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Abstract. Human activities generate enormous amounts of wastewater. The hy-

drogen production from this new resource has gained attention as an emergent 

technology. Incorporating photovoltaic energy production with different electrol-

ysis systems which can treat wastewaters and produce hydrogen simultaneously 

will lead to an environmentally-friendly and sustainable hydrogen production. 
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1 Introduction 

Environmental concerns regarding the high demand for energy are one major issue, as 

human civilization is accompanied by an ever-growing need for energy. There is a 

global effort to reduce greenhouse gas (GHG) emissions associated with fossil fuels, as 

their use has a tremendous destructive environmental impact, such as climate change, 

ozone layer depletion, acidification, and air pollution [1, 2]. 

In the near future, most of the energy required for human activities should be pro-

vided by incident solar radiation instead of the air combustion of fossil hydrocarbons 

or nuclear reactions. This would prevent the deleterious impact of GHG emissions on 

the environment and would also bring some additional benefits such as the promotion 

of the energy independency of nations, a reduction in the competition for access to oil 

resources and could also contribute to solving the problems associated with the treat-

ment and long-term storage of nuclear wastes, promoting an energy transition [3]. 

Implementing such an energy transition on a large scale and turning sunlight into 

renewable electricity needs an easy and affordable way to transport and store it. This 
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energy transition depends on the development of technical solutions for energy storage 

at different time and size scales. A universal chemical energy carrier which could be 

used for storage, transportation and distribution of renewable energy is required [3]. 

Gaseous hydrogen of electrolytic grade has been considered for many decades to be 

such a game-changing energy carrier. This is a by-product of brine electrolysis, but it 

can also be obtained in an efficient and affordable way through water electrolysis, while 

the Earth's atmosphere can be used as an oxygen reservoir of infinite capacity. Com-

mercial water electrolysers are found in quite varied fields in industry, but so far the 

technology has been mainly used for stationary production in view of chemical appli-

cations. Regarding energy applications, existing plants of limited size are available only 

on a demonstration scale. Future water electrolysers will have to be customized to allow 

non-stationary modes of operation. Therefore, efforts are currently being made to de-

velop hundred-MW scale systems [3]. 

In recent years, hydrogen has increasingly become an alternative energy carrier in 

the energy and automotive sectors, due to its renewable, transportable and emission-

free properties [1, 4]. Moreover, by using fuel cells, hydrogen can be converted into 

electricity and operated continuously under hydrogen and oxygen. Unlike fossil fuels, 

hydrogen is not available freely in nature as a primary fuel. This means that it must first 

be produced from its sources such as natural gas or water, and then used as an energy 

source. Currently, reforming fossil fuels is the most common process used for commer-

cial production of hydrogen, but this process has associated emissions of carbon dioxide 

(CO2) and low efficiency. Therefore, there is great interest in developing alternative 

hydrogen production processes based on water-splitting (e.g. thermolysis, thermochem-

ical, electrochemical, photochemical, photocatalytic and photoelectrochemical pro-

cesses) which are environmentally friendlier and more sustainable. Taking the current 

environmental and energy issues into account, water electrolysis can be an efficient, 

clean and promising alternative technology for hydrogen production. This technique 

could be integrated well with the available renewable sources (such as solar, wind or 

hydropower). The major limitation of large-scale water electrolysis for mass production 

of hydrogen is the rather high overpotential required for the reactions. This overpoten-

tial plus the ohmic losses in the electrolysis process make the actual potential to exceed 

the standard 1.23 V potential of water electrolysis and reach values of around 1.8-2.0 

V [4]. 

Most human and industrial activities lead to enormous wastewater generation. The 

majority of wastewater is routed for disposal in the environment without treatment, due 

to a lack of strict regulations in many developing countries. It causes a detrimental im-

pact on human health, economic productivity, freshwater resource quality and the eco-

system. Sources of wastewater generated include domestic residence, commercial prop-

erties, industrial operations and agriculture. Hence, management of this wastewater is 

necessary with safe and effective collection methods. Treatment of wastewater and re-

turning treated water back into the environment could have the least impact on the en-

vironment and ecosystem. Furthermore, wastewater is a valuable resource, which has 

more utility in generating cost-effective and valuable sustainable sources of energy, 

nutrients, organic matter, and other useful by-products. 
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2 Hydrogen production 

Due to its highest gravimetric energy density, hydrogen has been regarded as the pre-

ferred clean-energy carrier, with potentially environmentally-friendly production 

through the solar-assisted splitting of water [5, 6]. 

Due to fluctuations in renewable energy production and consumption rates, “buff-

ers” for energy storage, such as electrochemical energy conversion and storage systems 

(EECSs), are required. The most promising EECSs are redox flow cells, regenerative 

fuel cells, electrochemical conversion of CO2 (and water or H2) into fossil fuels (e.g. 

formic acid) and electrochemical capacitors. The annual consumption of hydrogen in-

creases by 6% per year. Today, hydrogen is produced mainly from fossil fuels, mostly 

natural gas reforming and coal gasification [7], so these methods result in high CO2 

emissions, and efficiency is approximately 70-75% and 45-65% respectively. A small 

percentage of hydrogen (about 4%) is produced by water electrolysis, which consumes 

substantial energy (6-7 kWh per m3 of hydrogen) [8]. 

Large amounts of pure hydrogen (99.999 vol%) can be produced using water elec-

trolysis without emissions of gaseous pollutants. For these reasons, water electrolysis 

is considered today to be the most important hydrogen-production technology. The 

main research on hydrogen energy now focuses on the development of energy-efficient 

water electrolysis systems (electrode materials, electrolytes, separators, etc.) and effec-

tive H2 storage methods required due to the low volumetric energy density of H2 [7]. 

The water-splitting reactions (Eq. (1)) are endothermic and therefore require energy, 

which can be provided by an electric current through a suitable electrochemical cell. 

 

H2O + energy → H2 + ½ O2                                           (1) 

 

Although it seems simple, the electrochemical splitting of water requires a detailed un-

derstanding of the anodic and cathodic mechanisms to achieve high rates and minimum 

electrical energy input needs.  

The hydrogen evolution reaction (HER) exchange current of Pt is at least two orders 

of magnitude higher in acid than in alkaline electrolytes. On the other hand, the oxygen 

evolution reaction (OER), may occur through various pathways and adsorbed interme-

diates. RuO2 and IrO2, alone or in combination, are often considered the reference OER 

catalysts, but neither is “ideal”. The reverse of the OER reaction is the oxygen reduction 

reaction (ORR), where molecular oxygen is reduced to water. ORR involves the same 

intermediates as the OER and is most conveniently carried out in an alkaline environ-

ment where catalysts which are more active and stable than in acid are available. There-

fore, it remains a challenge to generate catalysts (beyond Pt, Ir and Ru) for both the 

HER and OER which can exhibit selectivity, remain stable over time, and can be pro-

duced using low-cost methods in large quantities. To reduce the cost of water electrol-

ysis, substantial effort has been made to develop catalysts such as non-noble metals and 

non-metallic materials. Because high-activity Pt-based materials’ low element abun-

dance hinders their large-scale application, more cost-effective, earth-abundant cata-

lysts with long-term stability are needed for the HER. To meet the demand, a variety of 

transition metal-based catalysts, including their corresponding single atomics, alloys, 
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nitrides, phosphides, carbides, selenides, sulphides, and tellurides, have been proposed. 

Examples are ternary metal phosphides (in particular, of Co and Mo) [5, 6, 9, 10, 11, 

12, 13]. 

Water electrolysis could be carried out in different types of electrolytic systems such 

as alkaline electrolysers, PEM electrolysers, and the solid-oxide electrolysers (SOEs). 

However, using expensive materials (precious metals) in the fabrication of PEM or 

SOE electrolysers, along with their shorter lifetime, make them relatively more expen-

sive compared to the alkaline cells for small-scale H2 production systems. The current 

commercial alkaline water electrolysers mainly use aqueous solutions of sodium or po-

tassium hydroxide as the state-of-the-art electrolyte. Although alkaline water electrol-

ysis possesses an inherent low-cost characteristic, the development of large-scale hy-

drogen production systems based on this technology still needs potential improvements 

in the overall cell efficiency through reduction of the energy consumption and increase 

of the electrolyte ionic conductivity [4, 14, 15].  

The “conventional” alkaline electrolysers typically operate with cell potentials near 

2 V with a system efficiency near 60% and demonstrated lifetimes of more than 10 

years. Commercial PEM electrolysers are available in smaller sizes than alkaline elec-

trolysers with a lifetime of 5 or more years, where lifetime certainly would be a function 

of the operating temperature, resulting in increased efficiency but decreased durability 

when temperature rises. Furthermore, increased catalyst loading would cause the cost 

of the device to rise. Not only the price of the noble metals is high, but rather also 

system complexity, difficulties in scaling up, and the high cost of the membrane are the 

main disadvantages of PEM water electrolysers [9]. 

There is an incentive today to improve alkaline electrolysis over system scales larger 

than PEM electrolysis. This can be achieved in several ways: select better HER-OER 

catalysts; use system components and architectures which allow operation at high tem-

peratures and reduce system complexity, capital, and operating costs; use an anion ex-

change membrane (AEM) in place of the electrolyte, resulting in a compact system, 

such as a PEM device and free of bubble effects, with a large choice of non-PGM cat-

alysts, with low resistance and high stability [9]. 

3 Renewable energy sources  

Contributions of fossil fuels (oil, coal and gas), hydropower, nuclear power and renew-

able resources (e.g. solar and wind) to global energy demand are approximately 86%, 

6.8%, 4.43% and 2.77% respectively. Today, more than 70% of electrical energy is 

generated from fossil fuels. In fact, the burning of fossil fuels in recent decades has 

caused serious environmental problems with a huge impact on the climate change and 

global warming. Concerns about global CO2 emissions and increasing costs of fossil 

fuels are motivating the development of technologies for energy production from re-

newable resources such as wind and solar energy [7]. 

Despite most Renewable Energy Systems (RESs) being known as "good" solutions 

to produce "green" energy, they require different structures which provide different en-

ergy costs and CO2 emissions [16]. Therefore, it is necessary to identify the appropriate 
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structure for RESs to achieve energy sustainability. In the last decade, distributed en-

ergy resources (DERs) gained more attention and interest from governments because 

they are more "flexible" and have a low CO2 emission. Photovoltaic (PV) systems are 

one of the most representative DERs, and are widely used in power generation [17, 18].  

PV is expected to grow significantly as global energy transitions towards renewable 

energy, and by mid-century, PV systems will supply a large portion of the world’s en-

ergy needs beyond the power sector as the result of new electricity-to-fuel technologies. 

Most of these technologies involve the production of renewable hydrogen from inter-

mittent renewable electricity sources [19]. The production of H2 based on an energy 

mix through a system using a mini-hydro plant (MHP) and a PV system was evaluated. 

The purpose of an MHP complementary to the PV system is to supply electrical energy 

to a water electrolyser, as the PV system is an intermittent power source and only works 

with sunlight, and the study has shown its technical and economic viability [19]. In 

addition, combined photovoltaic/thermal (PV/T) systems which simultaneously pro-

duce electricity and hot water can be considered in H2 production, leading to higher 

electrical efficiency and an extended service life [20]. 

4 Wastewater electrolysis 

Industrialization demands high water and energy consumption and generates large 

amounts of wastewater. The treatment of wastewater along with the generation of re-

newable energy resources is an ideal way of tackling these problems [1, 3]. 

Recently hydrogen production from wastewater has gained attention as an emergent 

technology. Hydrogen generation can be achieved by various methods, such as dark 

fermentation, photo fermentation, bio photolysis and microbial electrolysis. Using raw 

industrial wastewater for hydrogen production can be a high energy-intensive and low-

yield process. This is because raw industrial wastewater consists of complex and recal-

citrant biodegradable compounds which hinder the hydrogen yield and specific hydro-

gen production rate. Hence, to enhance the process’s feasibility and sustainability, pre-

treatment processes such as physical, chemical, biological and mechanical ones can be 

incorporated as an additional step. The pre-treatment process accelerates the hydrogen 

generation capacity of wastewater and enriches the hydrogen yield [1, 2]. 

Electrochemical methods are used to remove various organic and inorganic species 

of pollutants from wastewater. Using electrochemical methods for the treatment of or-

ganic effluents has some advantages compared with biological or chemical methods. In 

this context, water-treatment technologies based on electrochemical advanced oxida-

tion processes (EAOPs) are more effective. This is due to the action of highly reactive 

oxygen species (ROS) such as hydroxyl radical *OH in the reaction mechanism, usually 

based on anodic oxidation (AO) or Fenton's reaction. Anodic oxidation combines high 

efficacy and simplicity, favouring the oxidative destruction of organics in waters 

through the direct action of *OH formed at the anode surface by oxidation of water via 

(Eq. (2)). 

 

M + H2O → M(*OH) + H+ + e−                                   (2) 
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In the anodic oxidation, the oxidation ability depends on the selected anode, and a wide 

variety of electrode materials have been investigated [3]. For example, dairy 

wastewater treatment was performed by electro-Fenton process [21]. Electrocoagula-

tion was investigated for the treatment of agro-industry wastewaters [22], as well as 

swine manure effluents [23].  

Electrochemical reactions, which can produce molecular hydrogen via water split-

ting, can degrade organic contaminants in water simultaneously, and the presence of 

wastewater organic matter can enhance hydrogen generation [24]. The electrooxidation 

of selected organic compounds was investigated to determine optimal process condi-

tions towards the production of hydrogen from potential wastewater sources [25]. The 

photodegradation of organic wastewater and simultaneous hydrogen evolution was 

studied, using the photo-Fenton reaction [26, 27]. The HER in black liquor electrolysis 

was performed and it was concluded that it is kinetically more favourable than alkaline 

water electrolysis [28]. MoSx was used as an electrocatalyst for HER in real acidic 

wastewaters [29]. Waste generated by the wine industry was also studied in a low-tem-

perature PEM electrolysis cell [30]. Electro hydrolysis of landfill leachates was proven 

to be an effective method for hydrogen gas production with simultaneous COD removal 

[31], as well as olive mill wastewaters [32, 33], vinegar wastewaters [34], waste anaer-

obic sludges [35], domestic wastewaters [36, 37, 38], swine wastewaters [39], chicken 

industry wastewaters [40] and cheese whey wastewaters [27]. One different approach 

is to directly electrolyse biomass wastes [41, 42]. Hydrogen gas can also be produced 

from metal-plating wastewater by electro hydrolysis (or electro-coagulation process) 

[2].  

5 Integration & related works 

Integrating wastewater treatment and hydrogen production powered by RESs can be a 

way to improve the economy of green hydrogen. This approach is shown in Fig. 1. 

 There have been a few attempts to follow this integration path. At a lab scale, the 

direct treatment of wastewater generated in a textile plant by electrolysis powered by a 

photovoltaic system was evaluated. The results were promising for that kind of 

wastewater [43]. Similar experiments were carried out by evaluating the potential to 

produce H2 through electrolysis of wastewater from ornamental-stone industries. The 

prototype of an electrolyser powered by a photovoltaic system was developed, which 

was shown to be effective in simultaneously producing H2 and treat wastewater [44]. 

In another small-scale setup, experiments to produce H2 by electrolysis powered by 

photovoltaic cells and using low-strength industrial wastewater were carried out [45, 

46]. The “Greenlysis” project  aimed to demonstrate the potential of producing H2 via 

electrolysis of wastewater, powered by renewable electricity. In this approach, a PEM 

electrolyser and the treatment units of a wastewater treatment plant are powered by PV 

panels and wind turbines [47]. Experiments at a sub-pilot-scale for H2 production from 

urban wastewater using electrolysis powered by a PV system were also carried out [48]. 
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Fig. 1. Integration of hydrogen production with wastewater treatment, renewable energy sources 

and the electricity grid. 

 

There are few examples in the literature close to the proposed integration approach, and 

the idea of using hydrogen to power the electrical grid is a new aspect in this area. This 

work is in its early stages. The authors are committed to pursuing it in the near future, 

using the PV system infrastructure already in place at the Polytechnic Institute of Tomar 

campus, aiming to study and test the viability of producing hydrogen from wastewater, 

by electrolysis powered by PV systems and using this hydrogen as fuel for different 

applications. 

6 Conclusions  

The integrated approach of hydrogen production through electrolysis of wastewater 

powered by renewable sources of electricity seems to have the potential to boost the 

hydrogen economy. The coupling of hydrogen production with wastewater treatment 

can contribute to simultaneously reducing the costs of wastewater treatment and the 

environmental impact of hydrogen production. Powering the electrolysis of wastewater 

with renewable sources of electricity can contribute to balancing the electricity grid and 

to the use of non-renewable sources, towards a full greener production of hydrogen. 
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