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Abstract 
 
The energy demand in the world is increasing due to rising amount of people and a more 
energy requiring society resulting from technical development. This is also the case for 
Brazil that is experiencing an economic upswing and its growing industry needs energy. 
Simultaneously the climate situation on earth is getting worse with increasing 
concentration of CO2 in the atmosphere resulting in a non-sustainable development. The 
fossil fuels have to be substituted to turn this negative trend. 
 
Solar energy is responsible for almost all energy sources on earth and is an almost never 
ending resource and could be the substitute to fossil fuels. This energy resource though 
requires an energy carrier because the sun is not shining continuously at a certain place 
on earth due to the rotation. Also the electric grid is not spread everywhere and for 
vehicles an electric grid would be too complicated so there a fuel is needed. Batteries as 
energy carrier are the traditional solution but their drawback is their low efficiency. 
Hydrogen is a potential energy carrier that is investigated in this work. It has a high 
heating value and has no emissions of pollutants when combusted in a fuel cell.  
 
An ecological analysis investigating pollutant emissions and ecological efficiency for 
hydrogen production by solar cells coupled to electrolysis is done and compared to steam 
reforming of natural gas that currently is the most used method for hydrogen production. 
The amount of hydrogen produced is 500 Nm3/day. The data is based on life cycle 
analyses that consider the entire chains from raw material extraction to disposal of the 
used material.  
 
The CO2 emissions are lower for solar PV electrolysis compared to steam reforming of 
natural gas. Even though the ecological efficiency for solar PV electrolysis is lower. This 
is foremost due to the fact that the efficiency of the solar cells is low currently and that 
the manufacturing of the cells require much material and energy. This is also the 
probable cause to why most of the pollutant emissions are higher for solar PV 
electrolysis than for steam reforming of natural gas. The indirect emissions associated to 
solar PV electrolysis is thus the parameter that foremost makes the solar cells currently 
less environmentally favorable than steam reforming of natural gas. Though the future 
looks promising for solar PV, the solar cells are on good way to be developed to be more 
efficient and less resource consuming in the production stage. The natural gas is also 
running out and the solar energy is not, so on a longer timeframe solar energy can be a 
substitute to steam reforming of natural gas.  
 
Sammanfattning 
 
Energibehovet i världen ökar beroende av befolkningstillväxt och ett mer energikrävande 
samhälle som ett resultat av den tekniska utvecklingen. Det här är också situationen för 
Brasilien som genomgår ett ekonomiskt uppsving och vars växande industri är i behov av 
energi. Samtidigt blir klimatsituationen i världen allt sämre med en ökande koncentration 
av koldioxid i atmosfären vilket inte är en hållbar utveckling. De fossila bränslena måste 
bytas ut för att bryta denna negativa trend.  
 
Solenergi är upphovet till i stort sett all energi på jorden och är i princip en oändlig 
energikälla och skulle kunna vara ett substitut för de fossila energislagen. Denna 
energikälla kräver dock en energibärare eftersom solen inte skiner kontinuerligt på en 



 
 

given plats beroende av jordens rotation. Elnätet täcker inte heller alla platser där energi 
efterfrågas och för fordon skulle elnätsförsörjning bli för komplex och där behövs ett 
bränsle. Batterier som energibärare är den traditionella lösningen men deras svaghet är 
den låga effektiviteten. Vätgas är en potentiell energibärare som undersöks i detta arbete. 
Vätgas har ett högt värmevärde och inga direkta utsläpp av föroreningar när den 
förbränns i en bränslecell. Däremot genererar produktion av solcellerna utsläpp indirekt.  
 
En ekologisk analys med avseende på utsläpp av föroreningar och ekologisk effektivitet 
för vätgasproduktion med solceller kopplade till elektrolys görs i detta arbete. Denna 
jämförs med den idag vanligaste metoden för framställning av vätgas, nämligen 
ångreformering av naturgas. Kvantiteten av vätgas som ska produceras är 500 Nm3/dag. 
Data som används för beräkningarna grundar sig på livscykelanalyser som beaktar hela 
förädlingskedjan från utvinning av råmaterial till återvinning och omhändertagande av 
det använda materialet.  
 
Koldioxidutsläppen är lägre för solcellselektrolys än för ångreformering av naturgas. 
Trots detta är den ekologiska effektiviteten för solcellselektrolysen lägre. Detta beror 
främst på att verkningsgraden för solceller är låg i dagsläget och att framställningen av 
solcellerna kräver mycket material och energi och därmed släpper ut mycket 
föroreningar. Detta är anledningen till varför  utläppen av de flesta föroreningar är högre 
för solcellselektrolys än för ångreformering av naturgas. De indirekta utsläppen för 
solcellselektrolysen är således den parameter som främst bidrar till att 
solcellselektrolysen i dagsläget är sämre ur miljösynpunkt än ångreformering av 
naturgas. Dock ser framtiden lovande ut för solceller, utvecklingen går mot högre 
effektivitet och mindre resurskrävande framställning. Naturgasen är på väg att sina och 
solenergin är det inte, så på längre sikt kan solcellselektrolys ersätta ångreformering av 
naturgas för vätgasproduktion.        
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1 Introduction 

1.1 The background of the project 
 
There is an ongoing bus project in Sao Paulo that has consulted UNESP to investigate a 
sustainable way of producing hydrogen. The estimated amount of hydrogen that is  
required is 500 Nm3/day to drive the buses.  
 

1.1.1 Substituting fossil fuels 

 
The energy demand in the world is expected to increase in the coming decades due to 
successive energy crisis, higher living standard and growing amount of inhabitants on 
earth. Production of energy has to become more effective and larger. Simultaneously the 
global warming caused by anthropogenic pollutant emissions to the atmosphere is 
threatening the planet and its population with melting ice sheets, increasing temperatures, 
higher sea levels, more instable climate, desertification and disturbed ecosystems. 
Besides the fact that the fossil fuels give rise to these effects they also are running out, 
for example the oil reserves. The need for alternatives to reach a sustainable development 
is thus essential. To utilize renewable energy sources like the solar radiance to produce 
hydrogen is a promising way to substitute fossil fuels. But hydrogen has to be produced 
in an economical and environmentally satisfying way. To use fossil fuels is not 
sustainable but the question is how economically feasible a renewable hydrogen energy 
production technique is and also how environmentally friendly it actually is concerning 
indirect emissions. Currently the cost for production of hydrogen from solar energy is 
significantly higher than production of hydrogen from natural gas and the indirect 
emissions associated to the manufacturing of the solar cells are believed to be substantial. 
[1, 2, 3, 8, 40] 
 

  1.1.2 The energy situation I Brazil 

Brazil focuses on being more self-supporting in the energy supply and less dependent on 
foreign countries. The politicians want to improve the energy sector by increasing the 
efficiency for the energy system and change into renewable energy.  [2, 9] 
 
Brazil has large natural assets and its industry is expanding, it is together with Russia, 
India and China a BRIC country. These are the countries in the world where economy is 
growing fastest. In Brazil the industry is growing and the endeavor should be to supply 
the increased energy demand with renewable energy. Brazil has the tenth largest energy 
consumption in the world. From late 20th century on, the energy consumption has 
increased largely with the growing industry. Petroleum is still the largest energy source 
and is intended to be changed into renewable alternatives. Compared to other countries in 
the world Brazil has a relatively large part of its energy coming from renewable sources, 
approximately 45%. The biofuel production has come far in Brazil compared to many 
other countries in the world especially biofuel from sugarcane, which is very abundant in 
the country. This was initiated by the government after the oil crisis in 1970. Brazil is the 
third largest producer of hydroelectricity in the world and hydropower together with 
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biofuels are used for production of hydrogen in the country but to use solar power for this 
has got a great potential to be produced profitably. [9]  
 
The solar radiation in Brazil varies for different regions and is greatest in the northeast. 
The prerequisites for using wind energy are also good, especially along the coast. To 
combine solar energy, wind and hydroelectric energies has good prerequisites in Brazil. 
In 2002 PRORAC was initiated by the government, this is a hydrogen program. 
(renamed 2005 ProH2). Several governmental organizations are supporting this program. 
The energy company Petrobras has also shown interest in hydrogen. The reference center 
for hydrogen energy is an association supported by the government that puts effort in the 
usage of hydrogen. In Brazil there are several organizations that develop the hydrogen 
technique and promote the use of this energy. Brazil could also be an exporter of 
hydrogen to countries that cannot provide themselves with renewable energy yet. In 
some areas of Brazil there is no possibility to neither generate nor import electricity and 
to store the energy as hydrogen and transport it to these regions is a promising option. 
The goal is to minimize and substitute the hydrogen production from fossil fuels but the 
production by solar PV electrolysis needs much improvement and research to become 
more efficient. [2], [9], [11] 
 
Brazil gets half of its natural gas from Bolivia and the natural gas is transported through 
pipelines but this is expensive and Bolivia is not an optimal trading partner. There is a lot 
of natural gas in the regions Campos and Santos that could provide the Sao Paulo region 
with natural gas for at least around 30 years and it would probably be good for the 
country to use the domestic resources. The government intends to substitute oil and 
diesel with natural gas for thermo power plants. Brazil has accepted the Kyoto Protocol 
which means that CO2 emissions should not increase. Even though the government has 
decided to establish gas thermo power plants, driven by natural gas and diesel and these 
will increase the emissions. Brazil has not got so well developed emission restrictions 
yet. [10] 

1.2 Aim of project 
 
The aim of the thesis was to estimate and analyze the ecological efficiency and pollutant 
emissions of hydrogen production for a production of 500 Nm3/day. The ecological 
efficiency is based on CO2 equivalents which were used to calculate the ecological 
efficiency.  A comparison between solar PV electrolysis and steam reforming of natural 
gas for producing hydrogen was done. An evaluation was performed of the potential of 
changing into the renewable energy source. 

1.3 Potential solution methodology 
 
The optimal solution methodology should have been to make a comprehensive LCA for 
the two different plants generating the same amount of energy. All material inputs and 
outputs should have been considered. This should have been too complex with the time 
frame given and the size of the project as well as taking notice to the budget. The most 
appropriate way of doing science is obviously to make all the previously done 
calculations again to be sure they are correct. When interpreting pollutant emission and 
impact on the environment it is common to use software like Simapro [39] for simulating 
the emissions and out of those draw conclusions of the impact. No software program was 
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unfortunately available for use. But doing experiments and using software could have 
made the results of the project more reliable and comprehensive. 
 

1.4 Solution methodology utilized 
 
The methodology to perform the analysis was based on information collection and 
literature studies in accordance with my supervisors Jose Luz Silveira at UNESP and 
Rolando Zanzi at KTH as well as students at UNESP. Calculations were done on 
pollutant emissions associated in the processes and to determine the ecologic efficiency 
formulas were used according to [12] and [4]. The data that was used to perform the 
calculations where compiled from two different LCA analyses to compare hydrogen 
production by solar PV electrolysis and steam reforming of natural gas. A third source 
together with the previously mentioned was used to analyze the ecological efficiency. In 
my study no computer simulations were made. 
 

1.5 Limitation  
 
The limitation of the work is set to analyze the production of hydrogen from “cradle to 
grave” from an ecological standpoint. This means from the radiation that reaches the PV 
cells to the gaining of hydrogen from the electrolysis. The precise system boundaries are 
described under each of the considered sources headings in chapter 3.  The utilization in 
the fuel cell is not considered and neither the economy. The PV electrolysis is compared 
to steam reforming of natural gas for producing hydrogen. Even though a comparison to 
other renewable energy sources for production of hydrogen as well as non-renewable 
would be interesting to do. No LCA has been made and the data on pollutant emissions 
are based on previously done studies. The emissions and the impact on the environment 
from PV electrolysis are mainly indirect and the investigation of their contribution to the 
emissions could be very complex and this makes the data unreliable to a certain level. 
The work is limited by the above mentioned parameters due to time and size of the 
thesis. 
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2 Theoretical background 
 

2.1 Renewable energy 
 
Energy is a fundamental requirement for societies to meet the basic needs for humans 
such as cooking, light and clean water. The society of present day also needs energy to 
much more with all the electrical equipment for comfort, communication and transport. 
When the world has experienced economic development this has been correlated to an 
increase in energy usage and this has generated more greenhouse gas emissions. The 
renewable energy sources could inhibit the emissions of greenhouse gases and provide 
the world with energy to develop. This is a sustainable development where ecosystems 
are not negatively impacted and the economy can grove even with an increasing 
population and increasing energy demand. The difference between renewable and non-
renewable energy sources is that renewable ones are replenished at the same frequency as 
they are consumed and non-renewable ones can take millions of years to replenish 
compared to the consumption rate. [13] 
 
The anthropogenic caused climate change and the earths resulting temperature increase 
since the industrialization is accepted by a majority of researchers and scientists around 
the world. The CO2 concentration has increased by around 40% since the middle of 19th   
century and is now approximately 400 ppm. [14] The increase is expected to be due to 
the use of fossil fuels like coal, oil and natural gas that releases CO2 into the atmosphere. 
A future challenge the world is facing is to continue satisfying the energy demand while 
lowering the CO2 emissions and this can be done by employing renewable energy 
sources like the sun. This will probably lead to social and economic development, a 
sustainable and secure energy source and reduction of harmful effect on health and 
environment. Subventions for the implementation of solar energy should be employed by 
politicians to facilitate the penetration for the relatively expensive technique. 
Approximately 13 % of the world’s energy need is built up of renewable energy sources 
out of which solar energy makes up only 0,1%. Hydropower is 2,3 % of the renewable 
energy and wind power contributes with 0,2 %. Oil accounts for the largest fraction of 
the energy matrix, followed by coal, gas and nuclear energy. In order to estimate if a 
renewable energy technique like the PV electrolysis is better for the environment than a 
fossil fuel energy source such as steam reforming of natural gas it is sufficient to make a 
LCA where direct as well as indirect emissions and impacts are summarized.  [15, 8, 32]  

2.2 Hydrogen as fuel 
 
Hydrogen does not generate CO2, SOx or NOx only water and energy when combusted in 
fuel cells and can be produced from solar energy and other renewable energy sources like 
wind and hydropower. Hydrogen has also a high heating value. Hydrogen is not a 
primary energy source and is an energy carrier like electricity. Hydrogen in nature is not 
found in pure form and needs to be separated to obtain pure hydrogen for fuel purpose 
and this needs energy and results in emissions of pollutants.  Renewable energy sources 
like solar, wind and hydropower suits well in combination for production of hydrogen 
because of their variable abundance to provide a more even energy supply. [19, 7] 
When there is a surplus energy supply during daytime the energy losses are smaller if the 
energy is transformed into hydrogen. The hydrogen can also be used as energy source at 
areas were the energy supply is less. [17, 2] The storage obviously adds a cost and the 
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transformation results in energy losses. At places that have no electrical grid the fuel cell 
technology can be a good solution. Hydrogen can be produced from biomass or ethanol 
but this is controversial because it could be used for food instead. [2] 
  
The current production of hydrogen in the world is made up of  48-50% produced 
through steam reforming of natural gas, 30% from fossil oil, 18% from coal and the 
remaining by water electrolysis. Even though the production of hydrogen from renewable 
energy sources does not release any greenhouse gases or pollutants directly it does 
indirectly by the manufacturing of both PV cells and electrolysis equipment. The 
aggregated affect that hydrogen does on the environment has to be considered by doing a 
LCA to get the full picture of the impact on the environment. Fuel cells that drive electric 
motors can substitute conventional combustion engines and can also be used in 
computers, mobile phones and for houses. Hydrogen can either be used in fuel cells or be 
directly combusted. [1, 4, 16, 6, 3] 
 
The hydrogen used in fuel cells in vehicles can substitute gasoline and can also be 
converted into synthetic liquid fuels by the Fischer Tropsch process. Electricity is 
transformed into mechanical work with efficiencies exceeding 90% in a fuel cell 
according to Eq. (1) and (2). The fuel cells are approximately twice as energy effective as 
conventional combustion engines. [3] 
 
Anode reaction:  2H2 → 4H+ + 4e−  (1) 
Cathode reaction: O2 + 4H+ + 4e− → 2H2O + energy  (2)  
[3] 

2.3 Hydrogen production by PV electrolysis of water  
 
The chemical reaction of the electrolysis is that a direct current splits water into oxygen 
and hydrogen through an electrochemical reaction. eq. (3) 
  
H2O + direct current electricity → H2 + ½ O2  (3) 
 
The electricity needed to run the electrolysis is got from PV cells that absorb the solar 
radiance and transform it to an electric direct current (dc) by inverters and this is applied 
to the water. [18, 1, 2] Multiple photovoltaic cells are connected to form modules of a 
certain size decided by the energy demand. [15] 
The plant consist two parts, the PV cell modules and the electrolyzer. Further the 
modules contain a charge controller, storage batteries, and a DC/DC converter as can be 
seen in figure 1.    
  
 

 
Fig. 1. Hydrogen production by solar PV electrolysis. [18] 
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Hydrogen is produced by reduction at the negatively charged cathode while oxygen is 
oxidized at the anode. To assure that the reaction follows optimally the smallest potential 
between the anode and the cathode should be 1,482 V, this is the thermo neutral 
potential. [3] If the electricity is used directly from the solar cells the energy losses is 
considerably lower but when the electric grid is not spread or has low capacity or the 
energy has to be carried to another site the transition to hydrogen becomes important. 
The conversion of electricity into hydrogen gives energy losses. The electrolyzers can 
just like photovoltaic cells be combined to modules to reach the desired production 
capacity. [17, 3, 9] 
 
 
The cells can either be connected in series or parallel to make up the electrolyzer unit and 
the products of the electrolysis gets cooled, purified and subjected to compression and 
then stored. The electrolyzes can take place under higher pressure which does that  the 
hydrogen does not need to be compressed afterwards and this can save energy. The 
efficiency can be improved by applying control systems. The control systems have 
adjustment capacity to variable conditions and supplies of energy and to increasing 
pressures and temperatures. Other improvements are the electrolyzer module and power 
supply. [1, 7] 

2.4 Solar radiation 

The sun is an almost never ending resource and is estimated to generate radiation for the 
next 5 billion years. [20] There are fusion processes ongoing in the sun that involves 
helium and hydrogen. Hydrogen atoms move and collide with each other forming helium 
by fusion and a little amount of mass is lost forming a large quantity of energy that 
makes up photons which is radiated to the earth. Different wave lengths reach the earth 
with different amounts of photons and can be obtained directly by photovoltaic cells or 
the solar radiance can be concentrated and then absorbed by the solar cells. Some of the 
photons are absorbed by the photovoltaic cells and give energy and others go through or 
are reflected.  
 Smog from anthropogenic activities results in more scattering of the solar radiance and 
absorption The yearly solar radiation that could be obtained if the solar technique is built 
out and with the efficiency that could be obtained has the potential to generate an energy 
amount 3-100 times the total required yearly energy amount of the whole earth. The suns 
radiation also generates energy indirectly for example it generates energy sources like 
wind, water and biomass. Previously it has also indirectly given rise to the fossil fuels, 
coal, oil and natural gas. The climate, location and properties of the atmosphere 
determine the spectral variance at a location on the earth and these parameters are 
alterable during the year. [8, 20, 15, 21, 23]  
 
Brazil is located at good prerequisites for much solar radiation and to utilize the PV 
technique to obtain energy. The medium solar radiation in Brazil is 900 W/m2 and is a 
measure of effect. [12, 11] 
The insolation varies relatively much for the southeastern and southern regions over the 
year. But even though it can be stated that Brazil has got great natural potential to utilize 
PV energy. The mean daily insolation for Brazil is showed in figure 2 where the unit 
Wh/m2 is a measure of energy. [9] 
When establishing solar cells it is important to evaluate the solar radiance at the specific 
location and determine the solar position and its latitude. [20, 11] 
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Fig. 2. Mean daily insolation chart of Brazil. [20] 
 

2.5 PV cells 
 
The interest and effort to make the PV technique more efficient and utilized has risen 
recently and will probably continue to and governments have put a lot of resources into 
this field. The greatest challenge for solar cells today is to increase their efficiency but 
also find materials that are sufficiently abundant and non-pollutant. [15, 40]  
PV technologies have typical efficiencies of approximately 14%, but can reach 16-20%. 
In laboratory an efficiency of 25% has been obtained for mono crystalline cells. The 
development is supposed to go in the right direction with production improvements 
resulting in higher efficiencies. [17, 7, 12, 32] 
 
The PV cells transform solar radiance into electricity by the PV effect and they are made 
up of a thin sheet of semiconductor material that is crystals of for example silicon with 
this conversion ability. The properties of semiconductor material are between that for an 
insulator and conductor. The semiconductor materials are doped to attain specific 
properties foremost less resistive and this is done by impurities and the elements 
involved are typically boron and phosphorous. This can be done at high temperature in a 
furnace by diffusion where the dopant is injected in gaseous form. The doping gives rise 
to a n-type layer and a p-type layer in the sheet which are coupled to a so called p-n 
junction. The n-type layer is negative and electron rich and the p-type layer is positive 
and contains less electrons. The doping is done to create a region with an additional 
electron that can move freely or one less electron giving rise to a hole. The case where 
there is an additional freely moving electron is n-type doping while the hole with one less 
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electron is p-type doping. The doping is for silicon, which has 4 valence electrons, done 
with an element containing 3 or 5 valence electrons. These can be boron respectively 
phosphorous, other common elements used are aluminum, indium with 3 valence 
electrons and arsenic and antimony with 5. The dopants with 3 valence electrons take up 
one electron and create a hole and lower the energy required to move electrons into the 
conduction band and the dopant becomes part of the crystal lattice. The elements with 
five electrons donate their valence electron and are built in to the crystal lattice. The 
doping can increase the conductivity up to a million times. The free electron in the n- 
doping requires less energy to be moved from the valence shell and into the conducting 
band. The degree of doping varies from 1 doped silicon atom out of a billion to 1 of 
1000.  [25, 20, 8, 15] 
 
When the photons are absorbed by the PV cells they transfer their energy to electrons 
contained in the atoms of the cells. Part of the surplus energy that the electron receives 
enables it to move from its original energy level and the energy can be used for electrical 
energy in an outer grid and this is showed in figure 3. Some of the energy received is lost 
as heat in the cell material. The semiconductor materials in the cells have band gaps that 
are energy gaps that the electrons cannot obtain energies within. When an electron 
receives energy from a photon it is situated at the under margin of the band gap and can 
as a result of the energy gain move to the upper margin of the band gap. This requires 
that the photon has energy equal to the lower band gap otherwise it cannot be absorbed 
by the cell. Electrons that are excited above the upper band gap margin will lose energy 
and fall back to the upper margin and an electron excited to the upper margin will leave a 
hole at the lower margin that gets a positive charge. This gives rise to free movement for 
holes and excited electrons within the cell and these gives an electric current. To obtain 
electricity an electric field is mounted in the cell by the p-n junction, that is a coupling 
between the p and n layers. [22, 20, 40] 
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Fig. 3. Function of a photovoltaic cell [20] 
 

2.5.1 Types of photovoltaic cells 

The photovoltaic technology is divided into different technologies depending on the 
material used. 
 

Silicon crystalline structure 
There are three types of silicon crystalline structure photovoltaic cells, which are 
connected to modules. These are made up of silicon in the form of wafers that lie 
between glass panes. These cells are monocrystalline, multicrystalline and emitter wrap 
through (EWT). These cells are the oldest type of solar cells but they are constantly 
developed. The losses of silicon during manufacturing is large approximately 50%. The 
initial, investment cost for these types of cells are high, but the maintenance and 
operating costs are relatively low. The lifetime varies in the span 20-30 years and the 
payback time is long and efficiencies ranges from approximately 15-18%. There is an 
ongoing work to lessen investment costs and thus lowering the payback time as well as 
working towards solar energy being less dependent on subsidies from government. One 
step is to develop thin film technologies. 
Mono crystalline solar cells are the most commonly used solar cells and make up around 
80% of the photovoltaic cells even though they have higher production costs. They are 
made up of a silicon crystalline p-n junction and the maximum efficiency obtained is 
23%, but normally they are around 15%. Polycrystalline cells are slightly less efficient 
with efficiencies from 11-15%. The advantages of poly crystalline cells compared to 
mono crystalline are that the contamination is less and the crystal structure is more 
stable. Like mono crystalline cells the panels are made up of wafers. EWT cells are cells 
with drilled holes with laser which enables the back side of the n-side to be connected to 
the opposite electrode. This gives the cell more free surface area to take up the solar 
radiance to increase the efficiency. 
 [15, 20, 11]  

Thin film technologies 
The thin film technologies lower the material and production costs but do not impact the 
lifetime nor the environment negatively compared to silicon crystalline cells. The 
production capacity gets higher and the material required is less and thus the 
manufacturing cost gets reduced but is still relatively high and needs improvement. They 
are made up of a thin film cell of different materials that have better absorption capacity 
of light than the crystalline silicon that is put on glass or stainless steel substrates. They 
are less efficient than crystalline silicon cells because they have less material to absorb 
the solar radiance but the development potential is promising with new materials and 
alloys that can easily be put on the substrates. Thin film solar cells are relatively             
insensitive for different weather conditions and have become more used. There are 
different variants of thin film solar cells. Thin film cells can be incorporated with 
polymers of nanoparticles and this can increase the efficiency but is today too expensive 
in comparison to Si cells. To lessen the cost of this technique a lens can be used to 
concentrate the solar radiation to the cell. These cells require indium which limits their 
potential because indium is not so abundant.  They further need a tracking system to 
follow the sun so the maximum radiation that can be absorbed by the cell. Examples of 
the most common thin film technologies are amorphous silicon, (a-Si), Cadmium 
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telluride (CdTe) and Copper indium diselenide (CIS). The efficiency of amorphous 
silicon is around 12% but can decline several percentages with time. One concern with 
CdTe cells is that cadmium is toxic and has negative impact on the environment if not 
recycled properly. The efficiency is around 8 % but declines during usage.  [15, 20, 40]  
 

2.5.2 Technical analysis PV cells 

 
The question which PV cell is best suited for electrolysis for production of hydrogen is 
multifaceted. Considering the efficiency the single crystalline silicon cell is the best 
option because it has the highest efficiency. Though its material costs are high and the 
manufacturing requires a lot of energy. The thin film techniques are interesting and under 
development, they need less investment cost because they not require as much material. 
This makes the production less energy requiring and lessens the pollutant emissions. The 
crystalline silicon cells require more energy and releases more pollutants during their 
manufacturing like NOx,  SOx, CO2 and PM. The efficiencies of the thin film 
technologies are at present lower than for the crystalline silicon cells and the materials 
tend to be hazardous to the environment and are additionally present at limited quantities.  
For amorphous silicon the efficiency also declines significantly, almost 10% in only a 
few months. In the case CdTe cells and CIS the efficiency does not decline as much and 
these techniques are promising but needs development still. This is the case for most of 
the thin films techniques which efficiencies needs to increase at production conditions 
not only in laboratory. CdTe is the solar cell requiring the least amount of energy during 
its manufacturing and thus emits the least amount of pollutants. One important aspect for 
usage of the mature crystalline silicon technique for the thin films technology is the 
limited resources and hazards of the elements. One promising option is to substitute these 
elements with others that are more abundant or poses less risk or that new findings are 
made by prospection. [20, 15, 38] 
 
The greenhouse gas emissions in g CO2 eq./kWh for the most common PV cells are 
compiled in figure 4. The majority of them release between 30-80 g CO2 eq./kWh. But 
caution should be taken when considering the figure because of the relatively large 
uncertainties and limited data. [8] 
 



11 
 

 
Fig 4. Lifecycle GHG emissions from photovoltaic cells for different types of cells. [8] 
 

2.6 Types of electrolyzers 
 
The most common types of electrolyzers are alkaline, high temperature solid oxide and 
polymer electrolyte membrane electrolyzers. They differ in temperature and pressure and 
the ion conducting electrolyte solution. They have efficiencies of around 70-80%, [8, 17] 
or up to 90% [2] but theoretically these can be higher. [1, 16] 

2.6.1 Alkaline electrolyzer 

 
The alkaline electrolyzer is a well-tried technique and is the most common. Most often a 
gas-tight membrane separates the anode and cathode electrodes. The anode is most often 
made of nickel or nickel covered steel and the cathode is steel covered with variable 
catalysts. The membrane has the property of letting through water but not gases and this 
inhibits the hydrogen and oxygen gases from mixing after they are produced. The device 
is submerged into an ionically conductive solution usually containing KOH (25-30 wt.%) 
but it can also be NaCl or NaOH. The corrosivity of the alkaline electrolyzer is a 
disadvantage. The electrodes are coupled to a direct current from the photovoltaic cells 
and water is reduced at the cathode where hydroxide anions are obtained and goes 
through the membrane by the electric field to the anode where they are oxidized to 
oxygen. The reaction at anode, cathode and the aggregative reaction for electrolysis looks 
as follows, eq. (4-6): [1, 16]  
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The estimated life time of alkaline electrolyzers is around 30 years, but after half of this 
time the electrodes and membrane has to be changed. The total efficiency is estimated to 
be 85%. [1]  

2.6.2 Polymer electrolytic membrane electrolyzer 

 
The polymer electrolytic membrane electrolyzers function in a little different way than 
alkaline electrolyzers and have a gas tight thin (typically 0,2 mm) polymer membrane 
and do not require any liquid electrolyte.  This membrane is sensitive which makes its 
life time relatively short compared to alkaline electrolyzers but its impermeability 
minimize the hazard of fires. The electrodes consist of noble metals, platinum or iridium.  
Compared to alkaline electrolyzers the PEM electrolyzers are adjustable to varying 
power supply because of the properties of the proton exchange membrane. The cost of 
investment is high because of the noble metal electrodes. [1, 16] 
 

2.6.3 Solid oxide electrolyzer 

 
This electrolyzer has higher efficiencies compared to alkaline and PEM electrolyzers but 
it is not sufficient for use when the electricity is variable as it can be for solar energy and 
other renewable energy sources. This is because cracks tend to be generated in the 
membrane when the power distribution changes and thus the temperature which gives 
rise to the crack formation and this limit the lifetime. It is the high temperature that 
makes an energy reduction of approximately 25% compared to the other electrolyzers. It 
is suitable when high temperature sources like solar thermal energy, geothermal energy 
and nuclear energy are the energy sources. The anode consists of the mineral perovskite 
and the cathode is made of ceramics and metal of yttrium stabilized zirconium and 
nickel. The electrolyte is built up of yttrium stabilized zirconium. [1, 16] 
 

2.6.4 Technical analysis electrolyzers 

 
The most suitable electrolyzer for hydrogen production is probably the alkaline 
electrolyzer which has the highest production capacity and is considered a reliable and 
experienced method used in the industry for many years. The other two might be future 
alternatives but require further research and development. The solid oxide electrolyzer 
has high efficiency but needs a continuous power supply that PV cells do not offer at 
present. Both alkaline electrolyzer and PEM offers high purity but the PEM has to 
increase its production capacity and the investment cost has to lower. The PEM lifetime 
is also relatively short compared to the alkaline electrolyzer because of the sensitivity of 
the membrane. [1, 16]    

2.7 Hydrogen production by steam reforming of natural gas 
 
Natural gas is a gas mixture majorly composed of methane, but the content of different 
hydrocarbons can vary. It is extracted from the earth and is a nonrenewable fuel meaning 
that its formation takes longer than its consumption. The formation of natural gas can 
take millions of years. [27, 16] 
Steam reforming of natural gas is currently the most used process to produce hydrogen 
and accounts for 48-50% of the world hydrogen production and is the most economically 
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effective method of producing hydrogen today. [4, 1, 6] The process is schematically 
illustrated in figure 5.  
 
The natural gas is first reduced from sulphur with the activated carbon technique and 
pressure is applied. Then depending on how the reformer is dimensioned the natural gas 
is either injected with the water into the reformer or preheated and mixed with steam and 
then injected into the reformer. The pressure in the reformer varies between 16 bars and 
1.5 bars. The conversion increases for the low pressure alternative but then then the 
product has to be pressurized afterwards.  
 
The steam reforming of natural gas takes place at two reaction steps. In the reformer 
reactor steam methane reforming occurs where a hydrogen rich product is obtained and 
then the CO is further reacted to obtain more H2 in the shift reactor. The reaction is 
illustrated in figure 5. 
 
 The steam reforming of natural gas occurs at typically 900-950°C [28, 3] but can be in 
the range of 700-1000 °C in the reformer furnace and gives a reformate with high 
concentration of hydrogen. The steam and natural gas reacts in the reformer and it 
requires a nickel catalyst. The heat that is needed for the reaction is attained by 
recirculation from the combustion processes of the pressure swing adsorption that is a 
purification process. The products of the first reaction step of steam reforming of natural 
gas are a reformate with high content of hydrogen and CO according to Eq.(4) 
 
CH4 + H2O → 3H2 + CO (4) 
 
The following reaction is initiated by the injection of the CO from the first reaction into 
another reactor where more hydrogen is produced according to Eq. (5) 
 
CO + H2O →  H2 + CO2 (5) 
 
The heat generated during the process is often reused for optimizing the energy 
efficiency. The sum of the reaction that gives the aggregative reaction formula is Eq. (6) 
 
CH4 + 2H2O → 4H2 + CO2 (6) 
 
This is an endothermic reaction with HΔ value of +165 KJ/mol. [3] the efficiency of the 
process can be 89% or higher. [1] 
 
The pressure swing adsorption process involves specific adsorbents and the purity of 
hydrogen gets very high almost 100%.   
[16, 4, 3, 28, 29, 30 ] 
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Fig. 5. The process of steam reforming of natural gas. [31] 
 

2.8 Pollutant emissions and Ecological analysis 
 
The ecologic analysis is made up of three parameters that have been calculated, CO2 
equivalent, pollutant indicator and ecologic efficiency. It is done to estimate the 
environmental impact of PV electrolysis compared to steam reforming of natural gas. It 
evaluates the emissions of CO2, SO2, NOx  and particulate matter (PM). [4, 10] 
 

2.8.1 Pollutant emissions 
The different pollutant emissions analyzed in this work have all different effects on the 
environment. The manufacturing of the solar cells is the process that emits the majority 
of these.  CO2 is a GHG and give rise to global warming. CFC affects the stratospheric 
ozone layer negatively. SO2 gives rise to acidification and contributes to the formation of 
winter smog. Winter smog affects respiration and summer smog does the same. Summer 
smog is a result of emissions of ethane. Phosphate leads to eutrophication. Heavy metals 
are poisonous and cause cancer. Carcinogens like benzo(a)pyrene leads to cancer. 
Pesticides are poisonous. NOx leads to acidification and winter smog and leads to 
eutrophication and affects respiration. It also gives rise to tropospheric ozone. [1, 32] 
 

2.8.2 CO2 equivalent and Global warming potential (GWP) 
The largest part of GHG:s emitted indirectly from photovoltaic cells is made up of CO2. 
Because the different GHG:s impacts the climate differently they are calculated to 
corresponding amount of CO2. This is called CO2 equivalents and this value is given in g 
CO2/kWh Eq.(7). This is a hypothetical GHG emission value corresponding to the 
greenhouse properties of CO2 and one value is obtained that represents all GHG 
emissions and this value is more easily compared. For example methane is a 21 times 
stronger GHG than CO2 and this value indicates its GWP and is different for different 
time spans. To calculate the CO2 eq. for methane, the amount of methane gas is thus 
multiplied with its GWP value (21, for 100 year time horizon). The individual properties 
of the GHG:s considering their heat trapping capacity and lifetime in the atmosphere is 
thus a measure of their GWP. The (CO2)eq. does not tell if the releases of the different 
pollutants are of fossil or renewable nature. [32, 4, 33, 10, 34, 35, 36, 12] 
 
 
(CO2)e= CO2 + 80 SO2 + 50 NOx + 67 PM   (7) 
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2.8.3 Pollutant indicator (Π) 

 
For energy production purposes a low emission of (CO2)eq. for a fuel is ecologically 
positive. The pollutant indicator (Π) for hydrogen production techniques is equal to the 
(CO2)eq./kg H2 and also the GWP and is given in kg CO2 eq. / kg H2. [12] 
 

2.8.4 Ecological Efficiency (ε) 

The calculation of the ecological efficiency is an estimation of the environmental impact 
of emitted (CO2)e on the existing air condition and thus the aggregative GHG:s effect on 
the environment with its present conditions. The environmental impact for a hydrogen 
production process is got through Eq. (8) where the coefficient ε is the ecologic 
efficiency. It can acquire values from 0-100% (0-1). 0 indicates 100% environmental 
impact and bad conditions from an ecological standpoint while 1 indicates 0% 
environmental impact and ideal ecological conditions. The ecological efficiency fraction 
coefficient ε is directly proportional to the efficiency of the plant (η) and inversely 
proportional to the pollutant indicator Πg. The efficiency of the plant (η) is the efficiency 
of the whole system which means that for the PV electrolysis is the cumulated efficiency 
of the solar cells and the electrolysis. Pure hydrogen is having 0 effect on the 
environment if assumed that it is obtained from a CO2 neutral fuel. [4, 10, 12] For a 
natural gas steam reforming plant the efficiency is approximately 85% but can reach up 
to 89%.[1] The efficiency gets higher with higher methane content. [4] The efficiency of 
solar PV electrolysis module is defined as: Solar to H2 conversion efficiency = PV 
efficiency * electrolysis efficiency. [37] 
 
 
 
 

𝜀 = 0,25 ∙ !!"!#$%
(!!"!#$%!!!)

∙ ln 51 − Πg
!,!"#

(8) 

 
 

2.9 Life cycle analysis (LCA) 
 
An experienced and mature way of making a sustainability analysis is assessing a LCA. 
This kind of analysis is especially appropriate when considering production of energy. 
The LCA takes into account the whole chain of a process “from cradle to grave”. This 
starts with extraction of natural resources and ends with the disposal of the plant material 
when it is not useful anymore. In between these end stations there is processing of the 
extracted raw materials. Then the manufacturing of the plant components and 
transportation of material and distribution are considered. The emissions associated to the 
operation and maintenance of the industry are also analyzed. The potential of recycling 
and second use of material is assessed. Material and energy inputs and outputs between 
the environment and the process are investigated and mapped out during the entire life 
cycle. Land use is evaluated and consumption of resources is considered. Thus the 
assessment takes into consideration both the direct and indirect emissions. The goal of 
this kind of study is obviously to identify the emissions and the environmental impact 
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and from these solve the problem. The LCA is a very complex analysis and often it is 
necessary to make some simplifications and assumptions when doing it. [1, 3, 5, 39] 
 
 
The Life cycle analysis consists of four steps and is made based on the directives of ISO 
14040 and ISO 14044. 
 

1. The goal with the LCA is set and limited with system boundaries. 
2. A Life Cycle Inventory analysis (LCI) is done where material and energy 

inputs and outputs of the system are mapped out. 
3. Then a Life Cycle Impact Assessment (LCIA) is performed based on the LCI. 

It is an evaluation of how the inputs and outputs of material and energy affect 
the environment. 

4. Finally the life cycle interpretation where conclusions are drawn based on the 
previous steps and potential interpretations are set. [5, 39] 
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3 Ecological analysis 
 
The ecological analysis is based on three different sources [3], [26] and [1] each 
presented under a separate heading where their system boundaries are defined. But first 
the LCA is described in general for PV electrolysis. 

3.1 LCA and pollutant emissions  
 
A comparison between the LCA analysis of solar PV electrolysis and steam reforming of 
natural gas is performed here. The electricity required for production of the solar PV 
electrolysis plant and equipment is larger than for that for steam reforming of natural gas. 
The manufacturing of the solar cells needs much material and energy. Among the most 
energy requiring steps is the purification of quartz sand into silicon and further 
purification of this.  This gives rise to pollutant emissions. For solar PV electrolysis the 
direct emissions are zero while the direct emissions for steam reforming of natural gas 
are high. For the indirect emissions of both pollutants and greenhouse gases these are 
higher for solar PV electrolysis than for steam reforming of natural gas. The chains from 
raw material to disposal of the used material of both processes, steam reforming of 
natural gas and solar PV electrolysis are illustrated in figure 6. The figure ignores 
indirect components. It should also be noted that the solar energy is a renewable energy 
source while natural gas is a fossil fuel. The additional materials for construction of plant 
and equipment are often higher for solar energy as well as wind than for natural gas 
counted by unit of hydrogen produced or unit electricity. It takes also energy to compress 
hydrogen for use in a fuel cell. The manufacturing of the solar cells requires much 
material and energy and these ads the indirect emissions for the solar PV electrolysis. 
The efficiency of a renewable process is depending on how effectively the materials are 
used for construction of the equipment as well as how efficiently the solar radiation is 
converted into electricity for the electrolysis. To recycle the solar panels saves energy, 
the energy required is only one third of the energy needed for new production. There is a 
large potential in recycling most of the materials used in solar cells, up to 85% of the 
materials used. [39] These include the semiconductor material, the aluminum frame, the 
metal electrodes and the protection glass. Silicon is very abundant so the silicon cell 
material will not end in the nearest future. Also copper, aluminum and different 
semiconductor materials are used in silicon solar cells and these are all abundant. During 
the manufacturing process emissions of greenhouse gases, heavy metals, NOx and SOx 
occurs and most of these are a consequence of the use of fossil fuels for the energy 
required for the production. Among the heavy metals released are mercury, cadmium, 
arsenic, chrome and lead. [3, 32, 39] 
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Fig.6. The chain of both processes, steam reforming of natural gas and solar PV 
electrolysis. (The indirect components are not included in this figure). [3] 

3.3.1 LCA according to source [3]  

  
The analysis and the following figures (fig.7a) and b) and table 1 have taken into 
consideration all process steps, the whole life cycles. It starts with the transportation of 
the raw materials and their extraction, then follows the production process as well as the 
distribution and use of them as well as the decommissioning of the used material. The 
electricity for producing all components of the plant has been considered. Of course the 
production cost also should be considered and this is estimated to be 5,25 times higher 
for producing hydrogen from solar energy than from natural gas. 
The emissions resulting from both the hydrogen production technologies releases both 
greenhouse gases (GHG), carbon monoxide (CO), Nitrous oxides (NOx), volatile organic 
compounds (VOC) and Atmospheric pollutants (AP) which are shown in table 1. There 
are other emissions released as well but they are not considered in this study. The 
reduction of both greenhouse gases (CO2, CH4, N2O) and air pollutions (CO, NOx, 
VOCs) are enhanced by using solar energy for production of hydrogen compared to 
natural gas. [3, 26]  
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Table. 1. Comparison between emissions of GHG:s and pollutants for solar PV 
electrolysis and steam reforming of natural gas. The emissions are in g/MJ. [3]  
 
From the figures (fig. 7 a) and b)) under it can be seen that the reductions of GHG is 
larger for solar PV electrolysis than for natural gas steam reforming. The reductions are 
5-8 times that for the hydrogen production from gasoline and the reductions that result 
for substitution of gasoline by natural gas is only due to the more efficient fuel cell 
compared to the combustion engine. The reduction of atmospheric pollutants are 18-32 
times less by using solar energy and the reduction of the emissions resulting from 
substitution by natural gas is also here only a result of the more efficient fuel cell. [3] 
 

 
Fig. 7. a) Reductions of greenhouse gases in g GHG/ GHG H2 (y-axis) for solar PV 
electrolysis, steam reforming of natural and wind energy compared to hydrogen 
production from gasoline. The x-axis indicates the efficiency of the fuel cell or the 
combustion engine. [3] 
b) Reductions of air pollution emissions in g AP/ AP H2 for   solar PV electrolysis, steam 
reforming of natural and wind energy compared to hydrogen production from gasoline. 
[3] 
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3.3.2 LCA according to source [26]  

 
In figure 8 the system boundaries and material flows for the LCA of solar PV electrolysis 
is shown. The corresponding compilation for steam reforming of natural gas is illustrated 
in figure 9. 
 
 
 

 
 
Fig. 8. System boundaries and material flows for PV electrolysis. [26]   
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Fig. 9. System boundaries and material flows for steam reforming of natural gas. [26] 
 
In figure 10 below a comparison of solar PV electrolysis, steam reforming of natural gas 
and hydroelectricity is illustrated. The emissions are based on LCA that considers both 
direct and indirect emissions according to the system and material flows in the figures 
above (fig 8 and 9). The extraction of raw materials, the manufacturing and fuels 
required for this as well as the production. All the material and energy flows were 
considered. The waste treatment and recycling are excluded. A very decisive parameter 
for the environmental benefit seems to be the silicon production. A low silicon purity can 
be used and then the environmental impact is reduced significantly. The emissions of 
different pollutants are given in kg/ kg produced H2. The parameters are: 

1. Global warming potential (GWP) which is greenhouse effect in kg CO2 
equivalents.  

2. Ozone depletion potential (ODP) which is calculated as kg CFC equivalents. 
3.  Acidification  potential (AP) given in kg SO2 equivalents. 
4.  Nitrification potential (NP) considered as kg phosphate equivalents.  
5. Heavy metals (HM) given as kg equivalent of Pb.  
6. Carcinogens as equivalents of benzo(a)pyrene.  
7. Winter smog (WS) as kg of equivalents of SO2.  
8. Summer smog (SS) calculated as equivalents of ethane.  
9. Pesticides are given in equivalents of kg active substance.  

 
These data is based on an analyze method called eco indicator 95. [26]   
 



22 
 

 
 
 

 
Fig. 10. Comparison of solar PV electrolysis, steam reforming of natural gas and 
hydroelectricity. The emissions of different pollutants in kg/ kg produced H2. [26] 
 
 
Eco indicator 99 
 
Three damage categories under are based on the eco indicator 99 method and are:  
1. Human health that is given in the unit Disability adjusted life years (DALY).  
2. Ecosystem quality is given in Potentially Disappeared Fraction of vegetable species 
per m2 per year.  
3. Resources are calculated as depletion in MJ.  
These are shown in figure 11. A high staple is positive in each case and from the figure it 
is obvious that solar PV electrolysis are better than seam reforming of natural gas for 
categories 1 and 2 probably due to the fact that it is a renewable energy source. For 
category 3 on the other hand the steam reforming of natural gas is more beneficial and 
this is a cause of the high demand of material during the production of the PV cells.  
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Fig. 11. Solar PV electrolysis(middlemost staple), steam reforming of natural 
gas(leftmost staple) and hydroelectric hydrogen production compared according to 
three damage categories human health, ecosystem quality and resources. [26] 
 
 
CO2 equivalents  
 
Figure 12 below shows the cumulative emissions of CO2 in kg equivalents in a 20 
years period for solar PV electrolysis, steam reforming of natural gas and 
hydroelectricity. This corresponds to a daily production of 239,44 kg and 
approximately 2663 m3. This can be ignored because the important thing that the 
figure illustrates is the difference between the solar PV electrolysis and the natural 
gas steam reforming. The solar PV electrolysis begins at a higher level due to the 
high emissions for mainly the manufacturing of the solar cells but also the 
electrolysis equipment. The process itself does not generate any emissions. The steam 
reforming of natural gas on the other hand has quite low emissions for the plant 
construction and thus starts at a low value. The process itself thus generates releases. 
The lines of the solar PV electrolysis and steam reforming of natural gas cross at 
approximately 11 years after this the solar PV is better from an environmental 
standpoint. [26] 
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Fig. 12. Emissions of CO2 in kg equivalents in a 20 years period for solar PV 
electrolysis (undermost horizontal line), steam reforming of natural gas (tilted line) 
and hydroelectricity (uppermost line). [26] 
 

 

3.3.3 LCA according to source [1]  

 
Figures, 13, 14 and 15 are based on 21 LCA studies of hydrogen production made from 
2001 till 2012. It should be said that a comparison between different LCA studies is not a 
precise method because the system boundaries of the different studies can differ slightly. 
This is also mentioned in the article and is a drawback of the calculations which are 
based on this source. The LCA takes into count “cradle to grave”, which means resource 
extraction, the production and the supply of the hydrogen to the users. The use of 
hydrogen in fuel cells is not considered. The production of the hydrogen as well as the 
plant installations are also considered. Fig 13 shows the system boundaries for the study.  
Fig 14 illustrates the GWP while figure 15 shows the AP. According to the article natural 
gas steam reforming has a better eco indicator 95 value (0,04 Pt/Nm3 H2) compared to 
solar PV electrolysis (0,52 Pt/Nm3 H2). In another study the GWP values for solar PV 
was 0,08 and for steam reforming of natural gas 0,04. The eco indicator was thus better 
for natural gas steam reforming. This shows that the environmental issue is a 
multifaceted and complex study area. One more example was presented where steam 
reforming with CCS gives lower emissions of CO2eq. than conventional steam reforming 
of natural gas. The eco indicator value is thus better for the latter because the electricity 
for CCS was of fossil origin releasing NOx.  [1] 
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Fig. 13. System boundary for the LCA. [1] 
 
 
According to fig.14 below the solar PV electrolysis varies from 2-7 and this is due to that 
different studies vary. Thus the value has got a quite large uncertainty. That the value for 
solar PV electrolysis is comparatively high even though it is a technique based on 
renewable energy is the fact that the production of the PV cells requires much recourses 
and energy. [1] 
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Fig. 14. Global warming potential (GWP) for different hydrogen production techniques. 
[1] 
 
It can be seen in figure15 that steam reforming of natural gas emits 15 g SO2/kg H2 
compared to solar PV electrolysis that releases 27,5 g SO2/kg H2 which is almost twice as 
much. The high value for solar PV electrrolysis is due to the production of solar cells. [1] 
 
 

 
 
Fig. 15. Acidification potential (AP) for different hydrogen production techniques. [1] 
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4 Results 
 
The results below in tables 2 and 3 are presented for the two different sources from 
where the data for the calculations was obtained. For calculations see appendix 1. 
 

4.1 Tables of results 
 
 
Process PV electrolysis Steam reforming of 

natural gas 
Kg (CO2)eq. / 500 Nm3 
hydrogen 

359.6 494.45 

g CFC eq. / 500 Nm3 
hydrogen 

0.0450 0.0003 

g SO2 eq. / 500 Nm3 
hydrogen 

1348.5 2697 

g PO4
3-  eq. / 500 Nm3 

hydrogen 
494.45 314.65 

g Pb eq. / 500 Nm3 
hydrogen 

89.9 2.2475 

g benzo(a)pyrene eq. / 500 
Nm3 hydrogen 

0.3596 179.8 

kg SO2 eq. / 500 Nm3 
hydrogen 

13.485 0.899 

g ethane eq. / 500 Nm3 
hydrogen 

404.55 404.55 

g active substance eq. / 
500 Nm3 hydrogen 

449.5 224.75 

Ecological Efficiency (ε) 
(%) 

90.36 93.94 

Table 2. Pollutant emissions and ecological efficiency for LCA according to source 
[26]. 
 
 
Process PV electrolysis Steam reforming 

of natural gas 
Steam reforming 
of natural gas 
(CCS) 

Kg (CO2)eq. / 500 
Nm3 hydrogen 

89.9 359.6 202.275 

g SO2 eq./ 500 Nm3 
hydrogen 

1258.6 674.25  

Ecological 
Efficiency (ε) (%) 

93.28 94.62 95.77 

Table. 3. Pollutant emissions (AP) and ecological efficiency for LCA according to 
source [1]. 
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5 Discussion 
 
For sources [26] and [1] considered in the ecological analysis the pollutant indicator 
given in kg CO2 eq. / kg H2 is lower for solar PV electrolysis than for steam reforming of 
natural gas. The steam reforming with CCS has a lower value which is logical and 
probably the energy used for the CCS is renewable. The values for pollutant indicator 
differ quite much between the two sources used and this is probably due to the definition 
of the system boundaries when preforming the LCA analysis. These results can be seen 
in tables 2 and 3. 
 
The emissions of CO2 eq. for production of 500 m3/day of hydrogen is lowest for solar PV 
electrolysis, followed by steam reforming of natural gas with CCS and largest releases 
from the one without CCS (according to source [1], table 3). The same scenario holds for 
the source [26] (table 2) where solar PV electrolysis releases less CO2 eq., than steam 
reforming of natural gas.  Even though the indirect emissions coupled to solar PV 
electrolysis are large the steam reforming of the fossil fuel gives higher emissions. The 
CCS obviously gives less emissions of  CO2 eq. because the emissions are stored in the 
ground but this gives rise to a cost. This cost should be weighed to the environmental 
benefit.  For the CCS it must be considered whether the electricity is taken from 
renewables or not and to what extent. If grid electricity attained with fossil fuels is used 
for the CCS this gives rise to more NOx emissions that leads to increased acidification 
and smog during winter and from this perspective steam reforming with CCS is worse 
than conventional steam reforming of natural gas.  
 
Considering the calculation of the ecological efficiency it can be noted that the steam 
reforming of natural gas is more efficient from an ecologic efficiency perspective than 
solar PV electrolysis. Steam reforming with CCS has an even higher value than the 
conventional technique. All three have though high values, each over 90%. The typical 
efficiency of solar photovoltaic cells is around 14% and increasing this would result in 
higher ecological efficiency. The aggregative efficiency of the solar PV electrolysis plant 
becomes only 10.5% compared to the steam reforming plant with 85% efficiency. The 
efficiency is quite low today for solar cells but the potential for development of solar 
cells is promising and thus the future for the technique looks good and can on a longer 
perspective substitute for the fossil fuel hydrogen production techniques like steam 
reforming of natural gas. The ecological efficiencies are presented in tables 2 and 3. 
 
Supposing that the efficiency of the solar cells would double to 28% which is not 
impossible in a near future the ecological efficiency (according to values of [1]) turns 
into 94.67% which is slightly higher than for steam reforming of natural gas. Based on 
the numbers of source [1] the efficiency of the solar cells should be 27.29% for giving an 
equal ecological efficiency as the process of steam reforming of natural gas. Thus the 
efficiency should approximately double for giving an equal efficiency.  
 
For source [26], the difference between the pollutant indicator values for the methods 
does not differ as much. A doubling of the efficiency of the solar cells does not give a 
higher ecological efficiency than that attained by steam reforming of natural gas. The 
requirement for making the ecological efficiency equal is that the solar cell has an 
efficiency of 80,53% which is difficult to achieve even in  laboratory.  
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Looking at the results for the acidification potential (according to [1]) (table 3) it can be 
seen that the values are much higher, almost the double for solar PV electrolysis 
compared to steam reforming of natural gas. This is probably due to the manufacturing of 
the solar cells that releases much emissions.  
According to source [26] (table 2) the acidification potential is twice as high for steam 
reforming of natural gas than solar PV electrolysis. The differing result between the 
sources is very contradictive and is probably due to the definition of the system 
boundaries utilized for performing the LCA. To compare different LCA studies is not a 
precise method because the system boundaries of the different studies can differ slightly 
and the definitions can be different. 
 
The pollutant emissions are higher for solar PV electrolysis than for steam reforming of 
natural gas for all pollutants except for carcinogens which are 500 times higher for steam 
reforming of natural gas and summer smog that is equal for both techniques. This is 
probably due to the material requirements and processes for producing the solar cells. 
The solar PV electrolysis has to become more environmentally friendly with less 
pollutant emissions and less energy required.   
  
If in the future the fuel used for transport and all the machines utilized in the mining, 
extraction and manufacturing phases would be renewable the environmental impact 
could be much lowered. It is important to be aware of the impact on the environment in 
the short and long time frame to be able to make the right interpretations from the 
sustainability analysis. What is sustainable in a time frame of years may not be 
sustainable in decades, millenniums and even less on geologic time frames. To have a 
holistic viewpoint on the environmental issue is crucial and be aware of climate feedback 
mechanisms and how these affect each other and see all aspects of the problems.   
To reach a sustainable development besides being aware of the LCA assessments it is 
important to recycle and take advantage of byproducts and find usage for these. This 
should be implemented in all process steps. The CCS is an important sustainable 
parameter supposed that the energy required for it is renewable. Carbon taxes could be a 
good implementation on the way to diminish the fossil fuels. To set a limit for emissions 
of CO2 and penalizing exceeds. The politicians and authorities have a great responsibility 
to obtain a sustainable development and reduce the anthropogenic impact on our planet. 
Research support should be implemented to an even greater extent than at present for 
renewable energy sources particularly solar energy.  
 
To obtain a holistic picture of the situation different parameters energy, economy and 
ecology have to be considered to evaluate what technique is most sufficient. For a 
technique it is hard to fulfill all these criteria at the same time. The energy and economy 
have not been considered closer in this work but the steam reforming of natural gas is 
currently more economically beneficial than solar PV electrolysis. Considering ecology 
the ecological efficiency is higher for steam reforming of natural gas at the moment even 
though the potential for solar PV electrolysis is large. By increasing the efficiency of the 
solar cells which has already been done in laboratory the solar PV electrolysis can be 
more ecologically efficient than natural gas steam reforming. The efficiency of the solar 
cells is expected to increase in the future and the production cost and energy demand are 
believed to decrease. The low efficiency of the solar cells and the high energy demand 
and the costs of the manufacturing process are the parameters that currently limit the 
technique from a breakthrough substituting fossil fuels.  
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The abundance of solar radiation on earth, and especially in Brazil, is great and the sun 
will continue to shine for a long time. The sun is responsible for almost all the energy on 
earth and it is a promising energy source to use with solar PV electrolysis. In addition the 
materials used in solar cells are abundant. By contrast the natural gas is running out and 
use of natural gas gives rise to greenhouse gas emissions. These direct emissions are zero 
for solar PV electrolysis. Thus the indirect emissions from solar PV electrolysis are 
higher than for steam reforming of natural gas.  
 
To sum up, the steam reforming of natural gas for production of hydrogen is currently a 
more ecologically suitable alternative than solar PV electrolysis but in a longer time 
frame solar PV electrolysis will probably be more environmentally friendly. Probably the 
shift from fossil energy to solar energy will take some time and is not going to be abrupt 
but rather gradual. 
 
Direct solar energy alone can probably never be the earth’s only energy source because 
the solar insolation varies during the day. It needs to be converted and stored. Combined 
with hydrogen (or electricity) as the energy carrier the solar PV technology has the 
possibility on a longer time frame to be the main energy sustentation source on earth. 
This is probably the ideal energy system for the earth due to the fact that the sun will 
shine almost forever and is clean in itself. If the techniques for converting it to an energy 
carrier and storage and distribution are clean it is a sustainable solution. 
 
The introduction of hydrogen as a fuel and fuel cells will probably generate a new market 
for different components associated to hydrogen production and fuel cells and create new 
work opportunities. 
 
Other interesting alternatives for producing hydrogen through renewable energy sources 
are biogas and wind power but in this project these sources are not studied. Also algae’s 
is an interesting technique with potential.  
  

6 Conclusions 
- Currently the steam reforming of natural gas is the more ecologically efficient 

method for production of hydrogen compared to solar PV electrolysis. The 
emissions of CO2 eq. are lower for solar PV electrolysis but the low aggregated 
plant efficiency makes the steam reforming of natural gas more ecologically 
efficient. 

 
- The majority of the pollutant emissions considered in the report are higher for 

solar PV electrolysis than for steam reforming of natural gas. 
 

- At the moment steam reforming of natural gas is more preferable from an 
environmental perspective. But the natural gas is running out and is not 
sustainable on a longer time perspective. For solar PV electrolysis the solar 
energy is not running out in the future. The efficiency of the solar cells is 
expected to increase and this can make the technique more ecologically efficient 
than steam reforming of natural gas. The reduction of pollutant emissions for 
solar PV electrolysis is expected to decrease when the manufacturing of the cells 
is made more effective.   
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Appendix 1. 

Calculations 
The calculations are based on data from source [1] and [26] which are based on LCA 
studies. The theoretical background for the LCA assessment is described in chapter 2.9. 
There are three different parameters determined:  
 

1) The pollutant indicator is presented that is obtained directly from figure 14 for 
source [1] and figure 10 for source [26]. For theoretical background on pollutant 
indicator, see chapter 2.8.3.  

2) The pollutant emissions are calculated with data from source [1] and [26]. The 
pollutant emissions for production of 500Nm3/day where calculated based on the 
pollutant indicator that was got from the literature in kg/ kg produced H2. Further 
the emissions for the production were calculated by knowing the density of 
hydrogen. The emissions of different pollutants were calculated. The different 
pollutant parameters were global warming potential (GWP), which is greenhouse 
effect in kg CO2 equivalents, ozone depletion potential (ODP), which is 
calculated as kg CFC equivalents, acidification  potential (AP), given in kg SO2 
equivalents, nitrification potential (NP), considered as kg phosphate equivalents, 
heavy metals (HM), given as kg equivalent of Pb, carcinogens as equivalents of 
benzo(a)pyrene, winter smog (WS), as kg of equivalents of SO2 and summer 
smog (SS), calculated as equivalents of ethane. Pesticides are given in equivalents 
of kg active substance. For theoretical background for the formulas and concept 
see chapter 2.8.1-2.8.3. 

3)  The ecological efficiency was calculated by the concept and formulas from 
sources [4] and [12]. It is based on the plant efficiency and pollutant indicator 
which is used in the formula for ecological efficiency. For theoretical background 
for the formulas and concept see chapter 2.8.4 

 
 
The data below shows the parameters used in the calculations. The required production 
was 500 Nm3/day of hydrogen. The N stands for normal conditions, which are a 
temperature of 20°C and a pressure of 1 atmosphere. The density of hydrogen is 0.0899 
kg/m3. The efficiency assumed for the PV cells was 14% and the efficiency of 
electrolysis was estimated to 75%. The steam reforming of natural gas is assumed to be 
85%. The mass of production was calculated by multiplying the density with the volume. 
The efficiency of the solar PV electrolysis was obtained by multiplying the PV efficiency 
with electrolysis efficiency.  
 
Data 
 
Production: V = 500 Nm3/day of hydrogen  
ρH2(N)=0.0899 kg/m3[12] 
EfficiencySolar PV = 14% = 0.14 [17, 7, 12, 32] 
Efficiency Electrolysis= 75% = 0.75 [8, 17] 
EfficiencySteam methane reforming= 85% = 0.85 [1] 
m= mass [kg] 
Πg= pollutant indicator [kg CO2 eq. / kg H2] 
ε = ecological efficiency [%] 
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Mass of production: 
 
m= ρH2(N)*V=0.0899 kg/m3 * 500m3= 44.95 kg H2  
 
Efficiency of solar PV electrolysis 
 
Solar to H2 conversion efficiency = PV efficiency * electrolysis efficiency = 0.14 * 0.75 
= 0.105 = 10.5% 
 

1) Pollutant indicator (Πg) : 
 
Data from [1], Fig.14: 
 
 
Solar PV electrolysis 
 

Πg Solar PV electrolysis= 2 kg CO2 eq. / kg H2 
 
Steam methane reforming of natural gas 
 

Πg Steam methane reforming of natural gas = 8 kg CO2 eq. / kg H2 
 
 
Steam methane reforming of natural gas (CCS) 
 

Πg Steam methane reforming of natural gas (CCS) = 4.5 kg CO2 eq. / kg H2 
 

Data from [26],  Fig.10. 
 
Solar PV electrolysis 
 

Πg Solar PV electrolysis= 8 kg CO2 eq. / kg H2 
 
 Steam methane reforming of natural gas 
 

Πg Steam methane reforming of natural gas = 11 kg CO2 eq. / kg H2 
 
 
 

2) Pollutant emissions 
 
Emissions (E) of (CO2)e for production of 500 Nm3/day of hydrogen: 
 
Data from [1]. 
 
Solar PV electrolysis 
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2  kg CO2 eq. / kg H2 * 44.95 kg H2= 89.9 kg CO2 eq. 
 

Steam methane reforming of natural gas 
 

8  kg CO2 eq. / kg H2 * 44.95 kg H2= 359.6 kg CO2 eq. 
 

 
Steam methane reforming of natural gas (CCS) 
 

4.5  kg CO2 eq. / kg H2 * 44.95 kg H2= 202.275 kg CO2 eq. 
 

Data from [26]. 
 

Solar PV electrolysis 
 

8 kg CO2 eq. / kg H2 * 44.95 kg H2= 359.6 kg CO2 eq. 
 
Steam methane reforming of natural gas 
 

11 kg CO2 eq. / kg H2 * 44.95 kg H2= 494.45 kg CO2 eq. 
 
 

Data from [26] Fig. 10. 
 
 

Emissions of ODP (eq. of CFC) for production of 500 Nm3/day of hydrogen: 
 

Solar PV electrolysis 
 

 1*10-3g CFC eq. / kg H2 * 44.95 kg H2= 0.0450 g CFC eq. 
 

Steam methane reforming of natural gas 
 

7*10-6g CFC eq. / kg H2 * 44.95 kg H2= 0.0003 g CFC eq. 
 

Emissions of AP (eq. of SO2) for production of 500 Nm3/day of hydrogen: 
 

Solar PV electrolysis 
 

 30g SO2 eq. / kg H2 * 44.95 kg H2= 1348.5 g SO2 eq. 
 
Steam methane reforming of natural gas 
 

60g SO2 eq. / kg H2 * 44.95 kg H2=2697 g SO2 eq. 
 

 
Emissions of NP (eq. of PO4

3-) for production of 500 Nm3/day of hydrogen: 
 

Solar PV electrolysis 
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11 g PO4

3- eq. / kg H2 * 44.95 kg H2= 494.45 g PO4
3-  eq. 

 
Steam methane reforming of natural gas 
 

7 g PO4
3-  eq. / kg H2 * 44.95 kg H2=  314.65 g PO4

3-  eq. 
 
Emissions of HM (eq. of Pb) for production of 500 Nm3/day of hydrogen: 
 

Solar PV electrolysis 
 

 2 g Pb eq. / kg H2 * 44.95 kg H2=  89.9 g Pb eq. 
 

Steam methane reforming of natural gas 
 

0,05 g Pb eq. / kg H2 * 44.95 kg H2= 2.2475 g Pb eq. 
 
Emissions of Carcinogens (eq. of benzo(a)pyrene) for production of 500 
Nm3/day of hydrogen: 
 

Solar PV electrolysis 
 

8*10-3g benzo(a)pyrene eq. / kg H2 * 44.95 kg H2= 0.3596 g benzo(a)pyrene eq. 
 
Steam methane reforming of natural gas 
 

4g benzo(a)pyrene eq. / kg H2 * 44.95 kg H2= 179.8 g benzo(a)pyrene eq. 
 
Emissions of WS (eq. of SO2) for production of 500 Nm3/day of hydrogen: 
 

Solar PV electrolysis 
 

0.3 kg SO2eq. / kg H2 * 44.95 kg H2= 13.485 kg SO2 eq. 
 

Steam methane reforming of natural gas 
 

0.020 kg SO2eq. / kg H2 * 44.95 kg H2= 0.899 kg SO2eq. 
 
Emissions of SS (eq. of ethane) for production of 500 Nm3/day of hydrogen: 
 

Solar PV electrolysis 
 

9g ethane eq. / kg H2 * 44.95 kg H2= 404.55g ethane eq. 
 
Steam methane reforming of natural gas 
 

 9g ethane eq. / kg H2 * 44.95 kg H2= 404.55g ethane eq. 
 
Emissions of Pesticides (eq. of active substance) for production of 500 Nm3/day 
of hydrogen: 
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Solar PV electrolysis 

 
10g active substance eq. / kg H2 * 44.95 kg H2= 449.5g active substance eq. 

 
Steam methane reforming of natural gas 
 

 5g active substance eq. / kg H2 * 44.95 kg H2= 224.75g active substance eq. 
 
 

Data from [1], Fig.15. 
 

 
Acidification potential (AP) 
 
Solar PV electrolysis 

 
28  g SO2 eq. / kg H2 * 44.95 kg H2= 1258.6 g SO2 eq. 

 
Steam methane reforming of natural gas 
 

15  g SO2 eq. / kg H2 * 44.95 kg H2= 674.25 g SO2 eq. 
 

 
 

3) Ecological Efficiency (ε): 
 
Data from [1]. 
 
Solar PV electrolysis 

 

𝜀 = 0.25 ∙ !!"!#$%
(!!"!#$%!!"##$%&'% !"#!$%&'()

∙ ln 51 − 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟
!.!"#

= 

 𝜀 = 0.25 ∙ !.!"#
(!.!"#!!)

∙ ln 51 − 2
!.!"#

= 0.9328 
 
 
Steam methane reforming of natural gas 
 

𝜀 = 0.25 ∙ !!"!#$%
(!!"!#$%!!"##$%&'% !"#!$%&'()

∙ ln 51 − 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟
!.!"#

= 

 𝜀 = 0.25 ∙ !.!"
(!.!"!!)

∙ ln 51 − 8
!.!"#

= 0.9462 
 
 

Steam methane reforming of natural gas (CCS) 
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𝜀 = 0.25 ∙ !!"!#$%
(!!"!#$%!!"##$%&'% !"#!$%&'()

∙ ln 51 − 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟
!.!"#

= 

 𝜀 = 0.25 ∙ !.!"
(!.!"!!.!)

∙ ln 51 − 4.5
!.!"#

= 0.9577 
 

 
 
 

 
Data from [26]. 
 

Solar PV electrolysis 
 

𝜀 = 0.25 ∙ !!"!#$%
(!!"!#$%!!"##$%&'% !"#!$%&'()

∙ ln 51 − 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟
!.!"#

= 

 𝜀 = 0.25 ∙ !.!"#
(!.!"#!!)

∙ ln 51 − 8
!.!"#

= 0.9036 
 
 
Steam reforming of natural gas 
 

𝜀 = 0.25 ∙ !!"!#$%
(!!"!#$%!!"##$%&'% !"#!$%&'()

∙ ln 51 − 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟
!.!"#

= 

 𝜀 = 0.25 ∙ !.!"
(!.!"!!!)

∙ ln 51 − 11
!.!"#

= 0.9394 
 

 
 
 


