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a b s t r a c t

Hydrogen, as a clean fuel of future, is always counted environmentalist. However, pro-

duction of hydrogen is not always green. Therefore, a need appeared to re-design the

processes for terminating non-renewable resource dependency, minimizing wastes,

increasing efficiency, and becoming greener. A systematic approach, Green Chemistry,

which is based on 12 principles can be an instructive. This paper aimed to investigate the

hydrogen production methods in accordance with green chemistry principles. Each

method was evaluated for 12 principles to decide if they could meet the requirements or

not. Hydrogen production methods investigated were classified under 4 groups according

to the energy sources: electrical, thermal, hybrid and biological. After an overview of the

main hydrogen production processes, we show that water electrolysis among electrical

methods, biomass gasification as being CO2 neutral among thermal methods, photo-

electrochemical production among hybrid methods and bio-photolysis and photo-

fermentation among biological methods makes hydrogen production “green”.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

In recent years the concepts of “Green Chemistry” have gained

great importance for the design of chemical products and

processes that are more environmentally friendly. The term

“Green Chemistry” was first proposed in 1991 by Paul T.

Anastas and John C. Warner from Environmental Protection

Agency (EPA) and its twelve principles were developed by the

same researchers in 1998 [1]. Green chemistry is the design of

chemical products and processes that reduce or eliminate the

use or generation of hazardous substances. The twelve prin-

ciples of Green Chemistry can be summarized as waste pre-

vention, atom economy, safer synthesis, safer products, safer

auxiliaries, energy efficiency, renewable feedstocks, deriva-

tive reduction, catalysis, degradability, pollution prevention

and accident prevention [2].

Nowadays, there are important environmental problems

due to the CO2 emissions [3]. For ages, coal, natural gas and

petroleumhave been the primary energy sources of the world;

but now they are being depleted and severely challenged by

environmental and energy needs of the growing economies of

developing world. Hydrogen is considered as a renewable and

sustainable solution for reducing global fossil fuel consump-

tion and combating global warming [4]. The purpose of pro-

ducing hydrogen as “Green Hydrogen” is to cause zero or low

environmental impact. For this purpose all CO2 and other

pollutantsmust be removed when hydrogen is extracted from

fossil fuels [5].

Not only the environmental concern, but also the increase

in energy demand inclines the researchers to develop new and

current techniques and seek new energy sources. However,

hydrogen became a prominent and a promising energy carrier
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to ensure the sustainability of modern societies. Hydrogen is a

promising future energy carrier since it is a very important

and environment friendly alternative to fossil fuels [6].

Hydrogen is counted as a green fuel since it is carbon-free

ehenceforth CO2 emission free. However, it can be produced

from a wide array of fossil fuel and sustainable energy sour-

ces, so the type of hydrogen production process determines

the emissions that will occur.

Besides being abundance in the universe, hydrogen is not

consumed like hydrocarbons; because it changes state from

water to hydrogen back and forth when used as a fuel [7].

However, production of hydrogen is not always CO2 free. There

exist various production methods such as gasification, elec-

trolysis, and biological routes while these production methods

can be performed using different feedstocks like water,

biomass, or coal [8]. Some of these routes use non-renewable

sources, some use extreme chemicals, and others have un-

knownlifecycles.Onthepurposeoffindingacleanenergy route

from the beginning of the circle to the end, a systematic

approachforanalysis isessential.Thisanalysisshouldasses the

whole production in such terms: terminating the dependency

on non-renewable resources, reducing wastes, increasing effi-

ciency or implementation of renewable sources to the systems.

In this study, a comprehensive classification of hydrogen

production methods from renewable and non-renewable

sources is presented, and these methods are discussed

whether they provide “Green Chemistry” principles. For this

purpose, well known 15 methods of hydrogen production are

classified under four main groups with respect to the energy

input and each are analysed per green chemistry's 12 princi-

ples [9]. To give a quick understanding for these principles,

each method is briefly explained in Table 1. The purpose of

this study is to determinewhich of those hydrogen production

techniques provide the principles of green chemistry. The

techniques providing the more of those principles have been

deemed to be greener.

Material and methods

There exist various methods for hydrogen production from

different raw materials and energy input options. The main

reason for focussing on hydrogen as an alternative fuel is, its

environmentally friendly properties. Fossil fuel combustion

methods have negative impacts on the environment and

nowadays, more than 85% of total primary energy con-

sumption of the world is based on these techniques [10].

Therefore, the use of hydrogen as an alternative fuel is

preferred because it is not a harmful, toxic or insecure mode

of production.

Hydrogen production from renewable energy sources and

water has previously been studied in the literature by various

authors. In Ref. [11], the methods for electrochemical-

hydrogen production assessment are conducted through

various efficiency formulations. At the same source, thermal

(primarily heat) energy-driven hydrogen production methods

are classified, by Dincer. And also, hybrid systems can meet

the required capacities, reliabilities, and temperatures when

one renewable source is not sufficient enough. Hydrogen also

can be produced by biological methods and thesemethods are

summarized by Ding et al. [12].

In this study 15 different hydrogen production methods

have been grouped under four main groups with respect to

their input energy resources. Thesemain groups are electrical,

thermal, hybrid and biological methods and these methods

have been classified by subtitles as shown in Table 2. All these

methods have been examined in terms of being able to pro-

vide 12 principles of Green Chemistry.

Results and discussion

Electrical methods

Plasma arc decomposition and electrolysis methods have

been investigated as electrical methods of hydrogen produc-

tion techniques.

Plasma arc decomposition
In the course of hydrogen production via plasma arc decom-

position method, natural gas (mostly methane) decomposes

into hydrogen and carbon dioxide as a result of thermal

plasma activity. The formation of hydrogen and carbon from

decomposition reaction of methane can be written as;

Table 1 e Green chemistry's 12 principles and their brief explanations.

Principle Explanation

1. Prevention Preventing waste is better than cleaning.

2. Atom economy To maximize the incorporation of all reagents used into the final product.

3. Less hazardous chemical synthesis Less toxic means lower hazard at workplace and to environment.

4. Designing safer chemicals At design stage, the chemical toxicity should be minimized.

5. Safer solvents and auxiliaries Solvents must be replaced with less toxic alternatives.

6. Energy efficiency Synthetic methods having equilibrium conditions at or close to Troom and

Patm.

7. Using renewable feedstocks Renewable feedstocks should be used rather than depleting sources.

8. Reducing derivatives Unnecessary derivatization should be minimized or avoided if possible,

since they require additional reagents and generate waste.

9. Catalysis Efficiency and yield of synthesis must be increased.

10. Designing for degradation At the end of the useful life, items should be easily degraded.

11. Real-time analysis In-process monitoring prior to hazardous substance formation.

12. Inherently safer chemistry Raw materials and chemicals should be inherently safe.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 2 3 3 9 5e2 3 4 0 123396

http://dx.doi.org/10.1016/j.ijhydene.2017.03.104
http://dx.doi.org/10.1016/j.ijhydene.2017.03.104


https://isiarticles.com/article/151623

