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AN INVESTIGATION ON RESOURCE LIMITATIONS FOR SUSTAINING
A 100% RENEWABLE WORLD

SUMMARY

Due to increasing the concentration of greenhouse gases (GHG) which lead to global
warming phenomenon, transition from conventional sources of energy (fossil fuels)
to clean sources of energy (Renewable energy sources) is necessary. Renewable
energy sources are abundont and clean without releasing any pollution to the
environment. Today many countries have a strong tendency for developing the
renewable energy conversion technologies for decreasing negative effects of fossil
fuels. Transition from fossil fuels to renewable energy technologies needs
fundamental requirements like resources and materials required in different
roadmaps and scenarios of renewable energy technologies. Resources like metals,
materials and water are mentioned fundamental requirements that must satisfy our
demands in order to 100% renewable energy technologies. In other words, an
assessment about available reserves and resources considering their recycling rate,
consumption rate and production rate is necessary for reaching to 100% renewable
energy plant using long term scenarios. However there are some studies about
resources analysis of materials used in renewable energy technologies, mentioned
studies do not present a comprehensive study in terms of number of both investigated
metals and long term green scenarios. In other words, there is not a clear image about
critical metals and materials in different green and long term scenarios for reaching
to 100% renewable energy planet. This study investigates the limitations of supply
side for 35 metals and materials used in different renewable energy technology
considering several long term renewable energy scenarios including IPCC-2050,
IPCC-2030, WWF-2050, Hi-REN-IEA2050 and 2DS-IEA2050. This study indicates
that there are not sufficient resources and reserves for reaching to a 100% renewable
world. In other words there is a huge gap between supply and demand in some key
metals required in wind energy conversion technology. Also for metals used in solar
energy conversion technologies, resources are not enough to support all the required
metals for reaching to 100% renewable world.

Xix






% 100 YENILENEBILIR BIR DUNYAYI SURDUREBILMEK iCiN
KAYNAK KISITLAMALARI UZERINE BiR ARASTIRMA

OZET

Son yillarda atmosferdeki karbon dioksit miktarinin artmasiyla birlikte yenilenebilir
enerji teknolojileri dikkat ¢ekmeye baslamistir. Yenilenebilir enerji kaynaklari,
temiz, ucuz ve c¢ok miktarda oldugu i¢in bizim ihtiyaglarimiz1 karsilayacak
potansiyele sahiptirler. Tiim bu nedenlerden dolay1 enerji gereksinimizin fosil
yakitlardan yenilenebilir enerji kaynaklarina doniistirmemiz bir zarurettir ve bu
yonde olduk¢a yogun aragtirmalar yapilmakla birlikte endiistride bu doniisiimiin
gerekliligini ve 6nemini kavramistir. 2012 yili verilerine gore, diinyanin kullandigi
enerjinin yiizde 11' i yenilenebilir enerji kaynaklarindan saglanmis olup bu miktarin
onlimiizdeki yillarda daha da artmas1 beklenmektedir.

Yenilenebilir enerji kaynaklarinin giinliik enerji tiketimimizde yer alabilmesi icin bir
dizi teknolojinin gelistirilmesi gerekmektedir. Riizgar tiirbinleri, fotovoltaik hiicreler,
jeotermal, su bitkileri ve okyanus cihazlari su anda genis kullanim alani bulmus
yenilenebilir enerji kaynaklarindandir. Yenilenebilir teknolojilere doniisiim igin
cesitli kaynaklara ihtiya¢ vardir. Diger bir deyisle, yenilenebilir enerji teknolojileri
insa edebilmek icin farkli hammaddeler kullanmaktyi1z ve bunlarin yeterli miktarda
bulunmasi bir zorunluluktur. Bu kaynaklarin en basinda su ve gesitli metalller yer
almaktadir. Aliminyum, sodyum ve magnezyum gibi metaller yer kabugunda bol
miktarda bulunmalarina ragmen bazi1 kaynaklar i¢in bu durum gecerli degildir ve
hatta bu kaynaklar1 su anki madencilik teknolojileriyle bol miktarda ¢ikarmakda
mumkin olmayabilir.

Su, farkli uygulamalarda yogun bir sekilde kullanilan onemli bir kaynaktir.
Yeryiiziinde ¢ok biiyiik su kaynaklar1 okyanus formunda bulunmasina ragmen, az
miktarda tathi su kaynaklar1 mevcuttur. Son yillardaki su kullanimin artmasina paralel
olarak yakin zamanda yeryliziinde tatlh su  probleminin yasanmasi oldukga
muhtemeldir. Mevcut teknolojiyle tuzlu ve okyanus sularinin tuzdan arindirilmasi
ekonomik degildir ve yiiksek maliyetler gerektirmektedir. Bundan dolayi, tath su
kaynaklarimi1 verimli bir sekilde kullanmak olduk¢a 6nemli olmakla birlikte tath
suyun yenilebilir enerji teknolojilerinde de kullaniliyor olmasi bu 6nemi daha da
arttirmaktadir. Bu baglamda, farkli endiistrilerin temiz su kullanma gereksinimleri
yenilenebilir enerji teknolojileri i¢in bir sorun teskil edebilir.

Baz1 kaynaklar yer kabugunda bol miktarda bulunurken, diger baz1 kaynaklar i¢in su
anki madencilik yontemleri yeterince verimli olmadigi icin gelecekteki ihtiyaci
karsilamakta sorunlar yasanabilir. Siilfat ve indiyum bu tabloyu net bir sekilde
gormemizi saglayan orneklerdir. Siilfat kaynaklar1 diinyanin 6ntimiizdeki 100 y1l i¢in
ithtiyaclarmi karsilayabilecekken, indiyum kaynaklar1 oldukca kisitli olup su andaki
madencilik teknikleriylede yeterince yer kabugundan elde edilememektedir. Bu
caligmada kritik terimiyle ifade edilen bazi kaynaklar varki, onlarin iiretimi yeterince
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yapilamamakla birlikte bu kaynaklar 2030 veya 2050 yillarindaki yenilenebilir enerji
teknolojileri iginde gereken ihtiyaci karsilayamayacak durumdadirlar.

Diger bir goz Oniinde bulundurulmasi gereken konuda geri doniisim oranidir.
Kaynaklarin geri doniisiimii onlarin daha sonraki zamanlarda kullanilmalarina olanak
saglamaktadir. Eger geri donilisim islemi olmasaydi, bazi 6nemli kaynaklarin
gelecekteki ihtiyaci karsilamasinda biiyiik  sikintilar  ortaya ¢ikabilecekti.
Aliiminyum, bakir ve ¢inko gibi bazi kaynaklarin geri doniisiim oranlar1 oldukca
yuksekken, neodimyum gibi metaller icinse tam tersi bir durum sézkonusudur.
Yenilenebilir enerji teknolojilerinin  gelistirilmesinde ¢ok farkli kaynaklara
thtiyacmiz vardir ve bu kaynaklarin (metaller ve su) yeterli miktarda bulunmasi %
100 yenilenebilir bir diinya insa etmek icin gerekli ilk adimdir.

Enerji senaryolar1, diinyanin gelecekteki enerji gereksinimini haritalandirmaktadir.
Enerji sektoriinde her biri farkli parametreler kullanan ¢ok farkli senaryolar
mevcuttur. Enerji senaryolor1 gelecekte kullanilacak olan enerjinin miktarini tahmin
etmekte olup, bu ¢alismada IPCC, WWF, IEA-HIREN ve IEA-2DS senaryolar1 2030
ve 2050 yillarinda ki yenilenebilir enerji kaynaklarimin gelisimini incelemekte
kullanilmislardir.

Literatiirde yenilenebilir enerji kaynaklar1 {izerine ¢alismalar olmasina ragmen, bu
caligmalarda yenilenebilir enerji teknolojilerinde kullanilan tiim metaller
degerlendirilmemis olmakla birlikte, bilinen tiim enerji senaryolarida goz Oniine
alimmamistir. Su anki ¢alismayla hedeflenen, yenilenebilir bir diinya i¢in tiim gerekli
kaynaklarin durumunun irdelenip kritik olanlarimn belirlenmesidir. Bu incelemede
ele alinan yenilenebilir enerji teknolojilerinde kullanilan 33 kaynagin miktart
(kg.kWh-1) Ekoinvent veritabanindan alimmistir. Bu veritabaninda (SimPro 7
yaziliminin igerisinde) yasam dongiisli analiz bilgileri tiim kaynaklar (yenilenebilir
enerji teknolojilerinde kullanilanlarda dahil olmak iizere) igin yer almaktadir.
Neodimyum ve Disprosiyumun miktarlari bu veritabaninda yer almamaktadir fakat
bu metaller yenilenebilir enerji teknolojilerinde ¢ok ©nemli bir yere sahip
olduklarindan dolay1 onlara ait miktar bilgileri literatiirden alinmistir. Bu sekilde ilk
asamada incelenen yenilenebilir enerji teknolojilerinde kullanilan toplam kaynak
sayist 35’ e ¢ikmustir.

Ikinci asamada, 2030 ve 2050 yillar1 i¢in yenilenebilir enerji teknolojilerin kullanim
miktarlar1 (EJ/y1l) IPCC, WWF, IEA-HIREN ve IEA-2DS senaryolar1 kullanilarak
hesaplanmistir. Bu ¢aligmada ele alinan yenilenebilir enerji teknolojileri giinesi
(glines hiicreleri (CIS, CdTe ve a-Si), CSP ve giines termal 1s1), riizgar1 (kiyidan uzak
(offshore) ve kiyiya yakin (onshore)), jeotermali (1s1 ve gii¢), biyokiitleyi (is1,
elektrik ve yakit), hidroelektrigi ve okyanusu icermektedir. Ilk asamadaki
hesaplamalar metallerin yerylzindeki mevcut kaynak ve rezervleri g6z oOniine
almarak yapilmistir. Bu hesaplamalardan 16 metalin kritik oldugu sonucu
bulunmustur. Bu metaller, Zn, Co, In, Nd, Cu, Mo, Au, Re, Cr, Cd, Ni, Zr, Pt, Te, Dy
ve Te’ dir.

Calismanin {igiincii asamasinda ikinci adimda elde edilen sonuglar daha detayl
incelenmistir. Birikim miktarlar1 6zellikle kritik olan 16 metal i¢in hesaplanmistir.
Bu birikim hesaplamalarinda tiikketim hizi, liretim hizi ve geri donilisim oram
kullanilmustir. Uretim ve tiiketim hizlar1 sabit kabul edilirken en son bulunmus geri
doniistim orani hesaplamalarda kullanilmistir. Dordiincii asamada da kritik olarak
belirlenen 16 metalin birikim miktarlari, bu metallerin rezervleri, kaynaklar1 2030 ve
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2050 yillarinda ihtiya¢ duyulan miktarlarla karsilastirildi. Son asama, 6 metalin kritik
oldugunu ve diger 10 tanesinin ise geri doniisim ile 2030 ve 2050 yillart igin
yenilenebilir enerji teknolojilerde ki gereksinimi karsilayabilecegini ortaya
koymustur. Kritik oldugu belirlenen alt1 metal Co, Nd, Dy, In, T eve Cd’ dir.

Kadmiyum gilines hiicrelerinde (CdTe) kullanilmakta olup bu teknolojinin
gelimesinde biyuk rol oynamistir. Giines hiicreleri IPCC-2050 senaryosunda buyik
bir paya sahiptirler ve bu ylzden de bu metal 2050 icin kritik durumda olabilir. Tez
kapsaminda yapilan hesaplamalar bu metalin tiim senaryalarda kritik konumda
oldugunu gostermektedir. Diger bir kritik metal kobalttir. Hesaplamalar bu metale
IPCC-2050 senaryasunda ihtiyacin 59.4 milyon ton oldugunu gostermektedir ki bu
rakam su anda ki kobalt rezervinin 8 katidir. Kobalt kaynaklar1 yer kabugunda
olduk¢a fazladir fakat madencilik teknikleriyle bol miktarda bu metal
tiretilememektedir ve bundan dolayida iiretim ile tiikketim arasinda biiyiik bir bosluk
s6z konusudur. Indiyum giines hiicrelerinde (CIS) kullamlan diger 6nemli bir
metaldir. Bu metalin geri doniisiim orani (% 1) olduk¢a azdir ve bu yilizden de bu
metal kritik konumdadir. Kaynaklar ve rezervlerde indiyum i¢in yeterli degildir.
Neodimyum ve disprotiyum riizgar tiirbini teknolojilerinde kullanilan iki 6nemli
metaldir. Bu metaller endiistride yogun kullanildiklarindan dolayi biiyiik miktarlarda
ihtiya¢ duyulmaktadir. Bagka bir ifadeyle, yeni riizgar tiirbinlerin yapilmasi bu iki
metale baghdir. Kaynak noktasinda bu iki metal i¢in bir sorun olmamasina ragmen
su anki madencilik teknikleriyle yiiksek miktarda iiretimleri yapilamamaktadir.
Telliir, CdTe giines hiicrelerinde kullanilan diger bir kritik metaldir. 2050 yilinda
kullanilmas: beklenen telliir miktar1 bu metalin kaynaklarmin %12" sine tekabiil
etmektedir. Bu metalin geri doniisiim oranida (%1) oldukca diistiktiir.

Tez kapsaminda ele alman farkli senaryolar degerlendirildiginde, suyun,
sirdiiriilebilir bir yenilebilir enerjinin hiikiim siirdiigii diinya i¢in yeterince
bulundugu anlasilmaktadir.

Bu ¢alismada elde edilen sonuclara gore %100 yenilenebilir enerji kullanan diinya su
anki tretim ve geri doniisim teknolojileriyle miimkiin gorinmemektedir. Bulunan
kritik metaller, riizgar ve glines gibi onemli yenilenebilir enerji teknolojilerinin
gelistirilmesinde temel rol almaktadirlar ve bu metaller 2030 ve 2050' de
yenilenebilir  enerjinin  hiikkim  siirdiigi ~ bir  diinyanin  ihtiyaglarim
karsilayamamaktadirlar.
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1. INTRODUCTION

Need for a sustainable and reliable supply of energy to cover our daily demand is
undeniable to sustain economic growth and maintain prosperity and comfort[1]. Due

to the ongoing increase in energy consumption of finite

fossil resources and resulting increase in concentration of carbon dioxide in the Earth
atmosphere, renewable energy resources are attracted increasing attention globally as
alternative energy resources. To decrease the footprint of carbon dioxide and also to
decrease the consumption of fossil fuels, renewable energy resources including: solar
power [2], geothermal power [3], wind power [4], small hydropower [5], energy
from biomass [6], tidal power [7] and wave power [8] can be converted to the
electricity and heat by different conversion technologies. The global energy
consumption and share of renewable energy resources in 2012 are presented in

Figure 1.1.

Estimated Renewable Energy Share of Global Final Energy Consumption, 2013

Fossil fuels

78.3%
Biomass/ HydM(
b{ootﬂein ‘;enewables ggfafrhﬁ;:ltall 3.9% ‘
= 4.1% ]
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19
% 13% 0.8%
Wind/solar/ Biofuels
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geothermal
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2.6%

Nuclear power

REN21 Renewables 2015 Global Status Report

Figure 1.1 : Global primary energy consumption by fuel type in 2012 [9].

As it is shown in Fig. 1.1, modern renewable energy resources form about 10 % of
world's primary energy consumption in 2012. There are many energy scenarios that

predict the roadmap of renewable energy deployment in near term and long term



periods. Each scenario considers different parameters to predict future energy
demands. Scenarios like International Energy Agency (IEA), Intergovernmental
Panel on Climate Change (IPCC) and World Wide Fund for Nature (WWF) can be
considered as a scenario that has determined the renewable energy deployment in
2030 and 2050. Based on some long mentioned scenarios share of renewable energy
in global primary energy consumption will increase in next decades so that some
scenarios predict a value between 50-100% for mentioned value in their long-term

roadmaps.

For producing the energy from renewable energy resources, some primary resources
such as different metals, elements and water play an important role. In the crust of
earth there are many resources which are used in renewable energy conversion
technologies such as: Copper, Aluminum and Nickel. While some of the materials
are abundant, some others are rare and hard to extract by current level of mining and
extracting technologies. For some materials, mining and extraction technologies can
provide sufficient amount for our demands in the energy or others sectors while,
some others like Rare Earth Metals (REMSs) need new and more efficient extraction

and separation technologies to meet our current and future demands.

Also water can be considered as considerable resource which is mainly used in many
processes for producing materials and devices that are used in renewable energy
conversion technologies. Studies show that while there is a huge amount of water in
the hydrosphere of earth, only a small amount can be considered as fresh water.
Global geographical distribution of fresh water is the main constraint for freshwater
availability so that in some regions of earth there is plenty amount of fresh water
while some other regions lack fresh water. In other words, water is a vital resource
and a comprehensive management must be applied for water utilization in energy

sector. Global water distribution is presented in Figure 1.2 [10].

Except demand for resources in renewable energy technologies, others industries also
consume metals and materials which are used in renewable energy conversion
technologies. For example in 2011 about 28 and 14 % of global Copper production
were used in "Building & Construction” and "Machinery & Equipment” sectors
respectively. In the same year about 65 % of global production of Nickel is used in

stainless steel industries. All of this means that there is a close competition on



primary materials usage between renewable energy conversion technologies and

other consumer sectors such as: transport, construction and etc.
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Figure 1.2 : Global distribution of water and different fractions of fresh water in the
earth. [10]

Availability of metals in resources and reserves for satisfying consumer technologies
in long term is another challenge so that it is essential to detect the critical resources
used in renewable energy industries. For some materials there are not huge resources
in the crust of earth while for some others, the mining and extraction methods are not
efficient to provide our future demand. For example Sodium sulfate is sufficient to
last hundreds of years with present consuming rate while for some other materials
like Indium and tellurium, there are limited resources and low production rate. The
term critical can be considered for metals that their supply won't satisfy their demand
in 2050 for renewable energy technologies. In other words, availability of metals in
their recognized resources and reserves for providing our demands in renewable
energy technologies based on the investigated scenarios determines the criticality of

metals and materials.

Another important parameter affecting on evaluation of resources capacity is
recycling rate of materials and metals. Recycling of strategic elements for achieving
to a maximum production is essential so that without recycling process, the resources
would not be sustainable. For example in 2014, about 52% of produced Zinc from
refining process was recovered in United States. Mentioned value is about 95000
tons which is about 10 % of zinc production of United States in 2014 [11]. For some

materials like Rare Earth Metals (REMs) limited quantities can be recycled. This



issue is a challenge for these metals due to their low production rate in the world
[11]. Aluminum, Magnesium, Lead, Zinc, Copper, Nickel and Cobalt can be
considered as metals and elements that can be recycled and recovered by using

different techniques.

Reaching to a world consuming renewable energy sources needs different metal and
materials and lack of resources for renewable energy technologies is the first obstacle
for this purpose. In other words, determining the situation of resources and their
potential for providing demands of renewable energy technologies in 2050 using
long term roadmaps is the first step of investigation on reaching to a 100% renewable

energy world.

Altough there are some studies that have investigated availability of some metals and
materials used in renewable energy technologies using some roadmaps, still a
comprehensive study about all the main metals and materials used in renewable
energy technologies in different key scenarios is not available. This study tries to
investigate resources limitations of reaching to a 100% renewable energy world
using long term renewable energy road maps. In this study a comprehensive number
of resources used in renewable energy technologies are investigated and their
availability using scenarios like IPCC-2050, IPCC-2030, WWF-2050, HIREN-2050
and 2DS-2050 are analyzed.

1.1 Purpose of Thesis

This study investigates resources limitations for achieving a 100 % renewable world
in 2030 and 2050 using renewable energy sources. In other words, through long term
scenarios like IPCC and WWF as our long-term roadmaps, the thesis analyzes the

availability of resources used in renewable energy conversion technologies.

In this study, of 35 resources including water and different metals for renewable
energy technologies including solar energy, wind energy, energy from biomass,
hydropower and geothermal energy consisting break down technologies using long
term scenarios are investigated. The availability of mentioned resources is
investigated based on long term and renewable world scenarios including IPCC-
2050, IPCC-2030, WWEF-2050, HiRen-2050 and 2DS-2050. Recycling rates of

metals are also investigated in this research. Amount of materials that can be



recycled to the consumption cycle of resources are calculated to determine the exact
value of material and resources availability in 2030 and 2050. To obtain an exact
assessment about criticality of metals and materials, through employing recycling
rate, production rate and recycling rat the accumulation of materials and metals are
calculated. Obtained results are compared with available resources and reserves so
that an exact assessment about criticality of metals utilized in renewable energy
technologies was evaluated. This study investigates and detects the limitations in
terms of availability and criticality of metals, materials and water for reaching to a
renewable energy world in 2030 or 2050 based on renewable energy deployment
scenarios. Main objectives of this thesis can be considered as i) determining the
materials and metals required in renewable energy conversion technologies based on
long term (2030 and 2050) renewable energy scenarios ii) calculating the
accumulation of metals and materials based on current recycling rate, consumption
rate and production rate iii) detecting critical metals and materials through comparing

results of calculations with available resources and reserves.

1.2 Scope of Analysis

This study investigates the supply side of renewable energy conversion technologies
for reaching to a 100% renewable energy in the world based on long term renewable
energy scenarios. Mentioned deployment scenarios predict the potential of renewable
energy technology in a global scale until 2030 and 2050. Scope of this study is

defined in the following items,
Scale: This study investigates the required materials in a global scale.

Time horizon: Time horizon considered in this study is based on 2030 and 2050

scenarios investigated.

Scenario: Energy scenarios and roadmaps considered in this study are: the IPCC,
WWEF, the IEA-HIREN and IEA-2DS-hire.

Supply side: This study investigates the supply side of renewable energy
technologies in 2030 and 2050 regardless of the demand side and policy.

Technology: This study investigates required metals in different renewable energy
sources including: Solar energy (Concentrated Solar Power (CSP), solar thermal

energy, thin film Photovoltaics (PVs)), wind energy (offshore and onshore),



geothermal energy (geothermal heat and electricity), bioenergy (bio-heat and power,

bio-fuel) and hydro (ocean energy and hydropower).

Metals and materials: In this study, 35 Resources including water and different
metals used in renewable energy technologies are investigated. Mentioned metals
and materials are extracted from Life Cyclr Assessment (LCA) database of
renewable energy technologies. Investigated Resources are: Aluminum (Al),
Bromine (Br), Cadmium (Cd), Chromium (Cr), Cobalt (Co), Copper (Cu), Fluorspar
(CaFy), Gallium (Ga), Gold (Au), Indium (In) , Lead (Pb), lithium (Li), Magnesite
(MgCOs3), Magnesium (Mg), Manganese (Mn), Molybdenum (Mo), neodymium
(Nd), Nickel (Ni), Palladium (Pd), Phosphorus (P), Platinum ( Pt), Potassium K,
Rhenium (Re), rhodium (Rh), silver (Ag), sodium (Na), Dysprosium (Dy), Sulfur
(S), Tantalum (Ta), Tellurium (Te), Tin (Sn) , Titanium (Ti), Zinc (Zn), Zirconium

(Zr) and water.

1.3 Literature Review

Need for a sustainable and reliable supply of energy to cover our daily demand is
undeniable to sustain economic growth and maintain prosperity and comfort [1].
Due to the ongoing increase in energy consumption of finite fossil resources and
resulting increase in concentration of carbon dioxide in the atmosphere of earth,
renewable energy resources have attracted increasing attention globally as alternative
energy resources. To decrease the footprint of carbon dioxide and also to decrease
the consumption of fossil fuels, renewable energy sources are essential as a
replacement of fossil fuels and related technologies. For producing the energy from
renewable energy resources, some primary resources such as different metals,
elements and water play an important role. Availability of resources (water, metals
and materials) for satisfying the demands of renewable energy technologies in long
term is a challenge so that it is essential to detect the critical resources used in
renewable energy industries. Another important parameter affecting the evaluation of
resources capacity is recycling rate of materials and metals. Recycling of strategic
elements for achieving to a maximum production is essential so that without

recycling process, the resources would not be sustainable.

There are studies in the literature about desirable aspects of criticality determination,

availability of resources for sustainable development considering their usage in



different applications and also different factors affecting on the criticalitiy factor of
metals [12-17]. Transition from fossil fuels to low-carbon power generation and its
impact on metals and materials is investigated [18]. In this study, using LCA
database the authors investigated the intensity of metals consumption in low carbon
technologies in compared with current technologies of energy production [18]. Based
on results of this study, transition to low-carbon power generation will consume
more metals and materials compared to the current technologies while it decreases
the amount of released pullutants to the atmosphere [18]. Bradshaw and Hamacher
[19] investigated the scarcity of metals used in sustainable systems of energy supply
and presented the definition of scarsity for metals and materials used in mentioned
systems describing scarcity by criterias including: steady decrease in global average
grade of ores extracted during the time and increase in price of extracted metals
which it is hard to be compansated by improving and upgrading mining and
extraction technologies. Vesborg and Jaramillo [20] have investigated the supply of
chemical elements for one TerraWatt hour (TWh) energy production through each
renewable energy technology. Based on thids study, for producing one TWavg of
electricity through solar energy conversion technologies, 350 kt absorber materials
and metals and also 3.5 Million ton of tin is required. Results of this study indicate
that for wind energ conversion technologies (wind turbines) 750 kt of neodymium
and 50 kt of dysprotium is required for producing 1 TW electricity using wind
turbine with high speed generators while for low speed /gearless wind turbines
higher amount of dyprosium is needed [20]. Results of another study [21] on
availability of Dy considering both supply and demand sides in long and short terms
indicates that growth of demand for dysprosium can effect wind energy conversion
technologies (wind turbines) because of fast growing of consumer industries like
electric vehicles and limited production capacity. The impact of Cu scarcity on the
efficiency of global renewable energy scenarios in longterm (2050) is investigated by
Harmsen et al. [22]. Based on this study, however there are huge reserves and
resources of copper, increasing the demand for renewable energy technologies will
lead to increase in copper production which results in increase in energy
consumption for production. Platinum is another metal which is used in many
renewable energy technologies. Availability of platinum resources is studied by
Elshkaki [23] through developing a dynamic model of intentional and non-

intentional flows and stocks of platinum and considering fuel cells deployment in



long term. In this study supply and demand of platinum considering secondary
resources of platinum were also investigated. Results of this model indicate that
resources of platinum will be depleted before the end of century with or without
considering fuel cell vehicles indicating a possible constraint for platinum.
Availability of some resources like cobalt are investigated in the literature reporting
total resources of cobalt including recoverable resources are 42.7 million tons which
is sufficient for several decades [24]. There are some other studies about lead
indicating no limitation and constraint for this metals in for long term demands [6].
Results of studies [25-32] related to material availability of thin film solar cells
indicate the potential of facing with resources constraint about some technologies
like CdTe or CIGS thin film solar cells due to some parameters like price of metals,
availability of them in longterm and also their dependence on production of their
parent metals like copper, zinc, tin and aluminum. Kavlak et al. [16] investigated
metal requirement for fast development of photovoltaics (PVs) considering future
energy scenarios and hystorical growth rate of different metals used in PVs
including: indium, gallium, selenium, tellurium, cadmium and silicon. Results of
their study indicate that scalability of In, Te and Se will fall in 2030 due to limited
reserves of mentioned metals. Results of this study also indicate that in case of Ga
and Cd there is not a bottleneck of scalability because of sufficient reserves of Ga
and also decrease in consumption of Cd in non-PV sectors which is related to
toxicity of this metal [16]. In the case of crystalline- Si solar cells, achieving to a TW
scale energy will lead to depletion in silver resources. Another disdvantage of
crystalline solar cells is their high demand of energy in fabrication process [33]. High
conductivity of silver makes it as an ideal metal used in silicon photovoltaic
technology and also a favourable metal in coating of mirrors used in concentrated
solar power technologies. Grandell and Thorenz [34] have investigated supply risk of
silver in solar energy conversion technologies considering different scenarios.
Results of mentioned study indicate the bottleneck in availability of silver for
satisfying demands in different solar energy conversion technologies like
concentrated solar power technologies, crystalline-Si and thin film solar cells. To
overcome mentioned limitations, some solutions including developing and improving
recycling technologies, employing alternative materials instead of scarce materials,
applying new fabrication process with low energy consumption and reducing the

thickness of semiconductor layers are suggested [29, 33, 35] however considering



alternative metals (for example replacing silver by aluminum) instead of critical
metals will decrease the efficiency of system and finally produced electricity will be
decreased [34].

Elshkaki and Graedel [36] have investigated the availability of metals for renewable
energy technologies using some policy and market scenarios. Based on results of
mentioned study, wind energy technologies will not face with any problem in terms
of resources while in solar energy conversion technologies, Te has the potential to be
critical in terms of production capacity and resources. Availability of some metals
like copper, aluminum and some materials like glass and cement used in renewable
energy technologies considering a long term scenario like WWF are investigated by
Vidal et al. [37]. Results of this study indicate that there are enough resources of
copper and aluminum for renewable energy technologies so that we will not face
with lack of these metals in 2030 or 2050. Some metals like silver, indium, tellurium
are used in different solar PV energy conversion technologies. Silver is a
fundamental metal used in silicone (c-Si) solar cells as conducting materials in the
electrodes. Based on predicted growth of a-Si cells in IEA BLUE Map Hi-REN
scenario, consumption of silver in PV industries will grow to 3300-9300 tonnes by
2050 indicating a constraint in terms of resources availability [38]. For thin film
PVs, metals including indium and tellurium can be considered as critical resources.
In case of Indium, there is a close competition between other consumer industries
and thin film solar cells (CIGS/CIS) production. Main fraction of supplied indium is
used in producing Liquid Crystal Displays (LCD) so that this sector consumes more
than 50% of produced indium. Based on the technology mix scenario CIGS/CIS
market will consume 20% of supplied indium in 2025 which is about 766 tons/year.
This value is 130 tons more that the total primary supply of indium in 2011 [38].
Availability of neodymium and some other metals including cadmium, gallium,
indium, tellurium and selenium in 2050 considering 60% renewable and 40% non
renewable energy systems in the world are investigated by Bradshaw et al [39].
Share of renewable energy systems in this study for solar PVs, wind and solar
thermal is equal and also the share of both biomass energy (for heating purpose) and
hydropower are considered 10 %. In this study the global energy demand in 2011
was considered 147900 TWh using the value which is determined by International

Energy Agency (IEA) [9] and according to the assumption of authors in this study,



the global consumption of energy in 2050 will double the value determined by IEA
for 2011. Based on this study about 3 million tons of neodymium is required for
both wind turbines and also for transportation sector which is not a huge fraction of
global reserves of neodymium. In CdTe solar cells, the required value for Cd and Te
based on this study will be between 0.5 and 0.6 million tons in 2050 respectively
indicating a critical status (lack of resources) for Te and also in the case of Cd the
potential of facing with constraint [39]. For CIGS solar cells required values in 2050
will be 0.1, 0.05 and 0.3 million tons for indium, gallium and selenium respectively

which are higher than their reserves based on USGS data [11].

However it has been investigated availability of some metals and materials used in
renewable energy technologies using some roadmaps, still a comprehensive study
about all the metals and materials used in renewable energy technologies in different
key scenarios is not available. This study tries to investigate resources limitations for
reaching to a renewable energy world using long term renewable energy road maps.
In this study a comprehensive number of resources used in renewable energy
technologies and their availability using scenarios like IPCC, WWF, IEA-HIREN
and IEA-2DS are analyzed. These scenarios are main scenarios considering
renewable energy technologies in their roadmaps so that WWF considers a 100%
renewable energy world in 2050 while for other scenarios like scenarios presented by
IEA this value is around 50% [9].

1.4 Method

To evaluate the criticality of metals and materials used in renewable energy
technologies, it is necessary to detect main metals and materials used in renewable
energy technologies. Except detecting mentioned metals and materials, knowledge
about fractional mass (kg.kwh™) of each metal used in the renewable energy
technologies is essential. Full life cycle analysis can be considered as a technique for
assessing the environmental impacts associated with all the stages of a product's life
from cradle to grave (i.e., from raw material extraction through materials processing,
manufacture, distribution, use, repair and maintenance, and disposal or recycling). In
other words, using LCA database gives required data about consumed metals and
materials in renewable energy technologies. In this study, 34 metals and water are

investigated. Using SimaPro7 software, LCA data of consumed metals (kg.kwh™)
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and water (m*.kWh™) were obtained. Information related to three resources including
Nd and Dy were obtained through available data in the literature. All in all, 35
resources were studied in this study. Considering investigated roadmaps in this study
(IPPC 2050, IPCC 2030, WWEF), shares of different renewable energy technologies
in global energy demand in 2030 or 2050 are obtained. In the next step required
metals and water for different renewable energy technologies were calculated and
also were compared with available resourses and available current reserves in the
earth. Depending on amount of available resources and reserves for metals, their
condition is categorized. To earn an exact assessment about accumulation of metals,
in the next step recycling rate of metals were applied in the calculations. Using a
formula and a model designed for life cycle of metals, the accumulation of metals are
calculated and an exact evaluation about condition of metals and materials
considering annual consumption and production, consumption, production and
recycling rate obtained as are presented in following sections. Renewable energy
sources and related break down technologies investigated in this study are: wind
energy (on shore and off shore turbines), solar energy (PVs including CdTe, CIS and
amorphous silicon solar cells, CSP and Solar thermal energy), Biomass (heat, bio-
fuel and electricity), ocean energy and hydropower. Share of different solar PVs
were considered equal (0.33) in this study. Also in calculations of biofuel, 50 % of
biofuel was assumed to be biodiesel and remaining 50 % was selected as bio-

methanol (95% ethanol). This study was performed in four steps;

Mass balance: a mass balance in global scale between predicted energy demands in

2030 and 2050 and our resources including metals, materials and water.

First screening step: selecting materials with potential of facing with shortage in
2050 and 2030. Using a comparison between available reserves, resources and

demand in 2030 or 2050 some potential metals were screened.

Second screening step: selected metals in second step were analyzed using different

parameters like consumption rate, production rate, recycling rate and accumulation.

Final selection: After step 3, final metals were selected through comparing

accumulation, resources and reserves of metals.

Based on definitions presented by Unites States Geological Survey (USGS) the

resources is referred to the "concentration of naturally occurring solid, liquid, or
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gaseous material in or on the Earth’s crust in such form and amount that economic
extraction of a commodity from the concentration is currently or potentially feasible™
and reserves is referred to "that part of an identified resource that meets specified
minimum physical and chemical criteria related to current mining and production
practices, including those for grade, quality, thickness, and depth”. In this study all
the data related to reserves and resources of metals and materials are obtained from
USGS database [40-67]. Values related to recycling rate of metals are presented in
Table 1 are results of study by Graedel et al. [68]. Using parameters like
consumption (C), Production (P), recycling rate (r), production rate (x) and
consumption rate (y), the accumulation of each metal and material is calculated. In
this study it is assumed that in each year the accumulation (A) can be considered as
sum of difference between production and consumption (P-C) plus recycling rate
multiplied by consumption of metal or material (rC). Based on this model for each
model;

In the first year;

A =(P-C)+rC (1.1)
At the second year considering production rate (x) and consumption rate (y);

A, =(P+Px)—(C+Cy)+(C+Cy)r+A =
(P+Px)—-(C+Cy)+(C+Cy)r+(P-C)+rC (1.2)

In this model, consumption and production rates are constant. To have an acceptable
evaluation about the rate that metals consume or produce, historical data related to
production and consumption value of metals were used so that at the next step rates
of consumption and production obtained using curve fitting. In this model, due to
constant rate of consumption and production, global production and consumption of
each metal will increase or decrease in compared with previous year. Thus to
calculate total consumption and total production between first year and nth year, it is
possible to consider an Arithmetic progression. Assuming and as production and

consumption in year (i), it is possible to write;
P, =R +(n-1)d (1.3)

P

total

=P +(R+d)+(R+2d)+..+ (R +(n-1)d) (1.4)
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Pota = (B, =(n=1)d) +(F, —(n=2)d) +...+ (R, —d) + F,

(15)
2|:)total = n(Pl + Pn) (16)
n
o = PP, ot B =2 (R +R) W)
n
Ctotal :C1+C2+-'-+Cn :E(C1+Cn) (1.8)
Therefore;
n n n
A[otal = Ptotal _Ctotal + rCtotal = E(Pl + Pn) _E(Cl + Cn) + rE(Cl + Cn)
(1.9)

=3 (R ~C,+1C)+ (P, ~C, +1C,)

In this study the availability of metals and materials are investigated based on
resources and reserves. Some metals like REMs have huge resources while limited
reserves are available for some metals like Aluminum. Using hystorical data of
USGS, consumption and production rate of metals were obtained. These rates were
used for accumulation calculation of some metals that were detected to be critical
after first screening step. For example global consumption and production of

chromium in recent years are presented in Figure 1.3.
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Figure 1.3 : World consumption and production of Chromium between 2000-2015
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Table 1.1 : Employed recycling rate for calculating accumulation of some metals in

this study.
Metal Name Recycling
Rate (%)

Cr 50
Co 50
Au 50
Mn 50
Ni 50
Re 50
Ag 50
Ti 50
Zn 50
Pt 50
Mo 30
Cd 20
Ga 1
In 1
Nd 1
Ta 1
Te 1
Zr 1
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2. TOWARD A 100% RENEWABLE ENERGY WORLD

2.1 Renewable Energy Sources and Conversion Technologies

Solar energy, wind energy, biomass energy, hydroelectric and geothermal energy are
the main renewable energy sources including different conversion technologies

which will be investigated in the following sections.

2.1.1 Solar energy

As the origin of our planet, sunlight is the source of other renewable energy sources
like wind, hydropower and biomass. The origin of solar radiations transmitted by the
surface of sun is turning sun's mass per second into energy. Mentioned mass of sun is
formed mostly from helium and hydrogen. Two components of solar energy when
they reach to surface of earth are direct radiation and diffusion radiation. The energy
which is received by the earth is about 885 million terawatt hours (TWh) annually
which can be considered equal to 6200 times of human's commercial primary energy
consumption in 2008 and also equal with 4200 times of the energy consumption in
2035 based on roadmap of International Energy Agency (IEA) [9]. By capturing all
the annual solar energy sent by sun, this amount will be sufficient for human's energy
consumption more than 6000 years while other fossil energy resources including oil,
natural gas and coil will be able to support our demands for 46, 58 and 150 years

respectively with present usage rate.

Technologies for converting the energy received by sun are discussed in the
following sections. Based on the report by IPCC in 2011[69], global technical
potential of renewable energy sources are investigated using previous studies. Based
on the results of this report, even lower level evaluated for producing energy by
direct solar energy is higher than the current global primary energy supply. The
upper and lower ranges suggested for technical potential of direct solar energy are
about 2000 and 60000 EJ per year respectively. Lower bound suggested for solar
energy is more than of upper bound of any other renewable energy source like

biomass, geothermal energy, wind energy, hydropower and ocean energy. Solar
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energy can be converted to electricity and heat by different conversion technologies.
Conversion technologies of solar energy are discussed in the following sections.

2.1.1.1 Solar heat

The devices which are used for converting solar energy to heat normally have
receptive surface to the sunlight including direct radiation and diffusion radiation.
The surface absorbs incoming sunlight and turns it into heat. There are different
devices for converting the sunlight to heat including flat plate collectors, evacuated
tube collectors, CPC collectors, ovens, Fresnel reflectors, parabolic dishes, scheffler
dishes and solar towers. Mentioned devices can be utilized in different technologies
of heat production including solar water heaters [70-72], solar cookers [73-75], solar
driers[76-79], solar ponds [80-82], solar architecture [83-85], solar air conditioning
[86-88], solar chimneys [89-91] solar power plants [92, 93] and solar stills-water
purification and distillation [94-96].

2.1.1.2 Solar thermal electricity

In this technology the sunlight is concentrated on a fluid in order to increase the
temperature of working fluid. Through a heat machine, some of the stored heat in the
fluid is converted to the electricity [97]. Following technologies are applied in order
to convert solar thermal energy to the electricity:

Parabolic troughs and linear fresnel reflectors

This technology is based on heat transfer to a fluid known as heat transfer fluid and
then preheating the water in the heat exchanger to superheat it [98, 99]. Mentioned
heat transfer fluid is usually some synthetic oils. Superheated steam as working fluid
derives a turbine which is connected with a generator for electricity generation. As a
part of thermodynamic cycle, condensed and cooled water is recycled in the heat
exchanger and then reheated by the hot oil.

Solar towers and dishes

In compared with trough planes, solar towers are younger. This technology has
advantages in terms of efficiency and cost in compared with other solar thermal
energy technologies. In other words, due to higher operating temperature and lower
cost of solar collectors, it is possible to produce power cheaper in compared with

current parabolic trough designs. There are some solar towers in commercial scales
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in Spain and the United States. Due to the high latent heat of some salts, they are
used as high temperature fluid and storage medium in these plants. Molten nitrate
salt mixture formed by salts of sodium nitrate (60%) and potassium nitrate (40%) can
be used as high temperature fluid in mentioned plants [100, 101]. These salts can
store the heat in their structure due to high heat capacity so that the plant can operate
at night where there is no trace of sunlight. By concentrating the sunlight to top of
the tower the temperature of salt increases to 565 °C and 550 °C respectively which is
enough to turn the water into superheat state and therefore derive the turbine. Figure

1.4 shows the process of electricity generation by molten-salt solar tower.

Collector field Molten salt system Power block Steam turbine generator
PP turbine
‘ Receiver Generator  HP turbine T
. =

; 7 Hot salt

S

2 Molten

g salt loop

[

Steam genfevaporator

—

'4“. "“. “.. { \ L f
T ! E Jl
Heliostats I [— | Steam gencration system

Thermual storage system

Figure 1.4 : Solar tower for electricity generation. [102]
2.1.1.3 Solar photovoltaics

Solar Photovoltaics (PVs) are used for direct conversion of sunlight to the electricity
without any devices like heat engine [103]. PV systems include different components
such as: cells, mechanical and electrical connections and current regulating systems.
In these systems the amount of delivered electrical power when the sun is located in

a position direct to head of system in a clear day, is named as peak kilowatts (kWp).

There are different types of solar PVs including: silicon (consist of amorphous
silicon and crystalline silicon), Cadmium telluride (CdTe) and Cadmium sulphide
(CdS), Organic and polymer cells, Hybrid photovoltaic cell and Thin film technology

which some of them are explained below;
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Amorphous silicon

As most popular thin-film solar cells and amorphous solar cells with cell efficiency
between 5-7 % are widely used. The efficiency of cell rises to 8-10 % when it is
designed based on the triple junction. The main weakness point of this type of solar
cells is degradation. There are different kinds of amorphous solar cells such as
amorphous silicon carbide (a-SiC), amorphous silicon germanium (a-SiGe),
microcrystalline silicon (c-Si) and amorphous silicon-nitride (a-SiN). Recently, some
studies report the efficiency around 13 % for this type of solar cells [104].

Crystalline silicon

In compared with other type of silicon solar cells, crystalline silicon solar cells have
more efficiency. These solar cells have some advantages like small consumption of
materials when they are compared with other types. Their efficiency is at the range
between 14-19 %. Studies show that new generation of silver cells formed with
single crystal silicon solar cells have advantages like less consumption of silicon
(about 10-20 times) in compared with conventional types of crystalline solar cells
[105].

Cadmium telluride (CdTe) and cadmium sulphide (CdS)

Cadmium telluride solar cells are formed from a thin film of CdTe for absorbing and
converting the sunlight to electricity. This kind of solar cell is developing very fast
and at the present state, it is the second most popular solar cell in the world after
silicon solar cells. The main advantage of CdTe solar cells is the low cost of
fabrication for panels. The cost of electricity for CdTe panels is less than 1.00 USD
per Watt. Some specifications like ease of manufacturing, good match with sunlight
and availability of Cadmium (Cd) make these solar cells as the main candidates for
future applications.

It is about two decades that polycrystalline thin film CdS/CdTe solar cells have
attracted so much attention so that they are considered as main candidates for large
scale application in the conversion of solar energy to electricity [106-108].
Fabrication methods of polycrystalline CdS/CdTe layers play the key role in cell
efficiency and also cost of cell. Recent progress in fabrication of these solar cells has
increased the efficiency of CdS/CdTe cells around 21% [109].
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Copper indium gallium selenide (CIS/CIGS) solar cells

With an efficiency around 14 %, Copper Indium Selenide (CIS) solar cells are
formed by an absorber layer of CulnSez on a plain or flexible metal backing. Their
cost of manufacturing is less than Si solar cells. Maximum output power of this kind
of thin film solar cells is 25 Watts (3.9 V and 64 mA).

Copper Indium Gallium Selenide (CIGS) solar cells are formed by a thin layer of
copper indium gallium selenide Cu(In, Ga)Se, as absorber layer. Like CIS solar cells
they have lower cost in compared with Si solar cells and their efficiency is up to

10%. Maximum output power of this generation of solar cells is 3 watts.

2.1.2 Wind energy

Wind energy can be considered as one of the main sources of renewable energy.
Wind energy has a huge technical potential for electricity production which is from
20000 TWh/year to 125000 TWh/year. This potential is more than six times of
global electricity production in 2009 which is about 20000 TWh based on IEA
report. Even though the potential of wind energy depends on location, potential of
most regions is enough to produce electricity. Figure 1.5 shows the map of global

wind resources.
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Figure 1.5 : Global wind energy source based on velocity [110].

For wind energy conversion there are two types of wind turbine technology including

onshore and offshore wind turbines which are described in following sections.
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2.1.2.1 Onshore

Onshore wind turbines have developed in size from 1980. In the early 1980s, the
capacity of turbine was 50 kW while current offshore turbines are developing to 5
MW. Onshore wind turbines are very important technologies between renewable
energy conversion technologies due to their cost- effective advantages. Another
advantage of onshore technologies is being close to electric grids that decrease the
environmental impacts in term of constructing new electricity transmission grid.
Disadvantages of this technology are noise pollution, visual pollution and harm to

birds. The cost of this technology is lower than offshore technology.

2.1.2.2 Offshore

Offshore technology is installed both right off the coast and in the sea. In the first
case there are placed on platforms which are made from concrete and are extended to
the bottom of sea. In the second case they are developed in the sea using floating
platforms. Offshore technology is one of the most expensive renewable energy
conversion technologies. In compared with fossil fuels, offshore technology is 90 %
more expensive which is due to technical difficulties related to their connection to
electricity grid. For developing this technology, developing new materials and new
technologies are required which they need more investment on this type of wind

turbines.

2.1.3 Bioenergy

Energy from sun is stored in the plants by photosynthesis mechanism. Rate of this
energy source is seven times the current global rate of energy use which is 500
Ej/year. This is while less than 2 % of this energy is used for human demands. About
10 % of current global primary energy consumption is from biomass (Figure 1.6). In
developing countries, biomass is the most traditional source of energy so that people

use firewood for different purposes like cooking and heating.

Biomass can be used in some process for producing fuel, power and some products
that are made by fossil fuels normally. There are some advantages of biomass
utilization including decreasing the greenhouse gas emission, reducing the

dependence to foreign oils, producing green fuels for vehicles and etc. through
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different conversion technologies like pyrolysis, gasification and biodiesel

production by microalgae cultivation.
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Figure 1.6 : Share of biomass in global primary energy supply. [9]

2.1.4 Ocean energy

About 71 % of Earth's surface is covered by oceans. The ocean absorbs sun's lights
so that the temperature of upper layers increases to 25 °C. Also due to gravity of
moon, an alternate rising and falling of the sea happens which is known as tide.
Mentioned phenomena are the source of electricity generation through ocean.
Electricity generation technologies through ocean are tidal power, wave power,
ocean thermal energy, ocean current, ocean winds and salinity gradient energy. The
last technology is due to difference of salinity between diluted and concentrated
solutions when a body of fresh water (river) runs into sea water. Figure 1.7 [111]
shows the locations with potential for electricity generation through ocean energy.
There are different conversion technologies for electricity generation using ocean
including tidal barrages, tidal turbines, ocean thermal energy plants, reverse
electrodialysis, pressure retarded osmosis and etc. Many of mentioned technologies

are not effective in terms of cost.

Wave power levels are appeonimate
20 given as KWim of warve front.

Figure 1.7 : Left: Global distribution of ocean energy, Right: Potential locations for

traditional tidal power [111].

21



2.1.5 Geothermal energy

The source of geothermal energy is the heat which is from earth. The first geothermal
power plant opened in 1960 in the United States and this source of renewable energy
has a high potential in some countries like Japan, United States and Italy. In this
technology, United States is the leading country in the world. Annual generated
electricity in the United States using geothermal technology is 15 billion kilowatt
hours of power. This value can be compared with burning about 25 million barrels of
oil or 6 million tons of coal per year. Figure 1.8 shows the global map of geothermal

energy and indicates places with high potential of geothermal energy technologies.

Some advantages of geothermal energy are low emission level, smaller land footprint
and reliable output in compared with other renewable energy sources. Based on the
report published by International Energy Agency (IEA), geothermal energy
deployment will reduce between 700-800 million tons of CO: in 2050. Between
1999-2004 electricity production through geothermal energy technology increased
16% with annual growth of 3%. Direct use has in the mentioned period of increased
43% with annual growth rate of 7.5 %. The United States, Philippines, Mexico,
Indonesia, Italy and Japan are the major countries in terms of electricity production
through geothermal energy conversion technology.
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Figure 1.8 : Global map of potential locations for geothermal energy.

2.1.6 Hydropower

Providing around 16% of global electricity demand and more than 4/5 of global
renewable electricity, hydropower can be considered as the world's largest renewable

energy source. Hydropower provides more than 90% of electricity demands in more
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than 25 countries. About 99.3% of electricity supply in Norway depends on
hydropower while in 12 countries about 100% of produced electricity depends on
hydro. In global scale, Canada, China and the United States are the countries which
have the largest hydropower generation capacity. In 2009, about 11000 hydropower
power plants were operating and generating the electricity in 150 countries. The total
global electricity production by hydropower reached to 3329 TWh in 2009 which it
is about 16.5% of the global electricity supply in the same year. Mentioned value is
equal with 85% of the global renewable electricity production. Figure 1.9 shows the
hydropower generation in different regions in the last decades. Global installed
capacity of this technology was between 926 and 956 GW based of evaluations.
Based on scenario presented by IPCC in 2011, hydropower generation will increase
35 % by 2030 and 59% by 2050.
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Figure 1.9 : Hydropower generation between 1971- 2009 [9].

2.2 100% Renewable Energy World

Reaching to a renewable world based on 100 % renewable energy sources has
attracted attentions recently. Employing renewable energy technologies is necessary
for providing future demands of electricity and for preventing from negative effects
on the environment [112]. Based on a case study on Denmark, reaching to a 100%
renewable electricity is feasible by 2050 using energy sources like biomass and
combination of wave, wind and solar power [113]. In the mentioned study the
feasibility of reaching to 50 and 100 % renewable society for Denmark is
investigated for 2030 and 2050 respecti