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The advantage of using aqueous methanol for hydrogen production via load-matched 

coupled solar-PEM electrolysis  

This study investigates hydrogen production via a directly coupled solar-PEM electrolysis system 

using aqueous methanol instead of water. The effect of load matching and methanol 

concentration on hydrogen production rates, electrolysis efficiency, and solar-hydrogen efficiency 

was investigated. The electrolysis efficiencies were subsequently used in simulation studies to 

estimate production costs in scaled up systems. The results show that the added hydrogen 

production associated with the methanol solutions leads to favourable hydrogen production costs 

at smaller scales. 
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1 Introduction 

Currently, over 80% of the primary world energy production comes from fossil fuels [1], our 

dependence on which has led to several local and global issues [2]. Hydrogen on the other hand 

presents greater energy content and does not yield greenhouse gases upon combustion [3ï5]. 

Hydrogen plays a critical role in the production of fertilisers and chemicals and holds great 

promise in high efficiency fuel cells [6]. Hydrogen must be obtained by splitting other compounds, 

therefore requiring energy. Around 96% of hydrogen is currently obtained from fossil fuels [7]. 

The integration of renewable energies in hydrogen production is therefore necessary to unleash 

the potential of hydrogen as a clean and versatile energy carrier.  

Water electrolysis does not produce carbon emissions, being the hydrogen produced of a high 

purity [8]. There are three main methods of electrolysis: alkaline electrolysis, solid oxide 

electrolysis cells (SOEC) and proton exchange membrane electrolysers (PEM) [9ï12]. The main 

issue with solar hydrogen is the low conversion efficiency of hydrogen production owing to the 
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two conversion steps involved. Solar hydrogen prices can therefore be greater than $11 per kg 

[5], higher than the $3 per kg recommended by the US Department of Energy (DOE) in order to 

compete with the price of fossil fuels. Some research has been undertaken on the impact of 

system design on increasing overall efficiencies when connecting solar PV to an electrolysis unit. 

One of the major areas of research is the investigation of system performance by load matching 

[13ï18].  

Figure 1. Schematic illustration of an aqueous methanol based solar-PEM electrolyser unit with 

the input and output chemicals at both the anode and the cathode. The conditions used in the 

experiments are shown. 
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Materials other than water are needed to lower overall cost and increase durability [19]. The 

electrolysis of aqueous methanol (MeOH) instead has been found to be a promising method [20ï

22]. Hydrogen production from aqueous methanol has an estimated cost 65% less than using 

water [23,24]. Also, increased Ὄ  production rates have been reported by electrolysis of aqueous 

methanol [23]. Valorisation of the carbon dioxide produced at the anode adds to its productivity 

[25]. Narayanan et al. [26], Ahmad and El Shenawy (2006) [13], Take et al. [27], and Sasikumar 

et al. (2008) [23] presented the earliest investigations on PEM aqueous methanol electrolysis, the 

focus of which being the effect of the Nafion membrane thickness, the optimal catalyst material, 

and the optimum methanol concentration. They conclude that methanol increases hydrogen 

production rates and thereby a reduction on the hydrogen production price might be achieved. 

The objective of this work is to investigate the combination of direct coupling with load matching 

between aqueous methanol electrolysis stacks with PV systems to optimise overall solar-

hydrogen efficiency.  

2 Experimental set-up and methodology 

To design and construct the solar to aqueous methanol electrolysis system, a simple design was 

implemented whereby the electrolyser unit was connected directly to the solar array, similar to 

that used by Kelly et al. (2008a), but scaled down, thereby saving on costs whilst maintaining 

project accuracy and reliability [5]. Three Sunnytech 0.5 W mini solar panels were used. Each 

individual panel was comprised of 10 cells of monocrystalline silicon with a maximum voltage of 

5 V and maximum current of 0.1 A. Since the current of a single solar panel was not enough to 

power the electrolysers, three panels were connected in parallel to increase the output of the 

system (Figure 1). As a result, the power output of the three panels in parallel became Ὅ =0.38 

A, and ὠ =5.2 V. The panels were placed facing a 500 W halogen flood light at a distance of 20 

cm, closely matched the average midday solar irradiance in Guildford, United Kingdom (510 

W/m2), during July. 

The PEM electrolysers used in the experiment were provided by Horizon Educational. They 

consist of a platinum wire catalyst at the cathode and anode with a Nafion membrane. The 

recommended power supply was 0.6 A and 1.5ï3 V. To capture the hydrogen and oxygen 

produced by the electrolyser, a tube was attached to the gas outlet nozzles. These tubes fed into 

inverse measuring cylinders that were filled with water. As the electrolyser produced hydrogen 

and oxygen/CO2, the water inside the inverse measuring cylinders was displaced allowing for 

measurements to be made. The amount of water displaced by hydrogen was measured every 30 

seconds for 5 minutes. Each experiment was performed three times to check repeatability. A 

boxplot with the repeatability data is included in Figure 2. 
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Figure 2: Analysis of experimental repeatability. Each subplot shows the three repeats of the 

same experiment. The subplots are arranged vertically by the solution used and horizontally by 

the power supply utilised. 

The first experiment simply investigated the hydrogen production of a single electrolyser using 

MeOH concentrations ranging from 0 to 14 M solutions whilst attached to a constant power supply 

of 0.6 A and 2.5 V. This experiment was completed to directly investigate the impact of MeOH 

solutions on hydrogen production under optimal conditions. In the second experiment a constant 

power supply was replaced with the solar array, thereby allowing for solar-hydrogen efficiencies 
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to be calculated. The final experiment added a second electrolyser to the system to investigate 

system optimisation via load matching whilst using varying MeOH concentrations in the 

production of hydrogen. The decision to test 0ï14 M solutions of methanol is based on the various 

optimal MeOH solutions found in research. After collecting results on the volume of water 

displaced over time, an average hydrogen production rate [ml/min] was then calculated for each 

MeOH concentration. This was converted into a production rate [g/min] so that the energy content 

of the hydrogen could be calculated [kJ/min] using the higher heating value (HHV) of hydrogen 

(141.9 kJ/g). From here, the energy content [kJ/min] was converted into Watts so that the 

efficiency of conversion of the electrolyser could be calculated from the input power of the solar 

panels and the energy stored in the hydrogen produced. The solar-hydrogen efficiency could then 

be calculated for each MeOH solution and utilised in the HOMER simulation software. The HHV 

of hydrogen was used in calculating electrolyser conversion efficiencies and not the LHV (lower 

heating value). The HHV was chosen because the electrolyser is splitting water at room 

temperature and, should there be a fuel cell to recombine the hydrogen and oxygen, the water 

produced would return to room temperature. The LHV of hydrogen corresponds to water vapour 

which was not utilised in this experiment. Furthermore, the HOMER software to be used later in 

the project required electrolyser efficiencies based on the HHV of hydrogen. 

3 Experimental results and discussion 

Table 1 shows the measured open circuit voltage ὠ  and short circuit current Ὅ  prior to the 

experiments. The maximum power point voltage ὠ  was measured in parallel across a known 

load and was found to match the rated output of the panels. The current at maximum power point 

Ὅ  was measured in series. 

Table 1. Panel output parameters.  

ὠ ὠ Ὅ ὃ ὠ  ὠ Ὅ  ὃ ὊὊ  

5.3 0.38 5.00 0.34 0.86 

 

Using these results, it was possible to calculate the fill factor ὊὊ as 

ὊὊ            (1) 

The ὊὊ is used to calculate the maximum power output of a solar cell from Ὅ  and ὠ  as 

ὖὠ Ὅὠ ὊὊ          (2) 

Having calculated the power output of the PV panel as 1.7 W, the solar conversion efficiency 

could then be calculated as 

Ὓέὰὥὶ ὅέὲὺὩὶίὭέὲ ὉὪὪὭὧὭὩὲὧώ Ϸ  
 

ρππ    (3) 

Table 2. Calculation of the solar conversion efficiency.  
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ὍὶὶὥὨὭὥὲὧὩ ὡȾά  ὖὥὲὩὰ ὃὶὩὥ ά  ὛόὶὪȢὍὶὶὥὨὭὥὲὧὩ ὡȾά  Ὓέὰὥὶ ὅέὲὺ ὉὪὪȢϷ  

500 24 12 14.167 

 

Given the rated output of the halogen flood light used in the experiment and measuring the surface 

area of the panels used, the irradiance hitting the panel at any one time was estimated at 12 W. 

The solar conversion efficiency of the panel was then calculated (results gathered in Table 2). 

The resulting overall measured solar efficiency was 14.167%. 

The rate of production was converted into g/min by multiplying the ml/min by the density of 

hydrogen at NTP (8.375 10-5 g/ml). Multiplying the hydrogen production rate [g/min] by the HHV 

of hydrogen at NTP [141 kJ/g] gives an energy content of the hydrogen produced per minute. 

This was then compared to the energy being sent to the electrolyser to give a percentage 

conversion efficiency of the electrolyser as 

ὉὰὩὧὸὶέὰώίὩὶ ὅέὲὺὩὶίὭέὲ ὉὪὪὭὧὭὩὲὧώ Ϸ  
   

   
ρππ  (4) 

The results of the experiments are gathered in Figure 3 and 4. A similar linear trend is observed 

in all the variables, with an increase at low molarities and turning points between 6 and 8 M for 

controlled supply and both PV configurations. Overall hydrogen production (Figure 3) is 

significantly lower than with the controlled power supply when the PV panel is attached to a single 

electrolyser, and the optimal MeOH concentration is seen to be 6 M in the latter case instead of 

at 8 M.  

 

Figure 3: The hydrogen production rate against solution molarity for the stacked, single panel 

and control supply configurations peaks at 8 M for the stacked electrolysers and controlled supply 

configurations and at 6 M for the single electrolyser configuration. 
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Figure 4: The energy content of produced hydrogen (a), electrolyser conversion efficiency (b) 

and overall solar to hydrogen efficiency (c) against solution molarity for the three configurations 

tested show a peak a molarity lying between 6 and 8 M. 

When directly connected to a controlled power supply, the electrolyser conversion efficiencies 

range between 61.8ï67.08% (Figure 4b). This falls within the standard electrolyser efficiencies 

for PEM electrolysers (55ï70%) [11].  

The solar-hydrogen efficiency was calculated from the solar conversion efficiency and the 

electrolyser conversion efficiencies found experimentally as 
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ὛέὰὥὶὌώὨὶέὫὩὲ ὉὪὪὭὧὭὩὲὧώ Ϸ  ὉὰὩὧὸὶέὰώίὩὶ ὩὪὪȢ  Ὓέὰὥὶ ὅέὲὺȢὉὪὪȢ  (5) 

The solar-hydrogen efficiency represents the amount of solar energy being stored in the hydrogen 

produced by electrolysis. Due to the electrolyser conversion efficiency having been calculated 

with the HHV of hydrogen, the solar-hydrogen efficiencies shown in this study are also based on 

the HHV of hydrogen. The final experiment investigated the impact of increasing the number of 

electrolysers in the stack from 1 to 2 to study if the change in load characteristics would better 

match the PV output and thereby improve the performance of the system. Figure 4 shows that 

the overall hydrogen yields are almost double those seen when using a single electrolyser and 

exceed total yields from experiments using the controlled power supply. The results indicate a 

larger difference between the highest and lowest yield values than in controlled supply conditions 

and that the 8 M solution is again the optimal concentration for hydrogen production with sharp 

decreases in production seen at higher concentrations. 

The individual electrolyser conversion efficiency drops with respect to controlled power supply 

conditions, but the combination of two electrolysers in the system compensates for this loss. In 

turn, this leads to higher solar-hydrogen efficiencies with an increase of almost 1% between pure 

water electrolysis and 8 M MeOH solution. All the experiments follow the same trend whereby 

hydrogen production increases and then sharply decreases past the optimal solution. This is 

supported by Sasikumar et al. (2008), Take et al. (2007) and Hu et al. (2007). 

Figure 4 shows that the stacked electrolyser efficiency of conversion is almost double that of the 

single electrolyser system and surpasses the efficiencies found in the controlled power supply 

system (which should return optimal efficiencies). The reason for the drastic increase in efficiency 

is the improved system design whereby adding another electrolyser in series meant that the 

overall operating voltage of the electrolysers doubled and as such better matched the MPP of the 

PV panels. This result agrees with the literature suggesting that through smarter circuit design of 

the PV panels or the electrolyser stack, a better load match can be achieved leading to better 

efficiencies [5, 15, 17]. 

The results of this study show that the majority of the improvements in solar-hydrogen efficiency 

is a result of better load matching, as this has the greatest impact on electrolysis efficiency, 

accounting for between 3.5ï4.5% of the increase in efficiency. At its optimal concentration 

however, the inclusion of aqueous methanol can improve overall solar-hydrogen efficiency by 

0.94% in comparison to pure water electrolysis. The optimal system is the 8 M MeOH solution in 

the stacked electrolyser system returning a solar-hydrogen efficiency of 9.62%. Nonetheless, one 

must bear in mind that variations in the efficiency of the process can occur because of the 

production of carbon monoxide and carbon dioxide during the electrolysis of methanol as carbon 

monoxide may react with the platinum catalyst, thus deactivating the anode. Research efforts on 

how to counteract this effect have been undertaken in the past few years [28]. On the other hand, 

the carbon dioxide can incur in further operating costs or be collected for utilization. 
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4 Simulation approach 

The overall system design using HOMER can be seen in Figure 5. When designing the theoretical 

grid system to be used with the experimental data, the first stage was to set the location of the 

system so that HOMER could recover site specific atmospheric resource data on global horizontal 

irradiance (GHI) and clearness index. Following the definition of available solar resources, the 

next stage of the design was to choose the system components. The first component considered 

was the PV array. HOMER software has numerous in-built solar panels to choose from, however, 

the PV panel chosen was the Canadian Solar DYMOND CS6X-315. This was due to its efficiency 

of 16.16% at NTP which the closest PV efficiency to those was found experimentally.  

 

Figure 5: Schematic illustration of the simulation set-up in HOMER. 

The capital cost was estimated with the price of a 4-kW system. The number of panels required 

to create a 4-kW system were multiplied by their price (£173.38). This was then added to the price 

of install, as quoted in industry (£3,900-Solar UK Ltd. July 2016). O&M costs consist only on 

cleaning the panels throughout the year. To estimate the price of larger systems, a linear trend, 

based on the calculated price of the 4-kW system was utilised. The costs were simply multiplied 

by the factor of size increase, however, in order to account for economies of scale, a scaling factor 

of 0.62 was utilised for the capital costs. Operation and maintenance costs were assumed to be 

linear. The lifetime of the panels was assumed to be 25 years with a derating factor of 80% over 


