Space cooling, Dry air, Freshwater, and Hot water. Two Rankine cycles are used to produce 
power for electricity and are operated with the same fluid which increases the overall efficiency of the cycles. The heat 
released from the condenser of the reheat-regenerative Rankine Cycle is utilised by the Heat Pump for Space Heating. 
The heat released from the simple Rankine cycle is used to drive the Triple-effect Absorption system as well as produce 
Hot water. A psychometric study is employed for obtaining the properties and quantity of the dry air being generated. 
The electricity from one of the turbines is used to operate an electrolyser to produce Hydrogen and Oxygen. A multi- 
stage flash desalination plant is used to produce fresh water utilising the heat from the exhaust of the gas turbine cycle. 
The performance of the system is determined by examining all system components through energy and exergy analysis 
methods. The overall energetic and exergetic efficiencies of the system are 78% and 64% respectively. Furthermore, to 
improve the system’s performance, parametric and optimization studies are conducted which help to observe the effects 
of various inlet and operating conditions on the efficiencies of the overall system and subsystems. The system is designed 
considering the natural environmental conditions of San Diego, California. 

Keywords: Hydrogen, Brayton Cycle, Multi-generation, Exerg
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ABSTRACT 

In this study a Parabolic Trough Solar Collector (PTSC) based multi-generation system is thermodynamically analyzed 
with power, cooling and hydrogen production being the primary objective. The integrated system analyzed in this study 
consists of a reheat regenerative rankine cycle, double effect absorption cooling system, a double stage flash 
desalination system and a PEM electrolyzer. The PTSCs convert incident solar energy into thermal energy transferred 
to the heat transfer fluid (HTF). The energy gained by the heat transfer fluid which is steam, is then distributed to the 
three heat exchangers supplying energy to the reheat regenerative rankine cycle (RRRC), the absorption cooling system 
and the flash desalination system. Cooling is done by the double effect absorption cooling system and fresh water and 
water heating are achieved from the double stage flash desalination system. Parametric studies were performed by 
varying input parameters like solar irradiance, mass flow rate and ambient temperature. It was found that for the variation 
of solar irradiance from 0.55 kW/m2 to 0.85 kW/m2, the power produced ranged from 17.0 kJ/s to 37.4 kJ/s and hydrogen 
produced ranged from 0.0205 g/s to 0.0451 g/s. 

Keywords: Parabolic Trough Solar Collector, Hydrogen production, reheat regenerative Rankine 

cycle, Multigeneration system, Double effect absorption cooling system 

INTRODUCTION 

Excessive use of fossil fuels has resulted in a depletion of the planet’s energy resources reserves. Of the many causes 
of the increased demand in energy, rapid urbanization and increased population is the top among them. This has 
increased the reliance on the use of renewable energy resources to cater for this problem. One of the main sources of 
renewable energy for our planet is the sun which accounts for almost 170,000 TW of solar radiation falling on the Earth’s 
surface each year [1]. Many studies have showed the importance of employing a multigeneration system. Significant 
studies like Dincer et al, [2], Ratlamwala et al. [3] has shed important light on employing multigeneration system for 
various applications that can support the energy transition. The purpose of using a multigeneration system is to increase 
cycle’s individual energy and exergy efficiencies and sustainability and to reduce environmental impact Global Warming. 
This study improves the understanding of a novel multigeneration system by performing energy and exergy analysis of 
an integrated multigeneration system based upon parabolic trough collector, vapour absorption cycle, rankine cycle, 
flash desalination and polymer electrolyte membrane (PEM) electrolyzer. The steps taken to achieve the above 
objectives include, developing thermodynamic modelling of multigeneration system and its components, also varying 
input parameters to obtain maximum output parameters and study their effects on energy and exergy efficiencies. 

ANALYSIS 

SYSTEM DESCRIPTION 

The multigenerational system studied in this paper comprises of RRRC, DEACS and DSFD integrated with PTSC field. 
Water is used as a working fluid in the PTSC field and RRRC, NH3.H2O solution is used in DEACS and sea water is 
used in DSDF. Water enters the PTSC field at (4) at ambient conditions and exits at (1) at a temperature of 675 K and 
enters HX1 which acts as the boiler for the RRRC. It then exits and enters HX2 at (2) which is the HTG of the DEACS. 
After exchanging heat with the NH3.H2O solution it exits and then enters HX3 at (3) where it supplies heat to the sea 
water in DSDF, after which it again enters the PTSC field at (4). The cold fluid at (9) in RRRC enters HX1 and leaves as 
superheated steam at (12) which enters HPT and is expanded to (13) from where it reheats and exits at (14) at same 
temperature. It is then expanded in the LPT where bleed-offs are taken at (15) for the CFWH and at (16) for the OFWH 
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and the rest expanded to condenser pressure and enters the condenser as saturated mixture at (17).In the OFWH the 
fluid from (6), (16) and (11) mixes together at same pressure and exits as (7) which is pumped to boiler pressure at (8) 
and exchanges heat from the CFWH and exits at (9) to the enter the boiler again. The heat rejected in the condenser is 
utilized for heating the air from (54) to (55) for domestic heating purpose. 

 

The DEACS operates from the HX2 which acts as the HTG. Strong solution exits the absorber at (18) and is pumped to 
(19) which branches off to (34) for heat recovery and the rest goes to LHX at (36). In LHX it exchanges heat with the 
incoming weak solution and exits at (20). The vapor at (22) enters the LTG and exits at (23) after exchanging heat with 
the strong solution from (39). Ammonia vapor is again produced at (24) which then enters the condenser alongside (25) 
which exits from the CHX after (23) loses heat to the strong solution from (34). The vapors mix together in the condenser 
and exit at (26) after which it is expanded to (27) where it enters the evaporator and exchanges heat with the surroundings 
hence producing the cooling effect and exits at (28) which then enters the absorber alongside weak solution from (33) to 
form strong solution at (18). 

 

The DSDF operates via HX3. Heat is supplied to the sea water at (41) from water (3) which raises the temperature of 
sea water to close to boiling point at (42). It is then throttled to lower pressure to increase the quality of the mixture at 
which then enters the separator in which water vapor exits at (49) and brine exits at (44). The vapor is then condensed 
to (50) enters the mixing chamber.The vapor is then condensed to (47) and pumped to the pressure of mixing chamber 
at (48) for mixing with (50) and exiting as fresh water and hot water at (51). Design and process assumptions were 
considered for the system, some of them are; 

 

• Heat loss from the boundaries of the system are taken negligible 

• Steady state system is considered. 

• The solar collector is only operating at day time. 

• Electrolyzer is operating at 56 % efficiency [3]. 

 

THERMODYNAMIC EQUATIONS 

The parabolic trough is a solar thermal collector belonging to the category of concentrated solar power (CSP). The 
incident solar energy is reflected by the parabolic mirror on to the receiver tube to raise the temperature of the heat 
transfer fluid in the receiver. The net heat transferred via radiation and convection can be expressed as: 

 

 

Q.useful = Fr . (S . Aaperture−Areceiver . Ucollectorloss . (Treceiver,in − Tambeint)) (1) 
 

The reheat regenerative Rankine cycle has been used to obtain electrical power, space heating and hydrogen gas from 
the energy provided by the PTSC field. The following equation was used for the model; 

W.turb,net = m12 . (h12−h13) + m14 . h14 − m17 . h17 − m16 . h16 − m15 . h15 (2) 
 

A PEM electrolyzer has been used to obtain required hydrogen gas from a portion of the electrical power produced during 
the power cycle. The following equation was used to determine the mass of hydrogen produced: 

ηhydrogen =(mhydrogen . HHVhydrogen)/(Welectro) (3) 
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RESULTS AND DISCUSSION 

The exergetic efficiency of the parabolic trough solar collector and energetic efficiency of the system were calculated 
against varying solar irradiance up to 850 W/m2 and plotted as shown in Figure 3. The exergetic efficiency of the trough 
is found to decreasing whereas the energetic efficiency of the system is increasing with increasing solar irradiance. The 
effect of varying mass flow rate of steam through the PTSC on the mass flow rate of hydrogen and freshwater is plotted 
in Figure 2 which shows that hydrogen production decreases whereas freshwater increases with increasing mass flow 
rate of steam through the PTSC. 

 

 

 

Figure 2_ Effect of flowrate of heat transfer fluid on various 

parameters. 

 

 

Figure 3_ Effect of solar irradiance on different efficiencies of 

the system. 
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CONCLUSIONS 

A novel multigenerational system with solar energy inputs, where system is capable of producing six outputs namely 
cooling, heating, hydrogen production, fresh water, hot water and electricity. A complete study of system is undertaken 
which includes energy and exergy analysis. Exergy analysis of each cycle was undertaken and exergy destruction of 
parabolic trough is resulting in maximum 336.7 kW. Thus, the efforts need to be made to minimize these exergy 
destructions for the better performance of the system. The required area for parabolic trough collector to derive whole 
cycle is 595.7 m2 with maximum power output of 390.5 kW at 800 W/m2. Hydrogen production comes from the Reheat 
Regenerative Rankine cycle at a rate of 0.0423 g/s by utilizing 35% of the net power output of 35.08 kW at 36.98% 
energy and 67.01% exergy efficiency from the cycle. Double Stage Flash Desalination also produces 127.4 litres/hr of 
fresh water. Double Effect VAC is producing 26.7 kW of cooling power. Furthermore, it is found that the overall energy 
and exergy efficiencies of the system are 29.43% and 23.8% respectively. 
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ABSTRACT 

The world today faces a serious issue, that our means to run our industry i.e. fossil fuels will run out within this century. 
The system we propose focuses on a combination that allows waste from a cattle farm(bio- fuel) into fuel along with solar 
water heater used in closed configuration, and convert unwanted heat energy from PEMFC cell into useful energy, 
therefore making a positive impact on the environment.As PEMFC operates at a temperature of 120 C, the heat energy 
can’t be extracted to heat the boiler at high temperatures. Therefore primarily, biogas is used to heat the furnace, that 
runs the turbine. But we add a regenerative cycle that extracts extra heat from the turbine, and also adds heat extracted 
from the PEMFC cell into the system. Therefore increasing the fluid temperature and allowing less heat from the biogas 
to heat the fluid to reach the required temperature. 

 

Keywords: Fuel Cells, Renewable Energy, Bio-Gas Reactor, Electrolyzers, Simulation Analysis. 
 

INTRODUCTION 

Our Modern world requires energy to maintain all the technological advancements we have achieved in the previous two 
decades. Without energy, we can't communicate, travel or entertain. This energy is primarily provided by Fossil fuels. 
The world has witnessed dramatic climate changes as fossil fuels have been burned. To maintain the current 
technologies and advance further we need energy that is not only sufficient and feasible but also clean. For a better 
future, we need to produce green energy and save every joule of energy that is possible. As a step toward producing 
and saving green energy, we have proposed a system that uses heat from bio-gas, solar water heaters, and excessive 
heat from PEMFC cells to produce energy through turbines. Hydrogen cell produces energy in form of electrical current 
by using hydrogen as fuel. Unlike fossil fuel which produces harmful gases as a byproduct, the hydrogen fuel cell 
produces Water. Biogas generated from cattle farm dunks is eco-friendly and can be obtained easily from a cattle farm. 
Solar panels are also used to heat oil or water to a high temperature by concentrating solar radiation. All the methods 
mentioned above produce no carbon footprint and are entirely environmentally friendly. Such contributions on a large 
scale to produce and save energy can make a significant effect on world energy and environmental crisis. 

 

Each cubic meter of biogas contains the equivalent of 6 kWh [1] of heat energy that can be easily procured through a 
cattle farm. Engineers from Bioengineering at KUL [2][3] have already designed and manufactured solar panels that can 
produce up to 250-liter hydrogen per day. The system we propose is using different heat sources to produce clean energy 
and optimize the overall efficiency of the process by reducing the waste heat. Solar panels are used as the primary 
energy source for the electrolysis of water to produce hydrogen. Solar energy is stored in form of hydrogen that can be 
accessed whenever necessary and is more controllable as compared to direct solar energy. The hydrogen is safely 
stored and made significantly. The amount of CO2 produced by electric vehicles annually is nearly 4.587 pounds whereas 
the combustion engines produces around 23,885 pounds of CO2 gas annually. Many development have been made in 
converting these EVs to renewable energy which can solve these various environmental problem
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COMPARISON BETWEEN ELECTRIC AND COMBUSTION ENGINE VEHICLES 

 

s.no PerformanceParameters Electric Vehicles Combustion Engine Vehicles 

1. Average acceleration 0-60 mph (6-7 sec) 0-60 mph (4-6 sec) [5] [17] 

2. Maintenance a. Engine 

b. Electrical system 

c. Fuel 

d. Transmission 

e. Coolant 

f. oil 

Does not requires much 

maintenance. Batteries of these 

vehicles are the major part that 

need maintenance to needs to be 

change after some time. [5] [18] 

3. Mileage 80-100km in single charge 400-600km (per fuel tank) 

[6][19] 

4. Fueling/Charging Takes time in some changing processes Takes a minute or two for 

fueling. 

5. Cost Rages between $6,000 and $100,000 Between $14,000 and 17,000 [5] 

[17] 

6. Efficiency Have energy conversion upto 75% Converts 40% fuel into energy. [5] 

[20] 

PROCEDURE EXPLANATION 

Steam at 600 C enters turbine and exits in liquid vapor mixture. It is then pumped to 101KPa and sent to the heat 
exchanger which exchanges heat from the PEMFC (which is considered to work at 120 C). Then the second pump pumps 
to 3.19MPa and sends to the OFWH where bleeded steam mixes with the saturated liquid. Finally the third pump pumps 
the sat. water to 15MPa and sends it to the boiler to be heated at 600 C. 

 IDEAL REGENERATING CYCLE 

WITHOUT PEMFC 

IDEAL REGENERATING CYCLE WITH 

PEMFC 

Turbine inlet temperature 600 C 600 C 

pressure 15MPa 15 MPa 

Condenser inlet 10KPa 

V= 0.0101m3/kg 

10 KPa 

V= 0.0101 m3/kg 

Pump 1 outlet pressure 1.2MPa 101.42 KPa 

Enthalpy after pump 193.01KJ/kg 191.902 KJ/kg 

Heat exchanger  T=100 C 

H=419.17 kJ/kg 

V=0.001043 m3/kg 

Pump 2 outlet pressure  3.19 MPa 

Enthalpy after pump  422.39 KJ/kg V=0.001235 

m3/kg 

OFWH outlet 798.33KJ/kg 1024 kJ/kg 

Pump 3 outlet pressure 15MPa 15 MPa 

Boiler outlet T=600 C 

H=3583.1kJ/kg S=6.6796 

T=600 C 

H=3583.1kJ/kg S=6.6796 

OFWH inlet coming from turbine  P=3.19 MPa 

Estimated h=3000 KJ/kg 

Fraction of steam extracted 0.227 0.227 

Thermal efficiency 46.3% 46.3% 

Energy from boiler 2770KJ/kg 2544.5 KJ/kg 

Energy acquired by PEMFC  225.5 KJ/kg 
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CONCLUSION 

The energy extracted from the PEMFC accounts for nearly 10 percent of the boiler hence 10 percent of fuel cost 

can be saved if PEMFC is incorporated into regenerating Rankin cycle. As the results show the thermal efficiency 

of the cycle remains constant the work output has a negligible decrease around 20-30 kJ. 

In the paper above we have considered a PEMFC working at a constant temperature of 120 C. If the model can 

be applied using HEMFC which reaches temperature nearing 190 C then a greater cost can be saved. In the 

above example we have constraint the boiler output to 600 C, however if the above constraint is removed 

then higher upper limit temperatures can be achieved, which consequently ensure greater work output. 
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ABSTRACT 

Due to its nature, solar energy is an intermittent energy source and needs to be stored to continue using it when it is 
unavailable. This work develops a practical approach for solar-driven systems integrated with hydrogen systems as an 
energy storage option in order to determine the off-grid conditions for remote communities and systems. The proposed 
approach aims to determine the minimum PV surface area to meet the energy demand without requiring grid power. In 
order to provide the uninterrupted energy of 1 MWh in Southern Ontario all year by solar power, it is necessary to install 
1,856,000 m2 solar PV panels with hydrogen production, storage, and utilization systems, including PEM electrolysis, 
compressed-gas storage, and PEM fuel cells. 

Keywords: Hydrogen; solar energy; sustainability; optimization; green hydrogen 

 

INTRODUCTION 

Humanity is trying to change their energy habits due to global issues affecting their lives such as energy crises, 
pandemics, environmental issues and future concerns about them. People have four main needs which are clean water, 
clean food, clean food and clean energy. As the cleanliness of energy affects the cleanliness of clean water, food and 
air, clean energy is the key to people's future. Renewable energy sources are one of the essentials for the clean energy 
future. Therefore, their integration has significantly gained worldwide momentum to reduce carbon emissions. However, 
they have some challenges due to their nature, such as intermittent availability and fluctuating power generation 
capability. Energy storage is one of the effective techniques to solve the problem with renewables. There are many 
practically available energy storage methods for renewables. Hydrogen is a promising energy storage medium along with 
being a feedstock, fuel and energy carrier. The uneven distribution of fossil fuels in the world makes hydrogen significant 
for providing energy in a sustainable manner, as it is able to be obtained from the water anywhere and under any conditions. 
This study develops a practical approach to determining the minimum solar PV panel area for the solar-driven energy 
system integrated with hydrogen production, storage and utilization systems. 

 
Fig. 1. System layout of the solar-driven power system integrated with hydrogen production, storage and utilization 
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SYSTEM AND METHODS 

 

Fig. 1 depicts a typical solar energy power plant which is integrated with hydrogen production, storage and utilization 
systems as an energy storage technique. When there is excess solar power during the day, hydrogen is produced with 
this excess power. Then, the produced hydrogen is compressed and cooled down for storage. Next, the stored hydrogen is 
utilized for generate electricity when solar energy is not available or adequate. So, system works as a typical energy storage 
system includes charging, storing and discharging 

 

periods. Grid independency is one of the critical challenges for remote communities, and countries that generated 
electricity from fossil-based sources. Fig. 2. shows a load distribution for a solar-driven energy system. The power 
demand is constant and 1 MW. Also, solar energy has a parabolic trend with hours of the day due to its nature. Therefore, 
solar energy can completely meet the energy demand for a short time, there is either excess or insufficient power in the 
remaining time. Energy storage is the only solution to solve this inconsistency between solar availability and demand. Solar 
energy can be modelled as a parabolic function. The fourth-order parabola can be used to curve fit many locations' solar 
energy for any period in a year. The R2 values for the curve are going to be 0.95 or higher. 

 

Fig. 2. Changes of PV output and demand energies with hours of day 

 

RESULTS AND DISCUSSION 

In an ideal energy storage system, which has energy charging and discharging efficiencies of 100%, it is expected that 

the area of A1 should be equal to the sum of areas A2 and A3: 𝐴1 = 𝐴2 + 𝐴3. 

 

However, in the practical applications, there may be significant losses in the period of the energy storage and additional 
energy consumption may be needed for storage purposes. For example, for hydrogen, in order to storage hydrogen, 
compression and cooling is required during the charging period. Also, there are losses in the hydrogen production and 

power generation from hydrogen. Therefore, in the practical applications, A1 should be larger than the sum of A2 and A3, 

as 𝐴1 ≫ 𝐴2 + 𝐴3. 

 

In this work, we developed a practical approach to find the off-grid operation condition for solar-driven energy systems 
integrated with hydrogen systems. So, a ratio is determined to define the relation between excess solar power (A1) to 
be charged and discharged energy (A2+A3). 
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(a) (b) 

Fig. 3. Load distributions: (a) energy demand distribution and (b) power generation versus demand distribution 

Fig. 3. shows the energy demand items and power generation distribution for a day. In the case of hydrogen is produced 
with PEM electrolysers, compressed up to 100 bar and cooled down to 80°, the ratio is determined as follows 

 
So, excess solar power should be 3.6 higher than the demand when solar energy is not available or adequate. The 
efficiency of the charging and discharging periods is 66.66% and 41.67%, respectively. Overall efficiency of the hydrogen 
storage system is found to be 25.58%. 39,622 m2 of solar PV panels are required to operate the system off-grid. 

 

CONCLUSIONS 

This study is present a practical approach for a solar-driven system integrated with hydrogen production, storage and 
utilization system. Hydrogen is produced with PEM electrolyser and stored in the form of gaseous hydrogen. PEM fuel cells 
are used for power generation from hydrogen. The efficiency of the hydrogen energy storage is found to be 0.66 for 
charging, 0.41 for discharging period. The overall energy storage efficiency is calculated as 0.25%, respectively. 
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ABSTRACT 

Modern Grids are becoming smart by each passing day integration of distributed generation (DG) is now a necessity, due to 
its economic advantages. Solar Photovoltaic (PV) is one of the widest spread and modular form of DG. Recently it has 
become popular because of its scalability as well as the environmental prospective. Recently policies have supported the 
deployment of PV across the world specially in Pakistan. Currently net metering is the prevalent policy in the country which 
has reduced the payback time period for prosumers thus an exponential increase in deployment has been observed. 
More over recently The cost of electricity is rising day by day which is enhancing feasibility of solar PV systems. The 
research Work done focuses on the aspect of assessment of solar PV feasibility of an average consumer in Pakistan. The 
research provides a wide range of sensitivity analysis regarding the prices and taxes being imposed on initial costs of solar 
PV and the cost of electricity in the country high escalation rate of electricity tariff makes the most impact on net present 
values. The research concludes that initial cost increment has a minimum and annual escalation in electricity rates has 
maximum effect on NPVs. 

Keywords: Renewable energy, Energy system simulations, Solar PV 

INTRODUCTION 

Distribution generation sources are the most diversified combination of electricity generation for any location. The term 
Distribution Generation (DG) is mostly defined in different perspectives and various ways as in literature, various 
authorities have defined it according to their assessment and focus of research. Distribution generation sources are used 
to provide active power for the distributive network directly. This ensures many advantages, such as reducing power 
losses, better economic dispatch operation, area-specific network generation, reduction in transmission losses, high 
reliability, improved power quality, dispersed energy production, fewer carbon footprints, and improved power capacity. 
Despite the demerits of deploying DG sources, such as the bidirectional power flow cases reduction in voltage unbalance 
in the system, sufficient headway has been made in this technology. Such a system can be easily implemented in 
developing countries like Pakistan. 

With the advent of distributed generation sources, more penetration of renewable energy at the distribution network levels 
has become possible, making it easy for the network operator to perform monitoring, regulation, and corrective actions. 
The power produced by renewables is intermittent and dependent upon meteorological conditions. Since these conditions 
vary along the geographic terrain of a country, the geographic dispersion of renewable is preferred for maximum utilization 
of different diversified renewable sources. This deployment scheme of renewable allows near-uniform energy to be fed to 
the power grid. Therefore, energy production from renewables and geographically distributing them across the grid can 
increase the reliability of renewables and overcome their reliability issue. 

Energy harnessing from these diversified distributed renewable sources is beneficial if integrated with the national grid 
tackling the indeterminacy issue. However, in the event of islanding operation such as in smart grids, relying on a single 
renewable energy source poses a severe threat to system security and integrity. Hence, every source has great 
significance in the problems of energy reliability. Moreover, the systems being deployed in various locations are partially 
using the facilities of net-metering. This is reducing the load on the transmission lines and the country's distribution 
systems. According to Islamabad electric supply company (IESCO) representatives, the electricity being net-metered is 
consumed in the same feeder reducing the power dispatch to the substations. The concept is termed as wheeling locally.  

Pakistan, a country where the transmission system is overloaded, can benefit by making such policies better and 
consumer-friendly to reduce the power losses due to overloading the transmission and distribution lines. 

Currently the electricity prices have been fluctuating from very low to very high more over the GOP is providing various 
fuel price adjustments on bimonthly basis resulting in very sharp changes in electricity prices. These prices have made the 
sector very volatile however we can couple all the changes into single figures of annual energy price escalation rates 
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and merge them with PV system analysis and analyse the effects of these changes on a local power consumer in 
Pakistan. 

 

MODELING AND ANALYSIS 

 

Currently Pakistan is using net metering policies for integration of PV systems into grid under this policy more than 20,000 
houses have been connected to grid under various contracts ranging from 3 to 7 years. In net-metering policy, the 
renewable generation unit owner is credited back in terms of units for the excess electricity generated and supplied back 
to the grid. This policy suits the long term use, if the generated energy is more than the owner's demand. The benefit of 
this is that if the energy is supplied back to the grid, then the meter runs in a reverse mode, and the billing would be of 
net units. Figure depicts the flow of net-metering. Electricity credits are accumulated against the owner of the generated 
energy for the whole month. Then it can be claimed by the consumer in the future. 

 

Data regarding load consumption was collected by LUMS and analysis is available in [1]. Data for collected for urban 
city of Lahore. Lahore is capital of Punjab which is the biggest province in Pakistan with respect to population. The data 
was in per minute format however some values were missing thus imputation was performed using mean average 
method and a detailed load curve was created for each house all the houses were averaged and load curve was created 
for an average house in urban house hold in Pakistan. 

Figure 1: Detailed load curve for an average household in Pakistan 

The model used in the system used was also used in [2]. mainly the net present values and payback time periods were 
targeted.

 

Where, 𝑐𝑛the after-tax cash flow in Year n, 𝑁 is the analysis period in years, 𝑑𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the nominal discount rate. 

The payback of the PV system was calculated as:
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𝐶𝐹 𝑓𝑜𝑟 𝑝𝑎𝑦𝑏𝑎𝑐𝑘 𝑖𝑛 𝑌𝑒𝑎𝑟 𝑛 > 0 
 

= 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 × (1 − 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑇𝑎𝑥 𝑅𝑎𝑡𝑒) + 𝑆𝑡𝑎𝑡𝑒 𝑇𝑎𝑥 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 
 

+ 𝐹𝑒𝑑𝑒𝑟𝑎𝑙 𝑇𝑎𝑥 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 + 𝑇𝑜𝑡𝑎𝑙 𝑃𝐵𝐼 (𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑏𝑎𝑠𝑒𝑑 𝑖𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑠) 
 

− 𝐷𝑒𝑏𝑡 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑃𝑎𝑦𝑚𝑒𝑛𝑡 × 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑇𝑎𝑥 𝑅𝑎𝑡𝑒 
 

− 𝑇𝑜𝑡𝑎𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 (2) 

 

RESULTS AND DISCUSSION 

Solar PV system was designed using SAM software as described in [2]. A total of 4KW was deployed in form of solar 
panels however an inverter of 5KW was deployed due to regulations of GOP. 8 panels in a single string having 43v output 
at maximum power point were used with an inverter of 480 v max input MPPT. The results are presented below. 

Table 1: Solar PV system critical results 

Metric Value 

Annual energy (year 1) 5,832 kWh 

DC capacity factor (year 1) 16.6% 

Energy yield (year 1) 1,457 kWh/kW 

Electricity bill without system (year 1) $1,558 

Electricity bill with system (year 1) $693 

Net savings with system (year 1) $866 

Net present value $66,319 

Simple payback period 3.5 years 

Net capital cost $2,914 

 

An optimal system was designed for the average load profile however the project deployed was of 5 KW as that is the 
minimum amount of KW allowed by current laws in Pakistan. 

Figure 2: Solar PV energy produced vs electricity load 

 

It may be observed that in the annual profit of the project is approximately 1/3 of the total project costs making the payback 
time period around 3.5 years. A detailed cost analysis was performed making cross correlations between 10% to 30% 
variations in initial costs of solar PV system along with a 5 to15 % of variation of electricity bill escalation rates it is clearly 
seen that the payback timer period as well as the net present value was observed to be directly correlated with the bill 
escalation rates rather than the installation cost increments it is evident from equations that the recurring costs and profits 
are more effective in the decisions electricity. 
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Figure 3: After tax cash flows of the project Table 2: 

Sensitivity Analysis 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSIONS 

It may be concluded from the research done that increase in elect city prices has a very drastic effect on the feasibility of 
solar PV projects which makes it more lucrative to invest in the increased net present values depict that the project becomes 
more and more feasible with in increasing time. The initial costs having least effects. We conclude that the highest net 
present value is from the 15% increase in electricity tariffs. 

NOMCLATURE 

DG Distributed generation PV

 Photovoltaic 

NPV Net present value kW Kilo Watt 

kWh Kilo Watt hour 

GOP Government of Pakistan 
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Increase in initial 
cost 

Electricity bill 
escalation rate per 
year in % 

Payback period NPV 

10% 15 3.562 48440 

20% 15 3.564 48438 

30% 15 3.566 48436 

10% 10 3.783 24133 

20% 10 3.786 24331 

30% 10 3.878 24129 

10% 5 4.062 12291 

20% 5 4.065 12289 

30% 5 4.068 12287 
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ABSTRACT 

Pakistan is amongst the topmost vulnerable countries to climate change, which, as per world bank estimates, has 
suffered more than USD 30 billion losses in flood damages during 2022 flooding. Biohydrogen can play a significant role 
in curtailing the climate change effects. In the current study, we investigate the potential of sugarcane bagasse as a 
promising biomass generated in Pakistan for hydrogen production through the gasification process. Investigation of 
hydrogen production from synthesis gas obtained through gasification of sugar cane bagasse is carried out through 
modelling and simulation study using Aspen Hysys chemical process simulation software. Raw synthesis gas obtained 
after gasification process is cleaned, its hydrocarbon content is reformed, water gas shift reaction is carried out for 
hydrogen enrichment followed by a separator. After hydrogen enrichment, maximum H2 mole fraction of 49.19% is 
obtained. In future work, hydrogen will be separated from the gaseous mixture using PSA unit. Moreover, energy, exergy, 
and economic analysis of gasification process will also be carried out. 

Keywords: Sugarcane Bagasse, Gasification, Biohydrogen Production, Process Simulation 

INTRODUCTION 

Today, the world's climate is floundering due to global warming, and the leading cause of this crisis is GHGs emissions 
owing to the persistent burning of fossil fuels. Due to the unsustainable fossil fuel consumption, the level of GHGs 
accumulation in the atmosphere has already passed the threshold of 450 ppm CO2, which is considered dangerously 
high. The focus of this study is to assess the available technologies for biohydrogen production from locally available 
biowaste resources of Pakistan. The production of sugarcane in Pakistan for year 2020-2021 was 81 million tonnes 
which is more than the production of other important crops like rice, maize, wheat, and cotton, and this trend was followed 
in the previous years as well[1]. We investigate the potential of sugarcane bagasse for hydrogen production through the 
gasification process. Benefits of hydrogen economy are numerous and are shown in Figure 1. 

 

Fig. 1. Benefits of hydrogen economy for Pakistan 

The burning of hydrogen as fuel produces water as the final combustion product. Also, hydrogen has the highest energy 
(143 GJ Ton-1) among all the investigated gaseous fuels. Hydrogen energy is being utilized for fuel cell cars in the 
transportation sector. 

Gasification 
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Gasification of biomass is a process to covert biomass to hydrogen and other products without combustion. The products 
include syngas (H2, CO, CO2, H2O, CH4) and biochar. Process modelling and simulation study has been carried out by 
[2] to produce biohydrogen through the gasification of lignocellulosic biomass using Aspen HYSYS simulation software. 
Simulations were performed to find outlet compositions for selected biomass (wood). The synthesis gas obtained after 
gasification is cleaned, and tar reforming is carried out to reduce the hydrocarbon content of raw syngas. Gas cleaning 
units then purify syngas, and through the heat exchanger, its temperature is decreased according to the water gas shift 
reactor's (WGS) inlet temperature. Water gas shift reaction takes place to reduce CO content and for hydrogen 
enrichment in the syngas. Finally, the hydrogen is separated from the gaseous mixture through pressure swing 
adsorption[2]. 

The purpose of this study is to investigate the feasibility of biohydrogen production through gasification using most 
promising biomass in Pakistan because the study about feasibility of biohydrogen production using biomass available in 
Pakistan is not found in Literature. 

MODELLING AND SIMULATION STUDY 

The gaseous mixture (vol%) obtained after gasification of sugarcane bagasse consist of H2 (35.9%), CO (12.9%), CO2 
(42.5%), CH4 (8.28%) at following conditions of Temperature (836 degree Celsius), Pressure (1 bar) and S/B (1.2)[3]. 
Investigation of hydrogen production from synthesis gas obtained through gasification of sugarcane bagasse is carried 
out through modelling and simulation study using Aspen Hysys chemical process simulation software. The proposed 
model consists of tar reformer, sulphur trap, water gas shift reactor and separator. Its simulation flowsheet is shown in 
Figure 2. In literature, the developed model was validated using wood as biomass through modelling and simulation 
study[2]. Raw synthesis gas is obtained after gasification process, and this raw syngas is then cleaned, and its 
hydrocarbon content is reformed. Afterwards, the water gas shift reaction is carried out for hydrogen enrichment, the 
gaseous mixture is passed through a cooler followed by a separator. 

 

 
Fig. 2. Simulation flowsheet of Hydrogen production system 

RESULTS AND DISCUSSION 

The results of modelling and simulation study are presented in table 1. The stream (100) is the syngas which is outlet 
stream of gasifier. Molar flowrate of steam (stream 111) is 0.6kg/hr. H2/CO ratio obtained at WGS outlet is 3.37. Water 
gas shift reactor inlet temperature is 312°C and max outlet temperature is 494°C. 

Table 1. Molar composition of WGS outlet stream 

Components Mole Fraction 
H2O 0.0089 
H2 0.4915 

CO 0.1450 
CO2 0.3529 
CH4 0.0017 

WGS reactor is used for hydrogen enrichment in which water gas shift reaction takes place as shown in equation 1. WGS 
reaction is an exothermic reaction that’s why inlet temperature of WGS reactor effects the CO conversion and Hydrogen 
production. 

CO + H2O CO2 + H2 Eq (1) 
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Figure 3, Figure 4, and Figure 5 shows the effect of WGS inlet temperature on CO conversion, H2/CO ratio, and outlet 
compositions. CO conversion and H2/CO ratio decreases with increase in WGS inlet temperature. With increase in WGS 
inlet temperature H2 mole fraction decreases at the WGS outlet and CO mole fraction increases. CO conversion 
increases with increase in flowrate of steam as shown in Figure 6. In future work, hydrogen will be separated from the 
gaseous mixture for further purification using PSA unit 

 

CONCLUSION 

 
The preliminary results of process modelling and simulation study shows the composition of hydrogen rich gas (0.89% 
H2O, 49.15 H2, 14.50% CO, 35.29% CO2, 0.17% CH4) where flowrate of steam is 0.6 kg/hr and inlet temperature of 
WGS reactor is 312°C. Further study will be carried out to purify hydrogen using pressure swing adsorption unit. 
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ABSTRACT 

Although industrialization marks to the economy of a country yet it increases the pollution and temperature of the 
environment. The world is now shifting towards green energy because the utilization of fossil fuels is resulting in global 
warming. There is a need to develop systems that can operate on renewable energy resources and have low heat losses. 
The combined solar and ocean thermal multigeneration system can solve this issue. Rather than making Rankine cycle 
purely a solar-driven, heat from solar is used to drive absorption cooling cycle and preheat seawater to generate power 
using ocean thermal reservoir. The results are displayed by using Engineering Equation Solver software, where inputs 
are varied to optimize the energy and exergy efficiencies of the system. This eco-friendly multigeneration system is 
capable of eliminating the use of fossil fuels and producing hydrogen from electrolysis, cooling effect (188.8 KW), net-
work output (117.46 kW), fresh water (118 liters/hr) and reducing resultant emission of 482 tons of CO2 per year for 
sustainable community. 

Keywords: Absorption cycle, Hydrogen production, Ocean thermal energy, Multigeneration system, Solar energy 

INTRODUCTION 

Our planet has been facing pollution problems due to excessive use of fossil fuels. Power generation and transportation 
applications have been contributing to make our environment worse. That is why the need for clean and renewable 
energies has significantly increased. The main source of renewable energy for this planet is sun. Almost 170,000 TW of 
solar radiation falls on the Earth each year [1]. This energy from the sun is stored in earth's crust which is known as 
geothermal energy. Ninety nine percent of earth's volume has temperature more than 1000 °C [2]. Similarly, this energy 
from sun is collected by sea water. Ocean Thermal Energy Conversion (OTEC) systems are developed to harvest this 
energy to convert it into useful work [3]. 

Many studies have showed the importance of employing a multigeneration system. Significant studies like Dincer et al, 
[4], Ratlamwala et al. [5] has shed important light on employing multigeneration system for various applications that can 
support the energy transition. The purpose of using a multigeneration system is to increase cycle’s individual energy and 
exergy efficiencies and sustainability and to reduce environmental impact (Global Warming. This study improves the 
understanding of a novel multigeneration system by performing energy and exergy analysis of an integrated 
multigeneration system based upon parabolic trough collector, ocean thermal energy conversion (OTEC), vapour 
absorption cycle, rankine cycle and polymer electrolyte membrane (PEM) electrolyzer. The steps taken to achieve the 
above objectives include, developing thermodynamic modelling of multigeneration system and its component and also 
varying input parameters to obtain maximum output parameters and study their effects on energy and exergy efficiencies. 

ANALYSIS 

SYSTEM DESCRIPTION 

The proposed system uses solar and ocean thermal energy to achieve heating, cooling, power (electricity), hydrogen 
and fresh water for a residential area. The system is the combination of turbines, steam, separators, pump, condensers, 
evaporator, absorber, generator, throttling valves and heat exchangers. All these components described above function 
simultaneously to produce useful results. Molten salt is used as working fluid with the composition of 60% NaNO3 and 
40% KNO3. The schematic diagram is shown below (Fig. 1), where system starts with parabolic trough collector (PTC) 
with molten salts as working fluids. This heated molten salt is directly used to drive the Rankine cycle which produces 
work rate and hot water for domestic use. After Rankine cycle extracts heat energy from PTC outlet where molten salt 
temperature decreases and that working fluid is further used to preheated seawater up to 110°C. Sea Water with is 
passed through expansion valve and separator. Optimum amount of steam is produced and separated through flash 
chamber by controlled expansion. The steam at state 5OT is used to run the turbine. The turbine

exhaust is cooled down with the cold sea water from Deep Ocean to produce fresh water. 
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At last, vapor absorption cycle (VAC) is operated which produces cooling effect and space heating through evaporator 
and condenser respectively. VAC extracts energy from PTC at state 3S and therefore the molten salt temperature at 
state 4S decreases. The 40% of power produced by Rankine cycle is supplied to PEM electrolyzer for hydrogen 
production. Table 1 highlights some of the design parameters used for the analysis of the system. Design and process 
assumptions were considered for the system, some of them are; 

• Heat loss from the boundaries of the system are taken negligible 

• Steady state system is considered. 

• The solar collector is only operating at day time. 

• Electrolyzer is operating at 56 % efficiency [5]. 
 

Table 1_Input parameters for the proposed system 

 

 
 

Thermodynamic equations 

Figure 1_Schematic of the proposed multigeneration system. 

After Rankine cycle running fluid is used to preheat the sea water to increase the efficiency and temperature of sea 

water the mass flowrate of sea water can be calculated as 
 

�̇� 𝑠(ℎ3𝑠 − ℎ2𝑠) = �̇� 𝑂𝑇 (ℎ2𝑂𝑇 − ℎ1𝑂𝑇 ) (1) 

Flashing is used to separate water vapours from sea water below equation shows vapour fraction

 
 

Exergy efficiency is the maximum useful possible work to the input provided, that brings system to equilibrium with 

heat reservoir. It is also called second law efficiency. Exergy efficiency of the system is shown below 

Solar Collector 

Parameter Unit Value 

Length m 800 

Width m 1.5 

Glass cover diameter m 0.05 

Solar irradiance Wm-2 600 

Working Fluid 60% NaNO3 and 40% KNO3 

Rankine cycle 

Working fluid Water 

OTEC 

Working fluid Seawater 
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RESULTS AND DISCUSSION 

Exergy destruction of each cycle was calculated and plotted on a bar chart shown in Fig. 2, where solar has the 

maximum exergy destruction followed by Rankine, OTEC and VAC cycle. Fig. 7 shows As the Boiler temperature 

increases the Rankine cycle operates on a higher temperature and energy efficiency of Rankine and the system 

increases, while the exergy efficiency is decreased as per the definition of Carnot cycle which states as the difference 

between source and sink temperature increases exergy decreases. 
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 Complete Cycle   
 System 

Exergy destructions 
Figure 2_ Exergy destruction of major components 

 

 

Figure 3_ Effect of outlet temperatures of boiler on 
different energetic efficiencies 

CONCLUSIONS 

A novel multigenerational system with OTEC and solar energy inputs, where system is capable of producing six 

outputs namely cooling, heating, hydrogen production, fresh water, hot water and electricity. A complete study of 

system is under taken which includes energy and exergy analysis. Exergy analysis of each cycle was under taken and 

exergy destruction of parabolic trough is resulting in maximum 916.3kW, followed by Rankine 69.1kW, OTEC 23.1kW 

and VAC cycle 33.49kW. Thus, the efforts need to be made to minimize these exergy destructions for the better 

performance of the system. The required area for parabolic trough collector to derive whole cycle is 1160 m2 with 

maximum power output of 117.7kW. Power output comes from two cycles namely 84.11% from Rankine cycle and 

15.99% from OTEC. OTEC also produces 118 litres/hr of fresh water. Fresh water is produced by condensing water 

vapour from sea water. OTEC is producing maximum 18.7kW power with 18.6% energy and 54.6% exergy efficiency. 

Furthermore, it is found that the overall energy and exergy efficiencies of the system are 20% and 24% respectively. 
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ABSTRACT 

*Corresponding author e-mail: sheharyar.waseem@mail.polimi.it 

For this study, adsorption cooling system with an integration of parabolic trough collector for the generator input is used 

along with Regenerative Rankine cycle operating at geothermal source is used. The absorption fluid used in the solar 

collectors was Syltherm 800. A comparative analysis of different fluids including R245fa, R114 and Water for 

Regenerative Rankine cycle is calculated and plotted against their different results. The results show that R245fa has 

highest energy and exergy efficiency in comparison to the others used. For absorption cycle LiBr and Water solution is 

used as a working Fluid. Parameters used to change the output of the system are, the mass flow rate of the geothermal 

well, Ambient Temperature, Solar Irradiance, Pressure of working Fluid, output temperature of PTC. Some part of Power is 

utilized in hydrogen production. In Regenerative Rankine cycle Condenser rejected heat is used for desalination of 

water. In absorption cycle Condenser heat is used for space heating and Hot water output is also obtained from PTC. 

Detailed energy, exergy analysis and power output for the system is calculated at different parameters for the ease of 

understanding the system and comparison of the results. 

Keywords: Hydrogen production, Vapor absorption Cycle, Parabolic Trough Collector, 

Multigeneration system 

INTRODUCTION 

The energy crisis is the concern that the world’s demands on the limited natural resources that are used to power 

industrial society are diminishing as the demand rises. These natural resources are in limited supply. While they do 

occur naturally, it can take hundreds of thousands of years to replenish the stores. Governments and concerned 

individuals are working to make the use of renewable resources a priority, and to lessen the irresponsible use of natural 

supplies through increased conservation. The energy crisis is a broad and complex topic. Most people don’t feel 

connected to its reality unless the price of gas at the pump goes up or there are lines at the gas station. The energy 

crisis is something that is ongoing and getting worse, despite many efforts. The reason for this is that there is not a 

broad understanding of the complex causes and solutions for the energy crisis that will allow for an effort to happen 

that will resolve it. 

Ratlamwala et al. [1] proposed another geothermal-based multigeneration system and found that increasing geothermal 
source temperature, pressure and mass flow rate results in increasing power and rate of hydrogen produced, but 
decreasing the cooling effect. Ahmadi et al. [2] performed energy and exergy analyses and an environmental impact 
assessment for a multigeneration system that consist of micro gas turbine, a dual pressure heat recovery steam 
generator, an absorption chillier, an ejector refrigeration cycle, a domestic water heater and a proton exchange membrane 
electrolyser. They have also done a multi-objectives optimization to find the best operation conditions and find that by 
increasing the compressor isentropic efficiency, gas turbine inlet temperature, compressor pressure ratio and ORC 
extraction pressure results in better system performance. 

Dincer et al. [3] confirmed that the multigeneration renewable energy base system offers better efficiency, cost, 
sustainability and environment. Rubio-Mayaet et al. [4] designed and optimised a multigeneration planet fuelled by natural 
gas, solar and gasified biomass and conclude that, the natural gas is the main source of the power and the used 
renewable energy is the source of the reduction of 

mailto:sheharyar.waseem@mail.polimi.it


13th International Conference on Hydrogen Production (ICH2P-2022) 

December 11-14, 2022 

Pakistan 

 
  

153 
 

CO2 and environmental impact. Their optimization criteria were based on economic, energy and environmental impact, 
and show's a profitable system when natural gas technologies were used. 

Performing both exergy and energy analysis is crucial as it gives a clear notion about the original working capability of 
the system. Dincer et al [5] have employed the viewpoint of using the second law of thermodynamics to carry out the 
work potential of the PTC using exergetic analysis, and deduced that the irreversibilities between the PTC and 
surrounding air has an impact on the working performance of the PTC. It was found out that to perceive the environmental 
features of the PTC, it is very important to perform an exergetic analysis. 

In this system a multigeneration system is used with combined cycle of Regenerative Rankine cycle and absorption cycle 
to generate the power output along with space heating, hot water production, space heating and hydrogen production. 
The hot water from Parabolic Trough Collector (PTC) is used in Absorption cooling system (ACS) for generation of power. 
PTC output water heat is also used for heating water and then supplied through water to electrolyzer for hydrogen 
generation The geothermal source is used in Regenerative Rankine cycle for the power production which is further used 
for hydrogen generation through electrolysis. 

SYSTEM DESCRIPTION 

The proposed multi-generation system is consuming two renewable resources namely Geothermal and Solar. The 

main outputs of the system are electricity, district space heating, hot water, cooling, fresh water, dry air and hydrogen. 

The subcomponents of this system are single effect absorption cycle, Regenerative Rankine cycle, Electrolyzer, 

Parabolic Trough collector, Space heating, Geothermal energy. The energy from sun is collected through Parabolic 

trough collector PTC. The solar irradiance is measured at peak hours of the day for getting maximum output for the 

system. The heated water from PTC is used as a Heat input for the generator and this energy is used for refrigeration. 

The geothermal energy is used as a heat input for the Regenerative Rankine cycle. This energy is then used to get 

the power output which is further used for the Desalination and Hydrogen formation. 

Figure 1_Schematic of the proposed multigeneration syste
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RESULTS AND DISCUSSION 

To discuss the validation of adopted system, many of the researchers have conducted their research on integrated cycles 
(multipowered renewable cycle), which involves combination of two renewable sources. These cycles not only are very 
eco‐friendly because their functionality does not rely on hydrocarbons and other sources that results in global warming 
and other environmental problems but are also very efficient and effective. Multigeneration systems are capable of 
producing multiple outputs. Syltherm 800 is an effective heat transfer fluid and are considered to be an ideal working fluid 
of some solar collectors and multigenerational systems. Many other researchers used their novel models of integrated 
multigeneration systems [6-12]. This study focuses on using syltherm 800 as a working fluid for an integrated 
multigeneration system capable of producing necessary requirements for a district. The use of an effective working fluid 
makes this system better in some aspects than the aforementioned models. Parametrically comparing both of the fluids to 
come up with a better and more effective working fluid adds up to the novelty of this study. The proposed system in current 
study is capable of producing work rate in the form of electricity, hydrogen for its multiple and immense uses, fresh water, 
space heating, and cooling from ACS. The model analyzed in the current study is adopted from the literature mentioned 
in system description and also verified and validated from the studies mentioned in the same table. Because of the 
assumptions considered in modeling, the results acquired are generic. Figure 2 represents the comparison of thermal 
efficiency against the mass flow rate. The variations are observed by using the multiple working fluids such as the R245fa 
and R114 has shown an increase in their thermal efficiency by increasing the mass flow rate while water has shown almost 
straight line which depicts that the thermal efficiency is independent of the mass flow rate in the given range and has not 
shown prominent change in its behavior. 

 
 

 
Figure 2_ Comparison of Working Fluids for mass 

flow rate in Rankine cycle 

 
Figure 3_ Effect of Geothermal Temperature on 

different Working Fluids 

 

The Figure 3, represents the effects of geothermal temperature on the work output which can be obtained through the Turbines. 
The output work is also, observed by using multiple working fluids and it can be seen from the graph that by increasing the 
geothermal temperature the useful work is also increased which is an expected outcome. But the noticeable factor is the use 
of working fluid and under the specified conditions the R245fa will be more suitable then the R114 and water. As R245fa has 
the capability to absorb more energy which can be further utilized to get the output in the form of useful work. 

CONCLUSIONS 

The current research Emphasize the importance of Renewable sources by describing the amount of power we can produce 
using different sources which do not harm the environment and nor they can never be consumed as they replenish themselves 
as consumed. For this study we used the multi- generation system and used the two of the Cleanest and abundant sources of 
Renewable energy which are Solar and Geothermal. They are combined in a way to get the maximum power output to fulfil the 
needs of a district. The Regenerative Rankine cycle and absorption cycle are utilized in a way that to get different outputs from 
the system such as space heating, hydrogen production, electricity etc. The amount of net power output is almost 1272 KW 
and from this some power is utilized for Hydrogen production and the electrical power output from this system is 317.9 KW. 
The COP for the absorption cooling system is 0.8752. While the thermal efficiency of the system is 51.62 %. 
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ABSTRACT 

This paper analyses the technical and economic feasibility of introducing a Phosphoric Acid Fuel Cell (PAFC) based 
Combined Cooling, Heating and Power (CCHP) system to supply an agriculture farm, a crop research facility and the 
surrounding residential areas with electric power and heat. In the controlled system considered, PAFCs are used in 
conjunction with solar panels and biomass power plants to generate power. In this thesis, PAFCs are chosen because 
of their impressive electrical efficiency (up to 70%) and moderate operating temperature (150℃ - 210℃). The latter is 
extremely important for the CCHP to successfully run. The overall efficiency of the fuel cell is further maximized by 
utilizing the waste heat from the cell effluents as input for absorption chillers. The novelty of the design considered is that 
the fuel cell has an external reformer, which extracts hydrogen from ethanol rather than methane gas. Plus, waste heat 
from the biomass power plant and the fuel cell stack makes it possible to run a heat-driven refrigeration cycle that 
produces a cooling effect by recovering low-temperature waste heat. The proposed PAFC system along with its control 
schemes is modelled and simulated on MATLAB/Simulink software. 

 

Keywords: Phosphoric Acid Fuel Cell, CCHP, Hydrogen Fuel, Cogeneration, Hybrid Energy System 

 

INTRODUCTION 

We are currently in the throes of a global climate change catastrophe that only continues to worsen. Major governing 
bodies and companies are pledging to transition to net-zero emissions and relying on shifting away from fossil fuels to 
low-emissions energy sources, such as hydrogen fuel. Fuel cells are used to harness chemical energy from hydrogen to 
cleanly and efficiently produce energy. A promising and relatively new technology, fuel cells could be the weapon 
concerned bodies could wield in the climate control combat. While in theory hydrogen fuel cells are presented as a 
triumphant technology, its implementations are still limited globally and its suitability for power generation is yet to be 
understood. Thus, it becomes essential to assess how energy-efficient and economically feasible they are when used 
concurrently with other currently present renewable sources of energy. 

For this study, a Phosphoric Acid Fuel Cell has been selected. These cells have power generation efficiency of 40%, 
with an operating temperature range of 150℃ - 210℃. Protons are the charge carriers through a pure pressurised 
phosphoric acid electrolyte and use porous carbon-based electrodes. 

This fuel cell is applied to a commercial farm with a crop research facility. 300 fuel cells have been stacked to generate 
power of 0.25MW to run the proposed system. Furthermore, with the fuel being provided from the treatment of biomass 
from the farm to ethanol, which is fed into a fuel reformer to extract hydrogen for power generation. A PID controller has 
been integrated to control the input of the ethanol into the fuel reformer and limit any excess fuel being delivered. The 
extracted hydrogen then goes into the fuel cell stack. At the operating temperature range mentioned above, water is 
released as a by-product which has been utilised in the system for a CCHP process, that raises the aforementioned 
efficiency of the fuel cell from 40% to 70%. 

 

The schematic diagram for the complete system has been shown in Fig.1. 
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Fig. 1. Schematic of the complete proposed system for a commercial farm and crop research facility 

MATHEMATICAL AND DYNAMIC MODELING 

 

 

The above equations are utilised when mathematically modelling the PAFC. The model we will study includes Nernst potential, 

activation loss, ohmic loss and concentration loss. These equations for the fuel-cell system are modelled on MATLAB/Simulink. 

The dynamic model of the PAFC is depicted in Fig. 2. 

Table 1. shows the input parameters for the fuel-cell system. 
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Fig. 2. Dynamic Model of PAFC 

 
Table 1. Input Parameter Values for Phosphoric Acid Fuel Cell 

Parameter Name Value 

Temperature, T 455 K 

Gas Constant, R 8.314 

Faraday Constant, F 96484.56 

Partial Pressure of Hydrogen 4 atm 

Partial Pressure of Oxygen 3.5 atm 

Partial Pressure of Water Vapor 1 atm 

Electron Transfer Coefficient 0.5 

Exchange Current Density, io 100 A 

Number of electrons participating in the reaction 2 

 

RESULTS AND DISCUSSION 

Graph 1 shows a steady output voltage of 1.37 V from one single phosphoric acid fuel cell. This value is achieved under 
ideal conditions. It should be noted that ohmic voltage losses have been neglected due to their minimum contribution. 
Graph 2, which also shows a constant value of 2050 V, indicates the total voltage being produced by the system. The 
system consists of 5 stacks each having 300 fuel cells. The system produces enough voltage to generate sufficient power 
to fulfil the needs of the farm and the crop research facility. 
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Fig. 3. Graph 1 of Voltage (V) vs. Time (s) 
 
 

 

 
 

Fig. 4. Graph 2 of Voltage (V) vs. Time (s) 

 
 
 

CONCLUSIONS 

The result shows that stacking 300 fuel cells will produce a steady voltage of 2050 V. This means that the efficiency 

of a PAFC-based cogeneration system reduces energy consumption required for the selected farm and crop research 

facility. 
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NOMENCLATURE (Optional) 

a Area, m2
 

Enernst Nernst Potential, V 

Eo Reference Potential, V 

 

V Voltage, V 

Rint Internal Resistance, Ohms 

F Faraday Constant, C/mol 

i Current Density, A/m2
 

I Current, A 

p' Partial Pressure, atm 

 
 

 

Greek Letters 

α Electron Transfer Coefficient 

 Density, kg/m3
 

Subscripts 

o Exchange 

H2 Hydrogen 

O2 Oxygen 

H2O Vapor 

L Limiting 
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ABSTRACT 

The emergence of new multifunctional materials continuously increases the expectations for the performance of energy 
conversion and storage devices. MXenes, a family of two-dimensional transition metal carbides has been discovered as an 
exciting candidate for these applications [1, 2, 3, 4]. Ni-based electrodes are commonly used as cathodes in alkaline 
electrolysers for hydrogen production, provided by their low cost, appropriate electrocatalytic activity and corrosion 

resistance [5, 6]. This work explores the possibilities for the processing of Ni- and Ti3C2(OH)x MXene- containing 

composite electrodes for H2 production. In order to tune the Ti3C2 interlayer distance in Ti3C2Al MAX phase, an 
introduction of additional Al to form Ti3C2Alz materials with z>1 was attempted. Synthesis of powder mixtures with extra Ni 
and Al content (e.g. Ni:Ti:Al:C = 1:2:3:1) resulted in products containing Ti3C2Alz z>1 material and Ni- Al alloys [7]. Further 

etching of these products in 10M NaOH allowed the direct formation of electrodes with active surface containing 

Ti3C2T(OH)x MXene- and Raney nickel-containing composites. The electrochemical studies were focused on H2 

evolution and showed the potential for boosting the electrochemical reaction in such electrodes. The guidelines for the 
processing of MXenes under fluorine- free conditions are proposed and discussed. 

Keywords: Hydrogen, MXene, Nickel, Electrocatalyst 

 

ACKNOWLEDGEMENT 

This work is financed by Portugal 2020 through European Regional Development Fund (ERDF) in the frame of 
CENTRO2020 in the scope of the project CENTRO -01-0247-FEDER-181254 and in the scope of the project CICECO – 
Aveiro Institute of Materials, UIDB/50011/2020 & UIDP/50011/2020 & LA/P/0006/2020, financed by national funds 
through the FCT/MEC (PIDDAC). 

 

 

REFERENCES 

1. Naguib M, Kurtoglu M, Presser V, Lu J, Niu J, Heon M, & Barsoum MW. 2011. Two‐dimensional nanocrystals produced by 
exfoliation of Ti3AlC2. Advanced materials, 23, 4248-4253. 

2. Gogotsi Y & Anasori B. 2019. The rise of MXenes. ACS nano. 13, 8491-8494. 

3. Lim KRG, Handoko AD, Nemani SK, Wyatt B, Jiang HY, Tang J & Seh ZW. 2020. Rational design of two- dimensional transition 
metal carbide/nitride (MXene) hybrids and nanocomposites for catalytic energy storage and conversion. ACS nano. 14, 10834-
10864. 

4. Zhe L and Wu Y. 2019. 2D Early Transition Metal Carbides (MXenes) for Catalysis. Small. 15, 29, 1804736. 

5. Mahmood N, Zou J. 2018. Electrocatalysts for Hydrogen Evolution in Alkaline Electrolytes: Mechanisms, Challenges, and 
Prospective Solutions. Advanced Science. 5, 1700464. 

6. Liu A, Liang X, Ren X, Guan, W, Gao, M, Yang Y, Yang Q, and Ma T. 2020. Recent Progress in MXene-Based Materials: Potential 
High-Performance Electrocatalysts. Advanced Functional Materials 30, 2003437. 

7. Sergiienko SA, Lopes DV, Constantinescu G, Ferro MC, Shchaerban ND, Kovalevsky AV. 2021. MXene- containing composite 
electrodes for hydrogen evolution: Material design aspects and approaches for electrode fabrication. International Journal of 
Hydrogen Energy 46 11636-11651. 

 

 

mailto:sergiienko@ua.pt


13th International Conference on Hydrogen Production (ICH2P-2022) 

December 11-14, 2022 

Pakistan 

 
  

162 
 

AN ASSESSMENT OF HYDROGEN PRODUCTION BY HARVESTING WIND ENERGY IN A SUB 
URBAN ENVIRONMENT: A MACHINE LEARNING APPROACH 

1,2 Ali Javaid, 1,2* Muhammad Sajid, 1 Emad Uddin, 1 Yasar Ayaz, 3 Adeel Waqas 

1 School of Mechanical and Manufacturing Engineering (SMME), National University of Sciences and Technology (NUST), School 
of Mechanical and Manufacturing Engineering (SMME), Islamabad, Pakistan 

2 Artificial Intelligence for Mechanical Systems (AIMS) Lab, School of Interdisciplinary Engineering and Sciences (SINES), 
National University of Sciences and Technology (NUST), Islamabad, Pakistan 

3 National University of Sciences and Technology (NUST), U.S.-Pakistan Center for Advanced Studies in Energy (USPCAS-E), 
Islamabad, Pakistan 

*Corresponding author e-mail: m.sajid@smme.nust.edu.pk 

ABSTRACT 

The exponential rise in energy consumption makes conventional energy production technologies unsustainable. Owing 
to this increase renewable energy sources are favored as an alternative clean energy source. Wind energy is the source 
that has undergone the least amount of work as its conduct is inconsistent and expensive as compared to solar energy 
extraction. The problem is addressed by incorporating artificial intelligence algorithms for forecasting of wind energy 
extraction in a suburban setting. The study makes use of machine learning techniques to evaluate the hydrogen 
production from wind energy. In order to assure seasonal variety, machine learning techniques are supplied with wind 
information from the past year. Site location was at latitude 33.64 °N, Longitude 72.98 °N, and elevation 500 m above 
mean sea level with a sampling frequency of 10 Minutes. After collecting the data Long Short Term Memory (LSTM), 
Support Vector Regression (SVR) and linear regression Machine Learning models were trained to estimate daily hydrogen 
production. LSTM produced the greatest outcomes out of all the trained models. Additionally, it was determined that 
artificial intelligence techniques (LSTM), which are ideally suited for time-series data, can be used to harvest an average 
of 

202.8 kg/month of hydrogen from a 1.5 MW turbine. 

Keywords: Renewable energy, LSTM, Forecast, Artificial Intelligence, Machine Learning, Islamabad 
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ABSTRACT 

The present study investigates a linear Fresnel concentrated solar plant driven multigenerational system to produce 
power, heat, cooling, and hydrogen for a community. A time-dependent analysis is carried out in order to investigate the 
intermittent availability of the solar system and develop an operational strategy due to the available energy. The overall 
system is investigated with thermodynamics basis approach from energy and exergy points of view. A 645 MWt capacity 
linear Fresnel solar plant with a solid-oxide electrolysis system can generate up to 47.3 tons of hydrogen in a day, according 
to the simulations. 

Keywords: Linear Fresnel, Solar hydrogen, Solid-oxide electrolysis, Exergy, Sustainability 

INTRODUCTION 

The global energy demand is predicted to be fold by 2050; the power consumption is projected to triple, and hydrogen 
demand is projected to quadrupled by 2050 [1]. Currently available energy generation methods are majorly based on 
fossil-fuel combustion which emits greenhouse gases. To meet the growing demand with currently available methods, will 
not be a sustainable solution. Renewables are potential alternatives to fossil-fuel based energy generation. Solar is a popular 
solution among renewables. However, intermittency is an important challenge to replace the entire energy infrastructure. 
Hydrogen can overcome the intermittency issue as an energy storage medium. Moreover, hydrogen can be transported 
to off-grid locations or wherever required. Apart from these, efficiency improvement is important to meet growing energy 
demands in future. To minimize wastes, excess energy can be recovered by integrating multiple subsystems. In this 
study, a linear Fresnel-based integrated energy system with hydrogen production is developed and analysed. The energy 
and exergy approaches of thermodynamics is applied to investigate the system. To provide more insightful results, each 
hour in a typical meteorological year is analysed. 

SYSTEM AND METHOD 

The proposed system consists of a linear Fresnel concentrated solar plant along with molten salt heat storage tanks. In the 
integrated system, a power generation unit based on a Rankine cycle with high and low-pressure steam turbines, a solid-
oxide electrolyser, a Li-Br absorption refrigeration unit, and a district heating and cooling subsystem driven by recovered 
heat and the Li-Br refrigeration unit, are available. 

 

Fig. 1. The system layout 
The integrated system and its subsystems with components are analysed through the energy, entropy and exergy balance 
equations introduced by Dincer [2]. The general balance equations can be expressed with Eq.s (1-3) as follows: 
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where Q̇ 
GHI denotes global horizontal irradiation, Q̇ 

GHI,FL denotes the converted thermal energy, δ denotes the sun’s cone 

half-angle, and A represents the area. To provide more insightful and extensive analysis, solar- based system is simulated 
in National Renewable Energy Laboratory’s SAM. Commercially available modules for the solar system are considered in 
the simulations. 

RESULTS AND DISCUSSION 

Obtained results showed that 645 MWt capacity linear Fresnel concentrated solar system can feed a solid- oxide 
electrolysis to generate up to 47.3 tons of hydrogen in a day, according to the case study simulation which carried out for 
a region in California in the United States (see Fig.2). Linear Fresnel system provided 537 °C heat to run the high 
temperature electrolysis process in the solid-oxide electrolyser. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Daily hydrogen production by total solar thermal incident collected by the field 

CONCLUSIONS 

A linear Fresnel system is coupled with a solid-oxide electrolyser to produce hydrogen by exploiting high temperatures. 

The excess heat is also exploited by the system to produce electricity, heat and cooling by the integrated system. The 

proposed system can meet various requirements of communities in a sustainable manner by exploiting sun with a 

uniquely designed integration. 

REFERENCES 

1. McKinsey & Company. 2022. Global Energy Perspective 2022. https://www.mckinsey.com/industries/oil- and-
gas/our-insights/global-energy-perspective-2022 Accessed on November 01, 2022 

2. Dincer I. 2020. Thermodynamics: A Smart Approach. John Wiley & Sons, London. 

 

 

 

50000 

45000 

40000 

35000 

30000 

25000 

20000 

15000 

10000 
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 

Solar thermal incident collected by the field in a day (MWh/day) 

H
yd

ro
ge

n
 p

ro
d

u
ct

io
n

 (
kg

-H
2/

d
ay

) 

https://www.mckinsey.com/industries/oil-and-gas/our-insights/global-energy-perspective-2022
https://www.mckinsey.com/industries/oil-and-gas/our-insights/global-energy-perspective-2022
https://www.mckinsey.com/industries/oil-and-gas/our-insights/global-energy-perspective-2022


13th International Conference on Hydrogen Production (ICH2P-2022) 

December 11-14, 2022 

Pakistan 

 
  

165 
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ABSTRACT 

The concentration polarization phenomenon is a key factor affecting the performance enhancement of solar membrane 
reactors. To enhance the membrane reactor performance, this study proposes a multi- helical insert reinforced solar 
methane reforming membrane reactor from the purpose of weakening the concentration difference polarization. Based on 
the validated three-dimensional multi-physical field coupling model, the effect and mechanism of the helical inserts on 
the performance of the membrane reactor are investigated. The results show that the helical inserts can significantly and 
comprehensively improve the membrane reactor performance, especially the 4-helical inserts have the best effect, 
bringing 16.0%, 17.1% and 16.5% improvement of methane conversion, fuel efficiency and hydrogen recovery, 
respectively, to the membrane reactor. The major reason is that the helical inserts exchange the hydrogen between the 
inner and outer sides of the reaction zone well and improve the radial distribution uniformity of hydrogen products in the 
membrane reactor. The decrease of hydrogen concentration on the outer side of the reaction zone deepens the degree 
of reactant conversion, while the increase of hydrogen concentration on the membrane side increases the hydrogen partial 
pressure and improves the hydrogen separation efficiency by 36.5%, which significantly weakens the concentration 
polarization at the membrane tube. 

Keywords: Concentration polarization, Membrane reactor, Methane reforming, Multi-helical inserts, Solar 
thermochemical hydrogen production 

INTRODUCTION 

Solar thermochemical hydrogen production technology combining solar and hydrogen energy is well suited for renewable 
energy systems, using the heat generated by concentrated sunlight to drive chemical conversion for solar energy storage 
and hydrogen production [1–3]. Recently, several studies have incorporated selective hydrogen separation membranes 
into methane steam reforming (SMR) systems to achieve simultaneous hydrogen separation and purification and 
equilibrium shift during the reaction, enhancing the reaction performance and obtaining high-purity hydrogen based on 
Le Chatelier's principle [4]. Furthermore, the utilization of product separation membranes dynamically breaks the reaction 
equilibrium, allowing SMR to proceed efficiently at lower temperatures (<600°C). In 

recent years, research on hydrogen permeable membrane reactors has been carried out from experiments [5], numerical 
simulations [6], and system analysis [7] to explore membrane performance enhancement, reactor design, and system 
economics. 

Published studies have shown that it is very feasible to use hydrogen separation membranes to enhance reactor 
performance to improve reactant conversion and reduce temperature requirements. However, for compact membrane 
reactors, the concentration polarization has been a key factor that weakens the membrane utilization efficiency [8]. Thus, 
in this study, a solar membrane reactor reinforced with multi-helical inserts is proposed with the aim of weakening the 
concentration difference polarization phenomenon. Based on the developed and validated 3-dimensional membrane 
reactor multi-physics field model, the mechanism of helical inserts on the performance of the membrane reactor was 
investigated. 

MODELLING 

Fig. 1a, drawn by SolidWorks, shows the solar trough thermochemical reaction system mainly consisting of a parabolic 
trough concentrator and a methane reforming membrane reactor (MR) in this study. In Fig. 1b, the absorber surface is 
isolated by a vacuum space formed by a glass cover seal to reduce heat loss. The single-axis tracking system ensures 
that the sunlight is incident on the concentrator as vertically as possible in the one-dimensional direction. In the MR, 
methane and steam are converted to solar fuel products by the action of absorption heat and Ni/Al2O3 catalyst. As 
shown in Fig. 1b, differs from the conventional reactor, the hydrogen product is separated by a palladium membrane 
tube driven by pressure difference during the reaction process, and the reaction is deepened based on Le Chatelier's 
principle. Furthermore, the present study enhanced the hydrogen separation capacity of the membrane by adding multi-
helical inserts to the MR to weaken the concentration polarization phenomenon. 
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(a) Solar trough concentrator system (b) Membrane reactor with helical inserts 

Fig. 1. Schematic diagram of solar methane reforming membrane reactor 

Governing equations [1] 

Flow equations based on the equivalent porous medium assumption: 

 

All of the above equations are calculated by the COMSOL Multiphysics software. 

RESULTS AND DISCUSSION 

To investigate the effect of multiple helical inserts, Fig. 2a compares the performance of the MR with and without helical 
inserts. The results show that with the addition of helical inserts, the performance of the MR has been improved 
comprehensively. At different numbers of helical inserts from 1 to 5, the 4- helical insert shows the best performance 
improvement, where methane conversion, fuel efficiency and hydrogen recovery all have 16.0%, 17.1% and 16.5% 
performance improvement, respectively, relative to the no-insert MR. This is mainly due to a 36.5% increase in hydrogen 
separation, which reduces the hydrogen content in the reaction zone, which in turn leads to a deeper positive shift in the 
methane reforming reaction. Furthermore, the removal of hydrogen simultaneously intensifies the positive water- gas shift 
reaction, leading to a further reduction in the amount of carbon monoxide. To clarify the reason for the elevated hydrogen 
separation, Fig. 2b illustrates the molar fraction distribution of hydrogen in the MR with and without 4-helical inserts. In 
the initial reactor, the hydrogen distribution in the reaction zone is extremely heterogeneous in the radial direction due to 
the separation effect of the membrane, and there is a large distribution gradient, which means that a concentration 
polarization phenomenon occurs. However, the 4-helical insert intensifies the hydrogen exchange on the outer side within 
the reaction zone, resulting in a more uniform hydrogen distribution. As can be seen in Fig. 2c, the 4-helical insert has the 
lowest peak in the axial distribution of averaged hydrogen molar fraction, while having the highest hydrogen distribution 
on the membrane side. The 4-helical insert changes the flow path of the reaction mixture, allowing the high concentration 
of hydrogen at the periphery of the reaction tube to be transferred to the membrane tube. The reaction at the edge of the 
reaction tube is strengthened, while the separation of hydrogen products by the membrane tube is enhanced, which is 
verified in Fig. 2d. 
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CONCLUSIONS 

This study proposes a multi-helical insertion enhanced solar methane reforming membrane reactor to weaken the 
concentration polarization, which improves the solar MR performance comprehensively. The major conclusions are as 
follows: 

• Helical inserts exchange hydrogen well between the inner and outer sides of the reaction zone, significantly 
enhancing the uniformity of hydrogen product distribution in the solar MR. 

• The 4-helical insert has the best performance improvement, bringing 16.0%, 17.1% and 16.5% methane 
conversion, fuel efficiency and hydrogen recovery to the MR, respectively, which is closely related to the 36.5% 
improvement in hydrogen separation. 
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ABSTRACT 

Synthetic fuels provide variety of advantages that go beyond reducing carbon emissions. With comparable 
physicochemical qualities to conventional fuels, synthetic fuels may be utilized in existing vehicles and with the present 
infrastructure. Therefore, the purpose of this study is to compare synthetic fuels namely, liquefied synthetic natural gas 
and liquefied synthetic hydrogen from technical perspectives. Technical analysis is implemented to calculate how much 
energy is consumed to produce and store liquefied synthetic fuels. The generated boil-off gas during storage phase is 
proposed to be recovered and utilized. The results indicate that the total energy consumption to produce 1 MJ of liquefied 
synthetic natural gas and liquefied synthetic hydrogen is 0.63 kWh and 0.52 kWh respectively. Production of liquefied 
synthetic natural gas consumes 21% more energy compared to liquefied synthetic hydrogen. Moreover, energy 
consumption to store liquefied synthetic natural gas and liquefied synthetic hydrogen in a 2,000 m3 on-land storage tank with 
100% boil-off gas recovery for 1 day is 25 kWh and 145 kWh respectively. Even though the process to produce liquefied 
synthetic natural gas is energy-intensive process, it offers efficient energy storage solutions compared to liquefied 
synthetic hydrogen. Finally, improvement of the liquefied hydrogen storage characteristics results in reducing the 
generated boil-off gas which consequently improve liquefied hydrogen supply chain effectiveness. 

Keywords: Storage; Energy carrier; Energy consumption; Liquefaction; Synthetic fuels. 
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ABSTRACT 

CO2 reforming of methane to produce syngas is a very important reaction with relevance to the industry and environment. 
Several Pd containing catalysts were synthesized using various wt% of Pd supported on the washcoated alumina over 
FeCrAl foam. These Pd catalysts revealed good performance in dry reforming of methane at temperature 500 -900 0C. 

Among the selected amount of Pd as catalyst material (1, 2 and 4 wt%), maximum conversion of CO2 and CH4 were 

obtained using a 2 wt% Pd supported catalyst at a reaction temperature of 900 )0C and H2 yields of 65.53 % were produced. 
The catalyst loading above 2 wt% metal content led to a decreased activity probably because of the agglomeration effect. 

Further, the reforming efficiency of Pd for dry reforming reaction was also influenced by the calcination temperature 
employed for the preparation of the catalyst. The Pd catalyst calcined at 750 0C for 3 hrs showed enhanced activity for 
dry reforming of methane as compared to that calcined at 500 0C for 3 hrs. A clear trend of increasing conversion and 
yield was found with increasing employed calcination temperature. The prolonged calcination time at 750 0C beyond 3 hrs 
affected the catalyst activity to a smaller extent. Besides the reaction conditions, XPS analyses showed oxidic phases of 
active material in the form of PdO. Furthermore, the XPS spectra also revealed the stability of catalyst during employed 
reaction conditions. 

 
Keywords: Hydrogen production, CO2 utilization, Foam as support 

 
 

INTRODUCTION 

Modern catalysts utilize porous inorganic oxides with high surface area as a support for the catalyst. After the method 
used for application, the oxide layer is given the name “Washcoat”. The main function of the catalyst carrier or support 
is to provide high surface area needed for the dispersion of catalytic material. 

Moreover, the washcoat serves as a barrier to prevent undesired reactions between components of the catalytic system 
by preventing contact of reactants with the substrate. The homogenous formation of the porous washcoat layer over the 
substrate and its adhesion to the substrate surface are important factors which affect the performance and life of the 
catalyst. The choice of substrate is equally important in improving the performance of the catalyst system. 

For an efficient catalytic system, it is desired that the substrate should possess sustainable adhesion to the support 
material and mechanical strength. Although the conventional ceramic supports (e.g. monolith or honeycomb structures) 
with uniform parallel channels served the purpose well to be used as substrate for coating process but they possess 
limited mechanical strength and low thermal conductivity [1, 2]. Hence, the potential of other promising and innovative 
structures as substrates has been pointed out [3]. Consequently, the metallic substrates have gained utmost attention. 

110 

Among metal substrates, the metal foams /cellular materials with high porous structure, flexibility and mechanical 
strength are potential candidates to be used as support substrates [4-6]. Many properties make foams attractive for use 
as 
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substrate material. The cellular foams possess highly uniform interconnected porosities. These foams are formed with 
void spaces other than straight channels (giving better flow characteristics and mixing). They can be metallurgically 
bonded to reactor shells (increased mechanical stability and heat transfer), unlike conventional straight-channel ceramic 
monoliths. The low density and high mechanical strength permit the design of light weight and stiff catalyst components. 
The high porosity of metal foams would result in much lower pressure drops [7]. The current growing interest in their 
application is also related to their enhanced heat transport properties [8] resulting because of circuitous flow paths of the 
porous matrix. The honeycomb monoliths have laminar flow patterns with no lateral mixing between cells. In contrast to 
honeycomb structures, the flow in foams can proceed in all directions resulting in enhanced radial heat and mass transfer. 
The continuous network of ligaments enables good heat conductivity and pronounced heat transfer through radiation at 
elevated temperatures. Further, the metal foams possess unique thermo chemical properties and being light weight can 
be handled easily. In particular, the use of metal foams could minimize the occurrence of hot spots in the catalyst bed 
when highly exothermic reactions are performed. On the other hand, in fast diffusion limited processes 111 where 
pressure drop is of less concern, metallic foams achieved conversions EQUIVALENT TO HONEYCOMBS WITH 
SIGNIFICANT REDUCTION OF THE REACTOR SIZE [9] 

MATERIALS AND METHODS 

The gamma alumina coated FeCrAl support was prepared. It was also found that this washcoated substrate possesses 
excellent mechanical and thermal strength properties. A CH4 reforming system was set to analyze the catalytic activity 
of the prepared catalysts. The microreactor was designed to accommodate two metal loaded alumina plates in a parallel 
manner. The methane reforming experiments were carried out in the temperature range of 500 – 9000C. The temperature 
of system was raised at a rate of 5 0C/min. The temperature of microreactor was monitored by a thermocouple placed in 
the catalyst zone. The reaction gases (CH4, CO2 and N2) were supplied to the microreactor through mass flow controller. 

The flow rate of CH4, CO2 and N2 was fixed at 5:5:11 118 SCCM. The product gases were observed by a gas 

chromatography (CP 3800, varian). A relevant comparison for dry reforming of methane was also made by partial 
oxidation of methane utilizing the same experimental conditions. The flow rate of CH4:O2:N2 was fixed to 6:3:12, while 
keeping the overall flow rate constant as with the dry reforming experiments 

RESULTS AND DISCUSSION 

All the results obtained should be discussed in detail. 

2 wt%, 2wt% and 4 wt% of Pd was impregnated over alumina washcoated FeCrAl foam (with respect to the washcoated 
alumina weight) and dried at 110 0C for 30 min. followed by calcination at 500 0C for 3 hrs. On γ alumina washcoated 
support, Pd gave out higher conversions of CH4 and CO2, while coke deposition also took place during the reforming 
process. The reforming activity was influenced by  metal concentration. It was found that reforming activity increased 
with the loading amount of Pd at first for 2 wt% Pd that showed higher activity for conversions than 1 wt% of the metal 
concentration. The detected conversion of CH4 increased from 85% to 88% when the loaded amount of Pd increased 
from 1wt% to 2 wt%. For 2 wt% of Pd the conversions of CO2 and CH4 were 88.14% and 88.31% respectively. Although 
the reforming activity increased with the loading amount of Pd at first from 1 wt% to 2 wt%, but it decreased slightly 
when the loading amount of Pd was higher than 2 wt%. It was observed that at lower reforming temperature, higher 
Pd content showed better activity but the highest conversions were achieved for 2 wt% of the Pd content at higher 
temperature. That is, higher loading amount (4 wt%) of Pd on Al2O3 possessed no improvement on the reforming 
activity possibly because of its low dispersion on the support surface. The hydrogen yields in Figure 5.3 (c) show that 
it also depends upon metal content and reaction temperature. The maximum yield of hydrogen was achieved over a 
temperature range of 800-900 0C 

 

CONCLUSIONS 

In comparison to all these reported results using Pd as active material for dry reforming of methane, our current study 

possesses two major advantages. All the previous work was performed using fixed bed tube reactors. As now it 
is an established fact that microreactors are beneficial over the fixed bed or tube reactors, the current study 
has been performed using a microreactor. 126Among the cited literature, the best conversion results are 

reported by Dhi Chunkai et. al. [22] They have reported 90% of the methane conversion using 5 wt% of Pd 
content. Whereas in current study almost the same methane conversion of 88.3% was achieved using only 2 
wt% of the Pd as active metal. This could lead to the reduction in utilization of precious active material 
ACKNOWLEDGEMENT (Optional) 
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ABSTRACT 

In this study, an assessment of a renewable energy-based hybrid sulfur-bromine cycle for hydrogen generation is 
performed. The hydrogen, produced by the thermochemical cycle, is blended with natural gas and supplied to the community 
to provide electricity and heating. A desalination unit is also integrated to produce freshwater for the community consisting 
of 10,000 houses. The integrated system is analyzed through the energy and exergy approach. Here, a 0.71 kg/s of 
hydrogen and natural gas blend is provided to meet electricity and heating requirements by a gas turbine, a combi boiler, 
and a gas cooker. A total of 2.97 MW net electricity power is obtained by the gas turbine and an organic Rankine cycle. 
Moreover, a monthly freshwater need of 8.9 m3 is provided by a multi-effect distillation unit per house. The energy and 
exergy efficiencies of the hybrid sulfur- bromine cycle are calculated as 27.85% and 29.32%. 

Keywords: Efficiency, Hydrogen, Natural Gas, Renewable Energy, Thermochemical cycle 

INTRODUCTION 

Novel energy systems are required to provide energy diversity for sustainable electricity, heat, and fresh water. Increased 
energy demand is overcome by novel integrated systems in an environmentally benign way. Energy storage in 
electrochemical, thermal, mechanical, and chemical forms provides reliability for renewable energy- based systems. 
Integrated systems designed in an environmentally benign way are more significant than ever. Carbon dioxide, carbon 
monoxide, nitrogen oxide, and sulfur dioxide emissions are aimed to reduce with the increase of environmental 
awareness. Primary environmental problems occur with these gases by fossil fuel usage. Fossil fuels are needed to 
utilize wisely by integrating renewable sources. Here, hydrogen is a promising option to store energy and reduce 
emissions by blending with natural gas. In this study, electricity, heating, and freshwater requirements of the community 
are provided with less environmental impact. In this novel system, hydrogen and natural gas blend at a particular rate is 
offered as fuel to reach higher efficiencies. The specific objective is to develop a unique hydrogen energy system, analyze 
this presently developed integrated system energetically and exergetically, and evaluate its performance through energy 
and exergy efficiencies. A unique hybrid sulfur-bromine cycle-based hydrogen production, which is developed as the Mark 
13 cycle at JRC Ispra [1] and blending into the natural gas system is developed and integrated with a combined cycle. A 
chemical energy storage option is offered by storing energy as hydrogen. A hydrogen storage option is offered by mixing 
it with natural gas. 
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SYSTEM DESCRIPTION AND ASSESSMENT 

As shown in Fig. 1, solar PV panels, wind turbines, a gas turbine, an organic Rankine cycle, combi boilers, gas cookers, a 
biomass-based boiler, and a multi-effect distillation unit are utilized to produce electricity, heat, and freshwater. The hybrid 
sulfur-bromine cycle is considered to produce hydrogen. And hydrogen is injected into natural gas and utilized in a gas 
turbine and combi boilers. Calculations are performed with monthly electricity, solar radiation, and wind velocity data [2]. 
The monthly electricity power requirement of the community changes between 2.02 and 2.87 MW. Three-step reactions of 
sulfur and bromine compounds known as the hybrid sulfur- bromine cycle have one of the highest thermal efficiencies in 
thermochemical cycles. The maximum operating temperature of the cycle is 850 °C. Three-step reactions of the cycle are 
defined as follows: 

Reaction-1: 2𝐻2𝑆𝑂4 → 2𝑆𝑂2 + 2𝐻2𝑂 + 𝑂2  

Reaction-2: 𝐵𝑟2 + 𝑆𝑂2 + 2𝐻2𝑂 → 2𝐻𝐵𝑟 + 𝐻2𝑆𝑂4 

 Reaction-3: 2𝐻𝐵𝑟 → 𝐵𝑟2 + 𝐻2 

RESULTS AND DISCUSSION 

In this study, hydrogen and natural gas blend is utilized as fuel for combi boilers, gas cookers, and a gas turbine in an 
environmentally benign way. Although natural gas is cleaner than other fossil fuels, it still produces carbon dioxide when 
combusted. Here, emissions are reduced by hydrogen injection into the natural gas. The effect of hydrogen fraction in the 
blend on the heat power requirements of the reactions, and the overall cycle and hydrogen required for the community is 
given in Fig. 2. Here, 20% hydrogen and 80% natural gas are considered for the blend. 0.02 kg/s hydrogen is provided 
by the sulfur-bromine cycle for the blend. In this integrated system, a community with 10,000 houses is considered for the 
calculations. The changes in net power and freshwater requirements of the community as to various numbers of houses are 
also calculated. 

 

CONCLUSIONS 

With this novel system, while electricity, heating, and freshwater requirements of the community are provided, emissions 
are reduced by decreasing fossil fuel usage. Biomass-based hybrid sulfur-bromine cycle is integrated. Hydrogen is produced 
and mixed with natural gas. Solar PV panels, wind turbines, the gas turbine and the organic Rankine cycle are considered 
electricity suppliers. The energy and exergy efficiencies of the thermochemical cycle are calculated as 27.85% and 
29.32%, respectively. 
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ABSTRACT 

In this study we designed and simulated a comprehensive multi-generation system providing power, heating, cooling, 
hot air and dry air for a complete, independent and sustainable off- grid solution. Furthermore, control system analysis 
was performed using the "MATLAB Simulink" package. For the sustainability, the system was powered by renewable 
energy sources including a solar parabolic trough collector and biofuel. The system comprised of combined Brayton and 
Rankine cycles (operating in binary fashion) with a heat exchanger between them. Power was produced by the cycles in 
addition to heat rejected which was further utilized in producing hot water among other things. A vapor-absorption cycle 
was installed to provide the cooling and dry air.The energetic and exergetic analysis of the system was performed 
whereby the efficiencies and heat and work transfers were evaluated using the Engineering Equation Solver (EES) 
software package. Furthermore, the system parameters were studied under control theory and PID controllers were 
installed and fine-tuned. Root- locus analysis was performed and the response curves were obtained for the various 
transfer functions. Finally, the results were interpreted and validated against the standard literature. 

Keywords: Renewable hydrogen technologies and applications, Energy exergy and economic analyses, Modeling 

simulation and optimization studies 

INTRODUCTION 

Energy has been increasingly vital in the world over the centuries as we have worked to build new technologies that make 
our lives easier and more comfortable. Energy is required for practically everything, from transportation vehicles to 
domestic appliances, and it plays a critical part in today's world. When humanity discovered fire and learned how to use 
it efficiently for their needs, civilization began. They began by burning wood in order to get high temperatures for melting 
metals, cooking, and heating. The usage of fossil fuels, such as oil, coal, and gas, was primarily introduced during the 
IndustrialRevolution [1]. The massive growth in human population over the previous century, and thus the energyneed to 
maintain it has raised serious concerns about present energy resources and supply constraints [2], [3]. Reducing the use 
of carbon-based fuels and energy sources will help to reduce global warming. As a result, renewable energy 
multigeneration systems emerge as a viable alternative. 

Multigeneration systems based on renewable energy are a burgeoning field of study, with numerous studies offering 
various alternatives to present fossil fuel-based systems. In comparison to conventional systems, Dincer and Zamfirescu 
[3] found that renewable energy-based multigeneration systems reduce conventional fuel prices and harmful pollutant 
emissions. Khalid et al. [4] developed a biomass and solar integrated based multigeneration system for power, cooling, 
hot water, and warm air, with a total system exergy efficiency of 39.7%. Dincer and Zamfirescu [5] talked about a wide 
range of renewable-energy multigeneration systems. Certainly, producing several outputs from a single energy source 
is a way of maximizing resource usage. Multigeneration makes sense, particularly when the principal energy source is 
renewable. It is sufficient to consider concentrated solar electricity to clarify this concept (CSP). CSP systems have a 
relatively high capital cost and produce electricity with a 15%–20% energy efficiency, resulting in high electricity costs. 
The solar energy utilization (electricity and heating) can approach 80%if the CSP system is built with cogeneration, which 
recovers and uses the heat usually rejected by the heat engine, Zamfirescu [6]. In this study, two renewable resources 
are used. Solar and biomass. Solar parabolic trough technology is used. Fatih Yilmaz presents a thorough thermal model 
[7] that can be used to analyzea parabolic trough collector receiver. Convection into the receiver pipe, in the annulus 
between the receiver and the glass cover, and from the glass cover to ambient air; conduction through the metal receiver 
pipe and glass cover walls; and radiation from the metal receiver pipe to the glass cover and from the glass cover to the 
sky are all taken into account in the model. Engineering Equation Solver is used to create the model (EES). The model 
is validated using the known performance of current collectors testedat Sandia National Laboratories, and the results are 
highly promising. 

Other renewable source used is biomass. Fahad A. Al-Sulaiman a,c,*, Ibrahim Dincer b present [8] the energy and exergy 
studies of a biomass trigeneration system based on the organic Rankine cycle (ORC) are described. The following four 
scenarios are examined: electrical power, cooling cogeneration, heating cogeneration, and trigeneration. The fuel 
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utilization efficiency increases from 12 percent for electrical power to 88 percent for trigeneration, according to this study. 
Furthermore, the ORC's highest exergy efficiency is 13%, and when trigeneration is employed, it improves to 28%. 
Furthermore, the electrical to cooling ratio can be changed by adjusting the ORC evaporator pinch point temperature 
and/or the pump inlet temperature, according to this research. Furthermore, the biomass burner and the ORC evaporator 
are the primary sources of exergy degradation, according to the research. The biomass burner accounts for 55% of total 
energy consumption. 

 

For cooling purposes Vapor Absorption cycle is being used in this study. Heat triggered cooling has the ability to make 
use of thermal sources that are currently underutilized, such as engine exhaust or industrial waste heat. In applications 
where cooling is required, using these heat sources can improve energy efficiency and minimize fuel use. The approach 
presented here generates cooling for structures and vehicles using waste heat from fixed and mobile engine cycles. It 
combines a standard vapour compressioncycle with an organic Rankine cycle (ORC). Hailei Wang, Richard Peterson 
studied the performance of a VCC run by an organic Rankine cycle [9]. 

 

One Brayton and one Rankine cycle is used for power generation. Dincer [10] did a thermodynamic analysis of the 
Brayton cycle and Rankine cycle reheat steam power plant is carried out in this study, utilizing a spreadsheet calculation 
technique, in terms of the first law of thermodynamic analysis (i.e. energy analysis) and the second law analysis (i.e. exergy 
analysis). For various system parameters such as boiler temperature, boiler pressure, mass fraction ratio, and work output, 
the energy and exergy efficiencies are investigated in 120 examples. Temperatureand pressure levels were chosen to 
be compatible with actual values, ranging from 400 to 590°C and 10 to 15 MPa. H.Ismail, A.A Aziz performed a simulation 
study on Organic Rankine Cycle (ORC) using nine distinct working fluids in four different types of system configurations 
. Organic Rankine Cycles are similar to Rankine Cycles, except they use organic fluids as working fluids. In low heat 
grade applications, it is widely thought to be more effective than the steam Rankine cycle. The study's goal is to determine 
how well the system works with a biomass thermal system by determining the best working fluid and system 
combinations. MATLAB and REFPROP 9.0 were used in the simulation [11]. 

 

Heat exchangers were solved using the NTU method described in Heat transfer books, APA. Cengel, Heat and mass transfer: 
Fundamentals and applications [12]. Houcheng Zhang, Guoxing Lin, utilized three expressions of the system efficiency 
in literature are compared and evaluated using the typical model of a water electrolysis hydrogen production system, which 
mainly includes the electrolysis cell, separator, and heat exchangers, from which one reasonable expression of the 
efficiency is chosen and directly used to analyze the performance of a water electrolysis hydrogen production system 
under different operation conditions. 

 

The main goal of this study is to create a new multigeneration system which generates six outputs and utilize only two 
renewable sources. The system is producing power, heating, cooling, dry air, hot water and Hydrogen. The objectives of 
this study is to perform a thermodynamic modelling of the system using energy and exergy approaches. This system 
also utilizes a control system in which three PID controllers were implemented to control the mass flow rates in the power 
generation cycles, PTC input, VARS refrigerant flow and biomass heat flow. One of the main objectives of this study also 
includes implementation of renewable energy resources to reduce carbon footprint in our atmosphere and simultaneously 
produce seven outputs which are almost basic needs of a place. 
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SYSTEM DESCRIPTION 

In this multigeneration system we utilize solar parabolic trough as its primary power input source and uses biomass 
energy as secondary source of power input. The multigeneration system gives us six outputs that are (i.e.,), hydrogen, 
cooling of space, heating of space, production of dry air, electricity & hot water. The basic block diagram of the system 
is shown as, 

 

As shown in the diagram, the system uses solar and biomass energy for the production of electricity, from this vapor 
absorption cycle is used to produce dry air and cooling effect and the electrolyzer is used to produce hydrogen. From 
the output of Rankine cycle hot water is produced. From the output of the Brayton Cycle the system produces heating 
effect. 

This system comprises of five major components i.e., Solar Parabolic Trough, Brayton Cycle, Rankine Cycle, Biomass 
Boiler & Vapor Absorption Cycle. Each of these described sub-systems play a vital part in this multigeneration system to 
produce the required outputs. The schematic of this system is shown in the Fig.1. 

The solar parabolic trough is a device which is based on renewable energy. A parabolic trough is a type of solar thermal 
collector, which has a polished metal mirror, which is curved having a parabolic shape. The sunlight falling on the mirror 
is reflected along to its plane of symmetry and is focused along the focal line, where object to be heated is placed. This 
system uses water as the power fluid which flows in a tubewhich is heated through the solar radiations using a parabolic 
trough collector. Since the basic purpose of this subsystem is to produce power (electricity), we use one Brayton cycle 
and one Rankine cycle for the production of power (electricity). 

Brayton cycle is a thermodynamic cycle used in certain heat engines for the production of work (electricity in this system); 
it uses air as the operating fluid in an open cycle while using a combustion chamber or heat exchanger in our system to 
heat air. 

Rankine cycle is an adiabatic cycle used in thermodynamics to describe certain steam engines describing a process 
used to produce work (in this system electricity) which uses a fluid operating between one high temperature sink and 
one low temperature sink. 
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Biomass Heating System uses agricultural, forest, urban and industrial residues and waste to produce heat or electricity 
which has less effect on the environment. 

Vapor Absorption Cycle is an idealized thermodynamics cycle which is used to produce cooling effect. In this cycle a 
refrigerant is used to produce cooling which is operating between to sinks with high and low temperatures. This cycle is 
of great significance in the modern world in which global warming has played a huge role in affecting the weather and 
due to which it is hotter than it was ever before. 

 

The whole system works with a rhythm. If one component is not working the system will not give the desired outputs. 

The solar radiations falling on the parabolic trough collector are focused on the receiver tube which is carrying water as 
the power (working) fluid. The water entering the trough collector has less temperatureand is heated by the solar 
radiations. This water is used to give heat to Brayton cycle. A heat exchangeris placed between the solar parabolic trough 
collector and Brayton cycle. The purpose of this heat exchanger is to exchange the heat between the power fluid of the 
parabolic trough collector and the power fluid of the Brayton cycle. Fluid entering heat exchanger from solar parabolic 
trough collector is at state 1 and leaving the heat exchanger is at state 2. Air and water are used as the power fluid in 
the Brayton and Rankine cycle, respectively. Since the Brayton cycle uses a gas turbine air is converted into hot air 
(superheated state) when heat is exchanged in the heat exchanger (air entering heat exchanger at state 3 and leaving 
the heat exchanger at state 4). The heated air enters the high pressure turbine (state 4) which causes the blades in the 
turbineto move thus producing work to drive the compressor. The fluid leaves the high pressure turbine. After exiting the 
high pressure turbine (state 5), the air enters the bio-mass re-heater whichis used to heat the air exiting HPT. After exiting 
the bio-mass re- heater (state 6), the fluid goes to the low pressure turbine (LPT) where, the turbine is used to generate 
work (in this case electricity). Then the power fluid leaves LPT (state 7) and goes to the heat exchanger connected to 
the Rankine cycle. The fluid exiting the heat exchanger (state 8) is used to produce heating effect via another heat 
exchanger as shown in the diagram. 

 

The fluid entering (state 7) after exiting (state 8) the low pressure turbine in Brayton cycle exchanges its heat in the heat 
exchanger between the Brayton cycle and Rankine cycle. The fluid (water) in the Rankine cycle exchanges heat from 
the second heat exchanger (entering the heat exchanger at state 9 and exiting at state 10). But since the heat given the 
heat exchanger is less we use a biomass boiler which gives the system additional heat by burning biofuel. Now the fluid 
(water) is converted into steam (state 11). The steam enters the turbine (state11) of Rankine cycle and electricity is 
produced. The mixture exiting the turbine (state 12) enters the third heat exchanger and exchanges some heat (state 13 
after exiting the heat exchanger), but the fluid is still hot so another heat exchanger is used to give out the excess heat 
of the fluid to produce hot water and then the fluid enters the pump (state 14) and from the pump enters the second heat 
exchanger. 

The third heat exchanger is used for the heating of water. Water at room temperature is passed through the tubes in the 
heat exchanger (state 13), heat is exchanged and water leaves the heat exchanger (state 14) at higher temperature. 

The heat given from the bio-mass energy is utilized by the vapor Absorption cycle. The heat in the vapor absorption cycle 
is used to create the refrigeration effect. 

The biomass boiler used in Rankine cycle is also used for the production of heating affect (hot air). A heat exchanger is 
used and room temperature air is passed through the heat exchanger (state 19). The room temperature air exchanges 
the heat coming from the biomass boiler and leaves (state 20) the heat exchanger as hot air. 

This system is 35-40% efficient. So, this system can be installed in remote locations to provide the locals in such area 
with the modern requirements of the society. 

There are three PID Controllers in this system. Two PID controllers are placed before the turbines of both the Rankine 
cycles, and the purpose of these are to control the flow of steam inside the turbines shown in Fig 2 & 

 

The third PID controller is used before the condenser of the second Rankine cycle to control the mass flow rate 

of the working fluid coming from the heat exchanger shown in fig 4. 
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Fig.1 

 

 

 

 

Fig.2 
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Fig.3 

Fig.4 
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ANALYSIS 

For the proposed multi-generation system, energy and exergy calculations are carried out in order to provide information 
on its performance, efficiency, and exergy destructions. EES is used for thermodynamic modeling and analysis of the 
given system The following are the assumptions used in the integrated system analysis: 

• The compressors, expansion valves, and turbines are all adiabatic. 

• Air is treated as dry actual gas. 

• The ambient temperature is To = 25 °C, and the pressure is Po = 100 kPa. 

• Changes in kinetic and potential energy, and exergy terms are minor. 

• These are steady-state and steady-flow processes. 

• The heat exchangers are isobaric, so implies that pressure drops are minimal throughout. 

Design parameters of proposed system 

Compressor Isentropic efficiency 0.85 

Turbine I & II Isentropic efficiency 0.85 

Brayton Cycle working fluid Dry Air 

Rankine Cycle working fluid Water 

Vapor absorption working fluid Lithium Bromide + Water Solution 

Solar Radiation 500 W/m2 

PTC length 20 m 

PTC width 8 m 

PTC working fluid Water 

Solar Stills Temperatures Glass temperature = 35 C 
Water temperature 65 C 

 

Mass balance equation: 

The mass balance equation can be explained as follows; 

 

where ṁ is the rate of mass flow, subscripts in and out are the inlet and outlet conditions, respectively. 

Energy balance equation: 

The balance equation of overall energy for thermodynamic system can be given as follows; 

 

Energy Efficiency: 

 

 

https://www.sciencedirect.com/topics/engineering/thermodynamic-system
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RESULTS 
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CONCLUSION 

This multigeneration system taking two outputs generates six different useful outputs. The control system in the in the 
multigeneration cycle helps to control the outputs by controlling mass flow rates through turbine 1 ,2 and condenser in 
Rankine cycle. The overall efficiency of the system is 44 % which is a very positive result. The increase in the PTC exit 
temperature by changing the parameters, the turbine outputs and exergy efficiency of the cycle increases. Increasing the 
reference temperature increases the efficiencies of the Rankine cycles but it effects the vapor absorption inversely. 
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NOMENCLATURE 

Thermodynamic 

𝑐𝑝 

𝑚 ̇ 

�̇� 

𝑊 ̇ 

𝑃 

𝑇 

ℎ 

𝑠 

𝑥 

𝜂 

𝐶𝑂𝑃𝑅 

𝐶𝑂𝑃𝐻𝑃 

Sp. Heat 

Mass flow rate 

heat transfer rate 

power 

pressure 

temperature 

sp. Enthalpy 

sp. Entropy 

sp. Exergy 

efficiency 

coefficient of performance for refrigerator 

coefficient of performance for heat pump 

Heat Exchanger (HEX) 

𝜖 

𝑁𝑡𝑢 

𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝐻 

𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝐶 

𝑈 

Efficiency of heat exchanger 

Net Thermal units transferred 

hot fluid in the HEX 

cold fluid in the HEX 

Overall Heat transfer coefficient 

Solar Parabolic Trough Collector (PTC) 

 

𝑆 

𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝑔 
𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝑟 

𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝑎 

𝑈𝐿 
𝑅𝑒 

𝑁𝑢 

𝜇 

𝜌 

𝜎 
𝜖 

Solar radiation power per area 

glass cover 

receiver tube 

air/ambient 

Overall Heat loss coefficient 

Reynold’s Number 

Nusselt Number 

dynamic viscosity 

density 

Stefan-Boltzman constant 

emissivity 

General Heat Transfer 

ℎ 

𝑘 

𝐿𝐻𝑉 

𝐻𝐻𝑉 

𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝑜 

𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝑖 

Convective/radiative heat transfer coefficient 
conductive heat transfer coefficient 
lower heating value of fuel 
higher heating value of fuel 
outlet 

inlet 
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ABSTRACT 

Water scarcity is a major problem that affects many regions of the world. Water demand, industrialization and climate 
change contributes to water scarcity. Even though the humanity tries to avoid carbon-based fuels to mitigate climate 
change, water scarcity is a significant problem humanity yet to challenge. On the other hand, alternative clean energy 
sources were aimed to avoid fossil fuels. Hydrogen is a promising alternative fuel for energy. However, clean hydrogen 
production technologies utilize water instead of fossil fuels. This poses a new risk as water scarcity while the renewable 
hydrogen demand expected to be 130 million metric tons per year by 2050. Therefore, in this study, water consumption of 
various hydrogen production technologies was assessed by using life cycle assessment methodology. In the life cycle 
assessment study, the values for AEL and PEM in electrolysis methods in which nuclear energy is used as an energy source 

were found to be 4.34 and 4.53 m3/kg H2, respectively. The system with the lowest water consumption is conventional 

hydrogen production. 

Keywords: Hydrogen, Energy, Life Cycle Assessment, Water Scarcity, Transportation Sector 

INTRODUCTION 

Water scarcity is defined as the inability of the water supply to meet the water demand where draughts, aridity, overuse 
and desertification are treated as the main reasons for water scarcity. With the rapid increase in population, industrial 
development and increase in consumption, water use has also increased. However, water resources are polluted due to 
human activities. Comprehensive treatment processes are required, especially if there is a contamination caused by 
industrial wastes. Similarly, energy intensive treatment systems, such as evaporation and reverse osmosis, are used in 
areas where there is water shortage. In addition to the cost of these treatment systems, they indirectly contribute to 
climate change due to the excessive need for energy. 

Today, with the harsh effects of climate change being increased, an orientation towards alternative energy sources and 
fuels has begun. Hydrogen is also a good alternative because it contains high energy, can be produced without fossil 
fuels and does not generate emissions when used. Today, 96% of hydrogen production is still done using fossil fuels, 
and only 4% of the hydrogen is produced by electrolysis [1]. Besides electrolysis, thermochemical cycles, biological 
methods, photonic methods are also frequently studied in the literature. Although, those methods are the topic of many 
studies, only the electrolysis technology has advanced enough for commercial use. While many countries like USA, 
Japan, China, Turkey, and European Countries announcing hydrogen roadmaps, the demand for hydrogen is projected 
to rise [2]. Most of the development plans for hydrogen technologies rely on expanding the green and blue hydrogen 
production in accordance with the climate change mitigation plans to avoid carbon emissions. Lane et al. [3] forecasted 
the global renewable hydrogen demand would be 40 and 130 million metric tonnes by 2035 and 2050, respectively. With 
the adoption of renewable hydrogen technologies, carbon emissions will be reduced, however, a significant amount of 
water will be needed to produce hydrogen. Also, since the membrane technologies used for electrolysis today require 
high purity water, an additional energy is also required for the purification of water resources. 

Water scarcity experienced with the climate change concerns will necessitate better evaluation of water resources in the 
future. For this reason, it is necessary to determine the amount of water to be used in hydrogen technologies and to take 
precautions beforehand. In this study, life-cycle analysis studies were carried out for various hydrogen production 
technologies and the situations that may arise due to water demand were evaluated. 

MATERIALS AND METHODS 

In this study, a life cycle assessment for hydrogen production technologies were carried out to examine the water 
consumption of the production and possible utilization in transportation sector. This section gives a brief information 
about the methodology carried out in this study. 

mailto:iberia@iuc.edu.tr
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Life Cycle Assessment 

LCA study was carried out according to the international standards defined in ISO 14040 and 14044 [6]. Standardized 
approach for LCA study consists of (i) goal and scope definition, (ii) inventory analysis, (iii) impact assessment, and (iv) 
interpretation of the data. Eliminating the bias of the LCA study needs deliberate planning, observation and analysis of 
each phase. A conceptualized system definition for the systems is given in Figure 1. Inventory analysis was carried out 
using Ecoinvent 3 database defined in SimaPro 9 software. Literature and modelling data were used in case the inventory 
entry cannot be found in the Ecoinvent database. 

 

Figure 1. System boundary definition of the LCA carried out in this study 

RESULTS AND DISCUSSION 

In this study, life cycle analyses of hydrogen production methods by electrolysis with different energy sources were 
studied and compared with conventional hydrogen production. Results of the LCA study was given in Fig. 2. Water 

consumption is calculated for AEL and PEM, 4.34 and 4.53, for nuclear energy, 0.289 and 0.301 for photovoltaics (PV), 

0.0325 and 0.0337 for wind, 0.028 and 0.029 m3/kg H2 when using renewable mixture, respectively. Water consumption 

of conventional hydrogen production is found to be 0.0023 m3/kg H2. 

 

Figure 2. Water consumption data for various hydrogen production methods compared with conventional methods 
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CONCLUSIONS 

Compared to conventional methods, clean hydrogen technologies have high water consumption. At the same time, extra 
treatment is required to make the water to be used ready for the process. This will cause the water demand to increase, 
considering the projections about renewable hydrogen demand in the future. Due to its properties, hydrogen has a great 
potential as an alternative for fossil fuels, it is also important to recover water losses that might happen along the way. 
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ABSTRACT 

This paper focuses on the rising concerns of a shortage of non-renewable energy sources soon following the energy 

crises. The following analysis is done to construct a dynamic solar-wind hybrid multi-generation system to meet the 

energy demands by means of renewable energy sources in the future. The system depends on green and clean 

energy to ensure safe environmental effects and a major reduction in the harmful release of pollutants. The energy 

and exergy analysis and calculations are generated by developing and constructing the codes in Engineering 

Equation Solver software. The dynamic modelling and stability analysis are done on MATLAB (SIMULINK). The 

release of residual heat by Heat Pumps, Vapour Compression Cycles, and Rankine systems in the environment is 

efficiently reused by the concept of regeneration of residual heat and converting it into space heating, space cooling, 

filtration for freshwater, hot water, and dry air. The combined exergy efficiency of the system is 66.02 % and the 

energy efficiency of the system is 

61.32 %. 

Keywords: Hydrogen, Multi-generation, Clean Energy, Exergy. 
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Extended Abstract 

In the recent years, the enormous emission of carbon from corporate business sectors have motivated the industries to 
revisit hydrocarbon fuel options green energy sources. Hydrogen is one of the potential green energy source which has 
been considered as replacement of hydrocarbon fuels in wide industrial sectors. At present, managing hydrogen in terms 
of its storage, and transportation is challenging primarily because of its small size, issues related to energy density vis-
à-vis volumetric and gravimetric density, reversibility criterion for the charging/discharging and reaction towards 
engineering materials. This review summarize the performance of different engineering materials widely used in a 
hydrogen environment; listing conventional to advanced materials. An overview of the different hydrogen damage 
mechanisms is given to understand the role of hydrogen in the failure of materials in storage applications. Overall, this 
review highlights the performance, limitations and reliability of various materials used in storage applications and/or 
transportation of hydrogen in various forms ranging from compressed, and liquefied/cryogenic conditions. 

Harvest of hydrogen from hydrocarbon mainly from natural gas can be typically differentiated by three chemical reactions 
(i) Steam methane reforming (SMR), (ii) Partial oxidation (POX) and (iii) Auto-thermal reforming (ATR) [1]. Production of 
hydrogen through renewable means or from the fossil fuels requires a lot of effort [1,2]. Hydrogen can also be generated 
from biomass/biofuels as it is a promising technique helpful in manage hydrogen as a source of energy from food wastes 
[2]. 

Some researchers have stated that various biomass resources may be used to convert into energy such as(i) energy 
crops (ii) agricultural residues and wastes e.g., husk (iii) waste and residue forestry (iv) animal wastes (v) 
industrial/community wastes, etc. Further, these biomass-based hydrogen energy production techniques can be 
classified classified thermochemical, and biological categories [3]. Although, hydrogen can be produced from 
embrittlement. In terms of comparing manufacturing processes, Bertsch et al. [13] compared the hydrogen embrittlement 
in additively manufactured steels. This research state that hydrogen can cause severe loss in ductility in a steel 
manufactured by direct energy deposition (DED) method, as compared to selective laser melting (SLM). Silverstein and 
Eliezer [14] also mentioned that printing direction has a strong effect on hydrogen embrittlement of Ti-6Al-4V. 

Here, we presented a few mechanisms for hydrogen damage that lead the failure of materials. The presented data mostly 
correspond to high or moderate temperatures. There is very limited data available regarding performance of material 
used for storage applications of liquid hydrogen. Considering the increasing demand of hydrogen storage, future efforts 
should develop tools and methods to test materials performance in a liquid hydrogen environment to ensure structural 
reliability. The prime requirement for liquid hydrogen (LH2) storage is to decrease its temperature to −253 °C which is 
the boiling point of dihydrogen at an ambient pressure. 

Typically, the LH2 tank is not designed to endure internal pressure, rather it is meant to hold a cryogenic liquid [15]. Ideally, 
the vessel must be insulated to minimize the heat transfer, as heat transfer from the environment to the liquid tends to 

increase pressure inside the tank. The LH2 tanks do not have to withstand high pressure, however they are normally 

insulated very heavily which tend to result in thick walls of reservoirs. According to the reviewed literature, the 
thermodynamic aspects of liquid hydrogen makes it less attractive for mobility, as at a temperature of around −253 OC, 

the low storage temperature is a problem mainly because of boil-off losses [5,16]. According to the reviewed literature, 

the LH2 is feasible when high energy density is needed and boil-off is not of concern, however, the volumetric energy 

density of LH2 is around 4 times lower than that of kerosene even after exclusion of the volume required for insulation 
[15]. Overall, primarily because of the constraints like boil-off effect and poor efficiency, the suitability of liquid hydrogen 
for vehicles is considered problematic. 

Keywords: Engineering material, Hydrogen environment, Structural reliability, liquid hydrogen, hydrogen embrittlement 
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ABSTRACT 

Proton exchange membrane water electrolyzer (PEMWE) is a promising technology for large-scale hydrogen production 
via renewable energy sources. However, it has to face the huge challenge from the uncontrollable output fluctuation of 
renewable energy sources. Unfortunately, the dynamic response regularities of the PEMWE cell physical parameters 
under fluctuating input are beyond the existing researches focusing on steady state processes. To make up for this 
deficiency, in this paper, a three- dimensional multi-physics model, which involving mass and heat transfer, fluid flow, 
hydrogen crossover, and electrochemical reactions, is developed to simulate the dynamic responses of the PEMWE under 
a fluctuating input condition. A 60 s simulation is conducted under the fluctuating form of square wave and then the 

responses of critical parameters are analyzed. The results show that when the current density is suddenly increased, the 

overshoot phenomenon occurs in the response of O2 molar fraction due to the instantaneous accumulation of oxygen in 
the catalyst layer. The membrane temperature undergoes a sharp rise/fall process within 0.2 s around the fluctuating 

point, which would deteriorate the membrane durability in the actual long-term operations. The anode H2 in O2 vol.% 

exceeds the normal stable value by about 0.1% in an instant when the current density is decreased from 2 to 1 A cm-2, 
which should be avoided for safe operations. This wok provides a better understanding of the parameter behaviors under 
fluctuating conditions, which is hard to be observed directly in the experiments. 

Keywords: Proton exchange membrane water electrolyzer (PEMWE), Multi-physics model, Fluctuating 

condition, Response behavior, Hydrogen production 

INTRODUCTION 

Proton exchange membrane water electrolyzer (PEMWE) is a promising device to convert the intermittent and fluctuating 
outputs of renewable energy sources for hydrogen production. However, when the PEMWE is operated under fluctuating 
conditions, the response behaviours of the internal physical parameters are still not clear. Therefore, it is a meaning work 
to study the dynamic behavior of PEMWEs under fluctuating conditions. 

Nowadays, both experimental and modelling approaches have been employed to study the dynamic behaviour of the 
PEMWE under fluctuating conditions. Generally, the experiments are conducted to study the degradation mechanisms 
of different components [1-3], whereas the numerical models are used to study the response mechanisms of physical 
parameters [4,5]. However, no study has utilized a comprehensive three-dimensional multi-physics model to investigate 
the transient behaviour of the PEMWE under fluctuating conditions. 

In this paper, a three-dimensional multi-physics model of PEMWE is developed to study the response behaviours of the 
internal physical parameters under the fluctuating current densities. Common physical processes, including 
electrochemical reactions, fluid flow, mass and heat transfer, water and hydrogen crossover through the membrane are 
all considered in the model. 

MODELING 

The model used in this study includes the conservation equations of mass, momentum, species, and energy. All 
governing equations are solved in COMSOL Multiphysics software. To ensure the computational accuracy, the calculated 
polarization curves are compared with the experimental data [6]. The simulation results are in good agreement with the 
experimental data. Therefore, the model is verified and can be utilized for the transient simulation. 
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RESULTS AND DISCUSSION 

The response of O2 molar fraction in the anode catalyst layer (CL) under the fluctuation of 2-1-2 current densities is shown 
in Fig. 1. An “overshoot” phenomenon appeared at the 20 s when the current density was increased suddenly. The reason 

may be that when the current density was suddenly increased, the amount of produced O2 increased accordingly, whereas 

the original O2 in the CL had not had enough time to flow out. This resulted in an instantaneous accumulation of O2 in the 
CL, thus causing the overshoot phenomenon. 

 

Fig. 1. Response of O2 molar fraction in anode CL during the normal fluctuation 

 

The response of the cell temperature at channel outlets under the fluctuation and the temperature distribution on the 
membrane surface at 9.9 s and 10.1 s are shown in Fig. 2(a) and (b), respectively. The temperature of the membrane 
underwent a sharp change process within 0.2 s, which may not be a good phenomenon in the long-term operation, since 
the dramatic temperature fluctuations on the membrane may cause the thermal-stress problem, aggravate the membrane 
degradation. 

 

Fig. 2. (a) Response of channel outlets temperature during the fluctuating period; (b) Temperature distribution on the membrane 
surface at 9.9 s and 10.1 s under the fluctuation 

 

The response of H2 in O2 vol.% is shown in Fig. 3. The H2 in O2 vol.% was not directly increased to the stable value. 
Instead, it was increased to a peak value of about 0.12%, and then decreased to the stable value of about 0.107%. The 
reason may be when the current density was suddenly decreased, the O2 production was also decreased, whereas the 
hydrogen permeated from the cathode still stayed in the anode at this time, which resulting in an increase in the H2 in O2 

vol.% instantaneously 
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Fig. 3. Response of H2 in O2 vol.% under the fluctuation 

CONCLUSIONS 

This paper mainly focuses on the development of a comprehensive multi-physics model to simulate the dynamic behaviours 
of the PEMWE under the fluctuating condition. By conducting the transient simulation, the response behaviours of some 

critical parameters are obtained and analyzed. The results show that the overshoot phenomenon occurs in the response 

of O2 molar fraction when the current density is suddenly increased. The membrane temperature undergoes a sharp 
rise/fall process within 0.2 s around the fluctuating point, which would deteriorate the membrane durability in the actual long-

term operations. The anode H2 in O2 vol.% exceeds the normal stable value by about 0.1% in an instant when the current 

density is decreased from 2 to 1 A cm-2. 
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ABSTRACT 

Catalytic methane (CH4) reforming experiments using a typical flue gas mixture containing O2, CO2 and N2 were carried 

out in a tubular membrane reactor at a temperature of 800 C and 900 C using four different total feed volumetric 
flowrates (517, 994, 1,656 and 3,312 mL/min) to determine the conversion rate of CO2, O2, and CH4 to syngas (H2 and CO). 
Gamma alumina porous membrane support was modified with magnesium oxide nanoparticles using the dip-coating 
technique. The synthesized membrane was characterized by scanning electron microscopy (SEM) coupled with energy 
dispersive x-ray (EDAX). The gaseous feed and products were analysed using a Varian CP – 3800 gas chromatograph 
equipped FID and TCD detectors. The CH4, O2, and CO2 conversions and the H2/CO ratios were calculated using an 
iterative method and closing the mass balances to within a ± 5 % error margin. 

Keywords: Hydrogen, Catalytic Membrane, Conversion 

INTRODUCTION 

The major pollutant that comes from industrial processes is carbon dioxide, which is also a major greenhouse gas that is 
responsible for global warming. Methane, on the other hand is emitted mostly from uncontrolled degradation of biomasses, oil 
and gas exploitation and inefficient processes of combustion, and it is the main component of natural gas [1]. 

These two pollutants can be used together to feed the process of dry reforming, which is described by reaction (1)  

This reaction is important for the reduction of emissions and generates syngas which is the backbone of the heavy chemical 
and petrochemical industry. High yield of carbon monoxide and hydrogen can represent the starting point for hydrogen, 
methanol synthesis [2, 3, 4], ammonia [5, 6] and for Fischer- Tropsch reactions [7, 8]. 

The MgO/gamma alumina catalyst was deposited on an alumina porous tubular support and incorporated into a shell and tube 
membrane reactor to determine the conversion yield. The main assumption in this work is that the reaction of feed gases 
produces a mixture consisting of CO, H2, and H2O. The effect of temperature and feed flow rate was studied to determine the 
yield of syngas produced. Results showed that temperature has a greater effect on the conversion rate than the feed flow rate. 

MATERIALS AND METHODS 

Preparation of MgO on alumina support 

15.6g of Mg(NO2)(H2O)6 [0.2 M] was dissolved in 600 mL of deionised water with constant stirring. 2.4g of NaOH [0.2 M] 
pellets were also dissolved in 600 mL of deionised with constant stirring at room temperature. The resulting solution of 
NaOH was added dropwise while stirring to the Mg(NO2)(H2O)6 solution. The mixture was stirred for 2 hours then the 
solution was kept on a flat surface (Figure 1). MgO was deposited on the alumina support by the sol gel method. The 
support was left in the mixture at room temperature for 20 hours. The resulting membrane was air dried for 1 hour and oven 
dried at 65 0C for 36 hours and calcinated at 400 0C for 3 hours. 

 

mailto:e.gobina@rgu.ac.uk


13th International Conference on Hydrogen Production (ICH2P-2022) 
December 11-14, 2022 

 

`  

194 
 

 

Figure 1: MgO Membrane preparation 

Characterisation of witness sample 

The witness sample synthesised with the membrane was characterised using EDAX and SEM to confirm the deposition of 
MgO micro crystals in the matrix of the alumina membrane. 

RESULTS AND DISCUSSION 

The initial study has shown magnesium deposited on the alumina membrane support. 

Figure 2: SEM micrograph of MgO catalyst (left) and CH4 

and CO2 conversion rate at different temperatures on MgO 

deposited on gamma alumina support 

Morphological studies of the synthesised MgO/gamma alumina membrane confirmed the Mg particles deposited on the 

support (Fig.1). One of the goals in tri-reforming and integration of membrane catalysts is to attain high CO2 conversions 

while at the same time trying to produce the desired H2:CO ratios. A high conversion of CO2 is environmentally friendly 
and improves the efficiency in downstream Fischer- Tropsch synthesis (FTS) for liquid hydrocarbons. From Fig. 2, the 
conversion of CO2 and CH4 increases with temperature. At 1173 K, CO2 has a conversion rate of 94 %. 
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CONCLUSIONS 

The initial study has shown the amount of magnesium deposited on the membrane was low. Catalyst loading will be 

improved by increasing the amount of NaOH used in the membrane preparation. The use of a catalytic membrane reactor 

for the tri-reforming of power plant flue gas has been proofed with CO2 conversion of up to 94%. Scale-up of the catalytic 
membrane tri-reforming process has been successfully demonstrated. Three different temperatures have also been tested 

for the reaction and the higher temperature was found to be more favourable for both CH4 and CO2 conversion. 
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ABSTRACT 

In this work, process simulation is used to calculate material and energy balances for several different hydrogen 
production processes. Process simulation outcomes are then used to estimate three key performance indicators: the 
energy return of energy invested, the levelized cost of hydrogen and the life cycle assessment. We compared several 
hydrogen generation processes, each denoted by a unique colour code: (i) green hydrogen, produced by electrolysis of 
water using electricity from renewable sources, (ii) grid hydrogen, produced by electrolysis using grid electricity, (iii) grey 
hydrogen, produced from natural gas using steam reforming and (iv) blue hydrogen, like grey one, but coupled with 
carbon capture and storage. In conclusion, the most sustainable hydrogen production method is the green hydrogen, 
produced by water electrolysis. 

Keywords: hydrogen production, process simulation, EROEI, LCA, LCOH. 

 

INTRODUCTION 

Human energy use has increased rapidly over the last few decades, putting growing strain on the energy industry. Per 
capita, primary energy use differs among countries and regions, and the global average has significantly increased from 
2000 to 2019, of about 42%, passing from 122073 to 173340 TWh. Recent reports of IPCC [1] and EIA [2] indicates that 
a strong reduction in the usage of fossil fuels must be achieved in order to meet the 2030 greenhouse gases emission 
targets. Since energy production from renewable sources are not dispatchable due to their fluctuating nature, great 
attention is given to energy storage and energy carrier systems. Hydrogen is one of the most suitable energy carriers for 
several applications, mainly in heavy transportation and logistics. 

Decisions in the energy sectors should be based on indicators able to summarise different aspects of the sector under 
study. Among the others, this paper focuses on the Energy Return on Energy Invested (EROEI) [3], that relates the 
amount of net energy stored in the hydrogen produced to the total invested energy. It has recently been proposed as a 
benchmark tool by the international energy agency (IEA) in the guideline methodology for the net energy analysis [4]. 
Another key performance indicator, specific for hydrogen, is the Levelized Cost of Hydrogen (LCOH), which considers 
the cost of hydrogen production process and is calculated as the ratio between the net discounted costs over the amount 
of produced hydrogen [5]. Inputs to LCOH include cost of capital, investment costs and plant lifetime. These two 
indicators focus on hydrogen productions in terms of energy consumption and economic analysis, however, they are 
insufficient for determining the overall environmental effect of the activities under consideration. We carried out a 
complete Life Cycle Assessment (LCA) study to achieve this goal. 

In this paper we demonstrate how to use process simulation for the estimation of the performance indicators described 
above. Specifically, we compare different methods of production of hydrogen each one defined by the appropriate colour 
code: (i) green hydrogen, produced by electrolysis of water using electricity from renewable source, (ii) yellow hydrogen, 
produced by electrolysis using grid electricity, (iii) grey hydrogen, produced from natural gas using steam reforming, and 
(iv) blue hydrogen, like grey one, but with carbon capture and sequestration (CCS). 

MATERIALS AND METHODS 

Process simulation is used to perform material and energy balances, physical property estimations, design/rating 
calculations, process optimization, heat integration and economic analysis evaluation for a given hydrogen production 
process. The simulation starts with the definition of the problem and its objective. The process model consisting of 
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process flow configuration and accompanying equations is then developed. Since in process simulators, constants and 
equations are already built-in to the system, it is only necessary to select the unit models, thermodynamic models and 
method of solution. Additional data is collected if data gaps were identified and required for the model: these may include 
stream data, equipment data/specification and operating data. The equations are solved and the results are then 
analysed if further improvements can be made. The process is repeated until the it is finally optimized [6]. 

The following processes have been simulated using Aspen plus™ 12.0: (i) water electrolysis (Figure 1), (ii) methane 
steam reforming (Figure 2 left) and carbon capture and storage (Figure 2 right). Material and energy balance data coupled 
with cost estimation obtained by process simulation software are used to calculate the following performance indicators: 
EROEI, LCOH and LCA. 

 

Figure 1. Water Electrolysis process flowsheet within Aspen Plus™.. 

 

 

Figure 2. Methane steam reforming process flowsheet (left and MEA carbon capture process flowsheet (right) within Aspen 
Plus™.. 

The equation for the calculation of EROEI is: 
 

𝐸𝑅𝑂𝐸𝐼 = 𝐸𝑜𝑢𝑡/𝐸𝑖𝑛 (1) 

where Eout is the available energy that the process stores in the hydrogen (140 MJ/kg) and Ein is the total energy that is 
provided and consumed during the production and operations periods of the plant and is made up of three contributions: 
Ecap is the capital energy embodied in the materials and used for construction and decommissioning of the plant; Eo&m is 
the energy needed for operating and maintaining the power plant; Ef is the energy needed for procuring and distributing 
the fuels, which includes also the energy used for extracting, refining and transporting the fuels from the production well 
to the power plant. All terms are expressed in GWh for consistency: the EROEI is thus dimensionless [7]. 

The LCOH is calculated as follows [7]: 
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The LCA procedure employs material and energy balances over the entire life cycle of the product system, taking into 
consideration the extraction of raw materials, manufacturing, use phase, end-of-life and the transportation between life 
cycle stages [8]. The results of life cycle assessments are depicted by means of several impact categories, which are 
able to represent the entire range of ecological burdens associated with the product system, avoiding shifting the impact 
among environmental compartments. The LCA procedure involves the implementation of four main phases: goal and 
scope; Life Cycle Inventory (LCI), Life Cycle Impact Assessment (LCIA) and interpretation. 

RESULTS AND DISCUSSION 

Material and energy balance data coupled with cost estimation obtained by process simulation software are used to 
calculate the performance indicators. EROEI, LCOH and LCA are calculated using the methods explained above. The 
following common data were used for all the processes considered: L=20 years, εc  = 0.656 €/kWh, QH2  = 1000 kg/h, HHVH2 

= 39.4 kWh/kg, discount rate = 7.3%. 

The estimated indicators are reported in table 1. EROEI and LCOH shows that the best technology in terms of energy 
and cost impact is the hydrogen produced by electrolysis using energy from photovoltaic modules. 

Table 1: EROEI and LCOH values for the different hydrogen colours considered. 

 

Quantity SMR – Grey H2 SMR & CCS – Blue H2 Electrolysis – Green H2 Electrolysis – Grid H2 

Eout [GWh] 4559.59 3933.01 6706.492 6706.49 

Ecap [GWh] 1017.251 1318.601 552.114 552.114 

Eo&m [GWh] 956.216 791.161 220.846 220.846 

Ef [GWh] 315.761 300.001 335.325 220.608 

EROEI 1.99 1.63 6.05 6.75 

LCOH 2.15 3.23 5.12 5.49 

 
As far as LCA results is concerned, Climate Change (CC) is strongly reduced using green hydrogen in comparison with 
the other ones. Water-related impact categories are mainly affected by raw-material extraction for construction of 
renewable technologies and electricity distribution network. Air-related impact categories are driven by emissions during 
fossil fuel combustion, therefore green hydrogen exhibits the best performances. 

 

CONCLUSIONS 

Four hydrogen production processes have been simulated and the results of the simulations are used for the estimation 
of the indicators of interest; EROEI, LCOE, and LCA. The integration of indicators’ evaluation with process simulation 
produces a double benefit: (i) we extended the scope of process simulation by considering up-to-date indicators of impact 
on energy, economy and environment and (ii) process evaluation may be performed at design time. The values of the 
key performance indicators shown in Table 1 indicates that the best route for producing hydrogen in terms of global 
impact is the green hydrogen, based on electrolysis of water. 
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ABSTRACT 

Electricity is the new fuel. To have a co-existential environment between people and Earth in the longer run, the previous 
approach for coal, oil and gas are being replaced with the “battery packs” as means of transportation, in an attempt 
towards sustainable environment. In this regard the following discussion emphasizes on the use of “Hydrogen” as a fuel 
providing a greater energy density as compared to the tradition Lithium-ion batteries currently in use. 

This paper is the approach towards the potential use of the Proton Exchange Membrane Fuel Cell, (PEMFC) as prime 
mover in the ship transportation industries. Not only does the paper emphasizes the use of hydrogen as a potential fuel, 
but also aims to make an efficient system for a ship in which the maximum output can be taken out from every aspect as 
far as the over all efficiency is concerned, in an environment friendly manner. 

The system uses a reversible proton membrane assembly that is initially triggered by a battery pack for the hydrolysis of 
the water, later self supported. This provides the hydrogen as an input for the PEM fuel cell in the generation of electricity 
to support the propulsion system largely, along side , runs RO plant for fresh water availability , and the use of rejected 
heat as means for its HVAC system using a heat exchanger as a mediator. Along side, the use of solar panels, and 
biomass too is taken into consideration for domestic utility needs, a schematic of the system is provided bellow. 

The paper presents the mathematical model of the Proton Exchange Fuel Cell using Matlab/Simulink software analyzing 

system’s response under ambient conditions, monitoring H2 levels within the fuel cell and respective variations of the 
output voltages. 

Keywords: PEMFC, Efficient system, Hydrogen, Hydrolysis 
 

SCHEMATIC DIAGRAM : 

 

INTRODUCTION 

The very heart of the entire system is the proton exchange membrane fuel cell, a hydrogen based fuel cell, that provides 
high delivery of power density , allowing fast start-ups and responsive against changes in demand of power .Its 
immobilized electrolyte , used during the production process aids in defense against corrosion resulting in the increased 
life expectancy of the stack for a longer run. 
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In the present era , lithium ion batteries are popular as far as electric powered transportation is concerned, with ongoing 
attempts to have a break through for more efficient and sustainable means of power production. The very aim of this 
paper is to highlight the use of Hydrogen as the base fuel which is readily available in the environment (atmosphere, and 
water bodies) and to use its capability in the transport industry.This paper brings into the lime light the fact that in the 
times to come sustainable approach are to be made in every phase of life to help man and nature co-exist , hence long 
lasting , power efficient systems , like the hydrogen fuels etc are to be used. 

The system 

The main aim of this paper is to make a highly efficient system in all domains of its work. The system primarily consists 
of a PEMFC as the heart which is supported by the PEM hydrolyzer. The hydrolyzer, allows the electrolysis of water 
being done that provide the H2 at one of its electrodes that is stored to be used in the fuel cell. The turbocharger aids in 
the provision of air supply to the fuel cell part.Once collected, the fuel and air are then sent to the fuel cell unit of the 
system. The internal of the fuel cell is shown below along with its respective equations: 

 
 
 

[1]           [2]  

 
 

The electricity being produced is then further used in the steering and propulsion for the ship. Along side catering 
the need for the general electricity purpose for ship’s supply. The modelling of the fuel cell system is as follows: 

 
The fuel- air functions taken are as follows: 

Fuel = (60000.R.(273+θ).N.Iref(H2))/( 2F.(101235.PH2).(UH2 /100).(XH2/100)) 

Air = (60000.R.(273+θ).N.Iref(O2))/( 4F.(101235.PO2).(UO2 /100).(XO2/100)) 

R = 8.3145J/(mol K) 

N = number of cells in series (400) F = 96485 Faraday 
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Θ = operating temperature (85 degree Celsius) 

U = nominal utilization of H2 =99.56% and O2 = 59.3% P= pressure of fuel and air = 3 bar 

X = composition of fuel =99.95% and Oxidant = 21% 

Iref = unit step function 

 

[4] 

(using MATLAB/ Simulink) 
 

Along side its electrical output . The byproduct water is then mixed with sea water and then it is further processed through 
the RO plant, so that the domestic need of water could be met by bringing the ppm to less than 500ppm,which is the 
allowable limit for safe drinking water, by passing the water through a series of fine meshed membranes at high pressure 
. Along side the [5]”Heat” being rejected is taken away via the cooling circuits which use water as the coolant , that then 
goes to the parabolic trough collector where this water passes through the tubes of the collector and by means of 
convection and radiation its temperature is furthered raised, then via using the absorption cycle the heated water(the 
absorbent- lithium bromide LiBr, refrigerant- H2O) undergoes condensation, expansion, evaporation and compression 
to provide support for either hot or cool air for the HVAC system. The greater the temperature difference , the more 
efficient the system proves to be . 

Collector heat energy equation: 
Q= hAΔT 

Q = Quantity of Heat 
h = Combined (convection and radiation) Heat Transfer Coefficient A = Area 
of the tubes containing water 
ΔT = Change in Temperature 
 
 
 
 

Along side the PEMFC unit the system also uses the solar energy utility in both for raising water’s temperature as part 
of the parabolic trough collector, and along side in shape of solar panels , meets the electricity demand for the ships 
lighting and systems. 

Finally the use domestic waste is brought in to utility for the production of biogas through [6]bio mass, which is 
anaerobically degraded by micro-organisms. This bio gas will tend to fill in the need for the gas supply for cooking 
purposes, saving auxiliary fuel means for food production. 
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Conclusion 

The main aim of the above mentioned system is to draw out maximum possible energy utility from all domains of works 
on-board ships. The key here is to have a system that not only gives the maximum efficiency but also goes hand in hand 
to tackle the concerns regarding sustainability issues, providing an environmental friendly atmosphere, for a better future. 
Utility of “Hydrogen” as a fuel was the main heart of the entire work, since it is readily available in our surroundings, has 
minimal exhaust, providing high power to weight ratios for the future developments in transportation industry. 
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ABSTRACT 

The International Electrotechnical Commission (IEC), through Technical Committee 105 Fuel Cell Technologies, 
operates to prepare international standards regarding fuel cell technologies for all fuel types and various associated 
applications such as stationary fuel cell power systems for distributed power generators and combined heat and power 
systems, fuel cells for transportation such as propulsion systems, range extenders, auxiliary power units and portable 
power systems, micro power systems; reverse operating power systems and general electrochemical flow systems and 
processes. The aim of this research is to develop a more compact design for hydrogen production from a variety of 
feedstocks to offer a viable means for the supply of high-density hydrogen for polymer electrolyte membrane fuel cells 
(PEMFC). Importantly, we will present results demonstrating our world-class expertise in membrane development in 
hydrogen transport through metallic membranes. 

 

Keywords: High-density, hydrogen, metallic, membrane, fuel cell. 

INTRODUCTION 

The public acceptance of hydrogen as a constituent in energy provision depends on its practical and commercial appeal, 
and on its safety record of widespread use. The special flammability, buoyancy, and permeability of hydrogen present 
huge challenges to its safe use that are different from, but not necessarily insurmountable when compared to those of 
other energy sources. Scientific research is exploring several issues including: (1) hydrodynamics of hydrogen−air 
mixtures, (2) the combustion of hydrogen in the presence of other gases, and (3) the embrittlement of materials by 
exposure to hydrogen, for example carbon steel pipelines and palladium thin film membranes. Key to public acceptance 
of hydrogen is the development of robust safety standards and practices that are widely known and routinely used—like 
those for self−service gasoline stations or plug-in electrical appliances. The technical and educational components of the 
hydrogen economy and transition to net zero need to be carefully considered. The great potential of the reactions for 
palladium thin film deposition by micro- and nanofabrication is demonstrated by coating an alumina porous tubular 
membrane with a uniform Pd film of approximately 6 μm thickness. The as-prepared membrane can for example then 
be employed in a highly miniaturized flow reactor, using the cracking of ammonia for example, as a model reaction to 
incorporate the membranes to supply high-density hydrogen to the PEMFC as shown in Figure 1. 

MATERIALS AND METHODS 

We present new electroless palladium plating materials and methods including reactions, which can be applied to 
complex-shaped substrates leading to homogeneous, dense, and conformal palladium films consisting of small 
nanoparticles. Notably, autocatalytic, and surface-selective metal deposition could be achieved on a very wide range of 
materials with sensitization and activation pre-treatments 

Substrates 

Commercially available ceramic supports purchased from Ceramiques Techniques et Industrielles (CTI SA) France 

were used for the study. These supports are tubular in shape and are made majorly of alumina material with a wash-

coat of titania. Their actual composition is 77% alumina and 23% TiO2. and are 45% porosity and have a pore size 
of 15nm. All chemicals used in the electroless plating were purchased from Sigma-Aldrich, UK. 
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Electroless plating 

Electroless plating is an autocatalytic nucleation and growth process, so a seed is needed to initiate the reaction. The 

reactions proceed at mild conditions and are based on easily accessible chemicals (reducing agent: hydrazine; metal 

source: PdCl2; ligands: ethylenediaminetetraacetic acid (EDTA). The uniformity of the deposition is improved by a pre-
treatment of the porous surface followed by a sensitization and an activation step [1,2]. The sensitization of the surface 

is achieved by immersing the porous samples in a solution containing tin chloride (SnCl2). Tin ions show a big affinity for 

oxide layers and are easily absorbed to form Sn2+ clusters. The Sn2+ clusters act as seeds for the formation of Pd nuclei, 
which initiates the deposition of larger structures. The technique of electroless plating employed here consists in 
consecutive immersions in three different solutions (Figure 2): (1) a sensitization solution; (b) an activation solution; and 

(c) a plating solution respectively. The plating solution is composed of PdCl2 (2.1g), AgNO3 (0.7g), NaEDTA (200ml) and 

1M N2H4 (10ml) as shown in Table 1. The solution was heated up to 60 °C. Hydrazine was used as reducing agent for 
the electroless experiments because it has the benefits of being suited to palladium deposition, is active in both acidic 
and alkaline solutions, and does not leave any traces [3]. The solution was stirred for 30 min after mixing the reagents. The 
substrates were immersed in the plating solution for times varying from 10, 30, 60, 120 and 300 s at 60 °C and 
immediately after immersion in the activation solution, the samples were then quickly rinsed in DI water to stop the 
electroless reaction, and dried with nitrogen. Figures 3 and 4 show the uncoated and subsequently metallic coated 
membrane. 

 

RESULTS AND DISCUSSION 

He leaks test was carried out after the fabrication of the Pd membrane and the results shown in Figure 5 Helium was used 
to check for any defects or leaks because helium should not permeate a dense palladium membrane. Hence if it is 
detected in the permeate stream, then it means either the membrane is porous or there is a leak in the seals. The 
maximum He permeance after deposition of the Pd layer was lower than the 3.13 x 10-6 mol m-2 s-1 Pa-1 which was the 
maximum permeance for the fresh unmodified alumina support before deposition of the Pd layer. The lower He 

permeance for the composite Pd membrane indicates that the deposition of the metallic Pd layer was successful. Albeit 

for a defect free and dense Pd membrane, only H2 should permeate through when it is dense as confirmed by adherence 
of Sievert’s Law in Figure 6 and suggests an Arrhenius type dependence of the permeability with temperature against the 
reciprocal of the absolute temperature and from the slope it can be observed that the temperature dependence on hydrogen 
permeation follows the Arrhenius- vant Hoff behaviour with a correlation coefficient of 0.9989. The activation energy was 
calculated from the slope as 10.77 kJ/mol and represents the effect of temperature on hydrogen permeation through the 
membrane. Our observed value agrees with values reported by several authors [4,5]. These results suggest a solution-
diffusion transport of hydrogen in the palladium membrane in which mmolecular hydrogen dissociates at the membrane 
surface and dissolves into palladium followed by transport through the metallic matrix and then emerges as molecular 
hydrogen upon re-association. A modified method for electroless plating was developed which skips the sensitization 
step during support modification. The maximum hydrogen flux achieved was slightly above 40 cm3 cm-2 s-1 using the 
method compared to the conventional method which involves the 2-step sensitization and activation. In the single-gas 
hydrogen permeation investigation for the Pd1 membrane, prepared using the conventional electroless plating 
method, the value of the exponential factor n = 0.5 in accordance with Sievert’s Law. However, for the mixed-gas hydrogen 
separation investigation n = 0.62 at 573 K, which decreased to 0.55 when the membrane was annealed at 873 K. For the 
Pd2 membrane, prepared using the modified electroless plating method, n = 1 at 573 K - but the value decreased to 0.76 
for the mixed-gas hydrogen separation investigation at the same temperature, which depicts a deviation from Sievert’s 
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Law. The susceptibility of the membrane to hydrogen embrittlement when cold hydrogen is allowed to contact its surface 
is currently being studied. Work is also ongoing to optimize the preparation of the membrane avoiding Tin impurities 
arising from seeding, reducing the overall time duration of the electroless plating process and preparing palladium 
membranes of better quality with greater adhesion of the palladium film on the substrate for enhanced hydrogen 
permeation and durability, 

 

CONCLUSIONS AND FURTHERWORK 

Electroless plating resulted in the deposition of Pd nanoparticles. Under scanning electron microscopic evaluation, the 
nanoparticles are evenly distributed on the pore walls and on the surface to create a dense layer. As for the thickness of 
the layer it was around 6 microns. The application of a membrane process for the purification of hydrogen resulting from 
the cracking of ammonia has been investigated. Mathematical simulations are being conducted for an experimental 
reactor combining cracking and separation in a single unit to achieve process intensification and further reduce the 
reactor volume. By shifting the cracking reaction to completion, it is possible to operate at significantly reduced 
temperatures and pressures and yet attain complete conversion of ammonia. 
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ABSTRACT 

Fuel cells are described as electrochemical cells that use chemical energy in a fuel to generate electric 
power. Among these fuel cells, this research paper mainly focuses on the Proton-Exchange Membrane Fuel 
Cell (PEMFC) and its real-life applications. PEMFCs are less damaging to the environment and are a 
perpetual source of energy since the reactants are much abundant. This type of fuel cell has rapidly become 
the scope of studies and is readily replacing the obsolete alkaline fuel cell technologies. This category of fuel 
cell has under its belt many advantages; fuel flexibility, high heat and power efficiency, low emissions and 
low temperature working ranges. The electrochemical reaction between HYDROGEN and OXYGEN converts 
the chemical energy stored within to the electrical energy, the overall chemical product being STEAM. The 
running plant displayed here utilizes the power generated from a PEMFC. The plant is set up adjacent to the 
coast and some major sources of power generation are used to run it. Combined power extracted from the 
sources is used to run a WATER TREATMENT PLANT and to power a COLD STORAGE for storing aquatic 
animals in a local fishery. The reactants required to operate the PEMFC are HYDROGEN and OXYGEN, 
which is readily available locally, along with the BIOMASS which will be provided from the fish waste, and 
this cell in turn generates a power output. The main percentage of electrical power is transferred to the URBAN 
population through power grids, along with SOLAR PANELS installed to do the same. The by-product from 
this cell is in the form of WATER and HEAT which is circulated in a RANKINE CYCLE consisting of different 
components, providing power to the WATER TREATMENT PLANT. The fishery waste BIOMASS also acts 
as a fuel input to another modified RANKINE CYCLE consisting of high pressure and low-pressure turbine 
with feed water heater to increase its efficiency, which gives the output to COLD STORAGE. The BIOMASS 
acts as a methane source which is then transferred to a desulfurization plant for removal of sulfur content. 
After successive transfers to the reformer, shift conversion unit and PSA to form HYDROGEN reactant. The 
main purpose of this power generation plant is to utilize the benefits of the PEMFC so that it can be put to 
good use to run the fish and WATER TREATMENT industries, normally located at coastal areas. MATLAB 
SIMULINK will be the platforms employed to examine the outputs thoroughly. 

. 

 

Keywords: PEMFC, HYDROGEN, OXYGEN, WATER TREATMENT, MATLAB SIMULINK. 

 
INTRODUCTION 

The discovery of scientific measurements was all done to obtain basic relations between different terms. The 
history of scientific experiments is filled with drives to form or create an energy source which proved vital for 
performing many of the different processes that were involved. Few that caught the eye were the fossil fuels: 
consisting of coal, oil and natural gas, obtained from rotten remains of prehistoric plants or animals, or from 
decomposition of biodegradable material. These sources, because of their everyday usage in various power 
plants and industries, are slowly starting to decline in amount and will probably run out in the near future. For this 
aspect, newer technologies like the PEMFC are replacing those non- renewable fuels. The PEMFC model used 
for study is the BALLARD MARK V model. The objective will be to obtain the best output voltage to run the plant 
from the fuel cell by varying different required parameters within the ranges, so that the best possible efficiency 

mailto:daniyalwaheed444@gmail.com
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in the working conditions can be achieved. A PEMFC stack will be used. The stack output voltage is the 
algebraic sum of the activation voltage, the resistance- based ohmic voltage, the voltage by the Nernst equation 
and the voltage due to the concentration of the reactants (hydrogen and oxygen). Graphs of the physical 
properties like external load current and voltage etc. will be displayed afterwards. 

 

 

MATERIALS AND METHODS 

Structure Of Paper UNITS 

AND EQUATIONS 

PEM Fuel Cell Equations: 

The reaction at anode will be: 

H2→2H++2e-
 

The reaction at the cathode will be: 

1/2O2+2H++2e-
→H2O+Energy 

The overall equation for the reaction is: 

H2+1/2O2→H2O+Energy 



13th International Conference on Hydrogen Production (ICH2P-2022) 
December 11-14, 2022 

 

`  

208 
 

 

Overall Output Voltage Equation: 

Vout=Enernst-(Vact+Vcon+Vohmic) 

 
The Reversible Potential/Nernst Voltage will be given by: 

Enernst= 1.229+0.85*10-3(T-298.15)+4.3085*10-5[ln(PH)2+1/2ln(PO2)] 

 

The activation voltage will be given by: 

Vact=[Ɛ1+Ɛ2T+ Ɛ3T.ln(CO2)+ Ɛ4T.ln(i)] 

Parametric Coefficients: 

Ɛ1=-0.948 
Ɛ2=[286+20.lnA+4.3.ln(CH2)]*10-5 
Ɛ3=7.6*10-5

 

Ɛ4=-1.93*10-4
 

 

The Hydrogen and Oxygen concentrations are given by following equations: 

CH2=9.174*10-7.PH2.e
-77/T

 

CO2=1.97*10-7.PO2.e
498/T

 

 

The Ohmic Voltage will be given by: 

Vohmic=I.(Rm+RC) 

 
Concentration Voltage Drop Vconc: 

Vconc=-B.ln(1-J/Jmax) 

 

Where B is parametric coefficient. Unit of J is A/cm2. 

 

Thermodynamic Analysis Equations: 
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CONCLUSIONS 

It can be observed with careful analysis that with the increasing mass flow rate of hydrogen, the efficiency curve is found 
to approach 0.85 efficiency at a value close to 400,000 kg/day. It is then following a decreasing curve up to a value of 
560,000 kg/day. From the second curve, the electrical power produced approaches 1500 kW at an exergy efficiency of 
0.5 after which the curve declines. The third plot displays a somewhat direct relationship between light intensity and 
efficiency. The next two represent curves of temperatures and reactant utilization with time. After all procedures, the 
system is found to perform considerably well in the aforementioned parameters. 

NOMENCLATURE 

J current density of fuel cell 

Jmax maximum current density of fuel cell Rm 

equivalent resistance of membrane 

RC    constant resistance to transfer of protons I

 fuel cell current 

P partial pressure A

 Active cell Area 

T Stack Temperature 
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ABSTRACT 

Concentrated Photovoltaic (CPV) is a relatively new and expensive technology that can be utilized in 
both local and large-scale energy distribution and generation systems. Having a longer life span and more 
than double the efficiency of the standard PV models, it has the potential to be the key to curbing global 
warming. Therefore, this study proposes a renewable energy-based multigeneration system, which 
integrates a solar CPV/T system and a fuel cell system to produce electricity and heat for power, 
heating, cooling, hot water, dry air, hydrogen, and freshwater for a hospital. This paper investigates the 
design and thermodynamic analysis of the integrated system. A PID controller is incorporated into the 
system to control various variables and a Simulink model of these controllers has been designed and 
analyzed. A part of the electricity generated by the CPV is used to power the electrolyzer to produce 
Hydrogen and Oxygen which is utilized by the Proton Exchange Membrane Fuel Cell (PEMFC) to provide 
electricity during the night or when daytime conditions are not ideal. The resultant thermal energy from 
CPV/T is used for the cooling, fresh water, heating, and hot water requirements. The designed system 
performs at 58.92% of overall exergy efficiency and 85.92% of energy efficiency. 

 

INTRODUCTION 

The drastic increase in the human population over the past couple of decades has led to the 
increased use of fossil fuels to meet the high energy demands required to support this growth. Thus, 
leading to an ever-growing concern regarding supply limitations and increased global warming [1]. 
Therefore, to combat the ever-increasing energy demands, the focus has been shifted towards 
developing renewable sources of energy (solar, wind, hydro, etc.) that meet the energy requirements 
and don’t contribute to global warming. Fortunately, most of these renewable energy technologies 
that have been developed are sufficient to meet our requirements, but they all have one glaring issue, 
they are dependent on external factors that we cannot control, thus making them unreliable for long-
term usage. This problem has caused the direction to slightly shift from them towards a more 
controlled technology like fuel cells. Fuel cells are one of the best sources of everlasting clean energy 
[2], they are not affected by weather conditions, and they form a harmless by-product: water, but 
these fuel cells themselves alone are still insufficient to meet all the energy needs of the community. 
Therefore, using environmentally renewable sources in junction with fuel cells may be the key to 
solving our energy crisis problem. 

In this paper, a novel multigeneration system based on solar renewable energy sources and fuel 
cells is developed and analyzed. The designed system is practical and feasible since they employ 
current technologies and existing systems. The novelty of this system is the integration of these 
technologies for multigeneration purposes in a more efficient and environmentally safe manner. The 
specific objectives of this paper are to propose and assess with energy and exergy analyses a new 
integrated multigeneration system using proton exchange membrane fuel cell (PEMFC) and 
concentrated photovoltaic-thermal (CPV/T) system, including the determination of overall exergy 
efficiencies of the multigeneration system; and to design and simulate the results of the PID controller 
used to control the various subsystems of the multigeneration system. 
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SYSTEM DESCRIPTION 

The system is designed to efficiently utilize the heat and electrical energy extracted from the CPV 
system to increase the overall efficiency of the system. Sunlight is the main input to the system 
whereas electrical energy, space heating and cooling, dry air, hot water, and hydrogen gas are the 
main outputs. The proposed stand-alone CPV/T multigeneration system is depicted in Fig. 1. The 
overall system can be divided into the following sub-systems: 

• Concentrated photovoltaic (CPV) 

• Nucleate boiling heat transfer (NBHT) and thermal energy storage system (PCM Tank) 

• Vapor Absorption cooling system (LiBr-H2O) 

• Humidifier-dehumidifier system 

• Space heating and Hot water 

• PEMFC system and Alkaline electrolyzers 

Fig.1 

 

RESULTS AND DISCUSSIONS 

EES (Engineering Equation Solver) software [41] is used for thermodynamic calculations as well as 
for determining the state point properties of the designed system. For each state point, as shown in 
Fig. 1, the temperature (K), pressure (kPa), mass flow rate (kg/s), and specific enthalpy (kJ/kg) are 
calculated and listed in Table 3. The reference state points for different working streams are taken 
at ambient temperature and pressure conditions, as shown in Table 3. The energy and exergy 
analyses of the system have been performed considering ambient conditions as the reference 
conditions for the analyses. Some important parameters such as the type of cell in the module, its 
area, irradiation level, and standard steady-state designed conditions of the system are shown in 
Table 1. For the standard designed conditions, reported in Table 1, the overall energy and exergy 
efficiency values of the designed multigeneration system are 85.92% and 58.91%, respectively. 
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Parametric Study of IDNI on the Designed System 

The value of IDNI is affected by location and time, therefore it is important to perform a parametric 
study for the designed system to understand its effects on the outputs. The parametric study of the 
system performance for the IDNI values of 0.5 kW/m2 to 0.9 kW/m2 is performed, considering the 
average minimum and maximum limit for the selected location. According to the results shown in Fig. 
2, the electrical and thermal energy output of the system increases due to an increase in input energy 
rate. The efficiency of the cell is highly dependent on the operating temperature and has a thermal 
coefficient of 0.052%/K for the selected cell (as explained in the model overview section). With the 
increase in IDNI value, the thermal energy from CPV to NBHT system increases which causes an 
increase in the cell temperature and hence a decrease in the electrical energy efficiency. However, 
this decreased portion of electrical energy is converted into thermal energy. Hence, there is negligible 
effect on the overall exergy and energy efficiency of the system. Due to the very small value of 
thermal coefficient and a slight increase in the cell temperature, the overall decrease in electrical 
efficiency of CPV is insignificant. Hence, there is a slight reduction in the exergy efficiency of the 
CPV. However, there is a clear increase in the exergy destruction rate due to an increase in input 
power with an increase in IDNI level. 

 

Fig. 2 

PID CONTROLLER SYSTEM SCHEMATIC 

PID controller is a device that reads the data from a sensor and based upon that data controls the 
actuator output. It does this by combining proportional control with additional integral and derivative 
responses to automatically compensate for changes in the system.  

In this multigeneration system, the PID controller is used for maintaining the mass flow rates of 
subsystems. Four PID controllers are incorporated to control four subsystems: PEMFC, Cooling 
Capacity, Space Heating, and the Humidifier-Dehumidifier system. The purpose of using a PID 
controller is to get the best possible response from the system. The PEMFC needs a constant supply 
of hydrogen gas to produce the required power output, the cooling capacity and space heating are 
determined by the mass flow rate of water in the evaporator and heat exchanger respectively and 
the amount of freshwater produced is entirely dependent on the mass flow rate of seawater. 
Therefore, a Simulink model shown in Fig. 3 was designed to show the effect of incorporating PID 
controllers in the multigeneration system. 
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Fig. 3 

 

PID CONTROLLED RESPONSE FOR EACH SUBSYSTEM 

Cooling Capacity Transfer Function PID controller Response Fuel Cell Transfer Function PID controller Response 

 

 
Dehumidifier Humidifier Transfer Function PID controller Response Space Heating Transfer Function PID controller Response 
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The PID controller is tuned at different Kp, Ki, and Kd values to get the best possible result for the 
system. Tuning of the PID controller is made quite simple by using the option of Tune available in 
the PID controller block of Simulink. This automatically adjusts the Kp, Ki, and Kd values, giving the 
shortest possible transient response followed by a steady state response. The PID controller working 
principle is based on minimizing the error between the reference value and the actual value. 

 

CONCLUSION 

In this study, the exergy and energy analyses for the designed solar-based CPV system are 
performed in extensive detail. The purpose of this study was to propose and thermodynamically 
analyze a multigeneration system that utilizes nucleate pool boiling (NBHT) as a solution for the 
thermal management of the CPV system. In addition, the integrated CPV/T system consists of (a) an 
Alkaline electrolysis sub-system to produce and store hydrogen, (b) a PEMFC to produce electricity 
using the stored hydrogen, (c) a Vapor absorption cooling system (Li-Br2), (d) Humidifier 
Dehumidifier subsystem, (e) and Space Heating system. The storage system is designed to store 
thermal energy by PCM storage and electrical energy using hydrogen and oxygen storage to fulfil 
the energy requirement during night-time and during unfavorable solar energy conditions. The 
designed system performs well and is able to provide electricity, space cooling, heating, and water 
production during the day and night time. The main findings of this study are listed as follows: 

 

• At standard testing conditions, the electrical efficiency of the multi-junction CPV cell was 40.8%. 
However, the overall energy efficiency of the system is increased to 85.92% using a hybrid 
multigeneration CPV/T system. 

• The parametric study also displays the ability of the designed system to operate for the locations 
with different IDNI values. Higher IDNI values result in higher thermal and electrical outputs but the 
ability to withstand to maximum concentration ratio decreases due to the generation of high heat 
flux. 

• PID controllers are integrated into four main subsystems and have been tuned to generate a 
satisfactory response. This inclusion of controllers has increased the overall system functionality 
and responsiveness. 

 

 

This study displays a satisfactory performance from the designed system for switching between the 
outputs of the system, such as between heating, cooling, and water requirement, according to the 
needs of the users. The system can be rescaled and applied to a different location with different 
demands.  
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ABSTRACT 

The current trends in international oil prices and general consensus depicts that the peak oil production has been attained 
and projects a dramatic increase in fuel costs over next 50 years. Moreover, in a bid to curtail oxides of sulphur & nitrogen 
in fuels, ever tightening emission regulations are being applied to international shipping, with further proposal to impose 
‘Carbon Levies’. All these factors combine to inflate the through life cost of marine vessel ownership. In particular, 
warships are prone to uneconomical propulsion plants and operating profiles. Therefore, future designs should be low 
carbon emission vessels. There are a few giants in defence maritime sector who build warships and export them to other 
countries. Due to increasing emphasis on low carbon vessels in future, these companies will have to build low carbon 
affordable vessels for export market. Numerous conflicting requirements and tradeoffs between low emissions and export 
quality are the major challenge. In here, the main conflicting areas are; operating profile, ship’s speed, fuel type and 
number of personnel. This paper reviews the need of low carbon vessels in maritime industry defence sector in particular. 
The authors have reviewed the conflicting requirements and tradeoffs during the development of a low carbon vessel 
with export capabilities. The study explores export market and requirements of different navies in terms of size, 
capabilities, etc. Also, this paper elaborates a novel concept to use fuels cells as the propulsion system for new low 

emission ship. 

Keywords: low carbon vessels; low carbon shipping; green ship; maritime sector, fuels cells 

INTRODUCTION 

Because of the projected increase in fuel prices and the introduction of carbon levy’s in the future it can be shown that 
low emissions and thus high fuel efficiency will produce dramatic through life cost savings. To produce a defence related 
seagoing vessel which is both exportable coupled with the features of low emission, a balance needs to be struck 
between the two elements as the two aims are in fact conflicting to each other. 

The propulsion plant and operating philosophy is critical in design of a highly fuel efficient vessel. However, numerous 
challenges may be experienced for producing an efficient hydrodynamic hull which can meet all other criteria, and 
constraints e.g., size of machinery spaces for seakeeping capabilities. The market research identified a demand for a 
lightweight frigate or a corvette with frigate capabilities. To appeal to the export market, the aim of this research is to 
propose production of a vessel with displacement of around 3,500 tonnes. Additionally, customized packages are also 
proposed to make the vessel more wider reaching with the combination of an Anti-Air Warfare (AAW), Anti-Submarine 
Warfare (ASW) and a Multipurpose Frigate (MPF) package. 

Low emission quality can be viewed in two ways (i) environmentally friendly with cleaner/lower emissions (ii) highly 
efficient with lower fuel consumption. Although these two are not mutually exclusive, therefore it may be acknowledged 
that they are not identical. The ‘environmentally friendly’ aspect is not the key driver behind this design, instead, the key 
driver will be to develop a frigate that features excellent efficiency thereby reducing its fuel consumption. It must however 
achieve this with very limited (if any) sacrifice in capability. The benefits of adopting such philosophies are easily 
recognizable and can most readily be seen by examining oil price projections. The actual future price of fuel (or any 
commodity) is notoriously difficult to predict however the International Energy Agency publishes projections that feature 
a low, reference and high price prediction. 

mailto:muntazir.abbas@pnec.nust.edu.pk
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Figure 1 Oil Price Projections 

In addition to the increasing cost of fuel, climate change initiatives are currently investigating the possibility of imposing 
carbon levies in an attempt to reduce emissions. A low emission vessel should be able to avoid the charges by virtue of 
being significantly more efficient than its non specialised counterparts. This is dependent on the legislation developed 
and cannot be further assessed at present. Several of governments are setting up and enforcing “special” areas under 
the rules of International Maritime Organisation (IMO) and other regulating bodies and are able to restrict the entry of 
vessels under this pollution control mandate [1]. A low emission vessel is likely to be unaffected by such rules thus 
retaining a “go anywhere capability”. In designing these vessels, there are a number of conflicting requirements between 
the low emission and export qualities which must be carefully balanced in order to satisfy both criteria to a satisfactory 
extent. However, minimizing the CO2, NOx and SOx emissions from ships has been identified as a priority for the sector 
[2–6]. According to the reviewed literature, international shipping sectors contribute to around 87% of CO2 emissions in 
shipping, followed by domestic shipping with an 8%, whereas fishing sector accounts 5%, with a projected growth of 50–
250% in emissions by 2050 [7,8]. 

Ships emit various types of greenhouse gases (GHGs) mainly from the funnels of main propulsion engines, auxiliary 
engines, diesel generators for electrical power, boilers, etc. other sources of GHGs include, emissions of refrigerants 
from refrigeration and air-conditioning equipment, cargo and other emissions that include volatile compounds in liquid 
cargoes, and firefighting equipment [1]. Some researchers have reported that the maritime transport accounts for around 
2.8% of the global GHGs and pollutant emissions, which represents around 940 million [tons] of CO2 emissions annually 
[7]. 

 

LOW CARBON EMISSION VERSUS EXPORT POTENTIAL 

In designing this vessel, there are a number of conflicting requirements between the low emission and export qualities 
which must be carefully balanced in order to satisfy both criteria to a satisfactory extent. For good export potential, the 
vessel is expected to be highly adaptable in order to meet the specific and rather different operating philosophies of different 
nations/navies with the following desirable features: 

• Machinery and features for a global area of operation 

• An adaptable operating profile with many different speed ranges 

• A high top speed (30 kts) to which the machinery is sized 

• A readily available and cheap fuel  

• High complement sizes 
However, the converse is desirable for a low emission vessel. The ideal candidate vessel for aggressive reduction of 
carbon emissions/increasing efficiency would be a smaller vessel perhaps the size of a corvette. It would operate in a 
smaller area thus requiring lower fuel capacity and expanding the choice of fuel available. The vessel would also ideally 
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operate out of one base port thus reducing the expenditure associated with infrastructure change again increasing the 
viability of fuels such as hydrogen/LPG/LNG. Shorter mission duration can limit the required redundancy thus reducing 
the weight and volume of equipment carried thereby further reducing the energy requirement. 

In order to develop a successful design, the tradeoff between export and low emission had to be balanced. This was 
achieved by dictating somewhat the operating philosophy, profile and fuel type but using the cost savings and low emission 
elements to provide a competitive edge in the market. With a grasp of the main drivers, a design was proposed consisting 
of two main constituent parts of interest to increase fuel efficiency; the propulsion system, and the hull. 

 

HULL EFFICIENCY ELEMENTS 

 

It is always desirable to produce a highly efficient hullform, however the reality is that tradeoffs mean this is not always 
possible. Various methods exist which improve the efficiency of a hull thus reducing resistance, including; Ducktail 
waterline extension, and Interceptor plates. It is estimated that hull optimisation can reduce emissions by between 1% 
and 20%, while selecting the correct type of propeller and maximising propulsive efficiency can reduce emissions by 
between 5% and 10%. By application of optimization procedures in ship design, a 7% reduction in resistance relative to 
an already well designed vessel can be achievable [7]. 

 

A ‘V’ shaped bow section can result in significant resistance benefits of up to 6% for certain design. Additional benefits 
may include greater deck area, better seakeeping ability because of greater reserve of buoyancy and reduced slamming 
effects. The adoption of a ‘Bulbous bow’ can also have a significant effect. A study conducted by US Navy showed by 
fitting a bulbous bow onto an Arleigh Burke (DDG-51) class destroyer could reduce its fuel use by 3.9%, which is very 
significant in terms of fuel saving and reduction in emissions. Modifications due to a Bulbous bow can result up to 20% 
reduction in resistance but the exact reductions will depend on the speed of the vessel relative to its length and hullform 
[9]. 

 

The design of the stern provides a balance between good resistance characteristics by minimising flow separation and 
providing good flow into the propellers to maximise propulsive efficiency. Modifications can be made to improve efficiency 
by introduction of a Ducktail waterline extension and Interceptor trim planes. A ducktail or stern flap is essentially a 
lengthening of the aft ship. It is usually 3-6 meters long. The basic idea is to lengthen the effective waterline and make the 
wetted transom smaller. This has a positive effect on the resistance of the ship. Ducktails can provide a reduction of 3-
7% in fuel consumption [9]. 

 

An Interceptor is a plate fitted vertically to the transom of a ship, covering most of the breadth of the transom. This plate 
bends the flow over the aft-body of the ship downwards, creating a similar lift effect as a conventional trim wedge due to 
the high pressure area behind the propellers. In some cases, best results are achieved when a ducktail is used together 
with an interceptor. There will be about 1-5% lower propulsion power demand due to Interceptor [8,10]. All these 
improvements can be incorporated into design, and the anticipated reduction in fuel consumption due to hullform 
modification and optimization are shown in Table 1 

 

 

 

 

 

Table 1 Expected Reduction in Fuel Consumption 
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Method Maximum % reduction in fuel 
consumption 

Hullform optimisation  

Refinement of hull lines 7 - 20% 

Bow Design  

Appropriate selection of:  

- Bulbous bow 3 - 20% 

- ‘V’ shaped forward sections 1 - 6% 

Stern Design  

- Stern section design and features to refine 1 - 4% 

aft body lines  

- Ducktail waterline extension or Stern flaps 3 - 7% 

- Interceptor trim planes 1 - 5% 
 

As fuel efficiency was one of the major design drivers some other methods were explored to reduce the fuel consumption. 
These were considered as a possible retrofit during midlife upgrade. 

Air Cavity System (ACS) is used to reduce the skin friction of the ship. In ACS, Compressed air is pumped into a recess 
in the bottom of the ship’s hull. The air builds up a “carpet” that reduces the frictional resistance between the water and 
the hull surface. The major challenge is to ensure that the air stays below the hull and does not escape [11]. ACS’s have 
been adopted in commercial industry, as STENA’s innovative E-MAX air tanker is being tested on the demonstrators. 
This system cuts emissions and boasts fuel savings of more than 20% [12,13]. More, wind power has long been 
associated with marine transport and is an obvious source of alternative energy. Over the last 30 years, the industry has 
however been looking at novel ways to use the wind to power the seagoing vessels [14,15]. There are three main types 
of sails: traditional sails, kitesails and wingsails. The Kitesails are being adopted by the commercial sector as an 
alternative method to reduce fuel consumption. There have been studies to incorporate sails onto military vessels and 
pending further development the use of sails whilst transiting during peacetime could be considered for the future [14,16]. 
The electric power can be generated from wind by pulling a ship. On board ships, the electric power generated can be 

expended to electrolyze water to produce hydrogen/methanol or to convert CO2 into storable forms of liquid [17,18]. 

 

MAIN PROPULSION PLANT 

Starting from a typical RN frigate operating profile, it can be seen that there are 3 key areas of interest. The requirements 
state there should be high efficiency across the range to compensate for national variances. A single stage plant can be 
made to be very efficient for a particular point (usually at the higher end of the output range) but invariably, any deviation 
from this point incurs penalties. 

 

If this motor is sized for the highest expected power requirement then the key 0 – 14 kt range which the vessel is expected 
to spend the majority of its time falls in the very poor efficiency region. This consideration coupled with the inherent 
inefficiency and high power requirements of travelling at speed has led to the selection of a multi stage propulsion plant. 
This permits the decoupling of the small (8.2%) but essential high speed sprint requirement from the remainder of the 
operating profile. Additionally, the region between 18 and 26 kts is expected to attract relatively low usage and must not 
be allowed to govern the overall plant design. The 12 to 16kt range is seen as being the most important region for 
optimum plant operation as it is expected to accrue the highest usage time. This analysis therefore basis its assumptions 
on RN procedure and  places emphasis on the 4 and 6kt areas which then provides 3 key areas of interest: 0-6 kts, 10-
16 kts and 28 kts. To that end the propulsion plant will comprise of a 0-6 kt capability (3rd stage), a 6-16 kt capability (2nd 
stage) and a 16-28 kt sprint capability (1st stage). Figure 2 is relevant in this regard 
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Figure 2 Operating Profile 

With the selection of a 3 stage propulsion system confirmed, each stage can now be analysed in turn. Given that this 
stage of the propulsion plant is governing the key 6-16 kt range and is therefore the primary design driver of the frigate. 
There are 2 key criteria that will determine the characteristics of each propulsion stage; Prime mover (diesel generators, 
gas turbine, fuel cell, etc.) and propulsor (Pod, Prop, Waterjet, etc.). This stage of the plant must be centred on efficiency 
and will therefore examine the greatest cause of efficiency loss first; the prime mover. 

 

The chosen unit must feature the ability to deliver a large amount of power in a compact unit that does not affect the 
efficiency of the second stage. Only one choice presents itself as being suitable given these restrictions and that is a 
waterjet. In order to improve the hydrodynamic characteristics of the hull when it is not in use, the inlet will be fitted with a 
closable door similar to that incorporated in the South African Meko Corvettes [19,20]. 

In this paper, the waterjet option was also dismissed due to its relatively high weight for low power application (waterjet and 
entrained water). The remaining option is therefore pump jet. This offers a low speed capability but very little hydrodynamic 
drag when not in use as it is fitted flush with the hull. There is also a complexity saving when compared to retractable 
pods. It also offers added value in that it is fully azimuthable thus negating the need for separate bow/stern thrusters. 

In the Fore and Aft Pump Jets, the 3rd stage of prime mover is driven electrically from the fuel cells. Although this 
propulsion method is significantly lower powered than the pods there is no requirement to include a separate suitably 
sized prime mover [21,22] This is because in this region of the power speed curve, the domestic load is dominant thus the 
prime mover will not be “low loaded” and does not have to be resized to match the application [17,23,24]. 

ANALYSIS - FUEL CELLS AS SELECTION OF PRIME MOVER FOR SHIP PROPULSION 

With the completion of the propulsion plant concept selection, it is now possible to carry out a theoretical analysis of 
efficiencies that can be expected with this plant. This can then also be compared to a more conventional design. 

There are two key innovations in the design of FCs propulsion system, which distinguish it from conventional vessel. 
According to the reviewed literature, FCs promise to be far more efficient, produce lower/zero emissions, and operate 
cleaner than conventional internal-combustion engine and GTs [25,26]. The application of FCs for transportation is already 
in practice whereas, FCs can also be a promising solution for propulsion of ships power. The developments of FCs for 
ship are in infancy with exception of PEMFC used in FCs onboard submarines [21,27–29]. 

The use of fuel cells as prime movers and the 3 stage propulsion system, and to demonstrate the benefit of both designs, 
this analysis will first examine the effect of replacing the fuel cell prime movers with diesel generators (DGs). Secondly, 
the effect of redesigning the propulsion system to comprise a single stage will be examined. 
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The Benefits of - Stage Propulsion 

To simplify and also improve the analysis, the competing vessel will comprise of a new single stage propulsion system 
but the prime movers will remain fixed as FCs. In reality this would involve 36 x 1MW cells which is unfeasible. Rather 
than carrying out the entire design process again to develop this variant, the “conventional” drive is deemed to be 
Integrated Electric propulsion (IFEP) in a similar configuration to the Type 45 destroyer [21,30,31]. 

By applying the same motor and converter efficiency curves used in the main propulsion analysis the following range 
graph is obtained. The FC efficiency is assumed to remain at the maximum of 62% given the large number of cells and 
therefore the opportunity for optimisation. The vessel is assumed to have 400 tonnes fuel capacity and utilises diesel fuel 
F-76. The FC plant is based on solid oxide cells and will incorporate an auto thermal reformation in order to convert the 
fuel to a usable form. This has already been factored into the calculations and represents a 3% efficiency drop yielding 
62% (predicted max is 65%). 

Figure 3 Range difference between single and 3 stage FC systems 

It can be seen that the maximum range of the vessel drops dramatically when a single stage propulsion system is used. 
The most efficient speed for this single stage system is higher at 18 knots but only yields 5000 nautical miles (Nm). At the 
lower speeds (e.g., 4 knots), the single stage system suffers from very poor thermal efficiency (11%) due to the significant 
over sizing of the motor for this power setting. There is a cross over in system performances with the FC single stage 
system offering better range at higher speed when compared against a GT-WJ combination. 

The Benefits of Fuel Cells 

For the purposes of this analysis, the designed propulsion system is compared against a similar vessel except the FCs 
are replaced with DGs, as shown in Figure 4. The waterjet and GT stage remains unchanged. This design represents 
the most suitable alternative to the fuel cell based design. The modification is calculated using a 17% decrease in 
efficiency between the prime movers (62%-FC vs 45%-DG) resulting in the range graph (Figure 4). 

 
Figure 4 Range difference between 3 stage FC and DG systems 
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This calculation does not take into account the slight difference in efficiency curves between the two prime movers but 
rather applies a percentage correction. This is assumed to be adequate for the purposes of this analysis. Over all this 
modification incurs a fuel penalty of 131000 pounds per year. Over the life of the vessel, this amounts to a total of £3.9m 
(assuming zero inflation and no change in fuel price). 

It is acknowledged that the novelty of this technology coupled with the added complexity of the plant may decrease the 
export desirability of the vessel. It is however believed that in the global climate of ever tightening defence budgets, and 
the moves towards more stringent controls of emissions, the “bottom line” of this propulsion system speaks for itself 
[25,32,33] 

CONCLUSION 

The concept design for a fuel efficient frigate for the export market has been reviewed in this paper and following 
conclusions have been drawn: 

• There are conflicting aims between export and low carbon vessels which need to be addressed. 

• Legislation and rising oil prices will drive a shift towards low carbon shipping. 

• A fuel efficient vessel design incorporating a two pronged approach to increasing efficiency by means of a 3 stage 
propulsion system and solid oxide FCs is feasible. Although currently immature, the FCs technology for ship 
propulsion is rapidly progressing and is a real contender for use in the marine propulsion sector. 

• Hull efficiency can be improved through various modifications, however, the interaction between these is an area 
for further study. 
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ABSTRACT 

Poultry accounts for 40-45% of the annual meat consumption in Pakistan and is an emerging sector. Currently, the 
industry suffers from lack of access to modern technology and reliance on fossil fuels for broiler heating processes, 
raising concerns for detrimental environmental effects of such power sources. Several systems have already been 
designed and implemented that use renewable energy sources to provide the required power, including photovoltaic (PV) 
cells, solar collectors, and microbial fuel cells. In this paper, a proposed system that uses energy from PV cells, an SOFC 
fuel cell, and heating from biogas is examined and subjected to entropy and exergy analysis. The fuel cell itself is 
modelled in MATLAB and Simulink and its response to different input conditions is determined via simulation to validate 
the proposed system with a low exergy destruction. The system utilizes the waste heat of a fuel cell as the heat input of 
a steam power cycle, the output of which is then provided to a heat pump that cools a meat storage facility, simultaneously 
heating the broiler. The Rankine power cycle produces work in two stages via a high and a low-pressure turbine, with 
reheating in-between in a boiler heated by burning biogas produced on the poultry farm. The electrical power output of 
the fuel cell is supplied to the main grid and supplemented by that produced by photovoltaic panels. It is then used as a 
source of power wherever required, for example, in running all the compressors and pumps that are a part of the system 
and powering the radiant heaters in the brooding chambers, and the lighting and fans used in the broilers and elsewhere. 
The flue gas of the SOFC is incorporated to power Rankine Cycles which provide work input for a Poultry Feed Plant. 

Keywords: SOFC, Cogeneration, Solar, MATLAB, Simulink, Exergy-Entropy analysis. 
 
INTRODUCTION 

The population of the world is now above 8 billion [1]. With an increasing population comes increasing demands of 
resources such as water, food, fuel, etc. There is newfound research on decreasing use of resources in all domains, 
most important of which is fossil fuel usage to produce electricity and the switch to renewable forms of energy dubbed 
“green energy”. There are also new technologies to reduce waste and even utilize it in many ways. One such introduction 
of efficiency is in the use and production of crops and livestock. Consumption of meat and eggs is escalating and there 
is a need to produce more and do it in an efficient manner such that we use less resources yet produce more. Specifically, 
one of the most popular forms of meat, chicken, is reaching new levels with current production slated at 120 million tons 
[2]. Moreover, another product of chickens, egg, is also climbing in use due to the ever-growing population and increase 
in living standards over the world 76.7 million tons in 2018 [2]. To overcome this demand, more poultry farms are 
established with high production numbers in focus and a low concern for efficiency and renewability/sustainability, 
especially in developing nations where renewable forms of energy are yet to become mainstream. To enable efficiency 
in the system, we must begin with how the farm is powered. Most farms run on the power grid which in most developing 
countries is run with power stations using fossil fuels. To introduce change in the power grid would be a costly manoeuvre, 
thus, we need to look at cheap, efficient methods of developing power at the farm itself. Such a system must be able to 
use some form of poultry waste and run on readily available fuel sources, and generate not only power, but also heating 
and cooling to supplement the various demands of the poultry farm. This system would not only benefit developing nations 
but also developed ones as well. 

Although waste management has been studied, insufficient research has been put into waste-to-energy systems for 
relatively small scales. We aim to discuss how waste from a poultry farm can be used in our system. Moreover, the 
nascent technology of fuel cells needs to be researched further for more efficient energy processes. We have selected 
the Solid-Oxide Fuel Cell (SOFC) due to its high operating temperatures which allow for heat engine energy recovery 
devices to be used in tandem. They are also highly stackable, permitting us to design larger systems that generate power 
rivalling that of power stations. Using multiple energy recovery devices and applying waste-to-energy processes in 
between creates a highly efficient system that also enables cogeneration possibilities for further utilization. Still, to 
complement the various devices required for the system, solar power is also considered to supplement the power 
produced. This system is then modelled in Simulink/MATLAB™, by MathWorks™ to study the dynamics and response 
to various changes. A thorough exergy-entropy analysis is performed to find out the true efficiency of our system and its 
impact on the surroundings. 
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SYSTEM DESCRIPTION 

A Solid-Oxide Fuel Cell is the basis of the system. It has inputs of fuel (either Hydrogen or Methane that is internally 
reformed) and water that is used to cool the fuel cell, this water that turns to steam along with the steam and flue gases 
given off by the fuel cell are used by passing these gases through heat exchangers that transfer heat to the working fluid 
of two Rankine Cycles, one of which has reheating. The reheater is powered by combustion of biomass made from the 
poultry waste (Figure 1). The reheated working fluid of the first cycle is then sent to the second stage turbine, which not 
only produces power through a generator, but is also mechanically coupled using a gearbox, to the compressor of the 
HVAC system. The HVAC has a reversing valve enabling it to perform the dual function of heating or cooling. The other 
half of the exhaust from the fuel cell is sent to another Rankine Cycle which also produces power. Both heat exchangers 
used reject their exhausts to an Organic Rankine Cycle which extracts power and decreases the temperature of the 
exhaust to environmentally safe levels. All the power generated is sent to the battery and inverter/booster that is also 
accepting power from Photovoltaic panels, this power is then used by the farm and excess power is sold to the power 
grid. 

 

Figure 1 

MODELING THE SYSTEM 

The fuel cell is modelled in Simulink™ using their provided subsystems with a DC/DC boost converter modelled to 
increase voltage output and obtain stability in the output. 

The reheat Rankine cycle requires a heat input of 3956 kJ/kg, while the combined cycle requires 3483 kJ/kg. As these 
are very close, the required flow rates of exhaust through each of these are almost equal and thus the flow rate is 
calculated for only one system and doubled. Taking the mass flow rate of steam to be almost 0.5 kg/s, applying cold air 
standard assumptions to the exhaust, and taking the inlet and outlet temperatures of exhaust into and out of the heat 
exchanger to be 800ºC and 70ºC respectively, the required total mass flow rate of exhaust is calculated to be around 
5.32 kg/s. Knowing the required mass flow rate of exhaust, as this is the determining parameter, the scale of the fuel cell 
is decided. The size of the fuel cell is set such that it produces 3 kilo watts of power and nominal conditions and has a 
maximum voltage output of 100 volts DC. The stack efficiency is 52% but it can be increased by enlarging the fuel cell 
stack. 
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RESULTS AND ANALYSIS 

The dynamic model of the fuel cell is simulated by checking the response of the system on varying the fuel flow rate from 
2500 liters per minute to 3000 liters per minute in 0.1 seconds which is the simulation time. Thus, the viability of the 
system for the intended purpose is established. 

 

Figure 3 Figure 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 

 
The graphical analysis shown in (Figure 2) shows that voltage value of the SOFC fuel cell is constant is between 100- 
150 before the voltage passes from the boost converter and after passing from it the value of voltage is enhanced to the 
value between 400-450 making it suitable to use for high-voltage applications. Similarly, (Figure 3) shows the current 
analysis of the fuel cell against time. It is observed that before passing from the boost converter there was a current 
variation from 0-0.01 seconds before becoming constant while its value being in between 15-20 Amperes and after 
passing from the boost converter the value of current drops down between 0-5 Amperes making it useful for safe 
applications. The variation of the exhaust gases is shown in (Figure 4) as flow rate in liters per minute. The simulation 
time is 0.1 seconds. 
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ABSTRACT 

The growth of municipal solid waste generation is rapid due to the urbanization and industrial expansion. Waste-to-energy 
incineration is an effective approach to dispose waste by generating energy in a sustainable manner. However, the 
efficiency of the conventional waste-to-energy plants is limited to only 20-24 % due to the presence of higher moisture 
content and low heating value of the feedstock. The renewable energy integration and achieving multiple products 
utilizing single energy source are the proposed solutions to enhance the power plant performance in a suitable manner. 
In the present study, solar integrated waste-to-energy plant is proposed, developed and investigated, where parabolic 
dish collector is used to re-heat the steam from high pressure turbine to low pressure turbine and simultaneously 
providing heat to run a single effect absorption chiller for cooling/heating purpose. In addition, flue gas from incineration 
boiler has enough temperature to run an organic Rankin cycle and its power is utilized for hydrogen production and fresh 
water production through electrolyser and reverse osmosis desalination unit, respectively. Proposed system is investigated 
by varying more influential input parameters such as direct normal irradiation, turbine inlet temperature, pressure, extracted 
steam fraction etc. Exergo-economic analysis indicates the components with higher exergy cost. 

Keywords: Waste-to-energy, Hydrogen production, Exergo-economic, Desalination, Solar thermal. 

INTRODUCTION 

The generation of municipal solid waste (MSW) is increased due to the social activities, industrial growth and urbanization 
in the past few decades and the World Bank anticipated the global MSW production will rise considerably in the next 30 
years. Specifically, China is the largest producer of MSW with 450 gram/parson/day that is that is the per capita generation 
of MSW for Beijing. Sustainable management of globally generated MSW plays an exceptional role for the environment 
and society. The cost- effective, efficient, society and environmentally friendly waste disposal system is required for the 
both developed and developing nations. The energy recovery from the waste is an adequate, more reasonable and 
effective approach among the available waste management techniques that reduces the waste volume significantly by 
generating energy in a suitable and well established manner. However, this technology has relatively low efficiency due 
to the inert materials and higher moisture content in the MSW. These flaws lead to the low quality steam inlet parameters 
(less temperature and pressure). It is imperative to provide solutions to enhance and improve the incineration plat 
performance. In this regards, different proposals and suggestions have been presented by the researchers in the past 
such as: integrating various renewable energy technologies with MSW energy plants, to enhance steam inlet temperature 
and power. Khan et al. [2] proposed and investigated a solar-assisted waste-to-energy (WtE) by integrated solar dish 
collector at the exit of incineration boiler to further increase the steam temperature inlet to the turbine. Such configuration 
significantly enhanced the performance of the plant. Sadi and Arabkoohsar [2] exergo-economically investigated an 
integrated parabolic trough collector with MSW thermal power plant and electricity cost reduction was almost 47.4% after 
implication of the recommendations. Furthermore, a hybrid configuration of WtE plant with supercritical carbon dioxide 
cycle (sCO2) and coal-fired power plant is proposed and assessed comprehensively by Chen et al. [3]. In addition 
waste heat recovery (WHR) is also utilized to encounter thermal losses of the flu gas that can be further utilized to power 
the low temperature cycles. Khan et al. [4] proposed and examined a solar-assisted WtE plant, where the flue gasses 
are used to drive an organic Rankin cycle (ORC) to achieve multiple outputs. Similarly, Carneiro et al. [5] integrated a 
natural gas and MSW power plant by introducing an external heat recovery boiler (HRB) in a way that instead of discarding 
its heat to the atmosphere, it is used to increase the temperature of the steam before the steam turbine and after MSW 
boiler. The ecological and thermal efficiencies were nearly 889% and 36%, respectively. Moreover, multi-generation 
systems are more attractive and efficient in terms of production and ecology. They produce different outputs using one 
or two energy sources by utilizing the waste heat of the primary or secondary source for the low temperature applications. 
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Electricity, fresh water, heating/ cooling and hydrogen etc. are the useful outputs that can be obtained in multi- 
generational process. 

 

From the foregoing discussion and previous literature, it is clear that different conventional energy systems are integrated 
to WtE plants to improve the system’s performance with the penalty of environmental hazards. However, there is limited 
work available on the renewable-based WtE energy integration. Therefore, the present work tries to bridge up this gap 
and will propose a unique idea by integrating parabolic trough solar system to reheat the steam before low pressure 
turbine, simultaneously providing heat to an absorption chiller. In addition, ORC is driven by exhaust flue gasses from 
incineration boiler and its power is utilized for hydrogen and fresh water production through proton membrane electrolyser 
and reverse osmosis desalination unit. 

 

SYSTEM DESCRIPTION 

Fig. 1. Shows the proposed solar integrated WtE system for multiple outputs, in which parabolic trough system serves as 
a heating source for the steam between two turbines (11-12) and an single effect vapour absorption cycle (2) for heating/ 
cooling applications. Water enters into the economizer at 6 and leaves as a super-heated steam at 9 after gaining heat 
from the flue gas in the super heater. Steam expand through HPT and its temperature is increased as it passes through 
heat exchanger 1 and proceed s to the LPT for further workout put. The exhaust gasses leaving the incineration boiler 
at 16 have almost 200 ℃ temperature, enough to run an ORC. The power output of ORC is further utilized for desalination 
and unit and PEM electrolyser. In this way, useful products are obtained for a community by solving waste disposal issue 
in a sustainable manner. 

 

MODELING AND THERMODYNAMIC ANALYSIS 

Engineering equation solver (EES) is used for the thermodynamic modeling and analysis of the proposed investigated 
systems considering steady state conditions. Thermodynamic relations used to model the examined systems are 
presented by the energy mass and exergy balance equations. Design input parameters for the investigated system is 
adopted from the references [1][3][4]. 

 

RESULTS AND DISCUSSION 

In this study, an innovative solar integrated MSW incineration plant with multiple outputs is proposed and investigated 
thermodynamically and exergo-economically. Fig. 2(a) shows the effect of steam turbine inlet temperature (TIT) on the 
integrated system efficiencies (primary y-axis) and incineration plant thermal and exergetic efficiencies (secondary y-
axis). Integrated energy and exergy efficiencies of the system are increased from 19.2% to 21.7% and 14.5% to 17%, 
respectively with a rise in the TIT. Higher TIT means more inflow enthalpy to the turbine that causes greater network 
output from the steam turbine cycle and it has an overall positive impact on the system’s performance. 
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Similarly, thermal and exergy efficiencies of the MSW incineration plant increase to almost20% due to the same reason 
as TIT increase from 650K to 850K. Additionally, exergetic destruction cost and total cost rate are evaluated on the primary 
y-axis, while sustainability index (SI) and exergo-economic factor (𝑓𝑒) are on the secondary y-axis of figure 3(b). Total exergy 
destruction cost has minor variations (0.18% increment) due to the reduction in total exergy destruction of the system as 
TIT increases, whereas the total cost rate of the system increases from 659.4 $/hr to 665.2 $/hr (almost 1.7% increment). 
Total cost rate is the combination of total exergy destruction cost rate and total investment cost rate of the system. The 
proposed integrated multi-generational system is examined for sustainability index and exergo- economic factor. SI 
increase from 1.59 to 1.65due to the reduction of exergy destruction that shows the safe sign for the environment, while (𝑓𝑒) 

is increased from 17.87% to 18.43% as TIT will increase from 650K to 800K. 
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Fig. 2: TIT effect on the variation of (a) Integrated and incineration efficiencies; (b) cost rate, exergy destruction cost, SI and ex-

economic factor of the proposed system 

CONCLUSIONS 

The current work deals with the thermodynamic and exergo-economic study of solar thermal integrated WtE power plant 
for various useful products including electricity, cooling/heating, fresh water and hydrogen production. The findings of 
the analysis concludes that the overall energy and exergy efficiencies of the proposed system were 21.34% and 16.64%, 
respectively and increased to almost 13.02% and 17.24%, accordingly as turbine inlet temperature varied between 650 
K and 800 K. In addition, highest exergy destruction cost is associated with the system components having greater 
irreversibilities. The utilization of WHR has substantial positive impact on the system performance and also a good sign 
for the ecology by rectifying harmful effect on the environment. 

 

REFERENCES 

[1] Khan, M. S., Huan, Q., Lin, J., Zheng, R., Gao, Z., & Yan, M. (2022). Exergoeconomic analysis and optimization of an innovative 

municipal solid waste to energy plant integrated with solar thermal system. Energy Conversion and Management, 258, 115506. 

[2] Sadi, M., & Arabkoohsar, A. (2019). Exergoeconomic analysis of a combined solar-waste driven power plant. Renewable 

energy, 141, 883-893. 

[3] H. Chen, M. Zhang, Y. Wu, G. Xu, W. Liu, and T. Liu, “Design and performance evaluation of a new waste incineration power 

system integrated with a supercritical CO2 power cycle and a coal-fired power plant,” Energy Convers. Manag., vol. 210, p. 112715, 

2020. 

[4] Khan, M. S., Huan, Q., Yan, M., Ali, M., Noor, O. U., & Abid, M. (2022). A novel configuration of solar integrated waste-to-energy 

incineration plant for multi-generational purpose: An effort for achieving maximum performance. Renewable Energy. 

Carneiro, M. L. N., & Gomes, M. S. P. (2019). Energy, exergy, environmental and economic analysis of hybrid waste-to-energy plants. 
Energy conversion and management, 179, 397-417. 

 

 

 

 

 



13th International Conference on Hydrogen Production (ICH2P-2022) 
December 11-14, 2022 

 

`  

231 
 

RESPONSE SURFACE OPTIMIZATION AND TRANSIENT ANALYSIS OF A SOLAR 
METHANE REFORMING REACTOR WITH PASSIVE THERMAL MANAGEMENT 

Yongjian Yang, Xinyuan Tang, *Weiwei Yang, Yaling He 
Key Laboratory of Thermo-Fluid Science and Engineering of MOE, School of Energy and Power Engineering, Xi’an Jiaotong 

University, Xi’an, P. R. China 
*Corresponding author e-mail: yangww@mail.xjtu.edu.cn 

 

ABSTRACT 

To improve the operation of the passive thermal managed volumetric reactor under different radiation intensities, BBD 
(Box-Behnken Design) in RSM (Response Surface Methodology) was applied to establish the Multi non-linear regression 
(MNLR) model, which could be used to predict the effect of perturbations on the response variable. By adding specific 
constraints to the factors and responses in the MNLR model, the optimal set of solutions that meet the conditions were 
obtained and analyzed. Then, the PI controller was coupled with the multi-physical model to ensure the stable operation of 
the reactor, and the relationship between the controlled condition and the characteristic of the fluctuating radiation was 
analysed. The control effect was tested under actual solar radiation, and the results show that the combination of passive 
thermal management and active control greatly improves the stability of the reactor operation. 

Keywords: Methane steam reforming, Volumetric reactor, Response surface methodology, Active control 

INTRODUCTION 

Methane steam reforming is the preferred technique presently used to produce hydrogen [1]. One of the most challenging 
problems in the methane reforming volumetric reactor is the frequent thermal transients caused by solar radiation 
fluctuation. At present, system temperature control is mainly achieved by passive thermal management and active control. 
Active control mainly includes actively adjusting parameters such as reactant flow rate through weather forecast, product 
composition detection, and system temperature measurement to ensure the safe and efficient operation of the reactor 
[2]. Passive thermal management is achieved by improving the thermal buffer capacity of the reactor through heat storage 
media such as phase change materials (PCMs) [3, 4]. However, there is little research on reactor combining the passive 
thermal management and active control. 

We have newly designed a solar volumetric reactor with passive thermal management in our previous work, as shown 
in Fig.1 (a). But the operation of the reactor and the balance of heat storage and hydrogen production needs to be further 
studied. This article studied the optimal operation of the newly designed reactor under different radiation intensities by 
response surface methodology, and the relationship between the characteristics of solar radiation fluctuation and the 
reactor control is analysed. Finally, the performance of the reactor control is tested under actual solar radiation fluctuation. 

  
(a) (b) 

Fig. 1 (a) 3D structure and (b) 2D model of the newly designed passive thermal managed reactor. 

MODELLING AND METHODS 

The 2D-axisymmetric model of the reactor is established and exhibited in Fig. 1 (b). In this study, we use the PARDISO 
solver in COMSOL to solve the coupling heat, mass transfer and thermochemical reaction kinetics equations. BBD is used 
to establish the MNLR model of the reactor operation. The response of different variables to disturbance and the optimal 
operation of the reactor in steady state under different solar radiation is investigated based on the model. The PI controller 
is coupled with the multi-physical model to ensure the stable operation of the reactor in various weather conditions, so as 
to analyse the relationship between the characteristics of fluctuating solar radiation and the controlled conditions. 
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RESULTS AND DISCUSSION 

1. Analysis and Optimization at Steady State 
The MNLR model is established by BBD to analyse the influence of the disturbances on the responses, and provide the 
database to optimize the operation of the reactor in the steady state. Based on the model, we obtain the optimal set of 
solutions for the reactor operation under specific constraints of the disturbances and responses, as shown in Fig. 2 (a).  
the optimal S/C(the inlet water/carbon ratio) is restricted between 1.8 and 2.6. Qin_CH4(the inlet CH4 flow rate) almost 
remains the same in all the optimized cases, and the increasing Qin_H2O (the inlet H2O flow rate) leads to the increasing 
Qin (the inlet flow rate). The same steps are used to optimize the reactor operation under different radiation intensities, 
and the optimized set of QH2 (the outlet H2 flow rate) under different radiation intensities are shown in Fig. 2 (b). The 
results indicate that there is an relatively optimal Qin_CH4 and an optimal interval of S/C to obtain the maximum hydrogen 
production rate in the steady state under each radiation intensity. 

 

2. Control and Optimization at Transient State 

The PI controller is coupled with the multi-physical model to ensure the stable operation of the reactor. Qin is the manipulated 
variable, and methane conversion rate is the controlled variable. Four steady states are taken as the initial conditions 
of each case, and the methane conversion rate is kept at the same level as the initial condition by PI controller. The 
endothermic and exothermic process of PCM between 1160K and 1070K constitute a complete cycle, as shown in 
Fig. 3 (a) (b). To make the reactor reach a dynamic equilibrium in the temperature range in which PCM can work 
efficiently, the PI-controlled value can be chosen by the predicted 𝜹𝜹rad in Fig. 3 (c), 𝜹𝜹rad is the radiation density, which 

refers to the proportion of time the radiation is present in a cycle. tmet is the maximum exothermic time before the PCM 

solidifies completely, and QH2 is the average H2 production rate in a complete cycle. 

 

3. Test and Analysis under Actual Radiation Fluctuation 

The control effect is tested under 2 hours of actual solar radiation fluctuation in Fig. 4 (a) with a radiation intensity of 800 
W/m2 and a radiation density of 0.72, and the controlled value of methane conversion rate can be predicted as 0.961, as 
the dotted line in Fig. 3 (c). Under the control of the PI controller, the methane conversion rate is stable at about 0.961 
with a maximum error of less than 0.1%. The average temperature of the heat storage zone fluctuates between 1160 K 
and 1070 K, indicating that the PCM in the reactor is in a solid-liquid coexistence state most of the time. The average 
hydrogen production rate is 0.059kg/h, and the hydrogen production rate within two hours is basically maintained near 
the average. 
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Fig. 4. (a) The actual solar radiation fluctuation, (b) the methane conversion rate, (c) the average temperature of heat storage 
zone, 

CONCLUSIONS 

Based on the analysis and optimization, the following conclusions have been drawn. 

(1) In order to obtain the maximum hydrogen production rate and maintain a methane conversion rate of over 90% in the steady 

state, S/C needs to be controlled within a certain range, and there is a relatively optimal inlet methane flow rate under each 

radiation intensity. 

(2) The controlled value of methane conversion rate in the PI controller can be predicted by the characteristic of radiation, which 

allows the reactor to reach a dynamic equilibrium in the temperature range in which PCM can work efficiently. 

(3) Under the actual solar radiation fluctuation, the combination of passive thermal management and active control greatly 

improves the stability of reactor operation. 
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ABSTRACT  

Depleting fossil fuels have emphasized on use of renewable energy sources. Multi-generation systems driven by 
renewables such as geothermal, biomass solar etc. have proved to be cutting-edge technologies to produce different 
useful by-products. This study proposes a novel multi-generation system using geothermal steam as its main source. 
The main outputs include power, heating, cooling, fresh water, hot water, dry air, and hydrogen. The novelty of the 
proposed model is that it not only produces electrical power but also some valuable by-products while having only one 
source of energy as input. The system consists of three subsystems which include Regenerative Rankine Cycle, Double 
effect absorption cycle and double flash desalination cycle. A significant amount of electrical power, hydrogen and fresh 
water are generated which can be used for commercial or domestic purposes. The power output is 103 MW. The thermal 
efficiency is found to be 24.42% while energetic and exergetic efficiencies are 48.72% and 37.86%, respectively. The 
coefficients of performance of energy and exergy are 1.836 and 1.678 respectively. The hydrogen and fresh water are 
produced at a rate 0.1266 kg/s and 37.6 kg/s. The system is integrated and optimized using EES to understand the 
effects of operating conditions. Keywords: Hydrogen, Geothermal, Multigeneration  

INTRODUCTION  

From the past few decades, the energy demand has increased exponentially. The increasing population and rising 
standards of living are its main causes. Studies show that the world population is increasing day by day which is resulting 
in an enhanced demand of energy [1]. With each day passed, fossil fuels are near to be drained out [2]. The world is 
now concerned to find alternative ways to produce energy. The intergovernmental panel on environmental change (IPCC) 
has warned the world if current practices are not taken into custody, the consequences would be too harsh to handle. 
The global warming has increased at a rate which is unprecedented in mankind history. Two suggestions are being made 
which include the use of renewable resources and the efficient methods to generate energy. The practice of these can 
lead us to environment friendly and cost-effective ways of producing power [3-5]. The present study presents a novel 
multi-generation system which consists of 3 subsystems, a) Regenerative Rankine Cycle which produces power, 
hydrogen, and space heating. The generated electricity can be used for domestic or commercial purposes and hydrogen 
can serve as a fuel, b) a double effect vapor absorption cycle, which produces cooling and dry air which are useful for 
domestic purposes, c) a double flash desalination cycle which distils sea water to fresh potable and hot water which are 
very useful for living beings. A comprehensive and novel approach has been carried out. This study uses an efficient 
system to carry out a detailed analysis in which mathematical modelling, parametric optimization, comparative validation 
along with exergy analysis has been done. The working conditions of all the subsystems are considered as well. A 
mathematical model solving software EES is used to carry out thermal and exergetic analysis. Exergy destruction 
analysis has also been carried out.  

SYSTEM DESCRIPTION: 

 A multigeneration system, as the name suggests, produces multiple outputs operation on a single output. The 
multigeneration system developed in this study produces hydrogen, power, fresh and hot water, space heating and 
cooling. The system consists of three subsystems named power cycle, cooling cycle and desalination cycle. The power 
cycle is Regenerative Rankine cycle, the cooling cycle is double effect vapor absorption cycle and desalination cycle is 
double flash desalination cycle in specific. The source used is dry steam with a temperature of 388 0C (661 K) and at a 
pressure of 15000 kPa. 

mailto:sheikhmuhammadalihaider6@gmail.com


13th International Conference on Hydrogen Production (ICH2P-2022) 
December 11-14, 2022 

 

`  

235 
 

 

Equations:  

Energy efficiency, exergy efficiency and overall exergy destruction of the system are calculated by Eq. 1, Eq. 2, and Eq. 
3, respectively. 
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RESULTS AND DISCUSSION  

Figure 2a shows the effect of geothermal source temperature on net work output of the system and Fig 2b shows the 
effect of geothermal source temperature on hydrogen production rate. The power output is greater because of the higher 
flow rates through the Regenerative Rankine Cycle. The efficiency of the turbine increases when the source temperature 
is increased. The reason is the increased area under the curve in t-s diagram as the fluid gets superheated at higher 
temperatures. An increase in source temperature increases power generation which ultimately results in enhanced 
hydrogen production as the PEM electrolyzer is taking power directly from the turbine. Higher the temperature higher 
would be the power generation and higher will be hydrogen production as well. 

 

CONCLUSIONS  

In this study, a novel geothermal sourced multi-generation system has been developed, simulated, validated, and 
analysed to produce power along with other by-products such as fresh water, hydrogen, heating etc. The following 
conclusions are based on the performed analysis. • This system produces 103 MW of electricity, the production capacity 
of which depends on the temperature of geothermal source. Higher the temperature, higher would be the power 
generation. • 0.1266 kg of hydrogen is produced per second through this system which can be transported and used to 
make fuel cells for automobiles or any other use as well. • Major exergy destruction areas have also been analyzed. 
Turbine has the highest exergy destruction rate in the whole system, indicating a significant entropy generation, value of 
which is 60948 kJ/s. Geothermal source temperature affects the production of fresh water and hydrogen. It increases 
the production in hydrogen generation case and vice versa in freshwater case. 

 REFERENCES  

1. World population growth over time. 2011. http://blog. dssresearch.com/? p14229. [Accessed 10 October 2022]. 
2. World energy consumption since 1820 in charts. 2012. http:// ourfiniteworld.com/2012/03/12/world- energy-

consumptionsince-1820-in-charts. [Accessed 5 December 2014]. 
3. IPCC. In: Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM, 

editors. Climate change 2013: the physical science basis. Contribution of working group I to the fifth assessment report 
of the intergovernmental Panel on climate change. Cambridge, United Kingdom and New York, NY, USA: Cambridge 
University Press; 2013. p. 1535. 

4. Cangel YA, Boles MA. Thermodynamics: An engineering approach 4th edition in SI units. Singapore (SI): McGraw-
Hill; 2002. 

5. Holmberg, K., & Erdemir, A. (2017). Influence of tribology on global energy consumption, costs and emissions. Friction, 
5(3), 263-284. 

 

 

http://blog/


13th International Conference on Hydrogen Production (ICH2P-2022) 
December 11-14, 2022 

 

`  

237 
 

RECONFIGURED METALLIC MEMBRANE TECHNOLOGY FOR MAINTANING 
HYDROGEN CONCENTRATION BELOW 4% IN FUEL DEBRIS CANISTERS 

1*Habiba Shehu1 Ifeyinwa Orakwe1, Ofasa Abunomah1, Priscilla Ogunlude1, Muktar Ramalan1, Tamunotonye 

Williamwest1, Woyintonye Igbagara1, Evans Ogoun1, Idris Hashim1, Florence Aisueni1 and Professor Edward Gobina1* 

1Centre for Process Integration and Membrane Technology, School of Engineering, Robert Gordon University, Aberdeen 
AB10 7GJ, UK 

*Corresponding Author: E-mail: e.gobina@rgu.ac.uk; Phone: +44(0)1224262348 

 

ABSTRACT  

The use of hydrogen in the energy sector has been in the headlines in recent times due to its promising future as a 
replacement for fossils and its sustainable production from a wide variety of feedstocks including traditional hydrocarbons 
derived from fossil fuel and biomass, residual hydrocarbons or wastes, and even other molecules out of the carbon cycle, 
such as ammonia or water. There are, however, other applications where the presence of hydrogen is not desired. One 
of such processes is in the storage waste streams from nuclear reactors where pressure build-up due to hydrogen gas 
generation by decomposition of water during transportation and storage of fuel debris canisters can result in catastrophic 
explosion and damage of facilities. In this research a reconfigured metallic hydrogen permeable membrane is tested to 
act as a valve on the canister lid to maintain hydrogen concentration below 4% in fuel debris canisters.  

Keywords: fuel debris, canister, waste, storage, hydrogen, metallic, membrane, nuclear power. 

INTRODUCTION 

 As part of decommissioning of Fukushima Daiichi Nuclear Power Plant (1F), Tokyo Electric Power Company (TEPCO) 
investigates how to retrieve and store fuel debris then how to transfer and store fuel debris canisters. According to the 
decommissioning of Three Mile Island Station 2 in the United States, following cases are reported that high-energy α 
rays, included in nuclear waste or fuel debris, cause hydrogen gas generation by decomposition of water during 
transportation and storage of fuel debris canisters. Hence, establishing a reliable method to maintain the hydrogen gas 
concentration below the lower explosive limit is essential to complete decommissioning 1F safely. In association with 
hydrogen energy technologies, hydrogen adsorption and hydrogen permeable membrane are well investigated all over 
the world.  

Current fuel debris canister design is presented in Figure 1. The material, storage conditions of fuel debris, etc. are as 
described below although these are subject to change according to further investigations. 

• Fuel debris canister 
o Material: SUS304 or SUS316L 
o Size: inside diameter: 220 mm; inside height: 1500 mm 
o Structure: See figure below 
o permeable membrane module is assumed to embed to canister’s lid 

• Fuel debris 

o Composition: UO2 (including fission products [FP]), zirconia alloy, stainless steel, low- alloy steel, 

Ni-based alloy, concrete, B4C, seawater, etc. 
o Particle sizes: 1-4 mm 
o Storage condition: pallet-shaped dry solid form** supposedly in an inactive gas atmosphere. 

• Environments inside fuel debris canisters 
o High-dose radiations; α ray, β ray, γ ray, etc. 
o Generation of corrosive substances, radioactive gas/dust under the influence of high- dose 

radiations 
▪ - e.g., chlorides, sulphides, Cs137, etc. 

o Internal temperature: Room temperature to 150°C 

o Gas fluidity: 2.0 mm/s (at 1000 W/m3) 
o Potentially adding of neutron adsorbent, iodine, etc. 
o Keeping dry condition 

• Storage environments for fuel debris canisters 
o Planning to be stored in a normal warehouse environment. 

• Possible approaches might include, but not limited to: 
o Hydrogen separation membrane and membrane module 
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o Hydrogen adsorption catalyst and metal 
o A novel module that can adsorb/decompose hydrogen then adsorb generated water, etc 

 

One type of hydrogen permeable membrane known to be hydrogen-selective is palladium metallic membrane. Currently, 
the main efforts are being directed and focused on reducing the cost of these type of membranes and to increase the 
mechanical strength, longevity, and manufacturing reproducibility. Two of the most studied strategies to reduce the cost 
of the membranes are: (a) optimizing the amount of palladium necessary to achieve a fully dense and conformal layer 
and (b) increasing the useful lifespan since these membranes are susceptible to suffer deactivation due to poisoning and 
cracking because of thermo-mechanical stress. Taking into account the typical equation widely used to describe the 
hydrogen permeation flux (JH2) through a Pd-based membrane (so-called Richardson equation as shown in Equation 
(1)) as function of hydrogen permeability (k), metal thickness (t) and hydrogen pressure driving force (Pn high – Pn Low), 
where Phigh is the hydrogen partial pressure inside the canister and PLow is the hydrogen partial pressure outside of the 
canister lid, it is obvious that decreasing of the metal thickness triggers an increase of the permeation capability of the 
membrane and also reduces the cost, thus making the process economically feasible. 

 

In the case where the Pd-based membrane is totally dense and free of any defects such as cracks and pinholes, the 
hydrogen permeation flux is determined by the solution-diffusion mechanism in the bulk metal and the exponential factor 
in Equation (1) takes the value n = 0.5, denoting the equation as Sieverts’ law [1]. In our reconfigured metallic membrane, 
the value of n was equal to1.0 indicating non-Sieverts’ dependence resulting in a higher JH2 at an identical temperature 
and transmembrane pressure drop than in the Sieverts’ law case. 

 

MATERIALS AND METHODS 

All chemicals used for plating (PdCl2, AgNO3, NaEDTA, and N2H4) were obtained from Sigma Aldrich, UK. Ceramic supports 
for membrane preparation were purchased from Ceramiques Techniques et Industrielles (CTI SA) France and have 45% 
porosity and 15nm. Pore size. The dip coating method was used for the palladium deposition [1,2]. The apparatus and 
method used for hydrogen permeation test is like that described in US Granted Patent, GOBINA [3]. 

 

RESULTS AND DISCUSSION 

Figure 2 shows permeate component concentration from a feed stream consisting of dry water gas shifted (WGS) dry 

reformate mixture (ca.67% H2, 32% CO2, 0.1% CO, 0.9% CH4) at 250 OC, 300 OC, and 400 OC respectively. The highest 

hydrogen purity was obtained as the ΔPH2 (transmembrane partial pressure difference of H2) was increased to 0.80 bars. 
Experimental factors however, limited the maximum pressure difference, but extrapolation indicates that a H2 purity of 

99.99% was achievable at ΔpH2 1.5 bars. The ideal separation factor obtained was about 200 over this range of ΔPH2 hence 

the n value of 1. It is noted that 100% selectivity (∞ separation factor) can only be achieved in practice if there are no 
defects or pinholes in the membrane and all sealing leaks inherently present are eliminated. 

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TGK-4MPC447-2&_mathId=mml17&_user=138221&_cdi=5257&_rdoc=1&_acct=C000011479&_version=1&_userid=138221&md5=7c84b2995162633a410545ea0378e85f
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Figure 1. Fuel debris canister design Figure 2. Permeate Purity versus pressure (Source: 

TEPCO)  drop for WGS-shifted Dry Reformate Feed 

(ca.67% H2, 32% CO2, 0.1% CO, and 0.9% 

CH4) at 250 OC, 300 OC, and 400 OC 

respectively. 

 

CONCLUSIONS AND FURTHER WORK  

By considering a reconfigured palladium membrane we have reproduced the conditions of experimental data of a specific 
metallic membrane, with a transport model that allowed for predicting the canister valve molar fraction profiles in the reactor, 
and thus the performance of the membrane as a hydrogen separation device. The results are very useful for calculating the 
optimal area and mechanical design of the permeator, in which the concentration polarization close to the membrane 
surface is not a limitation for the hydrogen permeation. Notwithstanding, a more detailed mechanistic description of the 
hydrogen transport is required to better understand the contribution of each underlying step, which even involves 
considering the presence of inhibiting species within the canister, such as steam. Future efforts will be directed towards 
implementation of a more rigorous transport mathematical description of these membranes, in which the feed side and 
permeate side of the palladium film are noticeably different because of its composite structure. Nowadays, this simplified 

hydrogen transport model can reproduce the H2 flux through composite Pd-based membranes formed by diverse stacked 

layers of ceramic and metallic thin-film with reasonable accuracy, forming the basis in evidencing future work. 
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ABSTRACT 

In this study the Vapor Absorption Cycle is powered by gas turbine. The configuration of the gas turbine used is twin spool 
and it is powered by biodiesel. Vapor absorption cycle makes use of ammonia water as a refrigerant. Biodiesel can be 
used to power the combustion chamber of the gas turbine. B20 biodiesel consists of 20% of biodiesel mixed with 80% of 
Petro diesel. B20 is manufactured in Pakistan using the plant Jakarta Falkus by Pakistan State Oil Limited. A model has 
been prepared for this cycle which identifies the energetic and exergetic efficiency. Using EES at different state points, 
pressure, temperature, enthalpy, entropy, mass fraction, and quality is obtained using thermodynamic principles. At 
different mass flow rates of the gas turbine, different amount of electrical energy was obtained. Similarly, the change in 
mass flow rate caused change in temperature across the vapor absorption cycle. This variation in temperature across 
the generator causes change in COP. To get the maximum efficiency across the vapor absorption cycle, the mass flow 
rate across gas turbine has been optimized. Finally, at different mass flow rate of air in the gas turbine, energetic, 
exergetic, COP, and heat absorption of vapor absorption cycle trend is plotted. Hydrogen is produced from electrolysis 
through energy produced from gas turbine. 

Keywords: Gas turbine cycle, EES modelling, Vapor Absorption Cycle, Electrolysis, Hydrogen 

production 
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ABSTRACT 

In this study, a novel multigeneration system is proposed. The system will utilize solar energy coupled with plastic waste 
pyrolysis as the main sources of energy to produce hydrogen, electricity, heating, and cooling. Plastic wastes is a major 
environmental challenge, and the system presented in this study aims to propose a viable and environmentally benign 
solution through multigeneration. Hydrogen production is emphasized in this study, as hydrogen is the most 
environmentally friendly fuel that can contribute to achieving future sustainability goals. The reference case for the 
proposed system shows energy and exergy efficiencies of 11.17% and 8.61%, respectively, while hydrogen production 
rate is calculated at 1.53 kg/s. 

Keywords: Hydrogen, Multigeneration, Plastic Wastes, Pyrolysis. 

INTRODUCTION 

Plastic is a synthetic organic polymer made from hydrocarbon materials. It has properties that make it useful for a wide 
range of applications. Hence, hundreds of millions of tons of plastic-based products are made annually, and more than half 
of that amount is for one-time use. Plastic wastes are the most prevalent type of waste in the world. It makes up about 80% 
of all the trash in the ocean's surface waters and sediments. In Canada, 3 million tons of plastic are used annually, with only  
9% of that amount being recycled [1]. Untreated plastic waste contributes to environmental concerns like global warming 
and marine life complications while at the same time posing a serious threat to human health [2]. Natural decay for plastic 
wastes could take up to thousands of years. Accordingly, it is vital to establish an effective and efficient waste management 
system for plastic wastes. Plastics are high-energy-density materials, and as such, they can be used as fuel for different 
energy systems. In this paper, a multigeneration integrated system based on plastic wastes pyrolysis is proposed. Plasma 
pyrolysis will be applied to thermally decompose plastic waste so that it can be used as fuel to run the multigeneration 
system. For the proposed system to be economically viable, the products will be designed to serve both commercial and 
residential needs. As the system is essentially designed to propose an environmentally benign solution for plastic wastes, 
only renewable energy sources will be used. Hence, the electricity required for the plasma pyrolysis reactor will be supplied 
by a photovoltaic (PV) field. The multigeneration system will produce heating, cooling, and electricity for residential use and 
hydrogen for industrial use. Hydrogen is an environmentally friendly fuel that could be used with either fuel cells to produce 
clean electricity or combusted to produce clean thermal energy, as hydrogen combustion does not produce any greenhouse 
gasses. 

SYSTEM DESCRIPTION 

The system is designed to process 3.5% of Canada’s unrecycled plastic wastes annually, which leads to a 3 kg/s continuous  
feed of plastic waste. For the thermal decomposition of plastic wastes using a plasma pyrolysis reactor at 600 oC reactor 
temperature, 50 kW of electricity are required. A PV solar field with a total area of 250 m2 and 157 PV panels will be used 
to supply the required electricity for the plasma pyrolysis reactor. Plastic pyrolysis yields about 80% of liquid syngas and 
20% of vapor syngas. However, using Zeolite based catalyst (i.e., ZSM-5), the percentage of vapor syngas could be 
significantly enhanced. The below equation represents the thermal decomposition reaction [3 

 

The produced syngas will be at a high temperature (600 oC) and accordingly, it will be used to operate a superheated 
Rankine steam turbine cycle for electricity generation and an absorption refrigeration cycle to provide residential heating 
and cooling needs. The resulting products of the pyrolysis reactor will be 42.23% hydrogen, 18.76% methane, 36.01% 
synthetic diesel, and 3% carbon char. The synthetic diesel produced will have a lower heating value (LHV) of 31 MJ, 
which is almost 86% of fossil fuel diesel. Synthetic diesel will be processed through a combined power generation cycle. 
The combined power generation cycle will consist of a Brayton gas turbine cycle and a superheated Rankine steam 
turbine cycle. The combined power generation cycle will produce electricity that is used for residential needs. The vapor 
syngas stream, which is 69% hydrogen and 31% methane, will be processed through a hydrogen separation module 
based on a polymer electrolyte membrane (PEM) that will separate hydrogen at 0.05 V [4]. Methane is then processed 
through a methane plasma pyrolizer to be thermally cracked into hydrogen and solid carbon char. The overall hydrogen 
production rate will be 1.53 kg/s. 
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RESULTS AND DISCUSSION 

The total power generated will be 40 MW, which is sufficient to support 4,250 houses based on the average Canadian 
annual electricity consumption. Considering all system inputs and outputs, the overall energy and exergy efficiencies are 
calculated at 11.17% and 8.61%, respectively. The main reason for the low system efficiency is that the PV cells are 
designed based on commercially available panels with an efficiency of 22.1%. However, because PV panels use solar 
energy that would otherwise be wasted or, if used for thermal applications, would require a much larger capital 
investment, they are considered a viable option.  

 
For waste pyrolysis, the reactor temperature is the most significant operating parameter as it dictates the composition of 
the resulting syngas and, hence, affects the whole system efficiency and overall performance. Figure 2 studies 
parametrically the effect of changing the reactor temperature on the overall system’s energy and exergy efficiency in part 
"a," while part "b" studies the change in net electricity production and hydrogen production rate with pyrolysis reactor 
temperature. The results show that increasing the reactor temperature results in a more efficient system and produces 
more hydrogen; however, as the temperature increases, the amount of synthetic diesel produced is reduced, and hence 
the amount of electricity produced is lower at higher temperatures. 
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CONCLUSIONS 

In conclusion, plastic wastes are viable options that could be used as fuel to operate an integrated multigeneration system due 
to the huge amount of energy they contain. Solar energy could be coupled with a waste-to-energy system to generate an 
environmentally benign system that relies only on sustainable sources. Hydrogen production with plasma pyrolysis is an 
effective method as it has a very high yield rate and, if coupled with efficient hydrogen separation techniques, could yield 
high-purity hydrogen. 
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ABSTRACT 

Methanol reforming catalyst support plays a crucial role in microreactors design. Benefiting from small anisotropy and 
high specific surface area, porous catalyst supports can greatly enhance the heat mass transfer process. Triply periodic 
minimal surfaces (TPMS) are spatially smooth continuous bioinspired surfaces derived from mathematical equations, 
which can be easily programmed and controlled. With the computer-aided design and 3D print, the synthesis of customized 
TPMS porous catalyst supports offers completely different opportunities. In present study, one bioinspired Fischer-
Koch S TPMS-based monolithic catalyst support is designed and compared with the well-developed micro pin structure. 
A comparative study on heat mass transfer and reforming characteristics of the two is carried out by establishing 
mathematical physics models, coupling the surface reaction, flow and heat mass transfer processes. The results show 
the S structure effectively enhances the heat mass transfer performance and reforming efficiency over micro pin at identical 
operating conditions. Specifically, the S porous catalyst support shows a 75% reduction in flow resistance, an 87% 
improvement in heat mass transfer performance and a 10%~45% improvement in methanol conversion efficiency than micro 
pin, respectively. The present study provides a theoretical basis for the application and optimal design of porous TPMS 
methanol reforming catalyst supports. 

Keywords: Methanol steam reforming, monolithic catalyst, triply periodic minimal surface, hydrogen production, 

transport enhancement. 

INTRODUCTION 

As an excellent carbon-neutral hydrogen storage medium, green methanol creates an alternative pathway for eco-friendly 
utilization of hydrogen. The advanced microreactor technology provides an efficient way for high performance methanol 
reforming to produce hydrogen. Catalyst support plays a crucial role in microreactors. Its material and structure not only 
affect the load of catalyst, but also affect the flow and heat transfer process of reactants and products in the microchannel, 
thus affecting the reactor performance [1,2,3]. Therefore, the research on it has attracted extensive attention of 
researchers. The heat mass transfer within conventional microchannel is restricted by high anisotropy from lack of radial 
turbulence. On the contrary, porous catalyst supports, benefiting from smaller anisotropy and high specific surface area, can 
greatly enhance the heat mass transfer process within the reforming reaction. Triply periodic minimal surface (TPMS) are 
spatially smooth continuous surfaces derived from mathematical equations, which are inspired from many existed 
biological structures. These surfaces have many advantages of high specific surface area, low anisotropy, spatially 
continuous smoothness, high programmability and controllability [4]. With the rapid evolution of computer-aided porous 
structure design and high-precision additive manufacturing, the synthesis of programmable and customized TPMS porous 
catalyst supports offers completely different opportunities for high-tech methanol reformer. 

 

MODELING 

The monolithic porous catalyst support in the work is designed by Fischer-Koch S TPMS surface, which is produced by 
a level-set approximation equation in MTALAB as the following.  

 

At the solid-pore interface, pore domain and solid domain, respectively in MATLAB, the skeleton of Fischer-Koch S 
porous structure is first generated. The S type catalyst support is then generated by repeating the S lattice (size of 2×2×2 
mm) in three-dimensional space 10 times respectively (shown in Fig 1). For comparison, the micro-pin with the same 
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porosity is generated by simply repeating the micro-pin 10 times in three dimensions. Table 1 shows the detail structural 
parameters for the two designed monolithic catalyst supports.  

 

Since the loaded catalyst in the work is adopted as CuO/ZnO/Al2O3, the chemical reaction carried out in the surface of 
catalyst support is methanol steam reforming (MSR), which is described by the following dual-rate mechanism. The 
reaction kinetic parameters are derived from Purnama’s research [5] 

 

The multiphysical model of the catalyst support is developed on the following hypothesizes: 1) the flowing gas is 
continuous, compressible, steady and laminar flow; 2) the effects of gravity and heat radiation are neglected. The 
governing equations are shown as follows and detail boundary conditions of the model are shown in Fig 1. 
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RESULTS AND DISCUSSION 

Fig 2 shows the detail flow and heat transfer behaviors of S type and Pin catalyst supports. From the velocity field, it can 
be seen that S type shows directional variations and backflows. While compared to S type, the pin has more pronounced 
fluid acceleration resulting in a significant momentum loss. From the temperature fields, it is found that the S type exihibits 
higher thermal performance by reaching the reaction temperature by the 6th slice, while the pin remains apparent low 
temperature areas at the 10th slice. By calculating the friction factor and heat mass transfer performance factor, it is found 
that the S type shows a 75% reduction in flow resistance and an 87% improvement in heat mass transfer performance 
than the pin. As for the methanol conversion efficiency, Fig 3 indicates that the S type catalyst support exhibits a 10%~45% 
improvement than pin catalyst support. 

Fig. 2. Velocity and temperature fields of the two catalyst supports entrance lattice (V=24ml/min, T=523.15K, S/C=1.3). Fig. 3. 
Methanol conversion efficiency of the two catalyst supports as function of inlet methanol steam flow rate (T=523.15K, S/C=1.3). 

CONCLUSIONS 

The results of present study show that the S type TMPS-based porous catalyst support significantly enhance the overall 
heat mass transfer and hydrogen production performance by optimizing internal flow and specific surface area than well-
developed micro-pin catalyst support. Specifically, the S porous catalyst support shows a 75% reduction in flow resistance, 
an 87% improvement in heat mass transfer performance and a 10%~45% improvement in methanol conversion efficiency 
than micro pin, respectively. 
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EVALUATION OF BIO ELECTROCHEMICAL HYDROGEN PRODUCTION FROM VARIOUS 
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ABSTRACT 

A novel system comprising parabolic trough solar collector is proposed along with a concept of thermal storage tank, 
based upon useful multigenerational purposes and hydrogen production. Also, the problem of unavailability of solar 
energy during night is solved. This study is based on a comprehensive energy and exergy analysis of concentrated solar 
power based multigeneration system. A novel and unique system is configured for electric power production from Organic 
Rankine Cycle, space heating from heat recovery of condenser, space cooling from vapor absorption cycle, fresh water 
from supercritical ORC run Reverse Osmosis plant, hot water by heat rejected from refrigeration cycle’s absorber, dry 
air from air desiccant dehumidification, hydrogen production from Proton Exchange Membrane Method. The efficiency 
of system is enhanced by utilization and recovery of waste rejected heat. 
A well-insulated Thermal Storage Tank is proposed for more sustainable solar energy usage at nighttime. Molten Hitec 
salt is used as working fluid having high specific heat capacity and capable of delivering heat at night. The overall exergy 
and energy efficiencies are found to be 40 % and 60 %. The desired outputs achieved are 0.63 MW power, 0.000316 
kg/s H2, 138 tons refrigeration, 0.24 kg/s fresh water production, 0.00406 kg/s of dry air, and 1 kg/s of hot water for 
domestic use. In comparison to the similar systems, the proposed system provides superior and unique features based 
on its thermal storage concept and waste recovery methods and efficiency. 
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ABSTRACT 

Hydrogen is a high-density energy carrier suitable for power generation and direct combustion processes. It is considered 
a clean energy source due to its potential towards sustainable development. While hydrogen production is conventionally 
carried out using non-renewable fossil fuel sources, renewable and waste feedstock has been the focus of biohydrogen 
production. Among these, bioelectrochemical processes have emerged as promising technologies for biohydrogen 
production from various waste organic feedstock in recent years. This paper will examine various bioelectrochemical 
configurations investigated for bioenergy production. Energy performance, production capacities, economic and 
sustainability aspects of these configurations will be compared and discussed. Finally, technological limitations and 
process challenges to be overcome for advancing sustainable bioelectrochemical hydrogen production will be presented. 
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ABSTRACT 

Hydrogen is a high-density energy carrier suitable for power generation and direct combustion processes. It is considered 
a clean energy source due to its potential towards sustainable development. While hydrogen production is conventionally 
carried out using non-renewable fossil fuel sources, renewable and waste feedstock has been the focus of biohydrogen 
production. Among these, bioelectrochemical processes have emerged as promising technologies for biohydrogen 
production from various waste organic feedstock in recent years. This paper will examine various bioelectrochemical 
configurations investigated for bioenergy production. Energy performance, production capacities, economic and 
sustainability aspects of these configurations will be compared and discussed. Finally, technological limitations and 
process challenges to be overcome for advancing sustainable bioelectrochemical hydrogen production will be presented. 


