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Li fe cycle analysis of si li con pho to vol ta ic pa nels

AB STRACT

Alt ho ugh pho to vol ta ic (PV) systems in the ir work do not re qu i re the use of con ven ti o nal energy so-

ur ces (fos sil fu els), a con si de ra ble amo unt of energy ob ta i ned from such so ur ces is ne e ded for the ir 

pro duc tion. Li fe Cycle Analysis (LCA) is an analyti cal met hod that is used to as sess the im pact of a 

PV system on the en vi ron ment. This pa per pre sents a the o re ti cal over vi ew of the li fe cycle analysis of 

the PV pa nels, with spe cial emp ha sis on si li con PV cells and amorp ho us si li con PV cells. As ses sment 

of the energy ne eds for the pro duc tion of pho to vol ta ic systems, energy payback pe riod and gre en ho u se 

gas emis si ons are al so pre sen ted in pa per.

Key words: li fe cycle analysis, pho to vol ta ic cells, si li con PV cells, amorp ho us si li con PV cells, 

energy payback ti me, CO
2 
emis sion

ANA LI ZA ŽI VOT NOG CI KLU SA SI LI CI JUM SKIH FO TO NA PON SKIH PA NE LA

RE ZI ME

Ia ko fo to na pon ski (FN) si ste mi pri svo me ra du ne zah te va ju ko riš će nje kla sič nih iz vo ra ener gi je (fo-

sil nih go ri va), znat na ko li či na ener gi je, do bi je ne baš iz ta kvih iz vo ra, po treb na je za nji ho vu pro iz-

vod nju. Ana li za ži vot nog ci klu sa (Li fe Cycle Analysis - LCA) je ana li tič ki in stru ment ko ji se ko ri sti za 

pro ce nu uti ca ja jed nog FN si ste ma na ži vot nu sre di nu. U ovom ra du dat je te o rij ski pre gled ana li ze 

ži vot nog ci klu sa fo to na pon skih pa ne la, sa po se bim osvr tom na si li ci jum ske fo to na pon ske će li je i fo to-

na pon ske će li je od amorf nog si li ci ju ma. Da te su i pro ce ne ener get skih po tre ba za pro iz vod nju fo to na-

pon skih si ste ma, ener get ski pe riod ot pla te kao i emi si ja ga so va sta kle ne baš te.

Ključ ne re či: ana li za ži vot nog ci klu sa, si li ci jum ske FN će li je, FN će li je sa amorf nim si li ci ju mom, 

ener get ski pe riod ot pla te, emi si ja CO
2

1. IN TRO DUC TION

Everything aro und us is ba sed on the use of en-

ergy. The num ber of pe o ple on the pla net is 

in cre a sing every day and the re fo re the con sump tion of 

re so ur ces and energy in cre a se, as well as the ne ga ti ve 

im pact on the en vi ron ment. The fact is that to day’s 

pro duc tion of energy is ba sed lar gely on ob ta i ning 

from non-re ne wa ble so ur ces, such as oil, coal, gas... 

The se so ur ces are the most ac ces si ble but they are not 

inex ha u sti ble. Not to men tion the ir ne ga ti ve im pact 

on the en vi ron ment, be ca u se emis si ons of CO
2
 is con-

stantly gro wing. The re fo re the re is a need for the use 
of re ne wa ble energy so ur ces.

So lar energy is one of the most im por tant re ne wa-
ble energy so ur ces. It is inex ha u sti ble and, at the sa me 
ti me, the cle a nest of all re ne wa ble energy so ur ces. Of 
the to tal so lar energy on Earth ar ri ves 1.75 x 1011 MW 
[1]. The pho to vol ta ic ef fect is one of the best ways to 
use so lar energy. In fact, it is a met hod of di rect con-
ver sion of so lar energy in to elec tri cal energy by cre a-
ting po ten tial dif fe ren ces in the ma te rial.

To day the re are se ve ral ma te ri als that are used for 

the pro duc tion of pho to vol ta ic cells: mo no-cr ystal li-



301

www.savezenergeticara.org.rs

ne si li con, polycrystal li ne si li con, amorp ho us si li con, 

cad mi um tel lu ri de, cad mi um sulp hi de, hybrid so lar 

cells...

Li fe cycle analysis (LCA) is an analyti cal in stru-

ment that is used to as sess the im pact of a par ti cu lar 

pro duct on the en vi ron ment. The ba sic goal of im pact 

as ses sment is to iden tify and esta blish links bet we en 

the li fe cycle of a pro duct or ser vi ce and the po ten tial 

en vi ron men tal im pact du ring the en ti re li fe cycle, star-

ting from raw ma te ri als ex trac ti on, pro duc tion, di stri-

bu tion and tran sport, use, re pa ir and ma in te nan ce all 

the way to recycling and fi  nal dis po sal.

In ter na ti o nal Or ga ni za tion for Stan da r di za tion 

(ISO) has esta blis hed the ba sic prin ci ples of li fe cycle 

analysis [2]. LCA con sists of fo ur steps:

• Goal and sco pe de fi  ni tion

•  In ven tory analysis - da ta col lec tion and pro ces-

sing (Li fe cycle in ven tory)

•  As ses sment of im pacts on hu man he alth and the 

en vi ron ment (Li fe cycle im pact as ses sment)

• In ter pre ta tion

In re cent years, a lot is in ve sted in the tec hno logy 

of pho to vol ta ic cells for ma xi mum uti li za tion of the 

hu ge amo unt of so lar energy that re ac hes the Earth. 

Pho to vol ta ic systems are in cre a singly used as part of 

ho u se holds, re si den tial and com mer cial bu il dings, 

and the re fo re it is ne ces sary to ha ve in sight in to the 

im pact of such system on the en vi ron ment and hu man 

he alth. Pre ci sely li fe cycle analysis (LCA) can help in 

that area very much.

2.  THE LI FE CYCLE ANALYSIS 
OF PHO TO VOL TA IC PA NELS

Alt ho ugh pho to vol ta ic systems in the ir work do 

not re qu i re the use of con ven ti o nal energy so ur ces 

(fos sil fu els), a con si de ra ble amo unt of energy ob ta i-

ned from such so ur ces is ne e ded for the ir pro duc tion. 

The qu an tity of used energy du ring the ma nu fac tu ring 

pro cess is as so ci a ted with the pro blems abo ut the use 

of inex ha u sti ble, non-re ne wa ble energy so ur ces and 

pol lu tion which oc curs as a bypro duct of the pro duc-

tion pro cess.

Each li fe cycle analysis has its typi cal bo un da ri es 

and the sa me thing is when it co mes to the PV system. 

Bo un da ri es in clu de pro ducts and ser vi ces re la ted to 

each sta ge of li fe cycle analysis for a PV system, star-

ting from ex ca va ti on and pro cu re ment of raw ma te ri-

als to fi  nal dis po sal or recycling (Fi gu re 1).

In ad di tion to the PV pa nel, which con sists of a PV 

cell, the fra me and glass, each PV system con ta ins al-

so the com po nents for system ba lan ce. The se com po-

nents are ne ces sary to pro vi de struc tu ral sup port and 

to de li ver elec tri city to the fa ci lity or a to the grid. 

The BOS in clu des wi ring, ca bles, switches, mo un ting 

system, bat tery, bat tery char ger... [3].

Pro du cing elec tri city by using PV cells emits no 

pol lu tion and gre en ho u se ga ses and uses no fos sil fu-

els. The advan ta ges of the se systems in terms of en vi-

ron men tal pro tec tion are re ally gre at. But even tho ugh 

in the ir work PV systems do not con su me lar ge amo-

unts of energy and do not pol lu te the en vi ron ment, the 

qu e sti on is how long it ta kes the system to com pen sa te 

for the energy that went in to ma king the system in the 

fi rst pla ce and how much pol lu tion is cre a ted in the 

pro cess. By using LCA the energy payback ti me of a 

PV system can be as ses sed, as well as the ne ga ti ve im-

pact on the en vi ron ment thro ugh emis si ons of car bon 

di o xi de (CO
2
).

Energy payback ti me (EPBT) is de fi  ned as the 

pe riod re qu i red for the system to ge ne ra te the sa me 

amo unt of energy that was used to pro du ce the system 

it self. It is cal cu la ted as:

 [4]

whe re:

E
mat  

–  Pri mary energy de mand to pro du ce ma te ri als 

com pri sing PV system

E
ma nu

–  Pri mary energy de mand to ma nu fac tu re PV 

system

E
trans

–  Pri mary energy de mand to tran sport ma te ri-

als used du ring the li fe cycle

E
inst

 –  Pri mary energy de mand to in stall the system

�� �

Transport 

�

�

��

Fi gu re 1 - Sta ges of the li fe cycle of PV system

��[4]�

�

�

�



302

www.savezenergeticara.org.rs

E
EOL

–  Pri mary energy de mand for end-of-li fe ma-

na ge ment

E
a gen 

–  An nual elec tri city ge ne ra tion

� –    PV ef fi  ci ency

E
a o per

––  An nual energy de mand for ope ra tion and 

ma in te nan ce in pri mary energy terms

The en vi ron men tal pro fi  ta bi lity of PV system re-

fers to the im pact that the system has on the en vi ron-

ment in terms of glo bal war ming and gre en ho u se gas 

emis si ons. The most im por tant among them is car bon 

di o xi de.

 [5]

For each type of PV pa nel ma te ri als and in put /

out put amo unt of energy are dif fe rent. The re fo re, in 

this study it will be analyzed the pho to vol ta ics with 

dif fe rent so lar cells:

• Mo no-cr ystal li ne si li con PV cell

• Polycrystal li ne si li con PV cell

• Pho to vol ta ic cells from amorp ho us si li con

1.1.  Crystal li ne si li con PV cells

The fi rst pha se of the li fe cycle re pre sents the ex-

trac ti on of raw ma te ri als. In this ca se, qu artz sand ore 

(SiO
2
) which is pro ces sed thro ugh cer tain pro ces ses to 

ob tain crystal li ne si li con. The si li ca in the qu artz sand 

is re du ced in an arc fur na ce to me tal lur gi cal-gra de si-

li con, which must be pu ri fi ed furt her in to so lar gra de 

si li con, in or der to be co me su i ta ble for the ma nu fac-

tu re of so lar cells.

To ob tain mo no-cr ystal li ne si li con PV cells Czoc-

hral ski pro cess is ap plied [6]. In this pro cess from the 

mel ted si li con do ped with bo ron, with ad ding gra ins 

of sin gle crystals, mo no-cr ystal li ne wa fers thic kness 

0.3 mm we re ob ta i ned. PV cells ob ta i ned in this way 

ha ve the hig hest ef fi  ci ency and the best qu a lity.

Polycrystal li ne PV cells are ob ta i ned by pu ri fi  ca-

tion of me tal lur gi cal si li con with mo dify Si e mens pro-

cess. Mel ted si li con is cast in to molds, for ming a rec-

tan gle and then cut in to very thin she ets - wa fers. This 

pro cess yields very high si li ca pu rity (99.999%) [7].

The ef fi  ci ency of most mo no-cr ystal si li con so lar 

cells is abo ut  22%, they ha ve a ni ce uni form co lor and 

ha ve a mo re cir cu lar cell sha pe. Polycrystal li ne si li con 

�

�

�� �

, [5] 

�

�

�

      Electricity generation 

Silica sand 

Metallurgical grade silicon 

High purity poly silicon�

Polycrystalline silicon wafers Monocrystalline silicon wafers 

Monocrystalline silicon crystal� Polycrystalline silicon ingot 

Solar cells 

Installed PV system Mounting system�Electronic components�

Fi gu re 2. – Li fe cycle sta ges of crystal li ne si li con PV cells
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wa fers are ma nu fac tu red with a lo wer cost pro cess 

than mo no-cr ystal li ne si li con and the re fo re the pri ce 

of polycrystal li ne so lar cells is les ser than mo no-cr-

ystal li ne. The si ze of both types of crystal li ne cells is 

si mi lar but the ef fi  ci ency of polycrystal li ne so lar cells 

is slightly lo wer, 14-18% [8]. Fi gu re 2 il lu stra tes li fe 

cycle sta ges of crystal li ne si li con PV cells.

1.2.  PV cells from amorp ho us si li con

Amorp ho us si li con re pre sents a non-crystal li ne 

form of di so ri en ted struc tu re si li con and if it is ap-

plied as a thin fi lm on glass or so me ot her ma te rial it is 

di scus sed abo ut the thin fi lm PV cells. This thin-fi lm 

tec hno logy is the most po pu lar tec hni que used.

The pro duc tion tec hno logy for thin-fi lm mo du les 

dif fers sig ni fi  cantly from the one for crystal li ne si li-

con mo du les. The de po si tion of a thin layer of se mi-

con duc tor ma te rial on the sub stra te (usu ally a glass 

pla te) may be car ried out in va ri o us ways and de pen-

ding on the se lec ted mo de po wer con sump tion in the 

pro duc tion pro cess will vary [9].

The re are se ve ral be ne fi ts for the pro duc tion of so-

lar cells ma de from amorp ho us si li con. Co ef fi  ci ent of 

ab sorp tion of so lar ra di a tion is hig her than the crystal-

li ne si li con’s and so they re qu i re sig ni fi  cantly smal ler 

amo unts of ma te rial. With smal ler amo unts of ma te-

rial co mes lo wer cost of pro duc tion. Sin ce this tec hni-

que do es not use any to xic he avy me tals, such as lead 

or cad mi um, it re pre sents a tec hni que with the le ast 

en vi ron men tal im pact. The di sa dvan ta ge is lo wer cells 

ef fi  ci ency (5-7%) [10].

3. EXAM PLES OF LCA FOR PV CELLS

• Erik Al se ma in his pa pers [9] and [11] ga ve an 

over vi ew of the energy re qu i re ments for crystal li ne 

PV cells and cells from amorp ho us si li con. For the 

polycrystal li ne si li con cells the to tal energy re qu i re-

Process Energy requirements (MJ/m2) 
Silicon winning and purification 2200 
Silicon wafer production 1000 
Cell/module processing 300 
Module encapsulation materials 200 
Overhead operations and equipment manufacturing 500
Total (without frame) 4200 
Module frame (aluminum) 400 
Total  4600 

2

�
2

Ta ble 1. - Energy re qu i re ments for a typi cal polycrystal li ne si li con PV mo du le

Process Energy requirements (MJ/m2) 
Cell material 50 
Module encapsulation materials 350 
Cell/module processing 400 
Overhead operations and equipment manufacturing 400 
Total (without frame) 1200
Module frame (aluminum) 400
Total 1600

�
2

Ta ble 2. - Energy re qu i re ments for a typi cal amorp ho us si li con PV mo du le

Type of PV module Energy requirement (total) (MJ/m2) 
EPBT (year)

CO2 emission 
(g/kWh) 

Rooftop 
Ground-
mounted 

mc-Si 4600 3,1 4 50 
a-Si 1600 2,4 4 40 

�
2

Ta ble 3. - Energy re qu i re ments, Energy Pay Back Ti me and CO
2
 emis sion for dif fe rent types of PV mo du les [9]

Type of PV module Energy requirement (total)�(MJ/m2) EPBT (year)
sc-Si 7900 / 
mc-Si 6400 3,8 
a-Si 3400 3,8 

� �

Ta ble 4. - Energy re qu i re ment and Energy Pay Back Ti me ac cor ding to Ban ki er and Ga le
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ments is 4600 MJ/m2 (Ta ble 1). Most of the energy is 

re qu i red for ini tial pro duc tion pro ces ses, such as pro-

duc tion of pu re si li con and si li con wa fer pro duc tion. 

For the pro duc tion of mo no-cr ystal li ne si li con mo du-

les, Al se ma sta tes that energy re qu i re ments are hig her, 

mo re pre ci sely with an ad di ti o nal 1500 MJ/m2 be ca u-

se of the mo re ela bo ra te crystal li za tion pro cess. 

As for the PV cells from amorp ho us si li con, in Ta-

ble 2 it can be seen that the ma te rial for the ac tual 

so lar cell re qu i res re la ti vely lit tle energy. This is pri-

ma rily due to the small cell thic kness [9]. On top of 

that it is ne ces sary to add energy re qu i re ment for the 

ba lan cing of the system. 

Ta ble 3 re pre sents the da ta ob ta i ned on the ba sis of 

Al se ma’s re se arch from the 2000s, for polycrystal li ne 

si li con PV system and for thin-fi lm PV systems in stal-

led on the ro of top or gro und-mo un ted, with me di um 

ir ra di a tion of 1700 kWh/m2/year. 

Gi ven that, ac cor ding to Al se ma, ex pec ted li fe ti-

me of PV systems is 25-30 years and ma xi mum ener-

gy payback ti me in low ra di a tion ex po su re is 6 years. 

Even tho ugh it se ems li ke a long ti me, it le a ves plenty 

of ro om for a sig ni fi  cant net pro duc tion of energy. 

• Ban ki er and Ga le [12] gi ve the ir as ses sment of 

the vi a bi lity of PV system in 2006. Ac cor ding to the ir 

re se arch the energy re qu i re ments of PV systems are 

slightly hig her (Ta ble 4). The se dif fe ren ces oc cur be-

ca u se of dif fe rent as sump ti ons abo ut the pa ra me ters 

of the pro cess, espe ci ally for the pro duc tion and pu-

ri fi  ca tion of si li con. In this ca se energy payback ti me 

in cre a ses to 8 years.

• In the ir pa per [13], Al se ma and de Wild-Schol ten 

col lec ted da ta from se ve ral com pa ni es in Ame ri ca and 

Eu ro pe in or der to fully co ver the pro cess of ob ta i ning 

crystal li ne si li con PV mo du les. They ga ve in for ma-

tion on the to tal energy re qu i re ments, as well as CO
2
 

emis si ons and energy payback pe riod, in the mid dle 

ir ra di a tion of 1700 kWh/m
2
/year (Ta ble 5).

• Pac ca in his study [14] ga ve an as ses sment of the 

im pact of the li fe cycle of PV system with cells from 

amorp ho us si li con mo un ted on the ro of of the bu il ding 

in Mic hi gan, Uni ted Sta tes. At this lo ca tion, so lar ra-

di a tion is 1359 kWh/m2/year, CO
2
 emis sion is 34.3 g/

kWh for PV cell ef fi  ci ency of 6.3%. The li fe ti me is 

esti ma ted at 20 years.

• Ma son’s pa per [15] pu blis hed in 2006, shown 

the de ta i led li fe cycle analysis of the plant with a 

polycrystal li ne si li con PV pa nels ca pa city of 3.5 MW, 

mo un ted in Ari zo na. The system is set up on the gro-

und and the mo du les are fra me less. Ra di a tion in ten-

sity is 2100 kWh/m2/year. CO
2
 emis sion amo unts to 

29 kg/kWh, whi le the energy payback ti me is 0.21 

year. If you ta ke the ave ra ge va lue of ra di a tion for 

Ame ri ca (1800 kWh/m2/year) energy payback ti me 

will be 0.37 years.

2. CON CLU SION

In this work the o re ti cal con si de ra tion of li fe cycle 

analysis of pho to vol ta ic systems, with spe cial emp ha-

sis on crystal li ne si li con PV cells and PV cells from 

amorp ho us si li con, is pre sen ted. As the out put da ta of 

this analysis it is ne ces sary to get the energy payback 

ti me of a PV system and CO
2
 emis si ons as a use ful 

in dex for de ter mi ning the ef fi  ci ency of PV systems in 

terms of glo bal war ming.

At the sa me ti me, a bri ef li te ra tu re re vi ew of stu-

di es that ha ve been do ne on this su bject is shown, as 

well as exam ple of PV po wer plant in Ari zo na. In or-

der to draw a con clu sion, only da ta for me di um ir ra di-

a tion (1700 kWh/m2/year) is shown. Ave ra ge energy 

payback pe riod for ro of top crystal li ne si li con PV sys-

tems ran ging from 2-3 years, and for gro und-mo un ted 

systems aro und 4 years. Energy payback pe riod for 

PV cells from amorp ho us si li con is slightly lo wer, pri-

ma rily be ca u se the ir pro duc tion re qu i res less pri mary 

energy. Ba lan cing the system is very im por tant be ca u-

se its sha re in pri mary energy con sump tion is sig ni fi -

cant, which co uld be seen from the ta bles abo ve. The 

energy payback pe riod is in ver sely pro por ti o nal to the 

in ten sity of so lar ra di a tion, so in are as with high le vels 

of ra di a tion (2200 kWh/m2/year ) energy payback pe-

riod of PV systems is lo wer. Emis si ons of CO
2
, ac cor-

ding to the re se arch, for crystal li ne si li con PV systems 

ran ging from 35-50 g/kWh and for PV systems from 

amorp ho us si li con 25-40 g/kWh.

Sin ce the li fe ti me of PV system ex ce eds 20 years, 

ac cor ding to so me go es up to 30 years, low energy 

payback pe riod me ans that the system can re la ti vely 

qu ickly re sto re energy in ve sted in its de ve lop ment. 

Va lue da ta re la ted to gre en ho u se gas emis si ons, pri-

ma rily CO
2
, are sig ni fi  cantly lo wer than the va lu es 

that co me from com bu stion of fos sil fu els. The re fo re 

it can be con clu ded that PV systems ha ve sig ni fi  cant 

po ten tial to mi ti ga te glo bal war ming. New PV tec hno-

Type of PV module �Energy requirement (total)�(MJ/m2)  EPBT (year)
CO2 emission  

(g/kWh) 
sc-Si 5200 2,2 45 
mc-Si 4000 2,7 35 

Ta ble 5. - Energy re qu i re ment for crystal li ne si li con PV mo du les
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lo gi es are mo re pro fi  ta ble from the energy si de and 

ne ga ti ve im pact on the en vi ron ment is get ting smal ler. 

Be a ring in mind how much is do ne to im pro ve PV 

system, by 2020 ac cor ding to Al se ma [9] can be ex-

pec ted that the energy payback ti me for si li con crystal 

system is go ing to be 1-2 years and CO
2
 emis si ons 

aro und 20 g/kWh or 0-1 and abo ut 10 g/kWh for PV 

system with cells from amorp ho us si li con. 
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