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ABSTRACT 

A multi-generation system, driven by photovoltaic panels, is proposed for production of 

methanol as the green fuel, and CO2 capture at the same time. Using MATLAB software 

program, the system is analysed from technical, energy, economic, and environmental points 

of view to be applied for a residential building complex in Honolulu, Hawaii, the USA. The 

impact of the fraction of produced H2 from the whole production used for green fuel production 

(XH2) is studied, and the optimal value of XH2 has been found. After that, the optimal condition 

is compared with the base case, where no green fuel happens. According to the results, for the 

whole investigated range for XH2, which covers from 0.20 to 0.50, payback period is in a very 

good range, increasing from 3.477 to 4.599 years. In addition, according to the conducted 

parametric study, the best value of XH2 is found 0.40. Using the multi-generation system in the 

optimal condition is accompanied by a trade-off. One the one hand, as an unfavourable impact, 

size of system components increases, where payback period goes up from 3.034 to 4.123 years 

compared to the base case. On the other hand, as benefits, 11.80 tons methanol is produced and 

23.19 tons CO2 has been captured in a year. The benefits are accompanied by almost 1 year 

increase in the payback period, which makes the trade-off with the favour of application of the 

optimized proposed system. Therefore, the optimized proposed system could be introduced as 

a totally justifiable system from both economic and environmental aspects. 



v 

Table of contents 

ACKNOWLEDGEMENTS ................................................................................................................... iii 

ABSTRACT ........................................................................................................................................... iv 

LIST OF TABLES ................................................................................................................................. vi 

LIST OF FIGURES .............................................................................................................................. vii 

1. Chapter 1. INTRODUCTION AND LITERATURE REVIEW ...................................................... 1 

2. Chapter 2. METHODS AND MATERIALS ................................................................................. 17 

2.1. System Description ............................................................................................................... 17 

2.2. Modelling .............................................................................................................................. 18 

2.2.1. Techno-energetic aspect ................................................................................................ 19 

2.2.2. Economic aspect ........................................................................................................... 26 

2.2.3. Environmental aspect .................................................................................................... 29 

2.3. Sizing strategy ....................................................................................................................... 29 

3. Chapter 3. CASE-STUDY ............................................................................................................ 38 

4. Chapter 4. RESULTS AND DISCUSSION .................................................................................. 41 

4.1. The impact of used H2 fraction for methanol production ...................................................... 41 

4.1.1. Number of PV panels .................................................................................................... 41 

4.1.2. Electrolyzer capacity ..................................................................................................... 42 

4.1.3. Volume of H2 tank ......................................................................................................... 43 

4.1.4. Methanol production ..................................................................................................... 44 

4.1.5. Payback period .............................................................................................................. 45 

4.1.6. Captured CO2 ................................................................................................................ 46 

4.2. The optimum share of used H2 for methanol production ...................................................... 47 

CONCLUSIONS................................................................................................................................... 51 

References ............................................................................................................................................. 52 

 

 



vi 

LIST OF TABLES 

Table 1: a  and b  coefficients used in Eq. (1) for the most common configurations of PV [26] ......... 20 

Table 2:The specifications of the system components .......................................................................... 38 

Table 3:The values of economic indicators ........................................................................................... 39 

 



vii 

LIST OF FIGURES 

Figure 1. The investigated system in the study of Sollai et al. [16] ........................................................ 3 

Figure 2. The considered configuration for using renewable energy in Ref. [17] .................................. 4 

Figure 3. The proposed polygeneration system of Ref. [18] ................................................................... 6 

Figure 4. The multi-generation unit investigated in Ref. [19] ................................................................ 7 

Figure 5. The plant for green fuel production in Ref. [20]...................................................................... 8 

Figure 6. The components of the investigated system of Ref. [21] ........................................................ 9 

Figure 7. Illustrative introduction of 4 scenarios taken into account in Ref. [22]; scenarios 1 to 4 have 

been indicated by (a) to (d), respectively. ............................................................................................. 10 

Figure 8. The cases considered in Ref. [8] ............................................................................................ 11 

Figure 9. Presented system of Ref. [23] ................................................................................................ 12 

Figure 10. Three different configuration considered in Ref. [24]; (a) Wind turbine-PV on-grid hybrid; 

(b) PV on-gird; (c) Wind turbine on gird .............................................................................................. 15 

Figure 11. Investigated system in the study of Ref. [25] ...................................................................... 16 

Figure 12. The considered solar-assisted multi-production (electricity and methanol generation). ..... 18 

Figure 13. The impact of 
2HX  on number of required PV panels ........................................................ 31 

Figure 14. Example of sizing the system in two conditions for 
2

0.40HX  ; (a) 650PVN   

(underestimation); (b) 675PVN   (correct value). ............................................................................. 33 

Figure 15. The electrical load profile for the investigated case-study .................................................. 38 

Figure 16. The impact of 
2HX  on number of required PV panels ........................................................ 42 

Figure 17. The impact of 
2HX  on electrolzyer capacity ....................................................................... 43 

Figure 18. The impact of 
2HX  on volume H2 tank ............................................................................... 44 

Figure 19. The impact of 
2HX  on methanol production ....................................................................... 45 

Figure 20. The impact of 
2HX  on payback period ............................................................................... 46 

Figure 21. The impact of 
2HX  on captured CO2 .................................................................................. 47 

Figure 22. Comparison of the base and optimal conditions; (a) Number of PV; (b) Electrolyzer capacity; 

(c) H2 tank volume; (d) Payback period; (e) Annual methanol production ; (f) Captured CO2 ; (g) Annual 

incomes; (h) Expenses (capital investment) .......................................................................................... 50 

 



viii 

Nomenclature 

Abbreviations  

PTC Parabolic trough solar collector 

LFG Landfill gas 

PEMFC Proton-exchange membrane fuel cells 

PBP Payback period 

ORC Organic Rankine cycle 

PV Photovoltaic 

PEMEC Proton-exchange membrane electrolyzer 

KCHX  Kalina cycle heat exchanger 

RES Renewable energy system 

ESS Energy storage system 

SAPM Sandia Array Performance Model 

ASEL Annual saving in electricity 

Symbols  

T  Temperature (K) 

G  Solar radiation (W.m-2) 

a  Coefficient of SAPM model (-) 

b  Coefficient of SAPM model (m-1.s) 

WS  Wind speed (m.s-1) 

W  Work (W) 

P  Power (W) or pressure (kPa) 

A  Area (m2) 

m  Mass (kg) 

F  Faraday constant (96 485.3321 sA.mol-1) 

V  Voltage (V) 

pc  The isobaric heat capacity (kJ.kg-1.K-1) 

m  Mass flow rate (kg.s-1) 

k  The isobaric to constant volume heat capacities ratios 

Vc  The constant volume heat capacity (kJ.kg-1.K-1) 

  Volume (m3) 

 The gas constant (kJ.kg-1.K-1) 

i  Current density (A.m-2) or inflation 

I  Current (A) 



ix 

x  Partial pressure 

air  Air stoichiometry 

 Concentration 

1  The coefficient of activation loss of PEMFC equation (V) 

2  The coefficient of activation loss of PEMFC equation (V.K-1) 

3  The coefficient of activation loss of PEMFC equation (V.K-1) 

4  The coefficient of activation loss of PEMFC equation (V.K-1) 

R  Resistance (Ω) 

L  Length (m) 

MM  Molar mass (kg.kmol-1) 

PW  Present worth ($) 

CF  Cash flow ($) 

d  Discount 

t Time 

IPP Initial purchase price ($) 

N Number 

Greek symbols 

  Efficiency 

  The thermal coefficient of PV (%.K-1) 

Subscripts  

PV Photovoltaic 

a Ambient 

ref The reference condition 

elz Electrolyzer 

required load The required load 

H2 Hydrogen 

V Voltage 

C Compressor 

in Inlet 

tank Tank 

max Maximum 

FC Fuel cell 

nernst Nernest (ideal fuel cell procution) 

ohmic Ohmic 



x 

activation Activation 

concentration Concentration 

H2O Water 

O2 Oxygen 

internal Internal 

MPL Methanol production line 

0 The time of 0 

capital cost Capital cost 

material cost Material cost 

O&M cost Operating and maintenance cost 

electricity cost Electricity cost 

sold material  Sold material 

CH3OH Methanol 

Superscripts  

sat Saturation  

channel Channel 



1 

1. Chapter 1. INTRODUCTION AND LITERATURE 

REVIEW  

For several decades, almost all the energy worldwide had been supplied from the fossil fuels 

[1]. However, due to a variety of motivators, a migration to the renewable energy resources has 

taken place [2]. First and foremost, the pace of increase in the demand is much higher than rate 

of finding new sources of fossil fuel [3]. In other words, they have been depleted. Second, 

consumption of fossil fuels is accompanied by considerable environmental emission, which 

has led to air pollution and climate change issues [4]. Another trigger has been oil crises and 

similar issues like Ukraine war, which has been making the point clear for the countries without 

fossil fuels that they should rely on the available sources in their own countries [5]. The energy 

received from the sun and wind and water underground, as the main types of renewable energy, 

have such benefit. Renewable energy sources could be employed to produce either power or 

heat or both of them at the same time [6]. 

Energy production from renewable energy is usually imposed lower cost compared to the fossil 

fuels, while they have more flexibility for utilization in different scales and part load conditions 

[7]. Renewable energy sources have also the advantage of being more practical for usage for 

the rural places and the areas that are far from the network, i.e., for the off-grid application [8]. 

Moreover, as it has been discussed, they impose much lower level of environmental emission 

compared to fossil fuels [9]. Nonetheless, the amount of energy production by renewable 

energy sources is not as much as the requirement in the whole time of the year [10]. Therefore, 

the deficit has to be supplied from an auxiliary source, which could be either grid or storage 

units [11]. In order not to face dispatching challenges, it is usually preferred to employ storage 

units. A storage unit saved the surplus in the energy production when the production is more 

than the requirement [12]. The saved energy on the other hand is shared during the time of 
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lower energy production [13]. Batteries and compressed air energy storage are two common 

types of storage units [14]. There is also another kind which is very popular. It is using the extra 

energy to produce fuels like hydrogen (H2) or methane (CH4) and converting it back to the 

electricity in power production shortage hours. A part of the fuel could be also extracted for 

application outside the saving-consumption cycle of the storage unit, which is known as “green 

fuel. In case the extracted part is 100%, the fuel storage system would be totally a green fuel 

production system [15]. 

Like other energy systems, most of the research and development projects have been performed 

aiming at achieving the production with the highest efficiency and lowest cost as far as possible 

at the same time. For instance, Sollai et al. [16] conducted a study for primary evaluation of a 

plant that covered electricity to methanol. The plant was able to generate 0.5 tons of methanol 

per hour, while CO2 capturing also took place. They employed water electrolysis for hydrogen 

generation and an amine-based CO2 absorption system (Figure 1). Utilizing Aspen Plus, they 

developed a process model and performed an economic analysis. The result was a levelized 

cost of 0.960 Euros per kg for fuel production, over double the international methanol price 

(450 €/t). Despite the high cost, the study indicated that changing European policies could make 

the process economically competitive in the medium term. The levelized cost of methanol was 

primarily influenced by electricity prices, electrolyzer costs, and plant capacity factors. 

As depicted in Figure 1 and indicated previously, the investigated system of Ref. [1] was a 

commercial-scale facility for e-methanol generation from hydrogen and CO2 capturing. 

Specifically, the production of green hydrogen had relied on electrolysis of water, whose 

required energy comes from the produced electricity by either wind or sun, while the extraction 

of CO2 had been achieved by isolating it from the flue gas originating from a typical 

thermoelectric power plant or an industrial facility through the use of an amine-based CO2 

capturing technology. This system had been divided into three primary segments: (1) the 
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electrolysis of water into oxygen and hydrogen via an electrolyzer (there, polymer electrolyte 

membrane (PEM) was employed), (2) the utilization of amine-based solvents for carbon 

capture, and (3) The synthesis of the fuel through direct hydrogenation of CO2 and purification 

of that afterwards. 

 

Figure 1. The investigated system in the study of Sollai et al. [16]. 

Another work has been performed by Al-Ghussain et al. [17], in which they explored the usage 

of exctra produced renewable energy to generate H2. The investigation focused on Jordan and 

employed three renewable energy sources (wind, solar photovoltaic, and a combination of 

them) in addition to Lithium-Ion battery energy storage systems (ESSs) to produce H2 through 

a PEM unit. The research revealed that the combined production achieved a demand to supply 

value of over 99%. Economically, the combined energy production was found better, requiring 

significantly lower capacities for PEM, ESS, and renewable energy system (RES) (20.66 GW, 

2542 GWh, and 23.88 GW, respectively). Furthermore, the maximum H2 production rate 

during the year was found equal to 172.1 × 103 tons and the minimum cost of H2 was calculated 

$ 1082 per ton. These findings indicated that utilizing excess renewable energy for hydrogen 

production was economically advantageous, yielding substantial annual incomes and 
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competitive hydrogen production costs, positioning it as a promising alternative to fossil fuel-

based hydrogen production in the future. 

The considered configuration for using renewable energy in Ref. [17] is shown in Figure 2. In 

that configuration, it was assumed that the hourly surplus energy generated by renewable 

energy sources (RES) was used to operate a PEM electrolyzer for H2 production. The generated 

H2 was stored in a storage unit underground. 

 

Figure 2. The considered configuration for using renewable energy in Ref. [17]. 

In the work carried out by Mousavi Rabeti et al. [18], they designed a multi-generation system 

driven by received energy from the sun and waste resources to produce power, freshwater, and 

methanol. They harnessed waste heat recovery and CO2 capture, generating power and 

methanol via hydrogen production. To produce freshwater, they integrated reverse osmosis 

distillation, multi-effect desalination, and microbial fuel cells. The study involved rigorous 

analyses and optimization using multiple algorithms. Machine learning streamlined modeling 
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and reduced optimization time. Results indicated solid waste comes from municipality enjoyed 

the highest level of cost-effectivity fuel with a 4.28-year payback period and lower 

environmental impact. Moreover, the system achieved exergy and energy efficiencies of 

23.59% and 29.25%, with significant production of freshwater, methanol, and electricity, 

Figure 3 introduced the multi-generation unit proposed in Ref. [18]. The investigated unit 

combined solar and biomass energy resources to generate power and various products. Initially, 

biomass underwent gasification, converting it into synthesis products with high-calorific-value 

by the aid of steam and air agents. These synthesis products served as a heat source for gasifier 

and Kalina cycle working with low-grade energy resources. Kalina cycle produced power by 

receiving heat from syngas in Kalina cycle heat exchanger (KCHX), utilizing a solution of  

concentrated ammonia-water. products of synthesis goes from KCHX to the Brayton gas cycle 

Combustion Chamber (CC) to generate additional power. Flue gas from the CC powered a gas 

turbine. The remaining high-temperature flue gas was used for electricity procution in the 

double-pressure organic Rankine and steam cycles. Solar power was incorporated into the 

steam Rankine cycle. Additionally, microbial fuel cells purified muddy seawater while 

generating electric power. Reverse osmosis desalination further increased freshwater 

production. 
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Figure 3. The proposed polygeneration system of Ref. [18]. 

One more study in the field has been published by Zhang et al. [19]. In that investigation, a 

novel polygeneration system was introduced, combining landfill gas (LFG) and geothermal 

energy for proction of methanol,  heating, freshwater, electricity, and cooling. Methanol 

synthesis unit was modified to enable methanol recovery without losses. Using Aspen HYSYS 

for modeling and assessing the system from an economic, energy, environmental, and exergy 

standpoints, the results were evaluated, which indicated impressive outcomes. The system 

achieved 55.46% energy efficiency, 77.29% exergy efficiency, and demonstrated negative 

emissions, with a CO2 footprint of -0.161 kg CO2/kg of production. Additionally, the economic 

analysis revealed competitive costs to produce methanol, cooling, freshwater, and heating, with 

the methanol production cost being notably lower compared to other methods. 

The system studied in Ref. [19] has been introduced in Figure 4.  In the implemented process, 

biogas obtained from landfill gas (LFG) was used to provide additional heat for warming the 

geothermal fluid. The flue gas generated by furnace served a multifaceted role, encompassing 

electricity generation, freshwater production, and cooling water generation. Additionally, CO2 
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content within the flue gas was directly applied in the hydrogenation process for methanol 

production. Conversely, the geothermal fluid, characterized by its high temperature, was 

employed in one ORC for electric power generation. The system comprised various units, such 

as purification unit, methanol synthesis, biogas combustion unit, electrolyzer, Kalina power 

cycle, desalination unit, cooling water unit, and binary geothermal power plant. 

 

Figure 4. The multi-generation unit investigated in Ref. [19]. 

Ye et al. [20] introduced a novel renewable energy driven multi-generation unit featuring an 

ORC, a double-effect LiBr absorption refrigeration, methanol synthesis, and alkaline 

electrolysis, and parabolic trough solar collector (PTC) units. The plant was able to capture 

CO2, and notably produced a cooling load of 1341 kW, and 361.34 MW of thermal energy. In 

addition, it had the potential of producing 147400 mol of 99.9% pure methanol, 283.5 million 

mol of domestic hot water, 464200 kmol of of H2, and 230600 kmol of O2The system exhibited 

impressive energy and exergy efficiencies at 76% and 22.8%, respectively. Additionally, 

without subsidies, it achieved an internal rate of return of 11.394%, with economic viability 

when methanol prices exceeded $ 363.34 per ton. This investigated multi-generation unit was 

found to be efficient and economically viable green methanol production options. 
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Figure 5 depicts the proposed in the study of Ye et al. [20]. This integrated system comprised 

6 sub-systems: (1) LiBr unit produced cooling; (2) methanol synthesis and distillation unit; (3) 

CO2 capture unit; (4) alkaline electrolyzer produced H2; (5) PTC had the duty of supplying 

ORC  thermal requirement; and (6) ORC generated power. 

 

Figure 5. The plant for green fuel production in Ref. [20]. 

Furthermore, research performed by Al-Orabi et al. [21] assessed Egypt's potential for 

production of H2 by renewable resources for islanded hydrogen and electrical load 

requirements. They utilized HOMER professional software to optimize system elements' costs 

and achieve the minimum levelized cost of energy, levelized cost of hydrogen, and net present 

cost. Three scenarios involving solar wind, PV, wind, and combined renewable energy 

resources were examined in distinct Egyptian cities. A sensitivity analysis considered variance 

of hydrogen load and reliability impacts on costs. Findings favored the wind scenario along the 
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Suez Gulf coast, with the minimum levelized cost of hydrogen and electricity ranging from $ 

3730 to $ 4130 per ton, and $ 0.308 to $ 0.353  per kWh. 

PV  and wind turbines served as  primary renewable energy resources that directly provided 

the electricity requirement by bidirectional AC/DC converter. The extra electricity produced 

during this process was directed to a PEM electrolyzer. It produced green H2 and sent it to a 

tank. This hydrogen was then utilized by a fuel cell to generate deficit in the electricity in 

renewable energy resource production shortage. Any remaining energy was allocated to the 

hydrogen load, as depicted in Figure 6.  

 

Figure 6. The components of the investigated system of Ref. [21]. 

Chaichan et al. [22] investigated a hybrid grid-connected polygeneration. The investigation 

was performed for two grid-connected and stand-alone strategies, focusing on southern 

Thailand located city of Koh Samui. HOMER software was employed for techno-economic 

assessment of the system. A number of scenarios integrating lithium-ion batteries, wind 

turbines, fuel cells, and PV with options for backup diesel generation application had been 
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proposed and investigated (Figure 7). The results highlighted feasibility of 100% renewable 

energy system, comprising substantial capacities of PV, wind power, fuel cells, and battery 

storage. The system had an NPC of 542 MUS$ and a levelized cost of $ 0.309 per kWh, making 

it a suitable solution for the island's total load demand. Economic analysis indicated feasibility 

with a 9-year payback period, a suitable feed-in-tariff of $ 0.385 per kWh, and an IRR of 10%, 

and. 

 

Figure 7. Illustrative introduction of 3 configurations taken into account in Ref. [22].   

As another example of the related investigations in the literature, Campion et al. [8] developed 

a rapid simulation methodology to dynamically analysis of a power-to-X plant from both 

technical and economic aspects, and examined biases in existing power-to-X cost estimation 

approaches. Their employed methodology optimized by taking hourly grid prices, varying 

power profiles, techno-economic data investment and operation costs into account. Their 

analysis focused on ammonia synthesis from electrolytic hydrogen generated via wind turbines, 

gird, or PV. Various weather profiles and electrolyser technologies were compared. The results 

showed that a semi-islanded setup was the most cost-effective, reducing costs by more than 

20% in comparison with the off-grid competitors. In contrast, off-grid systems using simplified 

cost estimation methods led to cost overestimations of by around 30%, with the least expensive 

(a) (b) (c) 
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setup reaching production costs of € 842 per ton. The optimal power mix consistently included 

photovoltaics with single axis tracking, occasionally combined with various kinds of onshore 

wind turbines. Fully grid-connected systems, when approximating fluctuating electricity 

prices, only slightly overestimated costs (4%) compared to advanced optimization methods. 

Their considered cases have been introduced in Figure 8, w depicting (i) weather profiles based 

on plant location, (ii) the power source for the plant, and (iii) the chosen hydrogen production 

process. 

 

Figure 8. The cases considered in Ref. [8]. 

Additionally, Al-Badi et al. [23] proposed a solution to achieve a fully renewable electric power 

supply by replacing diesel with hydrogen. They harnessed surplus energy from a PV-wind 

system to produce green hydrogen for fuel cells. The study utilized the recorded data for the 

parameters such as load profiles, wind velocity, and radiation to find an optimal configuration 
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aligning with load demand, economic feasibility, and environmental considerations. 

Employing HOMER, they assessed performance from financial and technical points of view. 

Results indicated that the hybrid proposed system (wind-PV-fuel cell) reduced CO2 

contaminants at an energy cost level of $ 0.436 per kWh, along with noise reduction. Energy 

leveized cost was also found $ 0.196 per kWh with 205,676.8 tons annual CO2 capturing. The 

study demonstrated the practicality and cost-effectiveness of utilizing solar, wind, and fuel 

cells, highlighting hydrogen as a superior long-term energy storage option compared to 

batteries. 

In Figure 9, the presented system of Ref. [23] has been schematically drawn. As seen, to fulfill 

the energy requirements of both electrolyzer and the load, solar PV panels supply the electrical 

load throughout daylight hours, while wind turbines take over throughout the night. The 

electrolyzer H2 production was sent to the tank for storage. 

 

 

Figure 9. Presented system of Ref. [23]. 

Mazzeo et al. [24] provided a research work, focusing on a PV-wind turbine grid-connected 

water electrolysis system to produce H2 on the large-scale. Their goal was to develop a precise 
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methodology for comparing the performance of wind, PV, and hybrid units for global green 

hydrogen production. Dynamic simulations using TRNSYS were employed to create a 

comprehensive dataset for combined wind turbine-PV H2 generation across various locations. 

MATLAB and Excel were used for data analysis. The study introduced dimensionless 

indicators to standardize the evaluation of such renewable-energy driven H2 production units, 

encompassing aspects like the contribution of wind and solar to the electrolyzer load, energy 

generation, and grid interactions. The methodology was applied to 28 global locations, 

providing values for these criteria during months and year and the whole green H2 production. 

This approach was claimed to be versatile, suitable for both small-scale and large-scale 

applications across diverse hydrogen demands and climatic conditions. 

Three plant configurations were examined in the study: 

A renewable hybrid plant, comprising a 50 MW PV system and a 50 MW wind turbine system 

(Figure 10a). 

A plant featuring only a 100 MW PV system (Figure 10b). 

A plant comprising solely a 100 MW WT system (Figure 10c). 

Each system incorporated an alkaline water electrolyzer system for H2 generation, with the 

nominal capacity of 24 MW per each. Additionally, the systems included AC/DC rectifiers for 

the WT system and electrical grid, along with an AC/DC stabilizing converter for the solar PV 

system. 
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(a) 

 

(b) 
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(c) 

Figure 10. Three different configuration considered in Ref. [24]; (a) Wind turbine-PV on-grid 

hybrid; (b) PV on-gird; (c) Wind turbine on gird. 

Moreover, He et al. [25] conducted a study involving three cases to optimize energy systems. 

Case 1 utilized a combination of batteries, as well as solar and wind energy resources. Two 

other cases extended the first case to include an electrolysis plant from saline water. The second 

case did not consider earnings for chemical product, while the third case did. The optimization 

criteria included the total cost and CO2 emissions, with applying k-means for annual data 

simplification and mixed integer linear programming (MILP) for optimal operation and 

modeling of capacity. According to the findings, the third case achieved 16.6% cost reduction 

and 13.2% decrease in CO2 emissions compared to Case 1. The study proposed the production 

and sale of sodium hypochlorite and H2 on remote areas through electrolysis of saline water, 

aiming to improve costs and CO2 release. 

The proposed system comprised H2 compressor and tank, batteries, diesel generators, fuel cell, 

and wind and PV electricity production units, and electrolysis unit from saline water, as 
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illustrated in Figure 11. Fuel cell, electrolysis unit, wind turbine, and PV, H2 compressor had 

been linked to DC bus, enabling the produced electricity to be directed to the load.  

 

Figure 11. Investigated system in the study of Ref. [25]. 

Reviewing the literature has demonstrated that, several valuable works have been performed 

in the field of multi-generation systems driven by renewable energy technologies. Nonetheless, 

most of them have several components, which makes the system running and availability low. 

Moreover, H2 has been the only considered green fuel in some others, while in the works 

methanol production is considered, the optimal flow rate for mass production of that has not 

been found. Consequently, the problem of this research work is defined as: 

 Is there possibility to propose a system, with fewer components for providing methanol 

as the green fuel in addition to hydrogen to achieve a better environmental impacts 

thorough capturing CO2? 

and based on the following indicated gaps, this investigation has come with two main goals: 

 First, proposing a simple multi-generation system driven by PV panels to produce 

methanol as the green fuel (the system is thought to be simple since it has much fewer 
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components compared to the available literature). Consuming CO2, the multi-

generation system for green fuel production has the ability of CO2 capture, as well. 

 Second, finding the optimal flow rate for mass production of green fuel based on 

techno-energetic, economic, and environmental criteria.  

2. Chapter 2. METHODS AND MATERIALS 

2.1.System Description 

The green fuel production system investigated in this work is schematically introduced in 

Figure 12. In the investigated system, PV panels are responsible for producing electricity. On 

the one hand, if their production is more than the required load, the excess is given to the 

hydrogen production unit. Hydrogen production unit is composed of an electrolyzer (where 

water is decomposed to hydrogen and oxygen) and a compressor (which compresses hydrogen 

to have a higher density and storing in a lower space). The produced hydrogen goes into a 

hydrogen (storage) tank.  

On the other hand, if the load is greater than the PV production, the hydrogen-assisted 

electricity production unit comes into operation. Different types of fuel cell have the potential 

of serving as the hydrogen-assisted electricity production. PEMFC is one of the most popular 

ones among the alternatives, which is considered here. The required hydrogen of PEMFC is 

supplied from the tank.  In addition to serving as a supplier for PEMFC, the stored hydrogen 

in the storage tank is used for two purposes. One is direct usage as the fuel. Another is going 

to a reactor for production of methanol. Hydrogen and CO2 take part in the reaction of 

methanol. It means consuming of CO2 and consequently, CO2 capturing. Since the generated 

power of both PEMFC and PV is direct current (DC), the system is also equipped with an 

inverter to transform DC to AC power (electrical devices need AC power supplement). 
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Figure 12. The considered solar-assisted multi-production (electricity and methanol 

generation). 

2.2.Modelling 

Three aspects are considered and modelling based on them has been performed in this study. 

They are techo-energetic, economic, and environmental view points. They are discussed in 

parts 2.2.1, 2.2.2, and 2.2.3, respectively.  
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2.2.1. Techno-energetic aspect 

In this part, the details of techno-energetic modelling are discussed for different components 

of system. The goal of techno-energetic modelling is determination of produced or consumed 

mass in the system, as well as required or consumed enegy. It should be indicated that since all 

the models have been widely used and validated in the literature, here, only the models are 

introduced, while for more information, including validation, the cited works are referred. 

Moreover, the case study section introduces the information about the characteristics of the 

employed components, which are employed for modelling. 

2.2.1.1.PV panels 

In order to simulate the performance of a PV, it is necessary to determine working temperature 

of that ( PVT ). PVT  is a function of ambient characteristics, as well as the received solar radiation. 

Having found PVT , power production of a PV could be estimated using a model to obtain power 

of that, which is known as electrical modelling. PVT  is an input parameter in electrical 

modelling. 

There have been a variety of approaches for simulation of a PV from thermal and electrical 

points of view. Among the available approaches, Sandia Array Performance Model (SAPM) 

and PV Watts methods are chosen for modelling. Using SAPM method, PVT  is predicted from 

Eq. (1) [26]: 

( )PV aT G exp a b WS T      (1) 

In which, G , WS , and T  are the solar radiation, wind speed, and temperature, respectively. 

The subscripts ‘PV’ and ‘a’ represent photovoltaic and ambient, respectively. a  and b  are also 

coefficients depending on the used materials for the back and front of PV. Table 1 presents the 

values of them for the most common configurations of PV.  
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Table 1: a  and b  coefficients used in Eq. (1) for the most common configurations of PV 

[26]. 

Module Mounting a b 

glass/glass open rack -3.47 -0.0594 

glass/glass close roof -2.98 -0.0471 

glass/polymer open rack -3.56 -0.075 

glass/polymer insulated back -2.81 -0.0455 

 

After determination of PVT , the produced power of that could be calculated via Eq. (2) [27]:  

 ref PV ref1 (T T ) GAPV PV ref PVW P       (2) 

Where, W ,  ,  , and A  denote power, efficiency, temperature coefficient, and area, 

respectively, while for the reference condition the subscript ‘ref’ is employed. The reference 

condition is the ambient temperature and solar radiation of 20 °C and 800 W.m-2 (it is different 

than Standard Test Condition (STC), i.e., ambient temperature and solar radiation of 25 °C and 

1000 W.m-2), respectively.  

2.2.1.2.Polymer electrolyte membrane electrolyzer (PEMEC) 

PEMEC receives electricity, and by electrolysis of water, produces hydrogen (H2) and oxygen 

(O2). The chemical reaction of PEMEC is [28]: 

2 2 2

1

2
H O electricity H O    (3) 

In case there is excess electricity, it goes to electrolyzer to produce H2, or mathematically 

speaking [29]: 

0 PV required load

elz

PV required load required load PV

if W W
W

W W if W W

 
 

 
 (4) 

Therefore, the amount of generated H2 (
2 ,H elzm ) is [30]: 
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2 ,
2

elz
H elz

elz

W
m

FV
  (5) 

In Eq. (5) the subscript ‘elz’ shows the electrolyzer, while W  and V  are the power (electricity) 

and voltage, respectively. Additionally, F  represents the Faraday constant, which is equal to 

96 485.3321 sA.mol-1. Since both 
elzW  and F  are known, 

2 ,H elzm  could be obtained if elzV  is 

also determined. In order to determine elzV  Eq. (6) is utilized [31]: 

,

1.25
elz

V elz

V


  (6) 

In Eq. (6), 
,V elz  is the voltage efficiency of electrolyzer. 

2.2.1.3.Compressor 

The produced H2 in the electrolyzer (which is a PEMEC) is compressed before storing in the 

tank. The required work (electricity) for compression (
CW ) is [32]: 

 
1

,
1

k
C in

k
C p c c

C

T
W c r m



 
  

 
 (7) 

Where ,C inT , cm  and pc  is the inlet temperature, mass flow rate and the isobaric heat capacity 

of the compressed material (here, the hydrogen), respectively. k  is also the ratio of 
pc  to Vc  

of the material which is being compressed [33]: 

p

V

c
k

c
  (8) 

. Moreover, the compression ratio and efficiency of compressor are indicated by cr  and C , 

respectively. 
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2.2.1.4.Hydrogen storage tank 

The hydrogen in the tank is stored in the gas phase. This is due to both more safety and much 

lower capital cost. The stored hydrogen could be treated as an Ideal gas. Consequently, the 

volume of the hydrogen storage tank ( tank ) would be [31]: 

2 2,max tank

tank

tank

H Hm T

P
   (9) 

. 
2 ,maxHm  is the maximum amount of H2 stored in the tank, while tankP  and tankT  are pressure 

and temperature of the stored hydrogen, respectively. While tankP  is considered as the pressure 

of H2 at the compressor outlet (i.e., the pressure losses from the compressor outlet to the tank 

is neglected), tankT  is also assumed to be equal to ambient temperature. Furthermore, 
2H
 is 

the gas constant for H2. 

2.2.1.5.Proton-exchange membrane fuel cells (PEMFC) 

In PEMFC, H2 is consumed while by electron transmission, the electricity is produced. The 

chemical reaction of a PEMFC is [34]: 

2 2 2

1

2
H O H O work heat     (10) 

This could be written for the anode and cathode parts separately in the forms of [34]: 

2 2 2H H e    

 

(11) 

2 2

1
2 2

2
H O e H O     

 

(12) 

PEMFC is employed when there is a deficit in electricity production of PV. As a result, and 

since both electrical load of building and PV power production are known for all the time steps, 

the power PEMFC should generate is known. It means, the goal of modelling PEMFC here is 
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determination of the amount of required H2 for generation of the required electricity to cover 

the deficit. Taking this point into consideration, Eq. (13) is written [34]: 

2 ,
2

FC
H FC

FC FC

W
m

V F
  (13) 

FC  is the efficiency of PEMFC and available. Additionally, F  is the Faraday constant. 

Therefore, if the working voltage of PEMFC ( FCV ) is determined, the required mass of  H2 for 

PEMFC (
2 ,H FCm ) to generate electricity of  

FCW  is found. FCV  is the Ideal voltage production 

of PEMFC subtracted by three losses, namely, ohmic, activation, and concentration voltage 

drops. Mathematically speaking [35]: 

FC nernst ohmic activation concentrationV V V V V     (14) 

The first term on the right hand-side of Eq. (14) is the Ideal voltage of PEMFC. This could be 

obtained from Eq. (15) [36]: 

 
2 2

4 51.229 8.5 10 298.15 4.3085 10 ln( ) 0.5ln( )nernst FC FC H OV T T P P            (15) 

In which, FCT , 
2HP , and 

2OP  stand for PEMFC working temperature, as well as the pressure of 

H2 and O2, respectively. Since it is an empirical equation, the parameters have a specified units, 

which are K for temperature and bar for pressure. In order to find 
2HP  and 

2OP  Eqs. (16) and 

(17) are used [36]: 

2 2

21.334

1
0.5 1

1.653
exp

H H O

satFC
H O

FC

P P
i

x
T

 
 
  
  
   

  

 (16) 

2 2 0.832

0.291
1 expsat channel FC

O H O other gases

FC

i
P P x x

T

  
    

  
 (17) 

Where P  is the total pressure. In addition, FCi  stands for the current density of PEMFC, which 

is defined as the ratio of current to the area of that [34]: 
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FC
FC

FC

I
i

A
  (18) 

. Other parameters on the right hand-side of Eqs. (16) and (17) are determined based on Eqs. 

(19) to (23), where air  is the air stoichiometry [36]: 

2

2

H Osat

H O

P
x

P
  

(19) 

 

   

210

2 35 7

2.1794 0.02953 273.15

9.183 10 273.15 1.4454 10 273.15

H OLog P T

T T 

   

       
 (20) 

, out,

, out,ln /

in hum hum

other gases other gaseschannel

other gases in hum hum

other gases other gases

x x
x

x x




  

 (21) 

 ,

20.79 1in hum sat

other gases H Ox x   (22) 

out, 21

( 1) 0.21
1

0.79

sat
hum H O

other gases
air

air

x
x









 

 (23) 

The first loss on the right hand-side of Eq. (14) is ohmic losses ( ohmicV ).  ohmicV  is computed 

using Eq. (24) [37]: 

,internalohmic FC FCV i R  (24) 

Where, ,internalFCR  is the internal resistance of PEMFC and is calculated from Eq. (25) [38]: 

,internal

,

M
FC

eff FC

L
R

A


  (25) 

. In Eq. (25), Effective area, thickness and specific resistance of membrane are indicated by  

,eff FCA , M , and L , respectively. M  is found via Eq. (26) [36]: 

 

2

2.5181.6 1 0.03 0.062
303

303
23 0.634 3 exp 4.18

FC FC

M

FC

T
i i

T
i

T



  
   

   
   

     
  

 
(26) 
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The voltage drop comes from activation losses (
activationV ) is the second loss on the right hand-

side of Eq. (14). It could be determined using Eq. (27) [36]: 

   
21 2 3 4ln lnactivation FC FC O FC FCV T T T i        

 
 (27) 

In which, 1 , 2 , 3 , and 4  are the coefficients. Moreover, 
2O
 is the concentration of O2, 

found based on Eq. (28) [36]: 

2

2

6 498
5.08 10 exp

O

O

FC

P

T


 

  
 

 (28) 

Concentration voltage drop ( concentrationV ) is the third and last loss on the right hand-side of Eq. 

(14), which is found according to Eq. (29) [36]: 

FCexp( i )concentration corr corrV M N    (29) 

Despite not having an exact physical meaning, corrM  and corrN  are the correlating terms for 

conductivity of electrolyte and gas diffusion layer porosity. Assuming that PEMFC is in 

operation always above 312.5 K, corrM  is calculated from Eq. (30) [36]: 

4 61.1 10 1.2 10 (T 273.15)corr FCM        (30) 

The unit of temperature in Eq. (30), which is an empirical one, is K. 

2.2.1.6.Methanol production line 

In order to produce methanol, a fraction of produced H2 in each hour is transmitted to a 

methanol production line. The methanol production line works by converting H2 to methanol 

(CH3(OH)) in the chemical reaction of Eq. (31): 

2 2 3 23H CO CH OH H O    (31) 

. Consequently, the amount of obtained methanol (
3 ,CH OH MPLm ) is: 



26 

3

3 2 3 2

2 2

, , , , ,

1 1

3 3

CH OH

CH OH MPL H MPL CH OH conv MPL conv MPL H MPL

H H

MM
m m MM m

MM MM
       (32) 

. Where MM stands for molar mass, and subscripts ‘MPL’, ‘H2’, and ‘CH3OH’ represent 

methanol production line, H2, and methanol, respectively. Additionally, 
,conv MPL  represents the 

conversion efficiency of methanol conversion reaction (Eq. (31)). By substituting the molar 

mass of H2 and CH3OH, which are 2 and 32 kg.kmol-1, we have:  

3 2, , ,

32

6
CH OH MPL conv MPL H MPLm m  (33) 

2.2.2. Economic aspect 

Payback period is taken into account as the most common economic performance indicator of 

an energy system, expressing that how much time takes to cover all the expenditure returns by 

the gained income. For the investigated system, on the one hand, the expenditure includes the 

initial purchase price of components in addition to the injected H2 at the beginning of system’s 

lifetime. On the other hand, the income consists of saving in the electricity (not buying that 

from the network), as well as the sold methanol to consumer. 

Although most of the expenses (expect for the operating and maintenance) are paid at the 

beginning of lifetime, the incomes come from during the time, and the time value of money 

should be considered when expenses and incomes are going to added or substracted. For a flow 

of cash (like an income), with the value of  0CF  at the beginning of lifetime, and occurs at the 

time of t from the beginning of lifetime, the present value (also known as present worth) could 

be determined from Eq. (34) [39]: 

1

0 (1 )

(1 )

t

CF t

CF i
PW

d

 



 (34) 

Eq. (34) expresses that at time of t, 0CF  is increased based on inflation of i to the amount of 

1

0 (1 )tCF i   . Nonetheless, since the money put in the bank at t=0 would increase (1 )td  
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times up to time of t, in order to determine the present value of the money 1

0 (1 )tCF i    (which 

equals to money that put in the bank at t =0), it should be divided by (1 )td . d  is the discount 

rate. 

Based on the definition, payback period is the time the present worth of income would cover 

all the expenses, or in other words, the summation of the present values of incomes and 

expenses are zero.  

On the one hand, the expenses include: 

 The summation of capital cost of the components ( capital cost

i

PW , in which the total 

number of components is assumed ‘i’) 

 The summation of the materials cost ( material cost

j

PW , which is only the bought 

hydrogen at the beginning of system utilization). 

 Operating and maintenance cost is another part of the expenses (whose summation is 

&

0

PBP

O M cost

t

PW


  until the time of payback period, as an occurring payment).  

On the other hand, the incomes are: 

 The saving in the money paid for electricity purchase from the grid (PV and PEMFC 

generated electricity is used to meet the demand of the building as discussed). 

 The money earned from selling methanol as the chemical product. 

Therefore, payback period is calculated by solving Eq. (35) for the only unknown parameter of 

PBP [39]: 
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&

0 0 0

0
PBP PBP PBP

capital cost material cost O M cost electricity saving sold methanol

i j t t t

PW PW PW PW PW
  

           

 (35) 

Eq. (35) is a complex non-linear equation based on PBP. Consequently, a numerical iterative 

method is performed to solve that. For this purpose, PBP value starts from 0 and increases by 

the step of 0.001 until the sign of the left-hand side of Eq. (35) changes from negative to 

positive. If the left-hand side of Eq. (35) does not change the sign until a pre-defined limit (here 

100 years), it is concluded that there is no payback period for the system. 

The electricity price could be expressed as the multiplication of the tariff in the electrical load 

of building. It means [39]: 

1

0
0

.(1 )

(1 )

tPBP
PBP ASEL elec

electricity saving tt
t

PW i
PW

d










   (36) 

The subscript ‘ASEL’ indicates the annual saving in electricity. Moreover, the operating and 

maintenance cost in the first year could be estimated as a percent of the initial purchase price, 

which means [39]: 

1

&
& 0

0

.(1 )

(1 )

tPBP
PBP O M OM

O M cost tt
t

X IPP i
PW

d










   (37) 

In which ‘O&M’ is used as the subscript to describe the operating and maintenance. 

Furthermore, &O MX  stands for the ratio of operating and maintenance cost to IPP. 

Similarly, for the cost of sold methanol, Eq. (38) could be used [39]: 

3

1

0
0

.(1 )

(1 )

tPBP
PBP ASM CH OH

sold methanol tt
t

PW i
PW

d










   (38) 

In Eq. (38) annual sold methanol is shown by ‘ASM’ subscript. 

As a result, Eq.  (35) could be rewritten in the form of Eq. (39) [39]: 
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3

1 1

&

0 0

1

0

.(1 ) .(1 )

(1 ) (1 )

.(1 )
0

(1 )

t t
PBP PBPO M OM ASEL elec

capital cost material cost t tt t
i j

t
PBP ASM CH OH

tt

X IPP i PW i
PW PW

d d

PW i

d

 

 





 
   

 


 



   



 

 (39) 

2.2.3. Environmental aspect 

In the reaction of methanol production (Eq. (31)), 1 mole of CO2 is consumed (captured) per 

each 3 moles of H2 usage. Therefore, the mass of captured CO2 is: 

2

2 2 2 2

2 2

, , , , ,

1 1

3 3

CO

CO MPL H MPL CO conv MPL conv MPL H MPL

H H

MM
m m MM m

MM MM
       (40) 

The molar mass values for H2 and CO2 are 2 and 44 kg.kmol-1, respectively. Hence: 

2 2, , ,

44

6
CO MPL conv MPL H MPLm m  (41) 

2.3.Sizing strategy 

Determination of the nominal capacity of each component in system is known as sizing 

procedure. The sizing procedure employed in this study is depicted in Figure 13. This figure 

indicates that: 

1. Initially, a number of adjustable parameters, such as model (product type) of each 

component are determined for the system. Having determined the model for each 

component, the specifications of that are also found from the available datasheet.  

2. Then, the consumer information, including the load profile is extracted.  

3. In addition, it is determined that how percentage of the stored hydrogen in the tank is 

going to be extracted for direct hydrogen usage as the fuel or methanol production 

(shown by 
2HX ). 
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4. The time in the year when the system is going to be installed is also specified. Here, it 

is assumed that the system would be installed at the beginning of the year, i.e., January 

1, 2022, which is also taken into account as the reference for the time. 

5. Next, a value for number of PV panels ( PVN ) is considered. The initial guess is the 

number of panels in one defined string (here is 5), while it is increased by the same 

value for the step ( PVN ) in each try and error. 

6. The procedure continues by determination of the amount of required or produced H2 at 

each time step (here, the time step is 1 hour). 

7. Having determined the amount of H2 in a year, the profile of mass in H2 in the tank is 

plotted. For consumption in PEMFC and methanol production line, negative values, 

and for generation by PEMEC, positive values are assigned at each hour and are 

considered for calculations. It starts from the beginning of the year. The minimum 

value, as well as the amount at the end of year is found. They are symbolyzed by 

2 , ,H tank minm  and 
2 , ,H tank end yearm 

, respectively. 

8. After that, 
2 , ,H tank minm  (which is a negative value) and 

2 , ,H tank end yearm 
 are compared: 

8.1. If 
2 2, , , ,H tank min H tank end yearm m  , it means the net extra H2 production in a year is able 

to make up the deficit (
2 , ,H tank minm ). It is only required to buy 

2 , ,H tank minm  and put 

in the tank at  the beginning of time. The obtained size for other components at this 

condition could be used for further analyses. 

8.2. Otherwise VPV PV PN NN   ; and coming back to step 6, the algorithm continues. 
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Figure 13. The impact of 
2HX  on number of required PV panels. 

In order to understand the indicated procedure in a better way, a condition with 
2HX  equals to 

0.40 for the investigated case is chosen, and two sizing conditions for that are investigated. 

They are for PVN  of 650 and 675, respectively. Figure 14a illustrates the hourly profile of net 

mass of H2 in the tank. As seen, the minimum net value of H2 in the tank is -386.0 kg, while 
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the corresponding value at the end of year is 153.0 kg. This means if the system operates with 

650 PV panels, at the end of the first year, the net amount of H2 produced by the system is 233 

kg (233=386-153) lower than the needs based on the requirement of consumer. In other words, 

number of PV panels could not meet the requirement of the system, and there is an 

underestimation in determination of 
PVN . 

On the other hand, the hourly profile of the net amount of H2 in the storage tank is depicted for 

the correct condition in Figure 14b. In this figure, the value at the end of the year is 372.7 kg, 

while the minimum net value is -347.4 kg. In this condition, the system has an extra H2 

production in a year so that it could cover the needs in the minimum condition. The value is 

not zero since due to being in strings consisting of 5 panels, PVN  is a multiple of 5 (

5PVN an integer  ). 
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(b) 

Figure 14. Example of sizing the system in two conditions for 
2

0.40HX  ; (a) 650PVN   

(underestimation); (b) 675PVN   (correct value). 

As mentioned before, in order to make the system feasible in running, the amount of deficit in 

the net H2 in the tank is bought and injected to the tank at the beginning of life span. Therefore, 

for the investigated condition with 
2

0.40HX   and correct sizing condition ( 675PVN  ), 347.4 

kg H2 should be purchased and injected to the tank for running system. The profile get impact 

from solar radiation as the input energy of the system, as well as the load requirement of the 

building, and it is the superposition of the two indicated effects. 

In order to understand the sizing behaviour in a better way, the monthly profile of contribution 

of PV and PEMFC to the electricity provision to the building has been provided in Figure 15 

for the system with the correct value of PV modules (675). On the winter days, the solar 

radiation is low, while the period with sun on the sky is short for each day. Therefore, the share 

of the energy consumed by buildings generated directly by PV is low. The lowest value is 

35.8% in December, which is followed by 37.0% in January. Getting closer to the months closer 

to the summer with higher solar radiation and in the region, PV contribution has an upward 
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trend. The maximum value is seen in August (64.5), and after that, June (61.5%). However, for 

July, the value is lower than the neighboring months. The reason is in this month, the load is 

much higher than them, whose excess mainly comes from the nights. Therefore, PEMFC 

should operate more, which is accompanied by an increase in its share. 

 

Figure 15. The monthly profile of contribution of PV and PEMFC to the electricity 

provision to the building. 

Additionally, the shares of PV and PEMFC in a year to the electricity provision to the building 

are also indicated in Figure 16 (the value is different than the average of monthly values plotted 

in Figure 15). This figure shows that PEMFC has the contribution of 56.7%, while PV is 

responsible for 43.3%.  
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Figure 16. The contribution of PV and PEMFC to the electricity provision to the building. 

The uninterrupted power supply of the system has been guaranteed when the summation of the 

electricity production by PV and PEMFC at each time is equal to or greater than the building 

requirement (building load) at that moment (about the availability of enough hydrogen in the 

tank, the discussion would be performed afterwards). Therefore, if the profile for (PV 

power+PEMFC power-Building load) is plotted, there should not be any minus value. The 

profile has been given in Figure 17. As seen, there is no negative value. The hydrogen in the 

tank for PEMFC has also come from electrolysis of water in electrolyzer at the hours PV has 

more power than building requirement. The excess energy production of PV than the required 

load of building is the source of energy for electrolyzer. Therefore, PV performance has been 

found sufficient to run the system. 

43.3%
56.7%

PV PEMFC
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Figure 17. The hourly profile for summation of PV and PEMFC power values subtracted by 

building load (starting from January 1st). 

Moreover, the profile of hydrogen mass in the tank during a year has been provided in Figure 

18. This figure shows that in seasons PV power supply is lower, which is the same as the time 

of building load peak, the hydrogen mass in the tank has a downward trend. The decrease comes 

from extracting hydrogen by PEMFC for meeting the building required load (in that condition, 

the extracted amount is more than production by electrolyzer). It goes up when PV power 

production increases, i.e., close to the summer in the region (when the electrolyzer production 

is more than the extracted amount by PEMFC). There is no negative value in this profile, which 

means there is always enough hydrogen in the tank for power generation by PEMFC. 
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Figure 18. The hourly profile of hydrogen mass in the tank (starting from January 1st). 

As an important finding from sizing procedure, changing the number of PV panels made a 

quantitative change but makes a qualitative difference in the approach. 

As the last point in this section, it should be indicated that in multi-generation systems, different 

strategies could be employed for sizing. Therefore, one component of two systems with 

completely identical parts might have various values when different sizing strategies are 

applied. 
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3. Chapter 3. CASE-STUDY 

A residential building complex, consisting of 100 units is considered in Honolulu, Hawaii, the 

USA (latitude and longitude of 21.3099° N and -157.8581 °W, respectably). The annual 

electrical load profile for the building is depicted in Figure 19, which is obtained using the 

reported values in the bill, and considering the factor of 0.85 for converting load of one unit to 

a number of them. Therefore, the load of a number of units would be the multiplication of the 

load of one by the number of them by the factor (0.85). The specifications of the system 

components, as well as the values of economic indicators are also introduced in Table 2 and 

Table 3, respectively. Moreover, the weather data, as well the solar radiation values throughout 

the year are extracted from the Typical Meteorological Year data, available on [40]. 

 

Figure 19. The electrical load profile for the investigated case-study. 

Table 2: The specifications of the system components. 

Component Parameter Value Reference 

PV panel 

Module type Mono crystalline [41] 

Dimensions 1.64×1.00×0.035 m3 [41] 

Nominal power 290 W [41] 

ref  17.7% [41] 
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βref -0.30 %.K-1 [41] 

ΔNPV (number of PV per string) 5 - 

Tracking status Single-axis tracking [41] 

PEMEC ,V elz  0.74 [42] 

Compressor 
cr  10 [29] 

C  0.85 [29] 

PEMFC 

FC  0.80 [29] 

L 0.036 cm [29] 

,eff FCA  25 cm2 per each cell [29] 

1  -0.9514 V [29] 

2  0.00312 V.K-1 [29] 

3  0.000074 V.K-1 [29] 

4  -0.000187 V.K-1 [29] 

Methanol 

production line 
,conv MPL  0.70 [43-45] 

Table 3: The values of economic indicators. 

Parameter Value Reference 

Operating and maintenance cost  0.02 IPP [39] 

Electricity tariff* Variable during year, from  [46] 

Inflation rate 3.1% [47] 

Discount rate 6.54% [47] 

H2 purchase price $ 3 per kg [48] 

Life time 25 years - 

Methanol sold price $ 536 per ton [49] 

IPP of PV $ 700 per kW [29] 

IPP of PEMEC $ 1000 per kW [29] 

IPP of compressor $ 1700 per kW [29] 

IPP of H2 storage tank $ 1.9 per m3 [29] 

IPP of inverter $ 280 per kWh [29] 

IPP of PEMFC $ 2418.2 per kW [29] 

IPP of methanol production line** $ 1000 per ton of nominal product [49] 
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IPP of miscellaneous parts 
0.05 of the summation of the indicated 

components 
[29] 

* It is assumed that by electricity production using PV, 15% incentive is paid. Therefore, in order to determine 

income from not buying electricity from the grid, the extracted values from the reference are multiplied by 1.15.  

** It is the average of price value for small scale production line.  
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4. Chapter 4. RESULTS AND DISCUSSION 

This part starts with finding the impact of the fraction of H2 employed to generate methanol (

2HX ) on the key performance indicators of the system. It continues by introducing the optimal 

value of 
2HX . After that, the optimal condition is compared with the base case, which is the 

system without methanol production line. 

4.1.The impact of used H2 fraction for methanol production 

In this part, the fraction of H2 used for production of green fuel (methanol), which is symbolized 

by 
2HX , is changed, and the impact of that on the key performance indicators of the system is 

found. It is performed to see whether there is an optimum value for 
2HX or not. For 

2HX , a 

range has been defined. Since there is no available range, it is defined based on the assumption. 

The range is between equal or greater than 0.20 and equal or smaller than 0.50. The system 

should meet some local requirement to the methanol, which imposes the lower limit. The local 

requirement consists of the fuels for the cars, could be estimated by multiplication of number 

of the cars by the average methanol fuel consumption by the average milage per month. On the 

other hand, the upper limit comes from the point that the excess produced extra fuel is going 

to be exported to some neighboring consumers, and those consumers have a specified 

requirement. This limit could also be determined in the same fashion as the lower limit. For 

instance, the same calculation way to obtain the amount of the required fuel for the cars could 

be utilized for the neighboring regions. However, here, the limits are determined by consulting 

by some experts in the field, whereas different values could be considered, as well. 

4.1.1. Number of PV panels 

The deficit in electrical load supplied by PEMFC is constant when 
2HX  is the same. Therefore, 

PEMFC capacity does not change by increase in 
2HX . Nonetheless, by the increase in 

2HX  
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more H2 should be produced by the electrolyzer to meet both needs of PEMFC and methanol 

production line. The required energy for production of H2 in electrolyzer comes from PV 

panels, and consequently, an upward trend in the number of PV panels have been observed. 

Figure 20 depicts the variation trend. As observed, initially, the growth rate is almost constant, 

whose result is an almost linear increment. For 
2HX  of 0.20, 0.25, 0.30, and 0.35, and 0.40, 

number of PV panels are found 545, 570, 600, 635, and 675. It indicates the increase rate of 

around 35 panels when 
2HX  goes up by 5%. However, 45 and 55 more panels should be 

installed in case 
2HX  values are 0.45 and 0.50, where number of PV panels are 720 and 780, 

respectively. 

 

Figure 20. The impact of 
2HX  on number of required PV panels. 

4.1.2. Electrolyzer capacity 

The higher amount of H2 is extracted for methanol production, the bigger capacity electrolyzer 

should be. The profile of changes has been shown in Figure 21. Since the electrolyzer capacity 

has a direct relationship to the supplied electricity, and the supplied electricity has a direct 

relationship with number of PV panels itself, electrolyzer capacity follows similar variation 

trend as number of PV. It means almost linear increase from 
2HX  of 0.20 to 0.40, and then, an 
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increasing upward variation slope when 
2HX  gets more than 0.40. When 

2HX varies from 0.20 

to 0.50 leads to getting electrolyzer capacity 66.4 kW bigger, i.e., from 134.8 to 201.2 kW. 

 

Figure 21. The impact of 
2HX  on electrolzyer capacity. 

4.1.3. Volume of H2 tank 

As discussed in the previous parts, PEMEC H2 production goes up by the increase in 
2HX . 

Nonetheless, more H2 is consumed at the moment of production by PEMEC for going to 

methanol production line. It leads to the decrease in volume of H2 storage tank, as per Figure 

22. The values of 1438.3, 1406.8, 1388.0, 1372.6, 1351.8, 1316.2, and 1287.2 are observed for 

2HX  levels of 0.20 to 0.50, respectively. For this case, the variation is composed of two linear 

decrement. The first part, between 
2HX  values of 0.20 and 0.40, and the second, is from 0.40 

to 0.50, which have the slopes of  -4.325 and -6.460 m3 per each percent of increase in 
2HX . It 

means 50% faster decrease rate in the second part compared to the first one.  
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Figure 22. The impact of 
2HX  on volume H2 tank. 

4.1.4. Methanol production 

With the increase in the amount of given H2 to the methanol production line, the more methanol 

is produced. According to Figure 23, by getting 
2HX  2.50 times more, i.e., reaching it from 

0.20 to 0.50, methanol production is improved 3.86 times, where the corresponding values are 

17.44 and 4.51 tons, respectively. Figure 23 also illustrates that, the more 
2HX , the higher 

improvement slope is seen. For instance, when 
2HX  reaches from 0.20 to 0.25, methanol 

production increase by 1.46 tons. This gets almost 2 (exactly 2.10) times more in case 
2HX  is 

changed from 0.45 to 0.50. 
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Figure 23. The impact of 
2HX  on methanol production. 

4.1.5. Payback period 

On the one hand, the bigger share for H2 usage for methanol production means greater size of 

systems components, as seen for PV panels, electrolyzer, and H2 storage tanks in Figure 20, 

Figure 21, and Figure 22, respectively. On the other hand, more 
2HX  means more methanol 

production, and higher gained income, as observed in Figure 23. Consequently, there is a trade-

off between expenses and incomes, whose outcome is getting payback period longer. Figure 

24 shows the changes profile, where for all the cases, a payback period below 5 years are seen. 

It has proven the economic justifiability of the green fuel production. The lowest value is seen 

when 
2HX  is equal to 0.20, with the payback period of 3.477 years. 

2HX has also the longest 

payback period, for which the investment is returned within 4.599 years. Like methanol 

production, the increase rate goes up by growth in 
2HX . As the examples, between 

2HX  of 0.20 

to 0.30, 0.30 to 0.40, and 0.40 to 0.50, payback period goes up by 0.276, 0.370, and 0.476 

years, respectively. 
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Figure 24. The impact of 
2HX  on payback period. 

4.1.6. Captured CO2 

The methanol production line has also the benefit of CO2 capturing. Since CO2 is consumed as 

a reactant in the reaction of production of methanol, the amount of captured CO2 has a direct 

relationship with the consumed H2, and consequently, methanol production. When 0.20 of H2 

goes for methanol production, 8.86 tons CO2 is saved. Making 
2HX  double, i.e., making it 

equal to 0.40, is accompanied by capturing 23.19 tons CO2. In case 
2HX is 0.50, CO2 capturing 

is 34.25 tons. 
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Figure 25. The impact of 
2HX  on captured CO2. 

4.2.The optimum share of used H2 for methanol production 

The conducted sensitivity analysis has shown that by increase in 
2HX , on the one hand, the 

system size, and consequently, payback period goes up. On the other hand, more methanol is 

produced, while greater amount of CO2 is captured. Therefore, a trade-off among the key 

performance indicators has been observed. Based on the conducted analysis, which indicates 

the fast enhancement in the size and expenses of the system after 
2HX  of 0.40, this value is 

introduced as the optimal value. It means that 40% of the total hydrogen production by PEMEC 

is gone for methanol production, while 60% of that is sent to the hydrogen tank for storage. As 

discussed earlier, the hydrogen in the storage tank is utilized as the fuel of PEMFC to provide 

electricity when it is necessary. 

The condition without methanol production (100% H2 usage for PEMFC) is considered as the 

base case. In other words, the base system has all the components of the proposed system except 

for the methanol production line. The base system, which is the system with only hydrogen 

production and storage (and not methanol production) is the common renewable energy driven 

system with fuel production. The optimal condition for green fuel production is compared with 
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the base case. Figure 26 provides the results of comparison for the important performance 

indicators. This figure indicates that size of the most of system components, including PV 

panels and electrolyzer, in the optimal condition compared to the base case. Based on Figure 

26a and Figure 26b, the two aforementioned parameters increases from 460 and 110.3 kW, to 

675 and 172.3 kW, which means 46.7 and 56.2% growth. On the contrary, according to Figure 

26c H2 tank volume declines from 1444.2 m3 in the base case to 1351.8 m3 in the optimal case. 

It implies -6.4% changes. Payback period gets also 35.9% longer, where the values of 3.034 

and 4.123 years are seen, respectively (Figure 26d).  

The payback period of 4.123 for the optimal condition indicates a very good economic viability. 

More information could be found by checking the values of income and expenses. The annual 

income and overall expenses for the optimal and base cases are compared in Figure 26g and 

Figure 26h. The optimal system brings more expenses and incomes at the same time. According 

to Figure 26g, the gained annual income for the base case is $ 105573, which reaches $ 111900 

for the optimal case. It indicates $ 6237 more income. Taking the point into consideration, the 

optimal system is able to produce 11.80 tons methanol per annum compared to the base case 

(Figure 26e), the income is equivalent to $ 10.4 per each kg of produced methanol in the year. 

Moreover, Figure 26g shows that the capital investment should increase by $ 122826 for the 

optimal condition compared to the base case, which means an increment of $ 1.5 per unit mass 

(kg) of methanol. The capital investment for the optimal and base case conditions are $ 418546 

and $ 295720, respectively.  

Although the expenses are high, the incomes are also noticeable, which leads to have payback 

period of 3.034 years. For energy systems, as indicated in the several works such as [29], when 

the payback period is lower than 5 years, the system could be taken into account economically 

justifiable. Another point is, not only does it cover initial capital, it also covers operating cost, 
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and they are summed using the present worth of money, as discussed in the methodology 

section. 

In conclusion, the green fuel could be produced by the optimal system with a very acceptable 

economic viability and increase in the size of system components. This point, in addition to the 

ability to capture a huge level of CO2 (23.19 tons in each year, as per Figure 26f), makes the 

system economically and environmentally viable, and tempting for investors and policy makers 

to install.  
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(e) (f) 

  

(g) (h) 

Figure 26. Comparison of the base and optimal conditions; (a) Number of PV; (b) 

Electrolyzer capacity; (c) H2 tank volume; (d) Payback period; (e) Annual methanol 

production; (f) Captured CO2 ; (g) Annual incomes; (h) Expenses (capital investment). 

0.0

11.80

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

Base OptimalA
n

n
u

a
l 

m
et

h
a

n
o
l 
p

ro
d

u
ct

io
n

 (
to

n
)

Scenario

0.00

23.19

0.00

5.00

10.00

15.00

20.00

25.00

30.00

Base Optimal

A
n

n
u

a
l 

ca
p

tu
re

d
 C

O
2

(t
o
n

)

Scenario

105573

111900

100000

102000

104000

106000

108000

110000

112000

114000

Base Optimal

A
n

n
u

a
l 

in
co

m
es

 (
U

S
D

)

Scenario

295720

418546

0

50000

100000

150000

200000

250000

300000

350000

400000

450000

500000

Base Optimal

E
x
p

en
ce

s 
(U

S
D

)

Scenario



51 

CONCLUSIONS 

Despite increasing in the size of components, and consequently, capital cost of the system, the 

proposed multi-generation system has shown a very great economic performance for all the 

investigated value of XH2, including the optimal value of that, i.e., 0.40. This is thanks to 

improvement in the first year income of the system per each kg of produced methanol, which 

covers the added value of the capital cost of system. For the optimum condition, the former is 

around $ 1.5, whereas the latter is $ 10.4 per kg of methanol. This leads to only ~1 year increase 

in the payback period, where the value goes up from 3.034 in the base case to 4.123 years for 

the optimum condition. The proposed system is also able to offer an annual methanol yield of 

11.80 tons, while capturing 23.19 CO2 has made it a much more economically friendly 

alternative compared to the base-case. 

As an idea for the future research work, the impact of changing incentives could be studied. 

Another potential subject would be changing the price of H2 and methanol and finding their 

impact on the results. Moreover, other strategies for sizing could be also taken into account, 

including allowing the system to sell electricity than the grid.   
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