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1UYNTRODUCTYON

1. MTHEPANORAPRAJIECT AMBNDBBOK

The PANORAMA project utilises and promotes cooperatio
stakehol ders and | ocal authorities wietch stialkeh nagi m ugpfp oird e
the implementation of innovative solutions in the neld:¢
and coll aboration between producers and consumers with
The growing urgency of the energy transition, driven
situation in Europe and globally, makes it necessary t
use of renewable energy sources at regional |l evel

This new scenario calls for the rapid delivery of rese
wind energy that can be i mmediately applied in a regio
the integration of syenetmandntbetperaenvcabnmmpl ement at
communities or simielnamr atoroms odf edelcft ri city.

The aim of the project is to pool and systematise the
economic feasibilityianegthti besdf poswi ehergy systems
foll owing pi)l @&twoazithéngaddi enMani ago i ndusPtrroivdlncaer eod FIPiouldier
Venezia OCGnwdiiciipaner bveace oWVeBebdbdrnmhnafSal zbuAgstTha
out come of PANORAMA wi | | be the creation of geographic
i ncorporate the various areas of expertise of the part
This document , entitled YHandbook of existing technol c
from renewabl e sources in the programme areah, has be
overview of the technol ogi es rcsurorne ratnldy sa wa ialgaeb lod femre rtgh
sources, which could potentially be implemented within
The authors point out that the infor matgiowme mprtolhva dreadp inth y
of technol ogies and economi es, and that the data have
document or within the source itself. Readers are ther
the text andhé¢ oaexialmhmlee tdata further before making en
Technol ogies and tRELCralappldempdndi oy thhe | ocal ceont ext
carry out further assessments when intending to i mplem
Thi handbook is structured as foll ows. Chapter 1, t he
concepRELofand the quantinpcation of environment al i mp a
incentives RE®€IilmabUealfwpwyrand Austria, the countries in
are |l ocated. Chapters 3 to 7 are devoted to the variou
energy from renewabl e sources. Un paidtoigée elsara,nat ysedne
phoovoltaic panels, wind turbines and hydroelectric po\
examines hydroelectirrigglhsesphage, bbaitéri u-néh yalm dtgphevetd pho we |
system in depth. Each of tiHese sdahapxttaurrse ,f aldldovwes sa ngi m
i ntegrati oREQvitthhei nt eac hni c al aspects, the economic dat a
i mpact s. The section on photovoltaic panels <constitut
technyliosg currently the eafRE&€st to i mplement within

1. 2VHAT ARECEGUSLAPA®RN YCUPANIBY EXLNDI VES

ARECs a coll aborative agreement between sever al partie
the grid through the generation of energyREOsommsepawab
of the broader European regul atory framework for t he
established by Directive 2009/28/EC and subsequently
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RED 44, The | atter formal |l RECnauwtoldiunciendg tihtes dreonlne twiotnh ionf
system. The current EU Directive 2023/ 2413, known as R
regul atory framework relating to RECs and strengthens
parti,cutthme directive sets a binding 5S5t%®haete atf EUel gye

renewabl e sources in the overall energy mix by 2030. R
Me mber State must transpose these provisions into its
signipcant role to national, regi onal and | ocal aut h
integr aRES n nafo the energy sysifcomsamptti @onpr drmottédi selefnd,
the reduction of administrative barriers, the adoption
of renewabl e energy sources, anredhtt haen dd iascsceensisn adtlh €osni ndf fo
includes, for example, information on the availability
for building public conpdence and encouraging wider peé

Court of Auditors,).2026; RED 449, 2023

Di Ferent countries have adopted di Ferent regul atory fr
particularly with regard to participation arrangement
mechani sms. Un Utaly, the rieguleagiosrliya tfirvaemeDwocrrke @ s1 B%/t2 Q

i mpl ementing measures, including ARERA Resolution 727/
provisions stipulate that members of an energy commun.i
substatian ameé tlmpacity of eligible installations must
(4t alian Republic, 2021). -AnsbBesttiza,( EAIGS Bra 13 e uaedrobpatre
published in the Federal Law Gazette heB&Blec)trd cNby U]
Organisation Act (EIl wOG) , BGBI . 4 No. 110/ 2010. These
generation from renewable sources by 2030 and <cli mat

Unstitute, 2026a).

Partici p&tEiCesn ailnmsoa encouraged by specinc economic mech:

more detail in Chapt®EG2ay Pactiludiepamtds vi dual citizens,
and private bodies, a-8dzesdnakbht eampr inseedsi uMENEL , 2023) .
members fall into three main categori es: producers, C (
who sital | photovoltaic systems and feed the electricit
contraxtot dgenerate energy and meet their needs by pul
combine both functions, generating electricity, consum
surplus back into the grid (Becchetti & Salustri, 2025
dt is important to empR&E€@hoe puhathamemeears ggf faom t he g
draw electricity directly from other producers or pros:
exchanged remains at | ow voltage as it passes from t he
consumer, thereby reducing transmiissiancéosesesggompwas ed

2024). The main objective of an Energy Community (EC) i
and consumption within the |cooccrmamu nuistey ,ofp rtohneo te megr gtyhepr o
ti me and via storage systems such as batteries. Excess
to supply electricity from renewabREGss owelcle.s @mn sceognuseum
benepts of energy commun-meméeral sasexhendl eotnooity gr
progressively more sustainable and based on renewabl e

ARE@Gay incorporate one or more renewable energy source:
in Europe came from renewable sources (Council of the
these, photovoltaic panels are toneamfbd hes &BC wO ttheécrh na
technol ogies that can be used include wind tur bBRECes an

based exclusively on photovoltaiccgaeasamption anahéeevés3
a paybackdpef approximately 2.57 years. The integratio

10
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energy and 50% wind power, al | owsonfsourmpat isang,niwhciacnht ¢ annc
66% (Papapietro, 2024) .

Renewabl e energy sources are more widely distributed

intermittent and | ess predictable; they therefore requ
systems, which play a vhitlailt y odred i emn spuroivigdi aa gc oyretxiinuou
grid. An EES is denpned as the process by which el ect
conversion modul e, into another form or into a storage
thealm or magnetic. This process takes place when there
hours of solar generation. The converted energy is sto
back into electrical energwal whe@0X4&)uithds (Mgdinal ley
generation is insuccient to meet demand, such as at ni
periods of | ow wind power generation.

Al though theREBCH:m ©bdb mheitmimee cromaslumpti on, the presence
necessary for it to function optimally. Naturally, due
much as possible and, in any case, totHenpdietmeaitti drh.e t vy
The simplest and most wi despread solution 1is battery
particularly versatile as they are modul ar and scal abl
such as hbyadsreodg esny st ems t hat i ncsltwdeagel antdr ofluyeslercel | s,
i mprovements in energy performance. Un particul ar, a h
and 45 per cent wind geoenstmpni oanl acvblsevefsepfto 83. 7
such gwmati ons are stildl not economically viable (G. R ¢
There are nwneprpooust edU i ni ti atives ai meRE@4 spcbomasi hget &
Energy Advisory Hub. This body helps to encourage the
di sseminate technical and regulatory information, and
pl anning (npnancisaolc,i atle cahsnpieccals )andFurt her more, there are
identifyi RgAexiBuri mmme . For exampl e, in dtaly, the &Best
l'ist and a map of exi st iRMECspirnanlau di g bisrnfadrn matsi @amds uc h
number of user s, the municipality, the province and t|
n.-a) Un Austri a, Sal RECsg bhdJanoang 2025 (The Sal zburt
Pl anning and Housing, n.d.).

1. 2 EAONOMAESESSMENT

For each technol by piadad eynsdei dtCLArPeE X ) and operation and
expend{ OBEX) are presented. CAPEX represents the initi:
includes, for example, the purchase of components, tax
costs. OPEX refers to managementiagdtmai openancenadct pwh
and is generally related to installed power and pl ant

1. 2 BERVURONMEANAISRESSMENT

A lciyfcel e assessmenst {d CAnv imearsmearet al i mpact of a product
its I|i,cal Bcgrdaldd e t,or gdavéejpg a specipnc se@iReretx gonfptlheeh e
producphaeasne i skraedlkedo gatiej .a Titheedaidu€@Aess which techno
combination of technol ogREG, is most suitable for a

An LCA analysis consists of four phases: goal and scorg
assessment (LCYUA) and interpretation (Muralikrishna &
dennes the purpose of thesL&Ad the Bystemobablbndarie( FU)
of an LCA denpnes which life cycl angdtagdd arag yi heldwdked
someaseéedhe di Ferences are explicit, S u c ho flaisf @ nt(cdtguds;)i oisin o

11
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other cases they are |l ess evident. For example, one st
the production site but not the transport of the pnist
may include both tr ansoproyr ta nsatlaygseiss. prThhaes ei navcecnocunt s f or
processed components and energy) and outputs (product
Studies often do not provide a full i nventory ilcihst ; t
components were included in the analysis (Zampor.i et

environmental-haaldt huimmmacts across several categories.
review of therroecsewistisn,g pasethghmahgsati on) and sensitivi
The i mpact categories assessed depend on the selected 1
Unstit utEx,anepll2e56U.Af med hwedGi Pe ( Hui jbregts et al ., 2016)
(EF) (Andreasi Bassi et al., 2023), Untergovernment al |
al ., 2023) , and the Tool for Reduction and As sacstssment

( TRACU) (Bare, 2012). The methods provide results for

(RybaczeBasakzaej owska & Jezierski, 2024a), but each wuses
di Ferent calculation methodol ogies. Examples of midpoi
known as carbon footprint or fglehavlat ewrar miun g o pphoitceantti
eutrophication, ionising radiation, water use, fossil
l and use. Examples of endpoint categories are human he:
Bassi @&23al Hui bregts et al., 2016). Midpoint categori
assess damage. Mul tiple midpoint impacts are grouped a

Comparing results between di Ferent studies can be dicgc
functional uni t s, i) boundaries of the system, i v) r
and vi) npnal wunits sunbariitsteedd, (weaiwg hvtae du)e s(l Bcoogoapcakrae erte sau .t
obtained with di Ferent LCtUdAammbhbdse,thet Odataecessary

12
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2UNCENTUVES AND SUBSUD!

This chapter focuses on the incemtgenwvessabhe enksigdgi esn A
Ut acloyu,ntirri ehi ch the pr ajsect aBANG®REASMAL |l ol areas. The se
onPV technology.

2. IAUSTRUYA

The 2021 Renewahbl e Energy Expansion Act (EAG) i s the
i mpl ementati on, promotion and pnancing of renewabl e

framewoRKEL offGr ant ham Research Unstitute, 2026b) . Nati or
pl ants powered by renewable sources (solar, wind, biom
funding agencies in Austria, not ab|AG t(hCee MOGYi cakn ducdt chses tK
Energi efonds( HrkiLkiseshon Ber ggren et al ., 2023) . Un addi ti

have their own funding programmes aimed at di Ferent ta

The subsidies drnev ecditvmephd d daumedt oiong PV pl ants as an exarm
subsidies depend on the size (peak power of the PV and
or of the plant extension. B/R Vpoa w aar/ dk Yrha yE GbSe e sat mexretd g rad
categorieorAdampeénB) on the quant iEtAG reyesstmehCh gd)ant ca
EAG investment grant categories A and B aEAGawawdstdmen
grant categories C and D omesatae bhyher @amidi d tthe apmplic
reqguesting the akoNpe sdavdeudhald nfgur{diThg pmsbBpetndantuts t h

maxi mum r at e, the greater the chances of r.®ceidwicid onh
subsidies, such as the Market Premium, aFien abnacsieadl opnr ot ghr
are usually mutually exclusive but some can be combine

the rules of .baehtpmwewirdads icnhapht er can be applied to F
are | argeeat hagPhoR&CoIl taic. Austria, 2026)

Additi ohalrley are nnancing opportunities from outside of

projects. For example, The European Unvestment Bank has
to support the construction of ra-adgruimperd (s28 rMW)e h(yldsrOo pvo
which will be constructed by Energie AG Oberodsterreich
With regard t ozbtuhreg,L anhde oO0e MMad has oFered funding for t
systems, but the deadline for tekpi satdmi sasiDecembet h@02aF
Sal ztharsga funding promaasmpeabtreag The grant i s equal t
surcharge ( maxi muar i4g@ db%les o b f (t Upaenodj e al zab)u.r gWi tnh drregar d
hydropower , a campaign has been under ,vwaay giemowe a2@1 X n
hydrweppb plants up to 10 MW, Udn phase 1, applicants <co
assessment of the current pl arsti.t eT hae spehassme n2 ,c preg if otrsme
selected by the processing agesncyt,eohnitdcdel ,hyadaoll ogii call
identipcation of potenti al i mprovementplsaselhke, beemecarciar
are covered by the agency. For the phase 2, the benepc

of 05 0. The hydr ovp o pecla plapat$3 ¥ kW Hsaevpea rpartoec,evhier e f or

phase 2 the benepciary pays 1/ 3 of thHileecagsnutyanmeypawns
the Oecce of the GbuaprdafnBeanlt@emnfertah e Wat er (Maannadg eSwelnztbur g,
b) .

The following tables illustrate the current nRrtriomlal |
Reference sourcpr owitdefsouadsummary of the National EAG
known a$nf peemabXXMprovides a summary of the investment
communiBrireasr;! Reference smpruagwiedensota fowmmary of the i nve

13



Co-funded by

pa nOl'a ma HILerr cu the European Union

Italia-Osterreich

for new photovoltaic systems and expanded, funded by t
renewabl e energy install ati on p rhoyjdercotpsa wodfr brieonneawsasb)l ei ne r
further details are avai-balwiekhengss{(bttpsat/ Wwoawrdaegka
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Tab2le Market premium for photovoltaic electricity fed into the
Summary The market premium is a subsidy for photovoltaics electricitye
reference market value (roughly equivalent to the average prihe

economically required electricity price must be registeregdysthem
ranking is carried out on the basis of the bid (by tnheec elsosvaersyt )t.
nnanci al guar antee; in case of acceptance of the contract yisst ermes
agricultural l and and meadows, a 25% -P¥duction applies (except
The maxi mum value for the price of electricity registered.i$hesh
premium is granted monthly for a period of 20 years. Thenge@fayaeanle
is required for photovoltaics systems with a capacity equal or
Vol ume of the call for date of bid: minimum 175 MWp
Combinability: This funding cannot be combined with the invesual
be checked. The combination with state subsidies or municipal i

Unformation on t

OeMAGSbwi cklungsstelle fir OkostlGgmlAO0 Ali®eimmachstrale

14

body +43 5 787 66 -4d@9.,ataglatboms ckleagsstelle. at]/

Type funding Premium over the reference market value

Mini mum size sub|J10 kWp

PV plant:

Maxi mumsebgedi sel]No | i mit

PV plant:

Maxi mum pnancial|l7, 77 c¢ct/ kWh

Start and end dalCall of tender 2026: Callteofder 2027:

funding applicat|{|02.03.-20263.2026 26.01.-202@2.2027
27.05.-20266. 2026 07.04.-2220@4. 2027
09.09.-20269. 2026 23.06.-282@7.2027
25.11.-202862. 2026 22.09.-2v2710.2027

15
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Tab22eKLYEN grants for energy communities

Summary The further d erveerd eowanelne eorfer gy communities (EEG), of citizen
generation plants (GEA) is supported in relation to the foll oW
fThe expansion of the community, the opening to new groups of |
innovation and technological
¥ Measures for the digitalisation, the automati on, the impr
applications for a greater control/nexibility. The serviceisnadg
ombmoth of the priority areas are eligible for funding. Um tthreo
i mpl ementation of the measures submitted for the funditnhge, aacthilg
of the social innovation in the energy community. Un the tcoinn
funding guide for the implementation of the technological i nno
Combinability: The combination with other feder al subsidies
Mor eover, the combination with state and municipal subsidies i

Unf ormation on thdgTeam of management of energy communities of Municipal Credit H
+43 1 316 31 716, umwelt @kommunal kredit. at

Type funding Unvestment -ofr ant one

Funding maxi mum ayCall priority 1: max. 10. 000 @&
Call priority 2: max. 20.000 & but maximum 50% of the costs el
All ocation of the subsidy: 5,3 million @&

Start and end datg20.01.-26267.2026 (hours 12:00) or up tod exhaustion of the bud

application

16
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Tak8. EAG investbment grants A

Summary The funding where applicable for the construction or the egwspgam
newly built and connected to it. The funding applicationseamnabg
before the measure to be funded is put into operation. The yatnd
can be submitted to the respective calls. Ut i s necdshsargy itdo op
may be required authorisations by the I ocal authorities F(fgaran
eligibility of a storage system is |inked tondthepdssiddling tam pflurc
al one. Similarly, the expansions of electricity storage andng
photovoltaics innovative systems+ can recbsvdyafNtheceéase af ma
the subsidy rate). For photovoltaics systems built on a arreat e.d
exceptions for the PV plants @&aarge aavdiolealdlee ummg https:// www. oem
Bonus "“iMawWrope": photovoltaics systems with PV modulcerse atniddno rp rid
the European Economic Area and Switzerland receive a surchar gtee
For the electricity storage, an increase applies of the 10% on
Combinability: This subsidy cannot be combined with the subsi d)
federal or state must be examined in the respective funding gui

gnformation on thOeMAGSbwi cklungsstelle fir Okostl6gm1AG0 AlisemlmachstraRe 14
+43 5 787 66 49, atagl@datbms ckleagsstelle. at/

Type funding Unvest ment -offrant one

Grant A B C D

Mini mum size subsg|- >10 kWp >20 kWp >100 kWp

PV plant

Maxi mum size subs/10 kWp 20 k Wp 100 Kk Wp 1000 kWp

PV plant:

Capacity subsidisfMinimum 0,5 kWh/ kWp installed up to 50 kWh

system

17
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install ed,

Tabl3. 2EAG invesDméoobngraoed) A
Maxi mum support (150 o/ kWp (PV) ani140 &/ kWp (PV)YUp to 130 o/ kWp|lUp to 120 &/ kWp
usalclagpaki ty (storage) but maxa/ kWh (storagqa/ kWh (storage)|a/ kWh (storage)
investment costs |30% of the inyof the investme|lthe investment ¢
costs eligibldeligiblet
Available funding9.000.000 @& 21.000.000 @&
Start and end datf23.04.-20265. 2026
application 16. 06.-20266. 2026
08.10.-2R260. 2026
'Metering podentigcahieon number for an individual grid connectmieoreri Wpd p o&cmR\V dsystem i s

*Unnovative

‘Bet ween

t he

system denni thitotnpss :c/a nvavbve.acieonfc at ede hen g :
me% hofd si, n « et Mexretd a @d te,

t wo

calcul ati on

18
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2. ALy
WidespreadnsemitAikyn ocon diufwise U} aad snaond e | of energy cons
which one or more users share energy produced | ocally
relevant primary substation. 4t is governed by the Eur
transpotsedUltianl i an | aw via Legislative Decree 199/2021
DecreeA) and ARERA/ GSE measures.
Below is a summary of the incentives available througt
devel opment of wiohsupnpeaadnselsftarting at national | evel
l evel where the program opteor agtelsfs u mtcieon i ars préeemned
for photovoltaic systems t hat do not i nvod wseu mpg § ®NS
arrangements are excluded.
Nati onal
At nationaf+ elpayvyab)] engnants are available under the PNR
account incentives.
Unformati on rcemp atylmbl romr ants can be found at the-foll o
pete/ att unaizsiuprmee r/ comuni-&ECr3ge500 abi tanti . The grant i
form of a capital contr i biuotn oml afnotrs epoewetrreidci by memewas
forming part of CEBnscampmesnogreapst, l ocated i n munici
fewer than 50,000 inhabitants, up to a maxi mum of 409
become toipenmal within 24 months of the date of notinpcat
any event, no | ater than 31 Decembea)2027 (Gestore Ser
The production plant powered by renewabl e energy sour Ce
is required, must :
1T be a new build or an upgrade to an existing plant
f have a capacity not exceeding 1 MW
T be Il ocated in municipalities with a population of f
reference wild|l be made to USTAT data ompmurnicaitgalni f
submitted)
T have a start date for works after the date of submi
T hold the necessary authorisation for the construct.i
T hold a depnitively approved quote for connection t
1T be |l ocated within the area served by the same pri ma
or <eoinfsumpti dmfgmwhuamgh the planeéel wtées form part
T comply with the requirements for generation instal
(Do No Signinpcant Harm) principle and climate taggi
1T once completed, be i necloundseudmpitn oam QER uUu@r co®@lihfgur at i
contract for the provision of the incentive tariF |
Unf or mat aemai liasbl e at t he f ol Itohweine @ ntlifivmeks s kR @me d i negn et
https://www. pe-eei blsSerwvnsidisoutga u@ms terodtmumdie aer-gi a
rinnovalblihlee Mi ni steri al Decree of the Environnie@23and o
n. 414 has deywywneoededhees of granting of i ncentives, ai
pl ants powered by renewable sources included in eonngu
consumer s -aomns usneelrfs remot e. The Consol i dadoedumpgxtonf o
annexed to the Resolution 727/ 2022/ R/ ecel of the ARERA,
grants of valade dauree @toi drmeb knnemegd wiettfi n t he c(obmagrugyt i
Services Op-byator, n.d.
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Onean pnd inforsmhaied emeébwgi ves at thhtet pfsol/I/owwm wn gg slei.nikt:
pete/ aut ocons udheou tga w@rps tero@tmumdie aer-mi mn o v a bbielcer ee oNo . 41
Decemberak6@83known as the CaS€ERdIdDbyrehe WMani ster for t
Energy Samrdaettyut the new procedures for granting 1in
construction of renewable energy instadthawtmpinisomwi g ho uwmp g
remot ec smedudmer s. The Consoli dat e dohexitmp bnnnoenyjedda stpor eAMRIE R
Resolution 727/2022/ R/ eel, regul ates t-dacedeodp ead @nti migb untei
applicabicentsameel fenergy within the permitted conpgur at
b) .

Under the CACER Decree, the types of installation elig

T remot ec sreddmer
T group wfonselmier s
T REC

Regi onal

At hreegi beswHHr i-M\udnezi aacGalullRiEf&grpr oposal s was | aumdied for
202w6i t h the applicatiobheswbensBebnuair ZWidewduAgr hng 0O8&Fer ed
nomepayabl e funding. Further i nformati on can be
https://www. regione. fvg. itt/erarfivtgd rcims// RAENVGI( A/MHOGLIMBLZO0 /
Regi on #/fe nferziiwl iGi ulia, 2026) .

The Veneto Rktagalolins ifsesmeproposals with varying deadl in
benenpciari es. For exampl e, in July 2024, a calzz0o20or pr
ERDF OperationgAcProgramthel, for the emeisgy ugdwem @dneHr
plants within a CER. This call for pr oporseap asy apbrloev isduebds i
up to a maximum of a&300,000.00, equivalent to 40% of t
of the submitted project, and was aimed at Renewabl e E

with Directive 2018/ 2001/ EU and the nhawoh@2/ 2@3h9 sl adm\
into Law 8/ 2020, and Legi sellalt iavse |Doeccarle ea ult9n9o/r2i0t2i le;s aasn dw
Further information can behfftopusnd/ Awwwheefbbhewvagetlt onksés
detail?articledd=14248097 and
https://bur.regione.veneto.it/BuxPserbi600dApulfVleined oD
2026

Provincial

At PpPhevinci al l evel, the Udine and Pordenone Chamber ¢
design and i mplementation of%oCfE Rash i(cfhorre Redy2@dbd haen dg r2am2t59 .,
i nformation can be found_ hat pst:hel wivewl powdnganiciomk it/ a
trasparent e/-csontvresniwsi $viadnit €@ ®in o mi ciemodial et(dPor dezgdnm e
Chamber of Commerce, 2026) .
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SPHOTOVOLTAUC PANELS

3. IPOTENTUAMNTEGRATYONRENTWABENERGOMMUNUTY
Photovoltaic solar panels (PV) represent a technol ogy |

within a REC, thanks to their high versatility. They a
all ows the use botshmailn isncsatlael |baottihornsn ofl ants of further
of energy production. Moreover, can be installed both
facades of the buildings. The presence ond tthepensar &fe:
photovoltaic modul es entails a signipcant variabil ity
performance, making this solution nexible and adaptabl

PV can be connected to the etecopFiscr gect Wlr @og. phrovaldle te

electricity is generated in the form of direct current
alternating current (AC), that can be used by the cons
FigBilehows a dwelling equiompeddecobrnomegt aed paoetbe ebwctr

vol t(alge)t he building uses the electricity produced and

FiggtBomestic rooftop photovolt giEd exytatieem|c Emmd mteeed i thay tPoe t carl

Fi gwB2es hovas gr enuonudnt ed system that demresc t i lye t(eH|dedotérrigeci at |
Engineering Prdiritsalc,onh@23)ati on requires that the el ect
the inverter, passes through a framework electric on t
electric on the side in AC (switchboardh,of orhéhel emanga

(AT S
¥ . ’A:\/ ; ’ ©) P compiner baxes on G sice
3 v ©) DC/AC static converter fverterd
@' v Q) Switchboard on AC side —— DC connections.

O Distributor netwark. —— AC connections

Fi g82@roumadunt ed photovoltaic sy@EEleenctcoinma®lctEnrndgitmeeériengrkPart al

Udn Figure 3 3, however, the system is not connected to
directly to consumers; any surplus energy is either st
| oad controller anduaesitorage system are
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owwm ° Possibie DC loads

@‘/

© PV combiner boxes on DG side  (©) DCIAC static convarter (nverter)
j/ © Load reguiater © Acioms
Q) Storage system Dattery) —— DC connections

—— AC connections
Fi gB83.@perating i eagfirmbotodval t AaEEesysteml Engineering Portal,

3. ZTIECHNY BWFKIORMATY ON

3. 2 .C&MPONENTSSAHNEDMATU (S8 L OBEEN L S

A photovoltaic cell converts sunlight into electrical €
a semiconductor material, typically silicon, releasing
cells comesijstnofieadn pyf ccroomby pé ngi pi con (usually-tgpred w
silicon (usually doped with phosphorus). When sunlight
move from their original positions, drhezmtpijugcdilhanl s.ephh
the charges, generating a usable direct current. Recon
into its corresponding hol e.

An -tnype silicon celll et oyrpsei sltasy ema iyl pye obhfa yabnr nn pnd ypece v
cel l consistg$ymai hlayeof fal ptoywesed .llayyea t hi n n

A set of electrically connected photovoltaic cells cor
more modul es, togethefsywtéem (BOSpatampenents, form a P
interconnected panels conpsbobift  Mi ehagaar Cantf¢eénifoer Sust a
Un the |literature, the terms YPV moduleA and BYBPV panel .
al so be adopted in this paper.

SOLAR CELL SOLAR MODULE SOLAR SYSTEM

ENERGY

FigB848chematic representation of the structysé¢ &ofS.a Dpehpoatr a weelntta iocf sEyn:

The BOS comprises additional component s, such as the
electricity from DC to AC; the mounting structure, whi
the ground; and the batteryqgf whurcphl uesn aebll eecst rtihcei tsyt o(rlangi
Centre for Sustainable Systems, 2025).
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As explained above, there are numerous types of phot o\
system connpgurations. This chapter wildl focus exclusi
most commonly found in context swiregdeélay eusead ELHERSSOV dlhtea im
crystallii#e)si lwicdna(pereval ence of -Smo)n oacnrdyrsytgatlt@lililnien es islii
(muSt) cells, also known as polysilicon.
The following is a description esfi tama-Saimumpag iotviodn aao fc
The analysis of materials does not include BOS compone
of sever al |l ayer s: t he apannei ni wanu af lrlaymet, e mpheer egll) a s sa
acetate (EVA) eiwécagedll-8nt(omotBlio¢ | tia further | ayer of
Table 3 1 sets out the materi al composition of a
percentage ranges per panel and the function of each
-
Fi g8% e Schermatpihot ovol caimpom@RElbi@aON, 2022)

Panorama
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PVmawoedwui &1 s

Materi al Masaf Function Citation
Modul e
Gl ass 65246, Surface of the pane|(Aryan e
Pol ymer s 7,000, 0|Encapsul ant and bac 20}8?;
BosSnjako
Pol ymer (EVA) 5,76, 8 Encapsul ant al ., 202
Polymers additiong0,z3, 6 Backsheet Buer Hap z
polyethylene terep et al .,
polymers nuorinate Chowdhur
poliolenne) al ., 202
. . et al .,
Al umini um 8,018, 5|Frame, conductor, b{ygpeENA -&
Silicon 0,#&, 1 Sol ar cell s PVPS, 20
Copper 0,47, 0 Busbaonnections and Maan i et
. 2020; Tr
interconnectors
al ., 202
Ot her elements (silO, @&, 0 |Silver: contact |in{gpa, 202
or in mixture, tin Tin:ranective coati|wang et
boron, phosphorus) busbars and connect|2022)
Lead: soldering
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3. 2 .PROoTOVOLTBUTECHNOLOGUES

There are various technol ogSicaadnd-aaimiulatltlss.f oAmdmrodg ht hmosn
undergoing the most development and widespread adoptio
(PERC), the Tunnel Oxide Passe vXitleidc oo nHeatcetr o(j TunPcCtoino)n a(

The t hSieecel | tgPBERG] ogOPS€opamemdarrsddllysed bel ow, compari
t hinhmm technology, specipcally the cadmium telluride (C
of the four cell technol3azBi. &®s dhe <kdWwrs iam eFiugwradd y bl
also be other colours, such as blue, green, red, brown

Front Contact
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10, SiN_:H |
| - TO
£ H -
N — & L ———— e
Screen-Printed Al Rear Contact

Figaée Structure diagtryape)of(la pjgagre Structure di agrtayp e f( Ra
2020) al ., 2024)

Present (upto 22%) Future (towards 25%)

Glass Glass
Barrier—_ Barrier-._|

TCO TCO
Buffer —| Buffer —|

a-Si:H (n) :
a-SiH (i) n-type Cz-Si 5 CdSeTe:Cu

a

a-SicH (p) " CdTe:Cu
Indium-tin-oxide
- i : ) Tég?a]yer ZnTe BC

Metal

CdSeTe:As

CdTe:As

passivated
BC

TCO

Figg8e Structure di atgyrpaem (oMa hai FigB89e Structure diagram of ¢
2024) 2023)

3.2. PERC Cell s
PERC cells have overtaken traditi @&l aledmisnioinm thac kgl s

because they feature a passivation | ayer on the rear

increases power conversiontricei pasygi (#ICIEQn IAaydeirel reene
absorbed within the silicon cell, thereby reducing r ec
more electrical energy and, consequently, boostiyng oV«
composedRORBFIESA A Si NX. The ceslildse dc aonr-s bdebeusbil negine t he PEC
ranges between 20.8% and 22.5% (Kashyap et al., 2020;

3.2.2TO0PCon Cell s

TOPCoel |l s also feature a passivation |l ayer on the rear
they have a thin tunnelling oxide | ayer which ensures
met al . Commerci al TOPCon medelney odn 22clBi%e vevhanh seécl abo
reach ececiencies of 25% (Banerjee et al., 2024).
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3.2. BH3 Cell s
SHJ cells combine crystalline silicon with thin | ayers
hi ghual ity chemical passivation. As a result, cell ecci
Given their structutreretaesel ambiduéley $tmaeamlined produ
by a reduced number of processing stages, which all ows
usage (Cristea et al., 2025).
3.2. XdfCee |l | s
CdTe -ftlhinnphotovoltaic modul es arjel muprredaudty drhet He adl o
with over 30 GWpnplimmsnmoaduleeds. hlahvien | oweSi emdad welned ,e sb uth aa
cheaper. Commercial cell sfhamel@a®w t@dcl @¥,cywirtamgtimeg hi gt
at between 22% and 23%. CdTe modwadlees iamst anali antliyorus.edCur
is based odhomed gippen polycrystalline absorber | ayer
mo dlue s , to ethseumerkbngbility whilst mi ni mising degrad
encapsul ated with a second sheet of glass and peri me:
opportunities for bifacial modaedrselegaut ppeas widlhl ¢ wiamg
be absorbed from the rear of the module as well, theret

pfarvawrheuwsesvol t aicsmodoclkedsfrompdatacsesheget
v ol

Thearameterest henctl wge of cel |l , the ececciency, t he
temperature, the sizes and the ranges of temperature
Tab32Technical data of di Fér amtss pnhgo tsotvaonldt atiecs tmocdounidei t i ons
66 HL 4 W) JAM72S30 MB-W120A%80 FSS550R1
Mo d e | Jinko Sol a540/ MR Meyer BurgetFirst So
JA Sol ar
Type of cell N-type TOP(QPtype PER|HJT with Sm<CdTg
connection {Semicond
Type of cell Mo n-8i Mo n-8i Mo n-8i CdTe
Number of cel|132 144 120 268
Power maxi mume615 W 540 W 400 W 550 W
Vol tage to th{40,7 V 41,6 V 38,6 V 190, 4 V
ma X i mum, vV mp
Current to th/15,1 A 13,0 A 10,4 A 2,9 A
ma X i mum, 4dmp
Opeoircuit, Wogq48, 8 V 49,6 V 44,6 V 228, 8 V
Shocitrcuit, cug16, 1 A 13,9 A 10, 9 A 3,1 A
Ecciency of t|{22,8% 20,9 % 21, 7% 19, 7%
Coeccient of 0,29 %/ °C|-0,35 %/ °dq-0,26 % K 0,32 %/ °
temperatures o
Coeccient of +0,045%/ °C+0, 045%/ °|+0, 033 %/ K +0, 040 %/
temperatuibe o0
Coeccient of -0, 25%/ °C -0, 28%/ °C |0, 23%/ K -0, 28%/ ° C
temperaturse o
Size 2382 x 1132278 x 1111767 x 1041|2300 x 1
mm mm mm
Wei ght 28,0 kg 27,3 kg 19,7 kg 39,7 kg
Temperature o470 °C 4 ®85 °C 4 @85 °C 485 °C
. . (Jinko Sol|(JA Solar|(Utopia S. I(First S
Citation Ltd., 2024 2024)
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The panels are usually bl ack, ebxuatmptlhee yb |cuaen aglrseoe nb,e rceodl,
whi t e. Babplreov3 des the wvarious panel c olamudr st,het hredlrat
performance | osses. The performance values are nor mal.i
(Y. Zhang et al ., 2025).

Tab33Ecci ency of photovoltaic panels of various col

Col our Category Range of EcciendRel ativeEEossnoly (%

Bl ack conventional2223 -

Bl uteone 20@22 3715

Gr eedmne 2021 5218

Terracotta 121 3711

Light grey 1%22 4z17

White (aluminium 2024 -4-13

Not e: Ecciency values normalized to conventionalnomtalkér @dnel

buildnhgg P&t end bwalseeluinler st andard test conditions.

3. 2 CAARACTERWRVEGS

Un t hi s, stehcet icohnac arst eorfi sPtVi ecnodul es sourced fr oimcldéde s h
$ he cuwoletna\g)e d #Hr ve, which describes the relationshir
utput by the module under di Ferent -icalrtacddmnc@er wceo,n dwlhii
hows how power varies withdivahtcageomdhidieiroms Feameénénalbl
ower point to be identiped. Together, these curves en
he photowdult@aitco mbe assessed under various operating

- 0T uw o —

Uri gB36&nBi gB87a&re showh atntde P4 foest he panel PERC and for
(JA Solar, 2025; Jink®i ¢88as rmCepr edd/dtceud 2t@idel Yor t he pa
(Utopia S.r. 1| ., 2021)
Current-Voltage Curve  JAMT2530-540/MR Power-Voltage Curves (66HL4M- (V) 615W)
14 630
2 1000W/m? 560
490
o 1o/ 8oow/m: a0
S 8 5 =350
f?t 6 600W/m % 280
= 4 | 400W/m Zaw
= 140
2 200W/m? 70 oWy
0 10 20 30 4 5 ’ 0 ®» o 0 5 s
Voltage(V) Voltage (V)
Power-Voltage Curve  JAM72530-540/MR Current-Voltage Curves (66HL4M-(V) 615W)
18
500 :égg\?\lv,yr}]"]r?z ii 1000W/t
3 400 iggw:"mi 12 { 800w/ T
2 m =
f.'i 300 200W/m? = 12 600W/
g 200 % 6 Tanow/m
100 ; 200W/m
0
0 10 20 30 40 50 0 10 20 10 55

Voltage(V) Voltage (V)

Fi g86.@/ anW dPurves for PERLOC Fi g87.@&v anW durves for ceilvy
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Curve |-V a diverse irradiazioni

...... 1200W/mt —— 1000 W/m? [STC) ++++++ 800 W/m? E00W/m2 +enres A00W/m2 200W/m?
I)lulunulululunlulnluluunululu|l|nlnuuuunlnllllllll|lln“"."“'
i
‘n‘.y LTy T T T T T Y T TP YT T YT YT YTTVY VT Trroeses s
B '
U
0
Tensione [V) 10 0 kii} 40 50
Figg8@& curves for SHJ Cells MB_W120AyB_400
With regard tmoduhe, Cdie manufacturer (First Sol ar, q

characteristic cur\Weasnd Téhuerrveefso rfeo r tthhee UCdTe photovoltai
from the technical datasheet avail abl22a)n tThhei sOGTo dSwll ea 1

foll owing characteristics: Pmax = 180 -W, aNWtpe@urve® . 8r ¢
presented in the salf. chart in Figure 3
TG-T(30) at different light intensities
160 180
R i JOOW/m: ) -
: 3
£ 100 g
o : 1205
0.70 - \ -
200W/my , \
040 o - 0
| \ 3\

0 10 20 30 4050 60 70 8 9% 100 110 120 130 140 150 160 170
Voltage(V)

Fi gg9.@& any dPurves f orT30ell(8DGLCdFel a6, 2022bh)

3. EEcCcoNnOMDER

Gl obal shi pments of photovoltaic modules doubled betwe
approximately 564 GW. During the same-Spéritedhnmbogyr ye
particularly marked growth, compagi tfirom &5 %g It @b I8 %p hod t
shi pments between 2015 and 2023 (Fel dman et al ., 2024)
evolution of gl obal shipz@dmRt3s, odvdarhet maimerciedd 2&Xkhnol ¢
types, sucdiasamglot known ast yppoel ydsyg épcraoano amydstal | + ne si
Si), as wellnh taesc htnhoilnogi e s, including CdTe and copper i1
selenium (CUGS/ CUS) .

Wit h-Ssh technol ogies, technol ogi cal |l eadership has grad:i
which accounted for around 90% of the markyete isn 12 0clod,,
reached a mar ket share&,ofasariddmudtédmd%eidn i2Z0Fi gure 3 15
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Historical ¢-Si Cell Technology Market Data

2020

2021

2022 2

2018

2016 2019

m PERC/PERL/PERT/TOPCON
- Passivated contact on p-type Si

2017

=PERC on p-type Si
« Passivated contact on n-type Si
m back contact (incl. Metal wrap through) ® Si-based Tandem

the techn:
& War mut h,

data of

pr oduc tmoodnu | cefs pwhaost ohveoal
China, 4%dfi chelalc cpwuod,ead fif @mo dduilde 8pir od u ¢
bothntmysetahhbhegsebi 8BEAaNdORA) N

CHINA, 84.6%

Fig8&®roduction share of photovoltaic cells (omeatohuentlreyf (tiQIkE 4
2024)
With reference to the same four technol ogdi essh cawnsa |tyhsee dmai
economic par BMedckulseso.f The -haoseed tsedhmowinogi es have
cost s, amounting tho adpMr omhiithastteltyhe0 CdTe technol ogy
doubl e that Operating costs (OPEX), on t hSe oatnhgelrtmhhiann d,
technol ogi es. Fur-bheemer eut Talhlee a%erage turnkey
small, mediusncahed l1lmasgell ati ons built wusing standard
Tab34eCost parameters from |literature
Technoll TOPCon PERC SHJ CdTe
CAPEX 0,545 &/ W0, 544 &/ V0, 634 o/ 1,083%/ W(0,3 modul e
plant fro/plant frqplant frqcostesapiftal) (for a
scal e)
OPEX 203 &a/yeal203 o/ yedg203 a/yegd8 S$SHkeWr
plant frolplant frdqplant frg
Citatiq(Cristea et al , 2025) (Meagle et al., 202
of Energy, n.d.
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Tabl5eTwWrnkey cost and specipc cost for black and col ot
Modul es Standard Modul es Col oured
Size PlanTurnkKegt Cost Speci|Turnkey Cost Cost Spec
[ kWp] [ 2] [ &/ kWp] [ &] [ &/ kWp]
3,5 6400 1829 9335 2667
5, 2 7136 1372 10210 1963
7 7801 11114 10961 1566
136, 4 69000 506 85568 627
376, 75 140000 372 158341 372
3. IENVURONME MPAICT S
Un LCA analyses of solar panels, the gener al l'ife cycl
ofli fe (EolL). Table 3.6 provides some LCA studies and
anal ysi s. The orange Xsst aignedsi ciantcel utdheed liinf et hcey cclaer bon ¢ h
producti on, highlighting how the boundaries of the LC
studies
Tab3b5Life cycle assessments of sol ar pantedipe dlakeerd firmnm Heérer d 9 eatait)
mar ked with an "iXidi¢édtbepbagmbsosl of the |ife cycle not included in
A B C D ANDF G H 4 J K L M N ORP Q R Citation
Producti on Unstall Operation EolL
- - X X X X X - - X - - - - - - X - (Maller et al .,
- X X X X X - - X - - - - - - - - - (Chen et al ., 2
X - X X X X X X - - - - X - - - X - (Roy & Pearce,
- - X X X X X X - - - - - - - - - (Fthenakis & Le
- - X X X X X X - X - - - - - - - - (De SiMmoébnin et
- - X X X X X X - - - - - - - - - - (Leccisi et al.
X - X X X X X X - X - - - - - - - - (Talebian et al
X X X X X X X X - X X - X X X - X - (Hou et al., 20
X - X X X X X X - X X - X X - - - - (Mal ode et al .,
- - X X X X X X - - X - - - - - - - (Krebs et al .,
- X X X X X X X - X X X X X - X X - (Mohd Nordin et
- X X X X X X - X - X - - - X X (Beyeltotal ., 2014
A = Extraction of the resources, B = Transport of the r8w atBp6i al s
D = Casting of the ingots, AND = Cutting of the wafer, =F Pz oRlruocducotni c
of the components auxiliary (BOS) and/or integration of photovoltai
Transport of photovoltaic panels/ BOS to the site, K = dnsMaf|l@dgse onN
= Cleaning/ maintenance/replacement, OR = Transmission of elkotricit.)
di sposal (landpll, incineration and/or recycling), R = End of the I
This chapter discusses some of the environment al i mpact
systems. The topics considered include energy demand (I
CCP, | and use (LU), bi oditvher shiutnya na nhde ael ctohs y(sHH)m hweaa er f
aquatic ecosysaofemée &EDLEDNDd
A literature review approach was adopted, and not all
or LCYA methodol ogies. Ut should be noted that the dat e
with di Ferent system boundaeiadyi sbdreborefereadetsdhe i
further detail s. Furthermore, literature presenting no
included. Finally, Section 3.4.9 introduces envheonmen
results.
Table 3.7 shows the LCA analyses ex&manddt hendiscatsism
boundary. Studies that provide numerical values but ar e
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ven corresponds to the formulation used in the
to gateA is applied to studiespthatuassess sta

Tab36eSummaorfy t he Ikiohei deued i,n stpheitsh eoy/tf anpgtcetri on al unit and system

Citation Funct iUnnal SystBomundary

(Wings et al.,[]1 kWh of electricity net gen|Cr adIlger atvoe

(Alam & Xu, 201 kWh of electricity producelCradle to g
Generation of 1 kWh <obnelmpg

K b t . . Cradl t

(Krebs e a "'from a sybsatteenerPRV coupled in A/ a € °© 93

(Roy & Pearce,[]1 kWh of electricity in AC f|{Cradle to g

(Tsang et aI.,kWh averagg of electricity gCradIe to g
photovoltaic system on roof

(Zgi7bs)4Mmmrt||n The system isp*of 101,01 kW Cradl e *o ¢

(Fthenakis & L Rated power (kWp) of the mod/Cradle to g
1 kWh based on anuPS8wmodulcap

(Fu et al ., 20200 Wp Cr adlgea tteo

(Duan et al ., A photovol tamgl-Siofd uimz i n Cradle to g

(Hong et al ., Production of 1 mwWpSiof PV celCradle to g
1 kWh of electricity in AC,

(Stolz et al.,from a system PV residmohSg§Cradle to g
installed on roof inclined
1 kWh based on anuPRP-Siwmodulcap

(Shah et al ., 200 Wp Cradle to g
1 kW of capacity of product

F I . L I

(Fares et a "lel ectricity for the system PCradetog

(Bolinger & Bo

BoSnjakovi ¢ et

Bukheatyal ., 2d

Kozl ovas et allNoiw CA studies

Mar zouk, 2022;

al ., 2020a; Su

al ., 2022a; Tr

*The study does not indicate explicitly the functional uni t ;

kWp, these results have been normalised dgviding for the pea

** The st

refer

udy decl aresgmodveajdopppraodchadbet the reported enviror

exclusi vdlayatteoj tphheasiecr ad |l e

3. 4 ENERDEMAND

The
p ha
v al
sec
pr
s e
De
el
i n
t h

® w ® T O —

Mu ¢

S
u
(0]
m
0]
e
c
t

h

ED
e o
e,
nda
ary
nda
ndi
tri
al |
val

of

require
production of silicon cells reBausnmjeak avigeé atmoalnt,s 202 )

i mpact category encompasses the energy used throc

f the RVsfyatewc!| €Dof odten referred to as Cumul af
may include only primary energy consumption (F
ry consumption, the |l atter also reheetedlto 282
energy source is directly available intnature
ry energy source is derived from a conversion p
ng on the literature, ED can be expressedg, in Vv
city per m2 o f panel (MJ/ mz2 of panel ), energy

ed peakopolkwwh)/ k(Wla/rkivg k-3c Del twann d 201 3; Roy & Pear
ue in kWh/ kWp is frequently referred to as UYyi e

the energy consumption over the life cycle is
S electricity to power equi pment and machi ner
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estimate that 48.5% of the energy associated with modu
of s@ilade silicon. Photovoltaic panels do not require e
energy consumption ococflufe EDLMhgphheeendhen the panel s
components are processed.

Al t hough the enemwagnyu fraecq wirree d hteo panel s is the same for

mounted systems (al-soalke oovinc aaltsé Il sayr sgtee ms ) the main di6kF

demand stem from the mounting strmecumntred anystienwsst ad fl tad

capacities ranging from 1 to 5 MW, but may also be | arg

Panel production is frequen®z8 & %c iotfed haes sysdc eumtsi ntgtfadr

(De SiMmonwnin et al ., DABDHY;, HWau dthiasl prodpor 6 H% when f a

certain mounting structures are included, particularly

can have an energy r eu% rleoneenrt tthan -tmdsan2tled gy ow®erds (F

Pearce, 2028 ) pr dwibdes 3a summary of the ED values repo

describe total energy demand and, where speciped in

considered is primary, serceomevhaey, renewabl e or non
Tab3d7 Valenesdognfardfdom the | iterature

Results of the Umpact Assessments Citation

4,8 MIg/ockifWpri mary, remewaméwaline) (Krebs et al .,

15x 1“MJ / k W (Tsang et al .,

1, 24MD/ kne/nr(enewabl e) (Fares et al .,

1,3 *“MIDKMW rimary, renewabbewahhd) Non (Shah et al ., 2

1, 4 kWR/ k(Wnstallation on roof)

3,0°3kWB/ k(Wr omodntednc rbatyje (Roy & Pearce,

1, 7 %z0,08 3kWB/ k(Wyr omadntwveidt h pol es Jxi wieq

4, 2 “KIkOW(@round enbusbasP)yi mary) (De SiMmonin et

1, 4 4z0,05 “MI0OKkWB, 8324 10Q 3kWh/ YW (primary) (Fthenakis & Le

1, 34MIDKMW2, 4°kWhT YW (pri mary, memewebMasbl|/( Fu et al ., 201

3. 4 CRUMAGHEANGROTENTUYAL
The CCP measures greenhouse gas (GHG) ormdesequegakbentwe

released over a specinpc period of time (usually 100 Vye
studies varies, this report analyses the CCP relating

order to facilitahaseompatheohif@hcgcpe has the highes:
associated with the manufacture and assembly of compon
Scope 1, 2 or 3 emissions. Scope rksarhits nigorf g oar e neirrge c
the manufacturerAs site; Scope 2 and 3 emissions are i
with the production of energy used -yt eheSmapeaefaceéemresi
upstreaonwrmgt rdeam al ong the supply chain (U.S. EPA, 202
of a plant using electricity generated from fossi/l fue
electricity from renewabl e seduracles (2®a2nl)et al ., 2023;

The CCP values f&i, p®udélks momonong structures (pitchec
mounted), inverters and -ibragiti @spleat e sulcthP)a,s d#¢ hsatm out

The emissions of the phase of pRIORBucf itome repiresieans off @
|l arge pateéetdattthre bproducti on of the wafer (puripcation e
of the wafer and manufacturing of the cells). Consider
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on roof can show a z68Ph tomparefl theth8omytgheemadi A RO#I K

Pearce, 2024Yud¥%ncandaseed in Romant hreowmf patnted spamealt @l
easwesdhoewa CCP | ower, thanks to the | bwbltlpramounar ofi ml
suppordn genseauwt hi etnt@endrliesc ei veernso a@fegoannd wind; therefo

structure of mountriorbg(sRws tethealmor e2024) .

The operational phase can gbWwtof btuthe E&€LgPr ¢ BomajakpvDcE3

EoL phase c¢angz2a0c% ooufnte nfiosrsiSons, but this pgure remains
in Ta®,)| et Be EoL phase is often not included or not c¢omj
Several studies make comparisons, ofatsena hfyupnoctthieotni coafl ,pr
|l ocation, as this indicator is strongly innuenced by t
| ower when electricitgwabl predacgy wmi khcempaned to fos
used in the main producing country, China (Collins et
20225 ull transition to production in coantltyesompltaxcl
the established | evel of dependence on Chimach&€hadlkey ¢
pl ant, hydropower accounted for 71% of the energy sup|
testing phases of cells (Sunwoda Mobility Energy Techn
i n MPsaica pc produce approkeée matl ebydi 7 i bét and 93.5% o
(Frischknecht et al ., 2020) . Ot her studi es taon arhaytzeer idalF
guality and the geographical origin of raw materials (
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Tab38Rangecsi méhtaenpgoet ent i al of phodmpodndemtis system
Componente|Val ufAveralUnit Citation
PVSystem
Panmbn-&i 2887 | 643 kg CGRkW (Chen et al ., -Madlt6;n O
17 Q00 2017 a; Ft henakis & Le¢
Koul oumpi s et al ., 2(
2016b; MGl I er et al .,
2024)
Panmi |- ii 778z | 11467 kg GRkW (Beyl ot efFthAknak?2elég;
15770 2021b; Hou et al ., 24
al ., 2020; Krebs et 4
2016b; Mal ode et al
et al., 2022; Talebisdg
Mounting 322 420 kg G®structu(|((Brivio et al., 202 4;
structure,| 710 m2 of the pa|Krebs et al., 2020; N
install ati Neumiul |l er et al ., 202
roofncl i ne 2024)
Mounting 447 6 17 kg GRstructu|(GreenDelta, 2020; N ¢
structure,| 83 m2 of the pa
install ati
r oofevel r
Structure |70z 119 kg GRstructu|(Beyl ot et akt,akR0l142
mounting, 65,8 m2 of the pa|Siméartin et al ., 20
install at: 2020; Mohd Nordin et
ground et al ., 202 3; Roy & H
Unverter 1242 5% kg GRkW (Brivio et al .-Mar2t0i2mn ;
1272 2017a; Greenbelta, 2¢
Technol ogies Co. , Ltd
et al., 2020; Mal ode
Nordin et al ., 202 2;
Battery (L4642 136 kg (Bot eAnatrtae¢é z al ., 2024
281, | CQelg K WBminat _cagal ., 2021; Feng et al
2020; Guo et al ., 2072
Krebs et al ., 2020; q
al ., 2021a)
3. 4 LBNOJSE
There are di Ferent denpnitions of LU, particularly bet
met hod, the Land wuse/transformation category measures

etc.) due to ch@iHgiejsbi eagl ssneldnuatlethe BRrOvVIier)onment alankKoot pr
use category asseEAnpdrse sdii | Baguailwhiyl el I MPROR 32002+ focus

(Jolliet .dtRydblaczBiv@B&)owska & Jeampas&i {fo2028BYA met ho
respective LU midpoint categories and npnd similarities
A further denpnitionLCAofstteundiuvessed ciomcreoms the | and areas
systems, generally expressed in units of (distance)?2 p
of space requirements a&rmpacaecei atnidn ¢ witxaH e d:r o ®@rcedl space. T
the surface area occupied by the panels and the space
utility space) includes panel s, space bet ween rptaenresl)s,
and infrastructur al el ements (e.g. access roads)
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Since rooftop PV panels are installed on existing buil
have a |l ow LU requirement. The tot al project-mauprbeds i
pl ant s; gt is estimatednahaspazbdddofcoBnpas ednt addgiamiel S
(Sukumaran et al., 2022b; Tréndl e, 2020)

There are di Ferent types of mounting structures that n
to be tracked. However, it is necessary to provide a mi
and shading. Solar traclki hgnépBakemsyr eguhrmen gmatOile&)f our
analyzé¢dabyouk, mpOR)panaxiss veéemgheals, hormngloat-aki sand
tracking, axhe diomglzent al systems have the highest ave
(ratio between the total surface areanefgyhgepanat soanid
(kWh/ year - m2) , both indicators of eccient use of spac
both i ndiMaatzoruk., 2022)

To achieve the Unternational Energy Agency's targets, i
and 4400 GW.4b5y2 2kOn»20 ,0f7 surfaceiatehi {gf swhleh @WwWdWl d be
and 35484 km2 ( ofi emhiilciht y5 9s%c(al oeS)n jbayk 2W0i50 eAts dlor, th®2 Ejur ope
(EU)a current 66,4i knm? eyCdthr 1olf potential ¢(Bodi aren abk. av
Sol ar panels can compete with other sectors for | and
devel opment (residential, commerci al , 0OGC e, etc. ), b
Unstallation on buildings,e fwirt he xtahmep |laec,t idvoietsy ncoatr riinede ro
themse(Kesgitwagen edt iasiah,@t2 OnRoldyta sleangpl| ant s ar emddeated
soils, such as farmland, and in ecosystems such as ari
PV systemsolulsaebdo riant icon with agriculture, known as agriyv
pl anning, including denpning the methods of sowing betw
and size of agricultural machi segyowandntdlee toepprIel s
research analyzes variations in planf{Ewamer egnalnmgth:
characteristics of the soil and microclimate (air t en

recei(viddbmpson etanadl .t,he20i2ndp)act 6Macrop egtowt h, 201 3; \
2021)The air temperatures under the panels can (b@i rliower
& Mohant ye( ROr2@2alhor d et ,alwi,t h20rle9d)ucti ons DT T.akB&een 1
proviLde sr atl asleesn from the | i nenL&LtAnrde 5 ChAadti e sf r om

Tab33%lLanude values taken from the I|iterature

Results of Umpact Assessments Citation
Roof

50 Ak w (Bosnjakovi ¢
Creaaemicrocl i matae owmiler panéedl , because o|(Mukherji et
and in precipitation.

Residenti al (bcuo nl djoi:nmidgnd ,k4tv m (Kozl ovas et
Buildings commersgial: 18,1 m2/ kW

Buil dings publpi c: 15,6 m2/ kW

Utility scale

11 ,md kW (Trondle, 202
19 % kW (Bodnjakovi ¢
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Tablle0 .3 usaendval ues taken from the |literature (contini
Results ofssémpment A Citation
88 Ik w (Sukumaran et
14, 85 knwxed inclination (Bolinger & B
14, 8 knW tfroacking system 2022b)
Total pro§ .39, dk®p: (Marzouk, 202
Panel : a#4 &8k Wp
Tot al pr oj ®c¢ 900 &0411h Wiy e a r (Bukhary et a
Panel surf #@OH070 2/8 Why e ar
LCA values
42 annualedclr’amp -3V modul e (Duan et al .,
4, 220fvrganic arabl ékWandcepét )year (Hong et al .,

3. 4 B4ODYUVERSUECOSXSIHEML TH

Sol ar panels are an anthropogenic element introduced i
nora and( Moaddied,.eary etitaldi scliGls®)s nve concepts related
| argeal e solar installations and the | andscape, which ¢
1 Evaluati owFsef btet avéden | and, energy and ecol ogy
T Monitoring of species reactions to human devel opmer
T Mitigation of cumul ative ecological i mpact s
1 Each ecosystem requires a specinc implementation arfg
T Monitoring ecological reactions over ti me
The i mpact of solar energy on animal, entomol ogi cal an

andpecies .(imRahBtggi s et ateated2&®€ayeci sion support to
Umpacts on Ecosystem Services (SBEeBSEp. pThAns maohgkekeps
with a view to safeguarding ecosyhakémgse¢nowi c efso.r aAs e

compability bet ween sol ar energy and |l andscape i s t
Compatibil i(tHer maddkEk z, HoFacker ,Re& oRtcel dng 2860pporting
ecosystems with maintaining the ecciency of solar pan
increase in pollinators through the introduction of na
bi odi veristi tcyyul d also increase the presence of poll en,
of photovol(tBliay desned{sDami an202pY)y abes el2i0t2z8rnat ure revi ew
23 LCA studies and models assessing impacts on di Fere
pressure categories, such as |l and use, poll ution, and
terrestrial ainrdo nmeernitrse dmw onomi ¢ groups, such as mamn
classes of Essenti al Bi odiversity Variables, such as ge¢
fundament al aspects of biodiversitiygnasluicthy .a sT heex tai untchtoiro
that the available assessment met hods have di Ferent s\
resul t, no single method can comprehensivel yTab&fgOure a
gt illustrates the i mpacts on ecosystems that can resul
suggestions for fostering the coexi sTteemBeklphbeds sveten teltoe
case studies related to the reactions of ecosystems to
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Tab3le0Umpact of solar panels on the ecosystems

Umpacts and Recommendations Citatio
Elcreate a microclimate under and around the (BosSnja
Encourage more seed growth if maintenance iEt al ..,
[\ Lambert
— |Result in habitat Il oss and displacement of || ., 20
o)
— |Ani nsapleci es | ose their bearings due to the 2024; M
z sea et al .,
o - X X X X Tinsl ey
a Compacting the soil, increasing bulk den5|t2024;
Modi fy plant communities-tiohefawbr spécinmsaed Ul drija
preferring crops 2021)
Create or maintain buffer zones of the ecosystem around the panel field (Hernan
| Install animal habitats, such as birdhouses and bats HoFacke
c Mur p-hy
© | Mow later in the year or replace the lawn mower with pasture Marisca
+~ | Reduce the use of pesticides and fertilizers al ., 20
@ — Lambert
© | Create or maintain areas of bare land | 20
c al .,
o | Perennial grasses and perennial grasses can be ideal to plant under panels to increase 2024; R
g water infiltration due to their root system and ability to control erosion Boggi s
© | Limit tall grasses and pollinators as they may damage the panels 2 O 20b;
o Tinsl ey
&-’ Locate solar farms in places already affected by anthropogenic sources, such aslow  -quality | 2 0 2 4 ;
areas or previously developed sites Uldrija
Pay attention to the surrounding ecosystems as solar panel zones could be used to move 2021)
between habitats and non -native species could take advantage of habitat fragmentation
Composting can help maintain the carbon and nitrogen content in soils
Uncreasing the space betgweaesns Ipamdelgr cvatnh pr o
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Tab3lel Case ostod daire p areenlvs riom nteme

Case Studies Citati
A study on bat reactions in a peld with solar (Ti nsl ¢
T 6 of the 8 species or groups of bat specidgal ., 2
solar panels, as demonstrated tlyel loowes arctf
of habitat used for food and movement
T 4n the presence of solar panels, species r
panels species richness was higher in bord
T Activity was greater in the border areas
presence and absence of panel s
Assessment of |l andscape compatibility in Calif|(Hernat
T The |l andscape types ar e i sted in descie | HoFacké
scrubl and/ scrub ( 36%), agricultural cropsMur p-hy
ur bani zed |l and (open, | ow, medi um and Mar i s c {
meadows/ herbaceous (9%), pastures/hay (8%)|al ., 2

o0 48% of the ?Parse albedtd&dan in shrub/scrub
|l evel s of biodiversity
T Compatibility of the plants with the | ands
sol ar , hydrol ogical, topographical,, ecol og
suppl ement):
o] 12% are | ocated in gémpatipbienaiaddy T
in wwompatible areas
T Average distance of the service f,Ac#9l Oktny t

A study compnaardiengl amadn ( sol ar par k and abnaantduornaell ( L amb e
(forest and scrubland), France al ., 2
T U4nside the solar park
o0 The presphart ©fin succession and the rig

by solar panel s
1T Between the di Ferent types of terrain

o The overall soil gual ity indicator was
semiatural soils

o The quality of soil aggregates was reduc

0 The amounts of car bon, nitrogen and -matcu
soils than in anthropogenic soils

3. 4 HBMAMEALTH

Humans can suFer negative eFects from solar panels due
or from the use of the system. Emissions can enter the

skin contact, breathningk¥bd.i dgeERPAOCHRZO®B s )ocan SuFer nega
from solar panels due to the emissions released duri ng¢
Emi ssions can enter the human body through di Ferent r
ingestionpntd@wearzall edandlthe 2f0dlll)owi ng discussion does

of categories or units.

The i mpact oxatce gwonriyc ht can dar csipnloigte nii-ch oacnidn orgemi ¢, t o h
describes the possible health i mplications codmpaa rtaotxiiwve
toxic unit for PRhuotamcshe(ndTclbhl) ,0zone formati on, al so knc¢
formati on, measures tropospheric ozone production and

system,; uni t s -neerteh alngel aotfi Ilneonor gan(icMVEOCCremkhgnad$é nitrogen
equi val eeQtor ( R@x of o0zoneechBruiev2aldlen;t Hud j bregts et al .,
2016)Fine particulate matter formation can refer to th
i norganic or organic, o5, vhoialussgsspesdé®Maa@rt PMAIl at e
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in kg of pBbeiomardyi sReM2s e( Huwicji Wreengtes et al ., 2DHé&E ;i Zmimpatrii
radi ation potenti al refers to the release of radi onuc
process, and is expressed i 5 0Okiqgl,okeBaqq wd3y >drga n(duBngB-q odf c«
l4e(Hui j bregts et al .-Bt a2z0elj6o;,wsRyab a& zJe@wesikear a ki i 8@284 )y e
in Tak3k2

(Alam & Xu, 2023b)t @partees elnGA aa ncarlaydslies based on the Canse
categories Carcibnogeongeni NonReapdr Smogy ekheeis product

main impact contributor, accounting for between 40% an
During the life <cycle, chromium V{ emi ssions to gr ol
Carcinogeni c e« admigogiygnsvhafl | ead and zinc ions to groun
in theaNagiemd ¢ category. Smog i mpact was mainly derive
(2022), who assessed production in China and wuse in An
contributor for the following catego(iB80€%) amdg ogoed@%)
(~90%) . Panel production contributed -aboatnégénio bmpa

Tab3le2Possi ble risks to human health and mitigation s

Ri sk Citation
Gl ar e (BosSnjakoy
f Momentary vision |l oss and eye damage 2023; Rose€
1T Risks can be mi-tegatedvwi thaanhgs Wol |l ert, 2
T 4n critical areas such as night routes |Sreenath ¢
change their orientation 2020)
Fire (Wu et al
1 Batteries can catch pre and release smo
Noi se (Bahtiari q
f Manufactured by solar trackers, inverte BoSnjakovi
T Mitigated wiatnlkc e Inionge t echni ques, -pueadtu¢2023)
equi pment in tthe <e@elhdarrsydtem or erleocss edre
areas
Leaching (A. Robins
T Emi ssions t o water during t he product|Meindl, 20
suspended solids, nitrogen, and phospho/Shar ma et
T Aged angdihifssee panels may have increased?2021; Xie
|l ead and aluminum. The |l ack of the gl adg2018)
conditions.
T Concentrations of other el ements, such
may remain below regulatory Hirmiett.s even
f Laboratory tests such as TCLP and SPLP
into drinking water and ecosystems.
At mosphere (Bos3njakoy
T Undirect air pollutants from the combuj2023 Chen
such as sul phur dioxides, nitrogen oxid 2016; Fan
T 4dn panel manufacturing, air emi ssions ¢2021; Xi e
hydronuoric acid, chl orine, ammoni a, NM2018; Yand
oxides, sulfur hexanuoride, and pernuor{2023)
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3.4 WATEROTPRUNT

Water i s consflemedtatst ages of the |life cycle, and this
water consumption oWatwart eirs fwodadrimdi rectly during the
consumed in some electricity producti on processes, s
(BoSnjakovi ¢.(ett odlz. et 2e@H3I)ma@s7hhat c2Zz%eofwatlee bkittess
system comes from the production phas®% hedstWwaterobht
cycle thanaluei pl apts. A concrete base and a pile base
respectivel ynotumareda st®Rafct &arRrearce, 2024)

Un contrast, solar panels require |l ess water during th
for dust control during the construction phase. During
bird droppings and ot helrs pabbuti ctl reiss fdeopendhse @mntehe envi
uch as deserts, will |ikelBulhqaiy eetmoale. fr 2@Ll&attRearh @& ic
is also used as a cooling agent to reduce the temperat
temperatures, wi t h 5a% dfroorp eovferagb olutC Oi ncr ease, based o
condi {Bam$ sil e et al., 2025; Shalaby et al., 2022)

A puripcation infrastructure may be required for the w
ot her particles (total solids) accumulating on the pan
wastewater treatment mpllhemtuseasdl as @pamhedls tta coll ect ra
reused for Edlaenani reg. al . , 2018hb)

There are various methods for cal culdstOi N4 OBt eWilden s u
gui dance on water footprint me a(sWmteemema tsi oand s gass
Standar di z a.t(iRony, & OPedgdrcae cubl@péy the waV&kWpfocactommi mter
groundwater and surface water, measuring the water us ¢
according to the water (sStaclcd teyt coall ctuhled Ord dleya thears icnons um
i ncorporated into the product or evaporated) and water
the same catchménkWharanmd watem stress (water avail abl
subtracting human and e%twastyasrk Wim wietma ndhe i AWAMRE met hod.
water consumption and withdrawals i s measuseédécand whee

scarcity values. The LCUA ReCi Pe met h(oHuimea sewrt ess. ewa tad
Tab3kXeports the water use values for photovoltaic pan

Tab3le3Wat er conduenpbban panel s

Umpact Citation

Water f ootlp f3lxtB0*mnIOWp (Roy & Pearce, 2024
Wat er f oooft ptrhientmotumu d¢ thyr e
1 Mounting on?3rkowpf: 22 m

9 Basis in concrete, mé/lunWg ng a
1 Poles npnxtures, mount3 khypa gr ol

Water foot8p@mktkWh of which: (Stobk.et2017h)
f 1,5 3n¥O0kWh is consume water

T 7,2 3n¥okwh is withdrawal water
Wat eress:

T 3,2 2?miwatereq/ kWh in basis to

T 15x1bmiwateefrk Whn basis to the wi

Wit hdrawal water + consumpti on (Bukhary et al ., 20
f Constructi®m3 k®h6 x10
T Operation®m36k Wh x10
1 Dismantling of ®rmPk@Wwhant: 20

39



Co-funded b
panorama  iinerrey the European Union

Italia-Osterreich

3. 4 THRRESTRUAQUANBIOSYSTEMS

As already ment i onHudmainn Htelad hdenc tiadbn emi ssi ons to water
indirectly) can occur during the I|Iife cycle of solar p
Somé mpact categories relatempotteont é @ad s yfsotre mesciidncnlcuadtke o n
eutrophication and ecotoxicity (marine and f-brsessehdva t e
acidinpcati on, assesses the release of pol Hhutaandl phusuct
oxi des, into the air, which can acidify soil and water
SQepmMmol EuUropean Commi ssion et al., 20112;EuRRéop h20c2alt;i
a measure of emissions into air and water that <contair
bl ooms in water bodies; i tmar & eud 0 methii meaade ) o imdni@dsandw Bit retr o
eut rophi cataiQn (EcgptPXicity, also referred to as marine
is the ecological toxicity (fate and eFedichlnorspkeean zen
(referredbD@CB® @bBBIL, Bn natur al soiak § nefswa sUnwea tse rc,a norb em e X
in ( k-DCBle.gq4) , -DBle gl .ctomp af atoixvieuntiyt s ecfoosry st em$ ( EWCrTdJp e an

Commi ssion. Joint Research Centre. Unstitute for Envir
2016 ; Ry be&8d agwegloavska & Jezierski, 2024hb)

Regardi cgt ebereue s ophi caaciiodni pacamd i on, accord( Algamo& tXe,
2023b)the production of panels contributed between 60
categories, whil e for t he Ecotoxicity category, t he
accounted for around S6h(Ga% oeft tabled i c2We2d3t)an LCA in Paki st
that panel assembly accounted for 50% of aquatic ecoto
manufacturi ng -gsrtaadgee . siSdlcaorn product i5dds adcotume ed mp @ct
eutrophicatidnpaadi an, respectivel vy, afNdl 45 @t oThhletyer 2 @ &
observed that panel production contributes about 70%
80% to ecotoxicity.

Anot her potenti al i mpact is the renection of horizont :
Some aquatic insects use polarized | ight as a guide to
(Sz4az et caodmp,ar20le6épanel s urdrmpeectsi wa tdoatnitnngs  ( ARC) wi t
terms of the amount of renected | ight and attractivenes
found that i) the ARC sur face Isitgihltl wheenne cstusn | hiogrhitz ocnotmnael sl
or back, while the uncoated surfaces renected | ight a
attraction for some species in sunny conditions, but i

remeidn t he same as that of the uncoated surfaces for so

3. 4 E8D QWFE
EoL options for sol ar panels are underdeveloped and a
esti mat ed7 8 hmitl 16i0on tons of photovo(Chowdhharsy eetwilTdli .sr ez

ngure can be reduced i f the solar panels are Mh8eaged a-
and Van Wassenhove, 20.16TheSarlédom vwedr yaland 2r0elddy)cl i ng of
sol ar panel brings numerous benenpts, such as reducing
in the areas of collection, repair, recycl i ngseaprrcohc e s

opportunRENASPYPEEA2016)

Al 't hough many countries do not currently have | egislat.
i s some moment um (bveaijnregvsdkrie eettedal ., 2021; NgBdoDimr &d il Vv 6
2012/ 19/ EU, called the Waste Electrical and Electronic
2014 and covers the separate collection of WEEE product
of databases andi mreptirete ngl.sd hreequi res EU member states
are authorised, to indicate and communicate coll ection
collection rates and to recqgafireepcodubeetgeméEndamaeaner
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Commi ssi oGl obatl y, there are several organizations tl
operations r ®oKlaitfeed maon aegnedment , such as PV Cycl e.

There are three mai rofloipfte ommhsa feoir rtehes eendrReyedi alyg, glaoa
i evaluemnd opitnigm-defl i fe strategies, but many technique
| aboratory scale.

3.4. Reluse

Reuse includes the reconditioning and subsequent -use of
hand market. The panels can be reused for the producti
|l ocations, road signs).

3.4. Rexycling

Recycling occurs when a specipc component or materi al |
and/ or chemically from the rest of the pr dabéfcd The ge
component is then brought to an acceptable | evel- of p L
|l oop oOoFf ommpem ecycl i ng -lporoopc ersesc.y cGlionsgedi s when a componenr
new panel for the samerpgrpabesodt alhagmnmé ¢ h®lpiemg occur .
material is used for a purpoBar oe¢hler.etFain. e¢xh@@DI0g ,gitnhad
glass from the glass | ayer, called "glass cutlet", can

(YRENA-P¥PEEA 2016)

Every treatment process, whether physical, thermal, or
process may succeed in separating the desired compon
potentially -pbpeadodbssobyrender thnleentrse mainmiftR¢eae @mdihpoy et
al ., 2O @ee separated, the materials can be sent to spe
aluminum, glass and copper, can be recovered with phys
used in the panel can be r aeomowerned.t sAlatrer nda teicwe Ity ,t os osr
silicon andanegVuAr iltayy ecrasn, decr ease. Components such as gl
be mixed with metals, screws, polymers and therefore me
(BosSnjakovi ¢ et al-PVP2,02230164RENA & UEA

f a component is considered hazardous, recycling may I
vary from country to country, as countries may wuse sSi
di Ferent pdvametaka et Tahle. ,| i20lr7a)t ure oFers a mul tituc
met hods that are tested on a | aboratory scal e, but rec
l ack of enforcement and pn(nManjcevad k ii nectenali.v,es2 @A lo)bal |y
3.4. 8&axndnplling

Landnpll disposal consists of sending the panels or c¢omj
The panels could be mixed wetkbcbotbhaeicelwasteoniMetahd aoc
l each and contribute tb teaechateptiberefotandhandnl | d
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Tab3ledEndf i fe management options for solar panels
Recycling Options Citation
T Physical treatment: Separation|Physical (Azeumo et
t o remove t he aluminum frame, et al ., 2020; P. R. D
shreddi ng, crushing, eddy curr|GmbH, n.d. ; -FNRENA R0NHY
sorting, sonijgatiaan, celfeatgmen Ther mal (Aryan et al
T Heat treat ment : Uncineration g§2020)
| ayer s Chemical (An & Sun,
T Chemical treat ment : Acid baths{2019; Chowdhury et al
silicon wafers, EVAcdpmpyenr, alnd Veit, 2023; P. Di as &
alumi num and tin) and electros|al 2022, Farrell e
and mesalser, copper, aluminum2014)
3. 4 BEOVIRONMERR@QDUMOECLARATUONS
An EPD is a document that presents thief LiCAewft hepsathac!l
cycle stages and function. The EPD is npnanced by the 1
owner) and is certined by a third party. The EPD foll
established by the mypetrtadtora ytther icoemgpat he EPD) and int
protocols are found, but are not | imited to, in the prc
14025: 2006 e ENUABS8O0OMatiodrRal EPOh®y ctuem,en202PX)R f or sol
|l eading operator, Unternational EPD System, i's named
number 26RGR18Unternational EPDheysihédmyr mad@22n included
background, product identinpcation, functional uni t , ge
(inventory, boundariesTab#ékblhtrolgbl-k8ap8-eddteiror)x.ampl es
of intermediate results of LCA analysis for EPDs.
Tab3le5 EPD endéd@phgHai Huanghe Hydropower Development CO.
Category Val ue|{Uni t
Climate changfopeitlentia@als + | and use a|l, 6 2x|kg RAEW
Climate change potential (biogenic) -0, 2 kg R&W
Potential for depletion of the stratos|4, 9 5%|kg CRLkW
Aci di pcation poteaxéca¢damceumul at ed 1,6 mo | ¢ dk W
Eutrophication potential, fraction of 7,2 3x| k gedPk Vv
compartment
Eutrophication potential, fraction of 3,5 x| kgefNkp
compartment
Potential for eutrophication, accumul al3, 6 mo | e 4Nk pV
Potential for tropospheric ozone forma|ll, 1 kg NMY{OICW
Abiotic depleti of opwtidntriesloufracresnon 1,9 ?2x| kg e$kw
Abiotic depletionreeoemc¢esal for fossil|l, 7 3x|MJ/ KW
Potenti al for water deprivation 2,7 xm3 /[ kKW
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Tab3le6Ex amp | e2(EWiDr indi an Solar Ltd., 2023)

Category Val ue Uni t
Gl obal waatmemtgi al (fossil fuels + 1,4°%3x10 kg RO W
Gl obal warming potential (biogenig?7, 2 kg R&W
Ozone depletion 1,2 %10 |kg €ERG kW
Terrestrial and freshwater acidings8, 7 mo | e kW
Eutrophication of freshwater 3,4 x10 k gedPkpNV
Marine eutrophication 1,7 kgefNkWw
Terrestrial eutrophication 1,8 1x10 mo | e dNk pNV
Photochemical oxidati on 5,2 kg NMVOL/ k
Abi oti c Ezblaaunsdn tosn 3,2 210 kg etk
Abi odteipcl egfioosns i | resources 1,3 4%x10 MJ/ kW
Water scarcity 4,22x10 |m3 deprpi v.
Respirator yzpianrotrigecauniiactse matter 1,1 %10 di seasepin
Yonizing radiation 2,9 'x10 |kBqg-28&f kW
Ecotoxicity of freshwater 4,2 4x10 CTUelpk W
Carcinogenic eFects on human healt 8,4 7x10 CTUh/pk W
Normarcinogenic eFects on human hei{3,5 %10 CTUh/pk W
Land use impacts, soil quality 4,0°3x10 [Pt/kWwW

Tab3leTExampl e 3EPDNnova Solar Technology Co., Ltd.
Category Val ue|Uni t/ kWh Val ue|{Unit/ kWp
Gl obal warming potentil2,2 2?2x|kg RRQ@./kWi1l, 13x|kg RAW
use and | and use chang
Gl obal warming potentil-8,810 kg RRQ./ kWHi-4,5 3kg RAEW
Potential for depletiqgql, 1 ®%|kg €F &Wh 5,7 ®°x|kg CRELEkW
ozone | ayer
Potential for acidipcdgl, 6 *x|mol H+eq. /|8, 3 mo |l el kKW
Potential for eutrophi|9,0 “x|kg Peq./ kW4, 6 2x|kgedPkW
Potential for troposph9, 4 S5%|kg NMVOC 4,9 kg NMYJOICW

eq. / kWh

Abiotic depletiof opstig7, 6 x| kg Shb kaWp 3,9 ?2x|kg e$tkwW
resources
Abi otic depletion potd2,5 *x|MJ/ kWh 1, 3 4x|MJ/ kW
resources
Potential for water dg6, 7 3| m3 depriv.[3,52x|m3 deprpiv
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Tab31le8Ex ampl e 4EPASNSOLAR CO. ,

LTD, 2023)

Category Val ue |[Unit

Gl obal warming potential (fossil fuell, 8 2x1kg R Wh
Gl obal warming potential (biogenic) 1,3 *x1 kg R Wh
Potential for depletion of the strat{l,5 ®°x1 kg €FG k Wh
Aci di pcation potential accumul ated |1, 0 “x1|mol eH* Wh
Eutrophication potential fraction o7, 3 "x1|kgedPk Wh
compartment

Potential for tropospheric ozone for|5,5 31 kg NMY{JOKWh
Abiotic depletiod opstidntriesloufrcresnon |4, 6 3x1/kg %k Wh
Abiotic depletion potential for foss/l2,1 *x1 MJ/ k Wh
Water deprivation potential, deprival, 2 2x1m3 depriv.
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4 WINDURBUYUNES

4 . IPOTENTUAWNTEGRATUONRENEWABENERCOMMUNY TY
Uncluding wind energy production within a -cRoEnG unmaprtki eodnl,y

since wind generation is very ofhtoeur bceytctleer tdhiasnt rs dluare
During the hours in which phiccteo veoletragiyc, pna medl sc adho trhoetr epf
the demand. On average, in Europe, a RE C -cuosni snugmplt Oi 00% soo
39. 4%, whereas with a hybrid system of-co0%usmptaopnands?s
66 % Papapi etdChhal 2@2gprps of installing wind turbines inc
|l ocati on, as the energy production potenti al is often

the turbine and(Beaerchtor .etself, 2022)
4 . ZTECHNY BIXFIORMATY ON

4. 2 Flow B¥ERGY

Figuwfle | l ustrates the wind energy production process,
involves the conversion of kinetic energy into mechani
and, subsequently, i nto el ectrri.caDe peennedrignyg tohnr otulgen ttyhpee
inside the nacelle and on the point at which the turbi
transformer may be required before injection into the

Wind Turbine System
| I

Wind Power Rotor Gearbox Generator Converter Transformer Grid
A | l
o Y PP @ MO O
.-\') 1 |
b ;
Input | | | | Output
Mechanical Power Conversion Electrical Power Conversion
Fi g4te Mechanical and electrical conversion of the power in
The turbines considered in t he foll owi ng -malgagtter

synchronous/ asynchronous AC gener atwal tamgle ae 40t rVi m@iuttyp

4. 2 CAMPONENT SSCAHNEDMAT U CS

There are two main typhdeorofzowitmd tawxi(lsHAWVETS)d teuhr dowhm ec h
FigdReon t hevémrficwmhnddmxibs nes (VAWS) slooivnvntei ah ght . Un b
a wind turbine i sofichormnepeo sceodmproan enntys: | apadn db ldangep® o Wwelhe na
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Generator,
Disc Brake.

Rotor Shaft —

Lower Bearings

Upper Bearing
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1 Hub 74 Rubber Feets 13 Air Outlet 19  Hydraulic Unit

2 Shrink Disk 8 Generator 14 Arm Torque 20 Tower

3 Disk Brake 9 Coupling 15  Rear Bearing 21 Nacelle

Bedplate

4 Airintake 10 Secondary Shaft 16  Flexible Tyre 22 Brake Caliper

S Front Bearing 11 Gear Box 17 Yaw Motor 23 Spinner

6 Main Shaft 12 Meteorological 18 Yaw Worm 24  Blade

Sensors Drive
Figé42e a) Diagram owi adho@iHAWh)l al Zanxiia Ener gyav enr.tdi.dwa lo od AAWiB) |(eTfjti ua rel
al., 2015) on the right

The blades ate ¢bmmédaoabgdrotating drive the main shaft,
inside the nacell e. Uf the shaft speed is | ow, t he sh:
gear box (ssopteaetdi omudlt i pl i ermaghlkeée péewmanéemy egretnse rmd @r a nci of
power into electrical power which is then fed into th
irrelevant, HAWTs require a yaw system which alkl awsd t he
nacelle) to be rotated so that it is alitdmddnewi th t he
Tabl-leprdovi cke sgnatt lewiitahl st he rel ative percentages ofThwehi ch

nacelle rotor can be copeeméaeengthEeytinitd r gemmealrsaRgdeINCE(vataor ,
the speed (mebhtbpkiemcBby direcdi tea@anBOni isdédhaentoower is th
met al structure naael seeppohesfohedati on is the structu
ground, transfers static and dynamic |l oads to the grou
the I ong ter m.
TablleMa4 er i al compees itteichmscloofpiomsenasd (€redi et al ., 2022)

. Rotor , Hu|Nacel l e Nacel l e
Mat eri al Bl ades PMS GG B PMSGDD Tower Foundat
Ur on 25, 8% 41, 5% 52,6% - -
High alloy st|{9, 4% 39, 3% 29, 8% - -
Low alloy stel9,8% 10, 3% 8, 9% 97, 1% |~
Concrete - - - - e
Fi bergl ass 37, 3% - - - -
Copper 0, 1% 2,2% 2,2% 0, 9% -
Al umi num 0, 1% 0, 9% 0, 9% 1, 0% -
Resi n 17, 5% - - - -
Pol ymer 4,6 kgl kW - - -
El ectrical an|- 0, 4% z 1, 0% -
Components (E
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TablleMadt ecomposi tions of the technologies and components consi
. Rotor, H|Nacell e Nacell e w .
Mat eri al and Bl adlPMseaB PMS @D D Tower Foundat:
Chromi um - 0,6 kg/k|O0O,5 kg/ kW - -
Manganese - 0,8 kg/k|0,KBg/ kW - -
Mol ybdenum - 0,1 kg/k|O0,1 kg/ kW - -
Ni ckel - 0,4 kg/k|O0, 2 kg/kW- -
Neodymi um - 39,0 g/k|168,0 g/k|12,0 gl|-
Dysprosi um - 4,0 g/ kw/ 15,0 g/ kW2,0 g/K-
Praseodi mi o] - 4,0 g/ kW 35,0 g/ kW - -
Ter bium - 4,0 g/ kW7,0 g/ kW |- -
Bor on - 1,0 g/ kW 6,0 g/kW |- -
4. 2 RBFERERLEAMETERS
The nparnameters of turbines with rated powers of 5,
summar i Mehke it s peed is the speed of the starting wind
operating speed,F whpieleed tihse tchuet st opping speed of the bl
structur al design | imit beyond which ptthearteuvar biinet e e s
intercepted by the wind.
Tabd4-andn
Tabld@ Dat aour arms nfl gyc v ® HAWITh e literatusdeaind drrtavi de
manufacturers and retailers) have beehecloosuwitred ,t amlli r
Engel ec Energy, n. d. Ergowi nd, 2016 ; GHREPOWER, 2020;
n.d.; Wind Engineering Spa, 2013; Wi ndUp Srl, 2018; Ze
The -icutspeed s the speed of the starting wind of the
whi |l e tolFe spwted i s the stopping speed of the bl ades. Th
' imit beyond which theetuffhenewdpéesanen opethte surface
Tabd4leTechni cal paramet @aratfdr powted ke 8 mwilt h
Rated power [|1 5 10 30 50
Maxi mum power|1, 1 7 10 30 50
Type VAWT HAWT VAWT HAWT HAWT
Cuitn speed [ m 3 3 3, 8 3-4 3,5
Rated wind sp|1l2 10 13 1112 10, 5
Cudbut speed [|25 25 25 25 25
Safety wind s|45 50 50 - 52,5
Rotor di amete|l, 2 6 6 13 15, 95
Swept area [m6, 15 19, 62 - 120 200
Head weight (|- 310 660 1950 2600
rotor) [ kgl
Hub height [m2,7 8 10 18 27
Generator Typ|PermanefgPermanefPer manefAsynchr (Asynchr
Magnet magnet magnet permanenus
Synchrongeneratq¢generat (magnet per man€g
Gener at (¢ generat magnet
gener at
Out put voltag/ Thr-pbhas¢500 6(3#8Y22880 400 400
alternating c|400
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Single #
230
Operating tem-2®50 -4 @50 -45%60 - -
[°C]

Tabd42eTechni cal

paramei ée hatfedr pbwsbd 0ilekewwh 9 5

Rated power [ k95 200 300 400 500
Maxi mum power 95, 3 205 300 400 500
Type HAWT HAWT HAWT HAWT HAWT
Cuitn speed [ m/|3.5 4 3 3 2,5
Rated wind spel2 13,-54 10 9,5 13
Cuobut speed [n25 25 20 22 20
Safety wind spb52,5 67 52,5 52,5 -
Rot or diameterf24, 4 29 -381 4 2 56 42
Swept area [m”N467, 6 6977754,/1385, 4 2460 1416
Head weight (b7250 13750 28600 35500 -
rotor) [ kag]
Hub height [m]|3037 364650 3951 51 39
Generator TypePermangAsynchr (SynchronSynchrogfgSynchron

magnet per manenwith wi t h wi t h

gener atfmagnet per manefnper manefper manen

(gearl ggenerat(magnets |magnets |magnets

direct direct direct
transmi gtransmi §transmi s

Out put vaolltteargnel 400 415 400 400 690
current [ VAC]
Operating temp -2Q40 - 2®50 2®50 -
4. 2 EMER@ALANCE POWERURVES
The UEC181460ies of standards dennes procedures for
of wind turbine power performance tests. Un particul ar
instruments wused for wind ss pceheodi cnee acsaunr esmegnnti,n caasn ttl hyi
performance tests. The procedures for calibration,
anemometers and wultrasonic anemomestOdy s wharlke dehosd
sensi nigcedsevare set ouR.i mhdE&@pplluroeation of these proce
main outputs the measured poweanmwalveemwmdr ¢ Y &EtPA d lrintdie d @
values for the turbines selected n the previous parag
both power curves and AEPs, so for some turbines, onl
The measured power curve, denpned as the relationship
wind turbine, is determined by collecting simultaneous
wi nd speed, and turbine opereat ehegctsriigcnaall s powesrpe pr ald
measurements are carried out at the test site over a
of a statistically signinpcant dat abase, representativ
at mosphedi i em®mab4fale reports the resulting power outpu
which data were available, for WwWigdispewsdstbet wewer 1cal
the 9 turbines, i . e. the relationship between the i
power
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Tab43eVal ues of output power of the turbines select

Nomi nPolwe r
1 kw[s5 kw[10 k{30 k{50 kj100 [200 [400 [500
Qut puts power
Wind Speéd| [ W] [ kW]
1 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0
3 0 300 0 1 0 12 0 5,8 0
4 20 600 200 2 1 7,2 7 16 14
5 50 1000|1200 |5 5 145 19 355 40
6 100 1700|2600 |8 10 2 4 34 5@ 74
7 150 2500|4300 (13 15 3P 56 73 124
8 180 3200(5700/|18 25 5 & 78 10,8 188
9 300 4000(7000|23 35 748 109 134 270
10 400 5000(8300/|27 42 8 5l 138 171 360
11 550 6000|9800 (|30 50 9@ 162 218 439
12 770 6600|1020(31 50 9 47 184 269 483
13 970 7000(1030¢(31 50 9 53 196 30,9 496
14 1050|6700(1040¢(31 50 9 51 205 352 500
15 1030|6400(1050(31 50 9 L 202 387 500
16 1030|6000(1060(3@® 50 929 200 400 500
17 1030|5500(1070¢(30 50 9 12 196 400 500
18 1030|5000(1070¢(30 50 8 & 196 400 500
19 1030(4500(1070¢(30 50 871 196 400 500
20 1030|4000(1070¢(30 50 8 4 196 400 500
21 1030|3500(1070(3@® 50 8 13 196 400 0
22 1030|3000(1070¢(32 50 7% 196 400 0
23 1030|2500(1070(33 50 761 196 0 0
24 1030|2000(1070(35 50 7 43 196 0 0
25 103010 0 36 50 7 196 0 0
AY
1 o T I
i
0.8
z
§06
0.4
0.2
00 20 25
ws [m/s]
Fi g4 Mor mali sed power curves for 9 of the turbines selec

Once the output powerPhiax abean améagundae avail &blhy powe
(Equation 1), it is possible toGralsulaatfauntchié omotodr wp
shown in (Equation 2). The rotor power coeédgientt i s coc
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M wAi s the turbiné ,swepits atrtee wW3m d aiselt cheei tayi r( nf)gsnAd i t y (
Bahadly & Peterse, 2011)

5 2o @)
c';

e @
V]

ThAEP provides the estimate of the total energy product
applying the power curve measured according to the difF

the wind Thueredieme.ncei swhantd hei ght , assumingdg 4Yd0eeon aatviaa n
El ectrotechnical .amdfitpsioon de2 0AEP values for BbHBoof th
annual wind speedsm/bset ween 4 and 8
Tab44eVal ues of annual energy production for 5 of the t
Nomi nal PkhWpr
1 kw [100 kwW300 kW[400 kW [500 kW
Wi nd Speéd] Annual energy production [ MWh/year]
4 0264 - 293 567 -
45 - - 416 776 492
5 0640 196 550 989 622
55 - 240 686 1194 750
6 117 284 816 1379 872
6,5 - 325 934 1539 985
7 1,76 3614 10314 1670 1088
7.5 - 399 1114 1750 1181
8 233 - - 1820 -

4. 3ECONOMDETA

Tabl-&r Apotrie cost parameters for the turippireesosslseced
According (Biancthhemi CAEAREXIof &0Wi2Dd f a4 80 i s5H6i59ktWh e Trhaen
t abrlef ertshet mver age .5v2a2 u/le koW feor6 systems with a power o
with a power of more thabolBada&pt ed, vas (Oepedthed.ti ml . ,

The | iterature provides several estimates (®Bfi aO&Mi nosted.
202@n they are quantinped aéOar pkeéedevalhnu et, hoiRsO 3avBo)rak/ ,k W h e
was calculated assuming an average value of 1% of CAPE

Tabl6ée. 4Cost pat admeFenresntf scmbdet sdofurbines

Rated power [ kW]|CAPH/ kW] OPEX [ a/year]
1 kW 6522 65

5 kW 32612 326
10 kW 625 652
30 kW 19660 1957
50 kW 32600 3261
95 kW 61000 6.190
200 kWw 81000 8100
300 kWw 121800 12250
400 kW 162000 1200
500 kWwW 202600 2®@50

Figddexhi bhé@ésPBXd of ORPEXXI ofraram as a function of nomin
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2500 T T T T 25
2000 - 20
9 =
=, L =
= 1500 g 15
Q
s ¥
E o
] =
£ 1000 - 2 10
= (o]
500 [ 4 5
0 . . . . 0
0 100 200 300 400 500 0 100 200 300 400 500
Rated Power [kW] Rated Power [kW]

Fig44e The CAPEX (on the left) and costs of OPEX (on the ri
4. IENVURONME MPAMICT S

4. 4 MPACRESULTS
Tabl-2 Meports, for turbineeraGualefFed ahedsiti petegiompact
ED CCP, Eutrophicatinadoai ¢gpioft eanttii @an ) @gMBtlRernet ipad s s(i AR e, turb

similar power ratings have been considered, and the fu
calculate the impacts inavasé¢éabWwWekeia dotal wveree anotr e, t
of (Mendecka and Lombardi, 20ndpammtabounusedsedlnt Mat pbaba
onshore wind turbines operatifkFggafeb m/ s, as illustrat

Tabl7. 4Li f e cyclveariimdisc &tuabbssndeb rmond eal fs uncti onal alnedt roifcilt kW Wh of

Mo de l EEJ)LL CCP EP AP Det ai |l s Citation
A A A
Cow | 2y || Ly | Ty
1 1,4 110 0,35 1,1 Actual data referrd | (Troul |l aki
2019)
1,6 109 0,1 0,7 1 Model of regressiofb~RUI WAL ¢ L
inputs P=1kW xYUGHel T RAU
5 115 |48 0063|031 |Actual data referri|b]l BIURUNDU
rated power of 6 kw ACGENDRHAALU
09 60 006 |038 |Model of regressiofb~NUINHALCLU
inputs P=5kW xYOGHeI T RAU
10 1,3 86 0004|053 Actual data referri|(Amor et 4
installed in Quebec
0,7 47 0,0 4 0,3 Model of regressio blleLiJTlJﬁtiCU
xYGHc!I I RAU
30 061 40 000145024 Actual data referri|(Amor et a
installed in Quebe
046 (31 003 019 Model of regression|b~RNUI DAL cU
50 038 |23 0025|016 xYGHCeT T RAU
100 013 178 - 0042 |Actual data tefrdfimel (Kabir et
the same company wi
21 m rather than 24
0,3 19 0,0 2 0,12 Model of regression bljUL:JTUﬁtiCU
200 023 |15 0015|0009 x YaHCI T RAL
300 0,2 13 0013|0078
400 0,18 119 0012 (007
500 0,16 11 00110064
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P = 200% [kW] inserire potenza nominale considerata

% Parametri considerando la classe di vento IEC IV
% welocita media annua v=6 m/s

% FU = 1kWh, Scope = Cradle to grave

cl _GWP = 189.57

c2_GWP = -8.37

cl AP - 0.71
€2 AP = -8.387

cl_EP = 8.104
c2_EP = -8.361

cl_CED = 1.596
c2_CED = - @.366

GWP = c1 GWP*P*c2 GWP % [gCO2eq/kih]
AP = c1_AP*P~c2_AP % [g502eq/kWh]
EP = c1_EP*P~c2_EP % [gPOdeq/kWh]
CED = c1 _CED*P"c2_CED % [MI/kWh]

Fi ga42 e Model s for the calculation of indicators @@Mendéaokat&ohbhomband

201,9)runs per forfed noommi Maatl | apbe5set8 @ OlexAiaA 0-& 006 010 MAoM. e t hat the dot repr
deci mal point.

FigudB8bighlights the «c¢omp(aMda rsdoenc kbae t & elemrabhairedit . he2 0 LL)A st

for powers frkoMn 1Yttd sl@POssible to see how the values

studies are in line with thef mo@Eergr n.nAdd@m@)t ins EB tau dye,\

indicatorl ig3fobkwWhesdavi ati on of an ofMendetkmagniowmbar di
al so conducted a systematic review of the LCA analyses
power below 20 kW, the CCP val tleWhyrawigtehi drdemc7®ase® d38
power increases.
18 1=
Model (Mendecka, 2019) Model (Mendecka, 2019)
P ®  Real values from other LCA studies | | ®  Real values from other LCA studies
; ]
1.2
= 0.8
g z
o =
Soel \* 1 % 04 1
0.4 s
0.2 |
0.2 . |
L ] o -
o o 100 200 300 400 500
o 100 200 300 400 500 Rated Power [kW]
Rated Power [kW]
0.35 T ™ T 110
Model (Mendecka, 2019) Model (Mendecka, 2019)
G5 ® _ Real values from other LCA studies | | 100 ®  Real values from other LCA studies | |
50 -
0.26 1 — 80
z £
% o g
g g w
E?ojs .| é? & 1
B 0.1 i © a0 - ]
g 30 1
0.05
20 - 1
ol = i + . + 10
0 100 200 300 400 500 ] 100 200 300 400 500
Rated Power [kW] Rated Power [kW]
Figa3.kife cycle indicators a@Matlfamcpri oaneodi m@)mi n
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The European Union does not i mpose common | imits for
Directive 2002/ 49/ EC, an approach aimed at avoiding, I
environment al noi se and establ i sheens (@weammamghhdil eatedrns
Lnight (niDBhtedteiveed )2002/ 49/ EC, 2002)
Udn Utaly, the Prime Ministerial Decree of 14 November
1995 n° 447 "Framework | aw oadnrhoei seemipscslilount il o nmi,t evsatlaubelsi
continuous soyYyhnd d.BgTAHeer (i ¢s@ rdy ivhtdeudsa ké asses for two r e
times as repbrg@devhnchledas acted fromDether niencazecieone de
' i mite dell e sor glednatpittisoonhnbee new99ndi cators and standar
in Legislative Decree 42/2017 which, howelkegisHatbsvaoDe
42/ 2017, Ta&RRWOUE.Noi se emi ssion | eveprsoviiode searcci steureminses i ¢
di Ferent turbine sizes.
classi di destinazione d'uso tempi di riferimento
del territorio
diurno notturno
(86.00-22.00) (22.00-06.20)
I aree particolarmente 45 35
protette
1I aree prevalentemente 5@ 40
residenziali
III aree di tipo misto 55 45
IV  aree di intensa attivita' 60 50
\ aree prevalentemente 65 55
industriali
VI aree esclusivamente 65 65
industriali
Fi g44.EBni ssliiomigg in dB(A
Tabl8. 4Noi se emi ssion | evels for each turbine
Mo del Acoustic EmBas]i (Measurem@emtdi ti ons
1 kW <50 Not speciped
5 kW 418 15 anway ft hemt ur bawi ensdwe éfth 0o m
10 kWwW 27 10 aaway t hemt wwibahnweismpde e d 30 fm
30 KW >35 dB -
55 Speed of the wind of 7 m/s
5k WwW 5& Speed of the wind of 7 m/s
100 kWw 50 50 anmway ftthemtur bine
200 kW 50 100 amay fthemtur bines
300 kW 58 25 aaway fthemturbines
400 kW 58 79 aiway fthemturbines
500 kW 58 79 aaway fthemturbines

4. 4 BBLMANAGEMBMNWD OFCITREULARYTY

Wi nd
year s

tuhavaaesser vi
and

ce

can undergo repowerin
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Someti mes, however, the service |ife is shorter than e
stresses due to adverse weather conditions. The compon
with a recycl abil i-3¥%r asTtleweedf faroowndhe83 ower can be proc
for steel making, while the concrete from the foundat
construction or can be recycled to build new wiithdnturbi
the same sector. dn some cases, foundations <cannot b
environment al i mpact .

Re g airmdgh e bltehdeeys ,r epresent the most complex part to recy

their composition. The main material of which wind tur
Pol ymer wiG% r6Di nforcingdpweps!| amdr 3v@a tgfhWixn doBur op e, 20
According to the waste management hierarchy depned in
options can be considered for wind turbine blades in
possi bl e Doiprteicotni ve 2008/ 98/ EC, 2008; Spini 18 PBetetviemit,i o:
Reuse and reconversion; 3) Recycling; 4) HReceowerey o(pd.i ®.
are discussed in depth bel ow.

4. 4. Prlevention

To prevent waste generation, you can design the bl ades
extend their useful l'ife and reducé Wi me Eamopret &@f02Mat e
4. 4. Redise and Repowering

After a proper evaluation and possible repair of the r
the point of view of wind technologies often sell the r
where the power and eclcowenrc.i elUst iinsvoallvseod paorsesi bl e t o com
of use of these component s, such as, for exampl e, con
pedestrian bridges, bus stops and bicycle park&mpbel ot s
(Spini & Bettini, 2024)

4. 4. ReXycling
Technol ogy readlijmeasutevehese ¢$§T&te of devel opment of a

to 9, where 1 indicates the initial phasEEuwropmpeasr a3 gac
Agency,. Z020)t he bl ades, mechani cal (Mechanical grindin
bed TRL 5/ 6), t hermochemical (Solvolysis TRL 5/ 6) a

fragmentation TRL 6) recy(CWimdEured gpeo,d s2@C2a) be used

4. 4. Rekovery

The most widely used method nowadays for the re€yclin
processing (TRL 9). The polymer matrix is burned as f
gl ass npnbers contain three ofitbherméical okudesxt Hat make
(Spini & BetWibhh, oBe284pn of waste material dabdébm ttdObikmg
ofil mestone (CaG)| i 280f R@l bohi mumdlogande o ( YUYl )k go xdofch¢ U 4 4)
oxi @D )(Schindler .etTheelr.e, ix024)so a reduction of up to
cement producti on. The disadvantage is certainly that
(WindEurope, 2020)

4. 4. Disposal

Landnplling or incineration without energy recovery is
sustainable method in the hierarchy of waste manageme
banned the use of I andpll s t o nmpaonsaeg et atxheiss twa gmBgk iean ni dt &out
Bettini, 2024)
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SHYDROPOWER

5. IPOTENTUAWMNTEGERATUONRENEWAENERACOMMUNY TY

Hydropower is a form of renewable energy that harnesse:
Since water bodies, such as | akhasurrilvers aandhro@ogrwnoicr
constantly fed by the water cycle, they represent a re
Hydr opower can be i mplemented in combination with othe

Uf Mérida Garcia ptutam@murpi 2e2{PAT) wasPWwygymbemedcwl-t Bdath
PV syotltab,abtted yprovi de en@rigy itmoriagmatiFon system. The h
a diesel generator and was able to provide power to th
and pltration station. After -P¥nesyygtam onfl yo plelrda to fo nt, h et
generated, while the PAT was not operating at full pot
of combini ng rdgiyF esroeunrtc eesnet o meet energy demand, with ol
renewabl e energy systems can bridge gaps between ener.
examplhegdroel ectric power plants (HPP) can support the |

when the sun is not available for the PV system, or dur
whil e solar can take advantage a@gPRamgbeirv | @vEdBabkbit hasio|
al ., .20HYWr opower can also be integrated into existing
systems. Turbines can be installed along the path of w;

cooling canals, thug¢Bptobdbdet.i alghe | exO®RI0gictiatyi on of t hese
water networks for the production of electricity makes:s
RECasnd for a constant contribution.

The compatibility of REGegeapgewéamarpgkbgwptonnthe size of
relation to the customer base and its integration into
i REL, such as the maintenance of a |l ow to medium volta
in Ut aflogwi igeemall hydropower plantBE@FgpPsabrensef (pnorcs
described in Section 5.2). Dam and reservoibypsojoe atge
are |l ess common due to their size. R¥MW&E eV asli wantsi g eh ynd
sol ely based on electricity producti on, but taking i
environment, the natural environment, and management cc

dynami cs.

ARECan benent from the integration of hydropower becal
can be generated quickly, while in the absence of dem
continues its nat-eafravecosyseéenodnn ipsuocdouncsti dered rel ativ
esti mated period of ti me, thanks to knowledge of wat el
compensate for errors in demandscfaolreechesd esn tarnadl | zwepmp ogrrt
partre¢yl asef ul for-sgraeé e mtl iack oluarsge Fi nal |l vy, the use o
close to customers avoids | arge energy | osses due to
voltage lines, all owing econnoemivci rsoanvmenrgtBaalh hidreppa alehdeurce?2 O 2

are various tools that guide hydro@powdonpl BG0OBERgt hatch
CER planning, such as the Renewable Opti{MapatiEoer §y m&l
2026)and newly developed tool s,( Lseuvcah eats wahlh.e,h 028082s5de 5 & r i
sizing and optismcabdei bgdobpesmelr!|l systems, using regiona
basis, to integrate hydropower into RECs.
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5. ZIECHNY B\FIORMATUY ON

Hydroel ectric technology converts the potenti al (gravi
subsequently, into electrical energy. The potential en
the entry point and tbkéemnabnbesghhgodbf thbhesyurbine a
hydraulic head. The water passes through the turbine,

energy. The turbine is connected to the generaateort woi a
main components: the rotor, made up of moving electrom
nxed copper windings. The rotation of t he rotor rel
el ectromagnetic peld, thus iThdwsciengcdamieliggytirnisctdhemr @i
fed into( @hrea getidal ., 2020; U.S. Ener gy THWTmd odimadh aorng Ada
conveys the now of water | eaving the turbine, allowing
a hydroelectric plant can range from 50 to 85 years,
shorter (IBdlelspeatn al ., 2020)

5. 2 TAPESPOANTS
There are two main types of teywerouel gcodmide Rulagrstt ®:msDam

Thdam wiashervoir system consists of an intake dam, an

drain. As canFbgbdi®émgirmmdtalod wath reservoir( hymdaro peotweal
2011laxXhe water is stored in a basin. When electricity
down by gravity through pipelines, call ed penstocks,

penstock there is a compensationakthoWw preaswpriezoemeief
peaks. The water then arrives at the power plant, wher
may be a protective grille in front of the turbine to

fromtering the blades. Water passes through the turbin
electricity that is sent to the grid or other electric
or continu(eGortao entomal ., 2020)

Tailrace

Figble Diagdam with reser voi(rKthryadrr ogptoweaelr. ,pl2ahi1a)

Pumped storage is a type of dam with R gddDiaggr drasohn a
pumped orfayeér opowe(rKwprhamtet .alThe 2wdtlear) i s initially rel

basin and descends through penstocks. After passing th
| ower basin, which serves as an energy storage system.
pumple upwards, along the same route as the descent, and
thus nlled. When there is demand for electricity, the

storage(Kamam et al The?2@Gykdil)euad esump and a turbine or
component, suspeaed aduphkede that (p&orfaorems. ablo.t,h 2r0o2 Oe)s
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Figh2e Diagram ef oahaygdarmoppeodwé Kumlaanet al ., 2011a)

The ofimver system is based on the diversion of the nat.

from the nor mal course of the river via dams, weirs or
unt il it reaches a tsuyrsbtienne caonnds igsetnienrga toofr .a After the div
accumul ation area with short water resi d&€&onmartiemesal . fré
(Tsuanyo etOtaHher, pRrO®j3gcts involve water passing direc

turbine. After passing through the turbine d&rndbfiener at
Di agram efff iavheyrdnopowe(fKwprhamtet ahows20hé&aj)ysRiegmbdaend t h
Di Ferent t yopfreisvseyrist ¢ ths uanyo et ldlustr2a®@23) the various d:¢
used.

Desilting
Tank . Diversion

Figb3e Diagr aomf 0o fhgad rroprowé¢ Kumaantet al ., 2011la)
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[ Intake Flood control gates Intake
Dam wall J= — e Dasa wall
Turbine
Turbine
‘ Turbines
Figb4e Di Ferentoftiypegst@imswamyo et al ., 2023)

The dam system with a reservoir -afsi moresysteinctabl étt
reservoirofriTherrsywystem i s more sensitive to seasonal va
in smaller plants to prewjdéhbaksctenbydypl blgwe &l for
supply the energy market.

Hydropower can be classinped into di Ferent categories b
to country. The gener al size categor izls0 0o fk Wiy dsrnoapl ol welr0 O
1z10 MW, and30aM®¥Bea itli sh Hydropower( Cohgsxao eitatailan, 22R206)

5. 2 TRCHNUBARAMETERIURBORNEPES

The potent{(BBjenkbeggystem in J is calculated using equ

water (m) in kg, the accedrd atth e ng rodsyssrhbdevaet. y( tHhoge) diims tna/ns

the startitnhge pwatnetr oafnd the turbine, expressed in meter
00 &z2®0 (3)

The power (P) HRPieoxprdads dggd ain J/ s or W, is calcul at ec

mentioned includae) iwatlg/ md¥e,nsvdlyurie now Q) ni Mm rm3/ds t ume

ecci eh)C.yhei(Bl cal cul ated in Equation 5, whig¢dasnidscHwhd ecsh t t
represent the pressure drop due to friction

0 "z@0LzO Z- (4)
K] O () (5)

The system is subject to various energy |l osses due to
factors of the structure and equi pment. Hydraulic | eak
through the turbine, dalkanged eiatkksspded;ctmonhanrindal | 0s ¢
turbine and generator, as some of the water escapes fr
energy 1is dispersed in the form of heat ; Finald vy, el
transf orMudrjsadi et al ., 2021)
The energy pr odtheyeaed obeyl eac tmiiccr gpoower pl ant would be fed
grid, while that coming from a small hydroelectric po
(Mul j adi et Mi-hcyrdor @ p@Wwer plants generally handl e smal/l
m or |l ess, which can be further di vided into smal.]l (

hydroelectric power plants are usudl0Il ymas@Ebealilatetd ami.t,h
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There are numerous turbine options, which can be cl as:c
gravity; The choice for a given project should be base:
into account secondary fdeccstiogresd swach emxycodtetandrbines
systems with high now and | ow hydraulic head. Exampl e
includes the Bul b, Stano, Tube and Kaplan turbilhes, as
turbines are generally suitable for systems with | ow I

model s are the Pelton, -Flloewv. TGr@oidrydttuhdi Qresssare used
and run vef(¢Y. ST o@epart ment-c)f ExEanmneprlgeys, ar.ed.t he water
Archi mede¢$¢ Cechewt odFler,s -aptl)n description of the turbin

5. EEcoNOMDe™R

As with other renewable technologies, the terms CAPEX
of hydropower . CAPEX =estimates generally include (i)
permitting, ri sk assessmentsthedpid @adudc tciloenaramdecomntdr
components for water transport, power plant structure,
OPEX includes the average annual nxed costs for the o
pl ant . Oneormectahlocdu Ifat 5860 o ®P EEARIEX o a | Laboratory. oAs the
for -rselteet ed authorizati on6,maont hcsanf otra knei carboo uhty dr opower
medi um and | arge pil&ntmo nitRH scchatnn etra kMan@a ge ment .CoWistuhitn n
OPEX, a distinction is made between: (i) pxed OPEX (FF
and (ii) variable OPEX, in Whb®bhHydrsdpowe®A R xdonedc t GRIE X
reports the CAPEX and OPEX values taken from the I|iter

HPPsave a high CAPEX due to the considerable infrastru
breakdown of the CAPEX: ,20%)o,j ecitv ide %yed ropdne@gb 4 i( ® al and

equi pméOB L) (3 0BKer aphd contingencies in thedtoHPPEBbt hity
dams usually have a higher CAPEX. The costs of a hydro
the location in terms of hydrology, geography, size an
be dicecult due to the chwdi dli dgi odl swmer e oca( Fbobht med
Management Consul.t iTrhe AG, odfGw’rhd eWnipornoj ect ' Hydr opower

System Flexibility' (XFLEX HYDRO) provided a methodol c
hydropower , aguwelingas ecthotol ogi eg Boeasthed ien @illot 280R2&a
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TablleHy5d r o p o we&rA PEIXa ratvda | QuPeEsX

Citation @nd Details HPP anSize HPHCAPEX ($/ KOPEX ($/
( MW) year)
(National Lab/Dam with res,erf~10 3.241 (est92
the Rocki-&Js,i fnNPD, 2025 I ow)
20232 FMOE Xy e alI ~6 6.488 (est113
paybpekiod an average)
consereati wmat ~2 14.240 (eq188
very high)
Ruwifri ver plan|{~86 5.220 (est 34
2025 | ow)
~67 7.859 (est39
average)
~2 21.498 (ed204
very high)
NSD, <30 ft he-~14 9165 155
~44 8.182 50
NSD, >30 ft he~14 8013 145
~914 7214 35
Values coll ect|- 12157125 -
|l iteratur e, 20
(UYnternati ona- <1 340910000 1%4 % of
Energy Agency 1< x <1010094.000 costs af
UEA Energy Te >10 1.0597650 of inves
Systems Analy
ProgrammETEAE
2015)
Using the val
2010%
(Bor & Ugtug,|Ruifriver plani4 2548 37
Using$2010
(A. Raimondi - 01z05 40097000 125 &/ k
o/ kW for,1 M
115 &/ k
0, 280 5
MW
1 30006000 -
a/ kW
NPD = Power iprogueosfednamams, i.e. the integration of hydroel ectr
that are not currently equipped withfHayWdroeéeloaat ritc apower20da8n
NSD = New-rgtcedamevel opment, i . e. the devel opment of new h

watercourses not yet exploited for (tHaedjperroidouucat.ieotn aolf. ,h y2d0rlo3e)l

5. 48S0CYANENVYURONMERNIRECTS

Hydropower has several positive and negative aspects.

act as water reservoirs and can provide water in the e
reservoir can serve as Ua mpdaddtconfrolesseygsbems can be
irrigation, tourism and pshing.

The creation of reservoirs and dams can have an i mpact
be relocated to make room for infrastructure. df the c

unregul ated water now can nporoodotn evaergbeyt acto nonmu n iatnide su,l tu ma
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and death. Additional noise and vibration may occur dur
(Mul j adi et al ., 2021)

Wat er storage, particularly in systems with dams and r
the ecosystem. Met hane can be formed within basins du:
phenomenon that can also occturydirmebacitnms cn@®theirgtye pad eodl |
stratipcation can occur in stagnant waters. When col d
returned to the ecosystem, the temperature of the wat
addi tidonmenste now, gas exchange between water and air,

(Kumar et .al ., 2011b)

Aquatic species, mammals, and birds may experience di s
nood patterns and water | evel s,noad.dmeosotdsi n@r matyh eorc chua b
hydropeaking, i.e. the increase in production to meet

for the ecH®mylsdrreowski dn28a@aahti on, aquatic ani mal s, suc
referred to as npsh), can become trapped in the current
turbine and sudden changes in pressure camwmjeatsetihmajum
to improve the compatibility between hydrfopodved ROTh i1
project, which ran between 2016 and 2021. This project
assessments ammadk idegcsteadoinsas the Fish Population Risk Un
di version strategies. Some options for | imiting the dai
nNsh passages or |l adder s) , where a separahe twatbhgrpastsr d
tur bdereer ator system. Ot her opti empaichcltwdeédi nes ohoins
Kapl an or Archimedes screw turbines, vertical and hori :

to redirect movamentconamdlprassd t pas(skFelUsT htyhdrroouwgihk it hceo nttul
202@Dhewitte, 2018)

LCAs have been applied to hydroelectric plants. Resul t ¢
its Il ocation, and the inclusion of emi ssions from the
el ectricity produced biyf et hcey cslyes tsetnma g eTsh et ankaeinn ilnt o acc o
includes the manufacture of the various components, t h
construction of the hydropower plant and diredc¢tf eemingsi
transmission of electricity. Al ternatively, in HPP LC
producti on, transportation, and construction. Transpo
hydroelectric power pl amt | dcecatiimsntsal | ad time rckimottance l
production and the place of i n(sWnailtleadt i Nbant icoonusl dE cboen ocnmo nce
for Europe,Sid@21)many hydropower plants have noffi yet b
phase is often not (Bchmodecti,mlatifeh20BA) waste managen
construction i s someti mes included. The | iterature or
considering the production and operation phases, often
result, thepresdldwserara wery | ong period.

Un the production phase, concrete fabrication is often

plants have CCP values that @reéedcehsicofenthleyrimewercti e
|l ocatiPmr example, (BortBeUstudpcasedpfonvarr GhP in Turk
CCP i6s k3gQe/CMWh compared to the aver age2 eklgeg@@Whei twh egrei
the grid mix in 80238% wacs! inth dfeu aulpRepgdbs i andfoiTur key Mini
and Natur al Resources, 2022)

Uf Kjeld et, aprode®ri5S@an and construction were the main

HHPs examined during the |ife cycle assessment, from t
mai nly due to the energy required f cart ioomn corfe tteh ep rpd daunctt
the remaining HPP studied, reservoir emissions were t|
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95 %, demonstrating the variability of LCA results. The
various factors, such as soil type, water temperatur e,
(e.g., waKtjewadt eert) al ., 2025b, .2PCASareKamed éb alydropow
in the I|iterature, in particulfaurn dteldo sReetplyyadd excdd i sn cIHP
conducting an LCA analysis rel atTeadbbtepr ohedeenavhti eh o
of CCP values frpop@emédehti i & eKaamadleu 2r0R@RHhon edF earl .f, u r2t0Oh2esr
summaries of CCP values taken from the |literature.
Tab3leHydr opower plant cl ivmdtuee sc lodn qaé npeat d mtoimalt he | iteratu
Operama CCP Val
CitatiofType of PIPlant S SystBomodary | Periqg(g
(year s) CQely K Wh
(Bor & (Ruffriver 4 MW ProdugtCioomstrud49 30
2022)
(Tang etDam with 13 MW Prepar gthDiosman{30 418
2024) reservoir ProdugiCiomstr ug 28,0
(Gell er |Dam with 30 - 100 55
Meneses,reservoir
2016)
(United|Dam with 360 MW |Construbt smant| 80 107
Nations |reservoir
Economi (
Commi ssi
for Eur (
2021)
(Kjeld ¢Dam with 95%690 MProdugOipemati ql100 05z2 11
2025a) reservoir ProdugiCiomstr ug 04z11
(Merida|PumasTurbi|4 kW Producz Omerr atoiff20 118
Garcia ¢ the turbine
2021)
(Si mon ¢Pumped stg835 MW |Constr uubtsmant| 80 86
2023) pl ant
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6 LITHUWON BATTERUES

6. IPOTENTUAMNTEGERATUONRENEWAENERACOMMUNY TY

4., 1 DESCRUPTUON

With the introduction of di stri buted and renewabl e en
providing nexibility, controlling the intermittency of
energy to the consumer andvtehe aqr iEEE.S Asy sd esgnc riisb edde panke d
which electrical energy from one source is converted,
storage medium, which can be chemical, mechanical, ther
el eicaal energy. This process occurs when there is a s
production hours. The converted energy is stored for

electricity WHMedi meeeedalThe @86&4)f EES systems often
production is insuccient compared to demand.

A chemical sstt corr eegse etl heactt r i c al ener gy i n r ebcahtatregreya bd nee rhg
storage sysBESSY BEReSr) a number of strengths that make t
storage | andscagea,stamdlanaousearsponse, on the order of
i nvest ment cost s; modul ari ty, whi chbaddeédwenfoerecdasyan
scalability and portability, which f acMeldiitnaat ee ti natle g r a2t0

BESS8re an i mportant el ement RECGrTlhegptoamgpepr syisdemeloéctr i
production is insuecient, such as at night when there
wind production. A BESS reduces energy waste, as excess
Umaddition, this technology can contribute to "peak dem:
the consumer draws energy from the battery to rneduge p
prices. Finally, a BESS ensures s(aBfieetlyewsnk it heet eavle nt 200fZ
2021a)

4. 1 PRESENCEY OHFU-UWOGBATTERN EBIMARKESL OBAL

There are di Ferent types of batteries, eaabhi wi ahdspeai
aci d, -cnaidenkieulm,-mai akehydr i-iden, | sstwhlifuum , amidcgkedi emml ori de
di versity satld oomsveBrESaSS wi de range of applications, from

griceannected (Meglti mmas et. aAmo,ng2 Otlhdelisen batthemimes are curr e
wi despread and include the folnlicwiedng mameagraifda)en itcookbead :t
cobalt aluminympmF®xi daed( NCAhiu@ cobalt oxide (LC

As seEingubrlest he pr esenicoen obfatltierhiieusm has populeafsietdy edaiter it ¢
vehicles (EV), which resulted in &a&nomplpatotxe matced pya Qi0t%y i
energy sector between 2015 and 2023. Udn 2023, capacity
2020. NMC batteriedingmaiecehcholt bgy |l éar EV batteries fr
presence of LFP batteries increased from about 10% to
NMCs , LFP batteries are on the rise because trhmeal ldyo n
stable and therefore | ess nammabldEAt.h2a2 MNMCs, and ar e

Lithiam batteries are also cruci al within the power gr
amount of stationary batteries exceesdad el Wk pGWl memt?2 &2
"behind the meter" deploymmaert' 5 iprsedmild egl) .atThe eprceosnesruc
increased from 65% to 85% respe(ctEA,el ¥C el awreed -it2dn212i tah
batteries i n t he mobil e sector, stationary batterie
charge/ di scharge cycles and therefore a greater number
of energy deliverfedl dBirtdhgws hieiet uale., 2022)
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£ 2500 ' B = Off-grid
© ||
Behind-the-meter
2000
M Utility scale
1500 - Electric vehicles
1000 o
500 |

2015 2016 2017 2018 2019 2020 2021 2022 2023

Lithium-ion battery volumes in use have surged over the last three years to 2 400 GWh

Note: GWh = gigawatt-hours.

Fi gwrlegsd obal vol umeosn olfawlititelhiemsehrhgey ( §&EAt 0202 4)
6. ZIECHNUY GIANF ORMAT Y4 ON

6. 2.CAEMY AZOIMPOSUTUON

The following section wild/l be deivon elbatttoertihees,c hreamiys t a
classiped as TLR a9matdemonsetqrizitalinegvws ki  .et Thads g Radt2t2er i e
classiped and named according to the composition of th

A | i tihobhnumbattery consists of thin | ayers consisting of
current collectors. The cathode (positive electrode) i ¢
or manganese, or |ithatmephesphaeea Soméibhation of che
NMC battery) to achieve the desired qualities. The an
graphite, but another option is |lithium titanatédatThe
all ows the accumulation and movement of I|ithium ions.
salts, such as | ithiumpghearmd ua rmipxhtousrpeh aotfe o(rLgiaPhFi ¢ s ol v e
passage between the two electrodes, prevents the | atte
electrons from entering the battery due to imasdd aacfk o
polyol enn, a mi xture of pol yethyl ene or p orlsy palolpow etnte
movement of electrons. The positive current collector,

negative current collector, ma@@€ubvhiaoppBakhmadaMideROoOra

As shownFigwRédeduring redox reactions that take ©place

l'ithium ions migrate reversibly from one electrode to
di scharge, the | ithium in the anode i sg otxheaieetderamall td
through the charging device, unt il they reach the <cat
presenmtddi@n on, t heeilnitteridumnoantoknhse anode and move to the
intercapaseing through the separator. During battery ct
cathode to the anodepatohsl oansi ndyi stchhearsggeme The oxi dati on
cathode and the reducti oRr egarct ¢(Otadlnl, atrbde death oadle. , 202 2)
During the prst cycles of charge and discharge, in add
|l ayer is also formed on the negadoadlvied eil rtcarfoalee, cad mpas
hydroxi des, carbonatiess laanydernuiosr i idrapor tTahn't for battery
el ectrolyte degradation over |life cycles(Cutl ai ammaet!l gl af
(Stallard .et al ., 2022)

A group of <cells is then brought together into a batt
battery). There is also a battery management system (B
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regulates the voltage between the cells, as well as me
system also alerts you when capacity is below the se

di sconnects the battery fromattimhg ophanmngengrdd Bit@é¢ biaft d o @
al ., (2Buz2h)mann, 2021)

Lithium—ion Cell

Electrolyte

Current
Collector

Current
Collector

Anode hivm ions Cathode

Separator

Fi g628chematic ©obnabhitRirgmce,l 12024)

6. 2 MATERCAMPOSYTYON

An average composition of LHAHRDbB-&t tverdyhtc elfl st hies wperi agvhitd e
of LTFRaPh.6-2Average composition of battery pack (Lmawsal ho
the average composictoimpronefnttshe Cedtlitserayxcco w8 b wf of Baberba
battery(wargyht ho gtEualo.p,e an0 AJn)i on, 2025a)

Tab@le Average mat eaof at Horoomp opshioteifdceané empor ary Amperex Technology C

Sunwoda Mobility Energy Technology Co., Ltd., 202
Mat eri al % of Battery Materi al % of Battery (
LFP 40, 7 PP 1,7
Al umi ni um 9,1 PC 1,7
Graphite 18, 4 PET 1,7
Copper 8, 2 Electrolyte 20, 3
Separator 2,5 Ot her productsf2,0

TabB2 Average composition of battery pack (Carvalho et a

Component % of Battery Pack Weight
Cel l s 60, 2
System of cooling 4,0
Bat tsehel | 32,0
BMS 3,9

6. 2 ESERAENSUTYTEAWDE RA TRAREGE S

Lithiam battery cells have specipnc energy values bet we
bet ween 95 and 500 kWh/ m3 and specinc powers between 2
high, with values that evenraxcieoagd cohi depasdi mgpemci ap
to other td&Shmiléogitesal ., 2021b)

The recommended storage tempdEatvirenmamge Hieal 5.ht @ eSaf &
suggested temperature range when charging 299 @Gntdo 645 °°C
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(Buchmann, T2hOe2 2b)jatt eries were used in more extreme temrg
l orgerm functionality.

4. 2 CRARGE BW®CHARGE
The voltage rating ,6 santk u&,Il | wh ibeeht wie® mo i3nt bet ween the
voltaBgeV))4and the voltage bel owiz3®hiYcBiu cihtmasima. u | 280 2r8i@t) |
charging, the batteries use a system called 'constant

receives a constant current as the 240!l dfatgeer i mtirelasebe
decreases to zero whil e2 t(MZe WwWIntga gga Talkengc MR&ODrigetind t i me ¢
the battery capacity and the input current, which shoul
avoid damage and overheating.

During discharge, t he maxi-imoumtm bcautrtreernyt dahmtd el ilvigrhicuaomt i
both the capacity of the battery itself and the nature
energy cell, which proandlea Imanxg muinf etaipme, toyr a power ¢
l oad with a | ower capa¢Bughmhan,t B62@&akrdiesliatedrisg eadv,ert h
can be a risk of uncontrolled overheatingionmld¢hemighal

compositions, (eBsnpveicrioanimeyntL FHRe al thURA SaZ®24), 2025b)

The | ifespani oonff baatltietrhyi uine typically measdiedhbygeheyni
performed until a certain degradation threshold is rea
The lifespan of a cell0,®©®d® c3¥chesf eomabod a&a21lo up t
(Bielewski .etThhd . $S0Q0i22) the currently available capac

di scharge (DoD) measures the amount of charge released
the two isSoDo.D =Folr example, a DoD ®80%80f imei stdbesdt bt

be used, |l eaving the remaining 20% of the SoC as a r e:
manage DoD carefully, as excessive use can signinpcant|l
practicalbnapphbiat¢atiri es are never fully charged or disc

Addi ti,ontahd ybattery wundergoes progressive degradation

known asli $sé@hfge". The passive storage period is ofte
average shel f i fe of t he product . ek ghbydaftaicotnor @& u rsiur
temperature, SoC and battery age: a fully charged batte

50°C) can experience a rapid drop dnschpagetyabaerdipr di
manufact uWr earss tgP2a W aplelry mMont h, plus an additional 3% due
circuGutsai a et al ., 2014)

6. 2. EMER@BALANCE
Un gener al , properly sizing a battery relative to a
[

neccienci es. The charging capacity of an energy stora
to absorb and store energyt Wkenal eswa lpuastsiinbgd es itzoi ngy al
di scharge ecciencies of a storage system. During charg
l ost, for example in the form of heat. An ecciency of

conversion processes.

6. 2. REFERENKIEUES

Un f@Théb2are reported datwaft somei chaaltt eri es to the | ithi
collected from the datsahreaett sr of andd Fley enbhe companies oper
the BESS
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Tabb@2Technical data fronmsthteetlsiterature and dat
Citati|Technol|[Voltage Rated/ (UsefulSpeciBmncer gyDepth o Seddfi schgOperati gRound |[Service Lif|Weig
Model Rat ed Energ|( Wh/ kg) Di schar Temperat{trip

--------- ecgcien

Energy Del

( Kk Wh#Hm
(Si mié|L4i on 2575 V - 8®250 Wh/ |10% 0.20. 3 %|2®683C 759 % 10910. 000 cy-
al ., 2 9%500 k Wh| 5-15 years
(Borer|LFP - - 90120 Wh/ KH80100% |[<2%/ mont|- D9 %% >2.000 cycl |-
Longe, 1020 years
2025)
(Jai swLFP 13,/2 WAh - - - - - - 9 %% 4400ycl es -
2017)
(Kebed{L4d on - - 151 Wh/ kg |- 0,17 %/ daq- 8 4% 12,7 years -
al ., 2 3171k Wh/®m
(Khosr|L4 on - - - - 0.1 %/ dg- 9 %% 25 years -
i et a
2026)
(Laksa|lLFP - 468BWh 108k Wh/*m - - - 8 % 15 years -
oro et (2,67% year
2025) degradati on
(Tsai LFP Cel | 3,2 V/28(- - - - - - - -
2020a) Modul e: 44,8V/ 2- - -

Batter:y 6pa/®&B W 4213, 2 9 % 967. 765 kWh
k Wh
(SenmelLFP 3,2/B302 Ah - - - - Char gz6:0 |- w4, 000 cycl |wHkag
Techno °C
y Co. , LandsBid :
n. dCAT 60°C
(Ener glLF/BS300|48 (4/¢x53, 74/ Ah 3, XKWh|- 95 % - Char gz5:0 |- 15+ yearcsy»c6l3 X% g
n. &P.y)l °C
tech Di s c h alrOg
z50° C
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Tabl3. 6Technical data fr dimt hibhem idéattsgreaettusr e( caonndt ifnruoend )
Citati|Technol|[Voltage Rated/ (UsefulSpeciBmncer gyDepth o Seddfi schgOperati gRound |[Service Lif|Weig
Mo del Rat ed Energ|{( Wh/ kg) Di schar Temperat{triop

--------- Ecci en

Energy Del

( Kk Wh#Hm
(Huawe|lLF/PUNA |360380%560) V 5 k Wh|- - - 2®55°C |- 15 ears 5Kg
n.d.) [2005ANDC(
HUAWE(Y
(Sol ar|LF/BAT 48 (VBz56 V) 4, K6Wh |- - - -1®50C >95.4 |10 years of|54kT
Techno/05K48,
es, Un
202/4)
Sol ar E
(Jinko|lLFPKS 7686V2864 V) 21k Whj- 95 % - 2®50C - 6000ycl es 2 8 OkOg
Co., L|215KEAA
n. .i)nk100PLAA
Sol ar
(SMA SILF/ASBM |96 (9V0z108)/3% A 3, X8Vh|- - - Char gz5:0 |9 %H6,% 8. 000 cyclel3&g
Techno|/3. 28 °C of guarante
y AG, Di s c h alr0Og
n. 6S.MA z50°C
(Froni|LF/Reser|102, 4 V 3,15 |- - - 2x®58C 95 % 6. 00Ycl es, 33 &g
Untern|/6. 3 of guarante
al Gmb
20 2/5Fr
ius
(LG En|L+ 51, 4 2W58, BL 2w 65k Wh |- 90 % - -1@50C > 9% 10 yeagruarafn|5 X g
Soluti|li dJRESUG®6
202/1h)G|BT
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6. ECONOMDER

Battery production costs have decreased, mainly due
versatility, and economies of scale. Currently, the pr
raw materials, which a7c0c%,u migsk pfrarc easr anomck SE®nsi tive to
prices of criEBucabeamhnné&ndbdg.,hidmba)rtery prices (incl u
costs) decreased from around USD 800/kWh to | ess than
fell signinpcantly in 2023 due to an increase in miner
decéd.n UYn addition, in 2023, LFP batteries recorded t he
ion batteries, falling below USD 100 /6l6WKk Whor ctolme enpis$ D |

EUR 1 =1898&D) 1and continui n(gEuroo pdecacn i Gieen ti rfadlE dRaAN2k0,2 4200 2 3)

LFP battery prices are |-@@&shi ghe€hinathedUaBouantiOEur c
to conver ge( UYBvler. 2t8i2mMs e much of the battery producti on

production in Europe presents some challenges. Obstac
pl ant construction, ri sing | abor costs, tan9d0 % cocfe sgsr atpoh il
mined in China and about 50% of | ithium in Australia,

strategic acti omowdrammenti ndauspgeryati on plans and Europe
over the past 20 geangebbment nandakbec@Eubapea&m yUmiromn,uc2

dn
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Tab6-economic data from | iteraturieseapdrattdd.g Qoon M d rtshii aurm v
deri ved( Buroonpean Centr.alVabhabrk,ech®2eal and economic da

models of LFP batteries of tThaeb |EYIDS cthrmd rcda | a raendda eEegorntoend .
I i t hiiruam p holsgpthyag modleA B from the Wbramdi EREvamd economi
various LFP battery models of the EPever brand are rep
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Tab@-3Econodmi@idi Febahtneordye |l s

E;?;?n::lg ;5;;;“"’6 & (Jaiswal, 2/ (Kebede et (Zgggiravanl ;:_aks+gggg)so(_rsai et #Aal
Cost of 33 6 ,ak Wh 2 6 93a/l6Wh Cost: 463, 2|- 9 9 /% Wh 24 3 78 9 58/kK Wh
invest ment/
Unstallatio
cost s: 16, 8
958/ k Wh - Repl ac edmen,t]| - Sosti tu%,ivdPn 3,7 oy kWh
OPEX a/ k Wh a/k Wh
(6,7 glelawh
LCoOg; ak Wh COH:, ok Wh LCOE: 0,3 & LCOBQ0Q7-03 - LCoOg;8&8k Wh
COoOR/COHB COS a/kWh
LCOS$7a/RWh
ROY 3,71 4 %6 - - - - 2, %6
URR 5,29 %6 - - - - 3.,%
Di scounted 4,9, 4 year g- - - - 8,4 years
period
‘Convertedh®&AsR ntgoc €Enuver si;ol catre = 19,6271 ZAR, date of calculation 31 March 2026
*Converted using ctohnev eGBsPi: adab rEawrew = 0, 8683 GBP, date of calculation 31 March 2026
*Converted usingo thenwemsitdn Emabe = 1, 1498 USD, date of calculation 31 March 2026

COE cost

LCOHE evelciozsdad of

of energy

energy

LCOS eveli zedt crossge of

RO(Y rnei tnuvre
URR rt er nal

ns tome nt

rate of return
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Tab@4eTechnical adatf®ciotnbimbmm phmed&dhlwsoen t he brand BYD

Compa-Py oduct BYPBox Premium LVS (Low Voltage

LVS modul e 4 Kk Wh; 51, 2 V,; 45 kg

Number of modul es 1 2 3 4 5 6

Avail able Energy (|4 8 12 16 20 24

Maxi mum Current (A]|65 130 195 250 250 250

Wei ght (kag) 6 4 1009 154 199 244 289

Rated Voltage (V) 51, 2

Operating Voltage 4 @57, 6

Wor king temperatur |-1®50

Ecciency ( %) >95

Modul e price (@) 1145, 4

Modul e price (a/ kW 286, 4

Quot e Bé AEYOCI| AW=M=O0b

Tablée. 6Techni cal dathalrietchbinormi p hbapyhamed&Ps from the brand EPever

Company EPever
Mo d el LFP5012EP LFP10O0O12EP LFP10024EP LFP20012EP
Cell conpguration 4 in series and4 in series an8 in series andg4 in series and
RatedpafAhy 50 100 100 205
Rat ed v[oV]t age 12,8 12, 8 25, 6 12, 8
Energy Available [k|O0, 640 1,280 2,560 2,624
Wor king temperature|-2®60 2®60 2®60 2®60
Life cycle [cycles]|>4000 >5000 >5000 >4000
We i g[hktg ] 7,6 12,2 22,6 54,7
Price [ @&] 215, 62 334,41 532,01 589, 46
Price [ a/ kWh] 336,01 261, 26 207, 82 224,64
Citation b7 JRTRUNWEGH Yael WNIHREUYAYN! W9 Yowx N2 4w Ol 10
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6. ENVURONME NMPALCT S

Since batteries are often installed alongside solar parl
i mpact of these products. This section covers LFP batt
refers t-bohibht tenr i eispnc acdcatnao wapsecavail able for LFP bat
i mpacts described in this report relate to LFP batter
photovoltaic systems, EVs and communication base stati
Unformation and data were collectde4€CAf somdi les) |,afidoat ur
from government and educational websites. As described
wi || depend on vari®BbUg) etlhreememdwsndalr)i eesh,e 3) the years i
collected, 4) the | ocation of eachnl@i)f et hcey cilnet eprrporceetsast,i

data (raw, normali zé®oanndbdbor BeioFhmeRPr21di screpanci es
among -mn@A data. Un addition, the shape of the battery o
i mpact values, perhaps due to variati on Bion efftatglaseé z ee tan
al ., 2024; Car vhNaunheor iecta lahdpytoa® @ 20)d f or t he production p|
ast sdi es eavarliwatoehl e use or mul ti palree ommsoehpaapdl éhies eif oa e
al ., .20TZ2) hors suggest thatf urthder e & drpe soosubroctielse | ncl ude
harmoni ze the data i f ¢ odmpFaermientglp oddaat lao gpiod sn.t sTHirsonr esour ¢
as a synthesis and starting point to explore the envir

Note mhat of the I|iterature is based on prodpuaxcwdroend anc
power griicdhs.| UTiee rfad autrier edbasomei es produced or recharg
phase with electricity coming, in whol e Qarr vianl hpoa rett, aflr.
Jasper et, adFeri2D2 2an i nt e.r eBnvVingoirpmew astpteedc,t i viech as CCF
signipcantly aFected (usually reduced) by the us<e of r
based powgHagréedsal ., 2023)

6. 4 LUFEF AGES

The LFP battetrgpdef enaoucélaeturing, usage, and EolL. Wi t h
are material collection, electrode preparation, cell p
and battery assembly. The use phase mayn b@EMNoFsassemyl e
or it may include a <&£&raotntdarry tulsaet (ies grecamdi ti oned ar
storagRkRwiyeatam). This phase often includes i nhset aplrloadtuicotn .

or parts of the battery are reusdgdhur &c \Chleewnd h®r0 2dDiasp @O
of materials and products takes place throughout the I

EoL of LFP batteries occurs when the battery no | onger
enter the EoL phase i mmediately after its intended use.
are wusually withdrawn frymrdaaech mald%et¢ a mwdhaeint yt,h eban ref
batteries can be used foG0%thegdaopiutapbareseltMateaot, 5210.2,2) 2
found that as the percentage of LFP batteries decrease
it is advantageous to extend.their useful l'ife before

6. 4 PRODUCT GDAGENERCONSUMPTUON

Energy consumpti on i s the electrical energy required
processing of materials and component s, the assembly o
units of measurement may varyeTabGShet hetdanabusbopwhutr be
i n kWh/ k Wh, i.e. the kWh consumed during the productio
battery. Studies may only consider electricity consump
(Degen et salat,es202h3da)t cel | producti on, excluding mater

and cleanroom maintenanicetensi tbepmase. energy
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Tab@5Energy consumption during the producti on

FunctiUnnal [Value and Unit Citation

Capacity offElectricity: 3,8 kWh/ kWhnomina|(Feng et al
battery in|Naturasl8kgk WRomi nal _capacity
El ectricity: 12,2 kWh/ kWhlifeti|(Han et al.
Nat ur al,7%glabdl-m3/ K Whfetime capacity

6. 4 PRODUCT GDAGWASTE
During the productiemi psoborsscanabieouscEerermrseld, Nas & i ¥t
bookmar kr esfeelrfenc e.

T a b@-6eE x a mp | eensi sosfieolnesased during the production of battel

Pol lution |Citation
Air
Dust Sul phur diRoxi de (Han et al., 2023; Qu

Hydrochl oric ac|NMVOC
Carbon monoxide|Nitrogen oxide (

Nitrogden (N Carbon di &xide (

Water

Wast ewater Phosphorus (total(Feng et al., 2022b;
COD Vol atil e organic

Suspended solid/Ammoni a ( N)

Solid waste

Scrap met al |Waste plastic |(Carva|ho et al ., 202

6. 4 WPACRESULTS

This section presents the TablPRiBUAfmetamohdesis L E@A petcidiv
cat egmrnideasr i ous | iterature whiNAi ndieda tt d s Odiharteht dghdo eldso. e s3
notncltuldetat egFoary eachheast'UXMY, i ndi cadtessg adarhyati,st masislets stelde
indi cates that the itlolpust riast ensott haes sleGble dmet hods and i m

the various LCA studies. Some LCYUA met hods have multipl
exampl e, the EF method has three categoriesabfc,euéndp
mari ne aQalé®pao.ovi des details and i mpact values related
in the production phamcsmi Mfolroglyl isst uadfiteesn uncl ear on whe
battery cel |, modul e, or pack.

dt is i mportant to note that two functional unit appro
ashownfab6-2# One approach is to denne the functional un
battery and it i s refer pogndnaitToh ei no tthheirs arpepprooratc hasi sk Who d

unit as the cumulative energy stored or released durin
this repofdciiabhd& Wihr st approach makes it easier for the
expected service |ife is not known. The second approac
the useful life is known and if titharbasteéwmuiledsi veisng co
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Tabl%lL GYA methbdbsr respectiaredadrmpawcd Iciattergaotrirees whNiAchdiusad esBthhaahmédhkdiosltundadat eFomry eachest' Xdy, t

indi catesatéda@aor y hjeswhisle stntelél c'at es that the topic is not assessed.

LCUA Met hod RECUYPUE CML/ C-MA gL CD EF
Category (Boteja(Feng e(Han et|(Guo et|(Quan e (Shu et |(Jasper [(Carval HH(Yudhi st

Ant dnez{2022b) |(2023) 2023a) [(2022) 2021b) 2022) al ., 20Z3al ., 2072

al ., 20
Climate chanX X X X X X X X X
Depletion offX X X X X X - - -
stratospher.i
Human toxi cilX X X X - X - - -
particul ate |X X X X N A - - X
matter/ mat ern
respiratori 4
Uonising radgX X X X N A - - -
Formation of X X X X X - - -
photochemi ca
Aci dipcationX X X X X X - X X
EutrophicatiX X X X X X - X -
Ecotoxicity|X X X X - X X - -
Land use X X X X N A - - -
Water wuse X X X X N A N A -
Depletion offX X X X - X X X X
resources
Note: A study may have multiple impact categories for certaiattchetmes, wamdi ndaitntthlere named
that the LCUYA naestsheosds dtoheast neontvi r onment al i ssue. The " X" indi €atiensditchaatte st hteh astt utcdchye eevsaslawa ti
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Tab@7eFunctional wunits, bewsndasr eeyusastdudmpact
Citati gqApplicatioFuncti gdgStudy Phases UncO adi¢ éGaitne{ Production Umpact
Unit Boundar Cli m&ha&nge |Water UgLanlUdse
Pot enti al
(Botejg- k Whominat| Cr adl e Raw mateetrtiralcti on -al281, 1 2kigk @ 9, 43 kmWh [ 9, 42am
Ant Gnez ion battery producHt cr edp k Wh
al ., 2 (
(Feng €EV K Whominat| Cradl e Part machining and |97, 3 Ke k@@ |~2 3mk Wh |~3 Z2an
2022h) assembly cr edp k Wh
(Guo et EV, then Kk Whominai| Cr adl e Raw material extradl10 kxghk®@h |[~2, 3 kiwh{~3, 4a m
2023Db) [communicat manufacturing, batHt cr ek Wh
base stati mol di ng
(Quan €EV, then e kWhRominall|Cradl e El ectrode preparati76, 7 ket k@0 |- -
2022) storage sy manufacturing, and
(Shu et EV KWhominai| Cradl e Component manufact 46, 4 Kef k@O |- -
2021la) cell manufacturing,
assembly
(CarvalGrid energ kWhnomi|Cradl e Raw materi al extraqCell: 61,9 |- -
al., 2(storage and processing, cell pnCQelkWh
kWhlife packaging, cooling|(Nominal ) Bsg
production, BMS prdqdll4 kg KW®h
assembly (Nominal)
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itsredolnsdgaf o e s(ycaomito unsunepda)e d i e s

CitatiqApplicatilFuncti|Study Phases Uncl ud¢dGaitn Producdmmact
Uni t Boundary
Cli m&haenda ent iWater UYLanudse
(JasperfStorage dgkWhomina|Cradl e t{Primary extraction63, 7C&edg/ Wh - -
al ., 2(Gof grid and and cradqsecondary producti(Nominal)
kWhifeti|grave production of cell|0, 012 2kigk WO
(Lifetime)

(Yudhi §Storage gkWhiteti|Cradl e t{Raw materi al extrgCell: OzekWh (- -
et al ., of grid grave production, batter/Battery: 2dqkOowWhk
(Han et Storage dgkWhifeti|Cradle t{Extraction and pro~25 %kigo :GRk Wh 1,9 3104, 5 3mia0
2023) of grid grave materials and b m3/ k Wh cr epk Wh

component s, cel |l

manufacturing, c

batterwmapaéhklhct urin

pack assembly
(Greeni(- k Whomina| Cr adl e tBattery production130, 6 2kigk WD - -
, 20620)
(Contern- Kk Whomina| Cr adl e tfComponent manuf ae|64, 4 Ket kKWVO - -
ary grave nnished product I
Amper ex assembly, cell per
Technol
Co. , Li
2024)

*Average

of} B@pearlrGA pr-oadmu,ctlBm,
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The average CCiPE®d lkg b@®2mgi/YkBwWht eAmatrtanez et al ., 2024;
Amperex Technology Co. , Limited, 2024; Feng et al., 20
al ., 2022; Shuhetl ateratORlré&adoes not agree that produc
for i mptalcea . @CGPuring the manufacturing phase of the | ife

(in particular the cathode) and electricity (for produ
although in gp&arvalthar etleédectr206R1ly consumption and ba

packaging, battery containment and battery tray) were
Un terms of the use phase, the production of additional
and discharging has often been a determining factor, a

i nnuenced by the power gtrhiedi.r Muannayl ysstiusd ioens  hoicnuas, since
majority of production i s conchasted tender gBye cgaruisdes ,Chti hnea pl
change values are expected to be higher than faonr baen en

seen {Gom et al ., 20230 CaHanal bBo auts.epdl 2t0h2e2 PU2tlapy o latna gne d i
grid in 2018, with a composition @Gd&dmn saingdt irnegn emvaaibn ley emfe
biofuels (a&Gtar3yyI .u3 % et Dating20B6) Caevphhoseecodt ak. CORO21)
was | ower than in the other studies.

The average value of water consumption during product.i
Tabé-% s,1 2k Whmivahi |l e the average L Uy adafapWbs (efgeunagl etto a3l
2022b; Guo et Blet we@®2pbpduction and use, the produc
contribution ilhWtah e gwasuerseandl .Un 2th2e3p)roducti on phase,
of the two electrodes and the energy consumption resul

use and LU. Each of the three processes had water i mpa
use ueasl of 1 to 5 orders of magnitude higher than oth
production alone, electricity consumption had the high
during prooBatcedinmmianez et. adt.ydi2e0s24sjomet i mes provide an
breakdown of the materials or processes associated wit
As for the other i mpact categories, t he producti on [
contribufGoa. efinal . eut2Oo@@Btbi)cati on of freshwater and n
freshwater and mari ne wat-cear cicnaorgee miocg etnd xci caintdy ntoon h u ma
nNne particulate matter were aFected to a | abgereedennt.
(Feng et aloOon rvOR20(0Quamret, ,dln.he 2us2e2)p hase, in particu
was found to be the main |Iife cycle phase in various c
resources, the potenti al for eutrophicati on, the depl
acdipcation. The authors attribute the second use to &
fuel s), aci di peateiadn ngyndpodzmnne al , as the battery has
di scharges more frequenmbye ehergfyorfe omedqtuier igng d and

more pollutants.

6. 4 B$YD OF LUFE

Recycling oFers numerous environment al and soci al ben
batteries, namely | ithium, phosphat e, al umi ni um, graph
Materials List, reuse reduseEREGUOIATEEON OBrTHErgUROMBANT
AND OF THE COUNCYL establishing a framework for ensur
raw materials and amending Regulations (EU) 168/ 2013,

202.3)oakimidis and Quan et0l1l&8pncl adead)that the environn

remanufacturing the battery for a second |ife, even
production of a new battery. The integration of produ
approachi ewiag r ecy(cHiicnhgt ntearr geett sal ., 2025)
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Battery Regul ations

bally, regul ations to promote the <collectioBoL T recy
hways (reuse, recycling and | andplling) and curre
ducts in gener al al ekd@&ociti Reflerenfectsbdrmee EfJoti sf d wa
ther steps with the New Battery Regulation, EU Reg!
4 and wil|l be i mplemented in stages. This regul atic
ious uses butcofmprosaltli omlsemiigalt he ease of repair wit
met hodol ogies to calculate recycling ecciency, (I
yclers, Vi) the recycl i ngaraencdy crlecchogvnedtsp %e aaide WdOWos tf @
hium batteriesreéesnpedRidbdealndc @08 050 % aaredrogdpoe c,biyvel y
7 and 2031), (v) implement transport rul es, and (iv
uire information on hazardou@Diconenp@eratt &l tfoorb eE maidreo
5; Regul ation (EU) 2023/ 1542 of the European Parl
cerning batteries and waste batteries, amending Dir e
repeal ien @ Oi6r/ &Gt/ iIEVC, 2023; Suppl ementing Regul ati ol
Il iament and of the Counci l by establishing the meth
recycling eGcciency and recovery ot hemnatf er imalt s ffro
mentation, 2025)

aly, foreign manufacturers selling on the (talian
themaoageryegol atofRPVcoOmpl ¢ Andb@2xS)ery coll ectior
on the website of the National Coordination Cent
ries accepted are indicated on the website and d
be B¥Y®dorf offor storing | §dNgéei amauntCopoofli eaeignp Ce
i nation Centre Batter ydnanadd dActcd uwmuy | adttoarl sy, hsa.sd .i)s s u e
14 to transpose EU Directive 2(0WRA,L 92BE2U t)ihnetro nti hnei st
es ( No. 65 of 2010, No. 121 of 2016 and No. 6 8
cement of the roles of proedlciefres panadls ediocsft rh dws eohr &
i a, there are acolulnac t2i0dW p eigritss eawai | abl e for WE
008 was enacted in 2008 and BGBI. 44 No. 311/2021
ut requirements for the collection and thraezatrnmderuts
nents, producer responsibilities and calendar yea
he Austrian mar ket and the (@Batntteny e®r aif nabnactet,er 2 G
|l ati on Amendment 2021, 2021)

=}

United States Environment al P reosti edcetnit o ra lo A d ebriachyit @ ma
ufacturers to test hazardous waste and dispose of i
luded from the <classincatiiosn rodgc ohmarzeanrddeodu sn owta sttoe , mib
icipal waste and to(UbafdlIEPAhe2nO5¢h care

. Dixculties of Recycling and Ongoing Projects

i mpl ement ati on and regul ation of mone(lyT.l aZimae®r et g
dymmarst hese obasst hmatksof |l egi slative pressure and pi
il abil ity ofancdoltlheec toinggmoipmogi ptrsocess of devel opment a
hods. Theemphuashiozequhe emgaotedfmment cdmmiptamesat establ i
cational programs at ttaéhel l octalohev@dompamided aali $othaa
i mize recycling possibilities. Technical barirngrs i
hod, such as hydrometallurgy which is specinpc to

arating battery types are expensive, ii) some | ayer
) the general ri sk omfpoa@mtt a miengaetnieamtd wmi nfgsca ap fr e
sed electrolyte), (vi) the complexity of the stru
assembly and -scaderprondustipbpal and (v) the feicntg t hat
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sted in the | aboratory, suclhe asutdimre,ctacacteicyrcd i aigme d
cycling <consi st of the i mplementation of battery p
mposition, origin of materials and the internal stru
t o accroeucnycl i ng processes and the widespread di ssemi
ichtner et al., 2025)

search condenBeby pat hways for LFP batteries, of ten
Il aboratidmadedhd®B8aEtUery 2030+ coordination and supp
ojects (such as ReUse and Revitalise)anmdclmreeycltiond,at
omoting knowledge exchange, the circular ec(oBatmye raynd
30+, . 2RA28 ) i progett. includono Umportant Project o
tteries and UPCEU Europ@RGEWBatITRdyEHUandvatdeormnd Tec
unci l has sepbecfedm8téeaEU (with representatives fro
dia to promote trade, showcase recycling facilities
c hni(quiersec-Genat &l for Resear ch .anAcrlomsnso vtahe oBur @mean
ere are compani es< atlleatb ad A err ys malclydcel vienlgo psienrgv itchessu €obarc ial
Mi dac (4t aly), Pari st ok,jaenmomayt ly ¢ r  Rpoharlt a nfdo)c,u sAlotni | si eutn
Il ection points (Euouobbat Bah, dRpmani a)

. 4. Redis e, ReawndUdihi @

mi laasr lwi,t h PVt phanel are three ways of imanma gieiugst,h er ekoylc

d Iandplling.

T Reusing the battery in its current condition would
requires | ess power consumption. Reuse may require
recycMdrneg.i nf ormati on can be found at the recycling

T Recycling: Battery components are wusually separate
or a combination of the three. The following are t}F
not | imited to these options, and Bhe4dr d8ef mag waal
the battery should be disché@aTgedbtanretdualk.t h20225sk
o0 Physical Dprsonaeg $d uwntgt i ng, shreddi ng, crushing, gr

magnet s, eddy @urrssasnutre, whisdh ng, and noating s e
obtained from shredditnhgd #benkh $ er aed c¢anchél sedbject ¢
treatments to separate smal ([ BarbompobBPentMat{esget
These steps can be perfor med manually or mec har
resources, and allow metals (iron, coppe(rSi lavlau mi
Silveira Camargo et al ., 2024; Zhong et al ., 201¢
o Ther mal processes Theyrsonaettalnlgurmggteri al can cons
mo d u loerass laa dk s(sRi nne etamd .t,h& 0Rebner al steps are m
and pyrolysis. The separator s, el ectrolytes an
components (the binder and graphite) are decompo
metals are reducedtabnsl!|l ag, awhoghotonron and phc
aluminum. The gas is treated and the wvolatilized
( Rost ami et al ., 2024 ;Wakhaengc aent ianlc.l,ud201g%)ses s
compounds, al kanes and oxygenated organicJicamgou
et al ., 2025; A. Li ebi sddvartD2des Linmcleudal hi, gRR20HA
di gculty in di Ferentiating the materials present
sl ag, but the advantages are that the ©process
processi(nfandlmetti .et al ., 2024)

0 Chemical processes ( tblyaaeamiesnsetiasl liumngeyr)s:edThen a bath
organic aci d awgietnht so xtiod ipzriencg p i fP®&toe FILG,t hdieune nsdai Intgs o
the acid added), t he( Chrooin epth oaslp.h,at 20 29 ;1 oly. Li et
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202,4)al umi ni um(&Lrad vad fhperetLiat hiumh024ay iron phosph

can be used in new cathodes (Choi et al ., 2025
hydrometall ur giGoamopammaedzadehWadt ealincl2Dd®89 wast
containing reagents and salts, air pollutants suc
consisting of met al scraps (alumi pQmancepp.at), %
Environment al di sadvantages include | arge amount
wastewater (tMemtBeenk et al ., 2025)

Foam notation: a technique that combines physicé
material s. The hydrophobic nature of graphite an
materials from the r(eMitl |oefr tente BdHloa cakk OmM@ads)shas been
for sever-adbnl bahi emi es, but the scientipc l|litera
its specinpc succe@cRi édgper L&tP dlatt e2025; C. Wang et
rect recycling: After disassembly, using the met
om one alret tfeurryt her processed and Fmelngc eedt ianl Aan mRedw
ample is cathode regeneration and its subsequent
rrently being tested, but has(Wah Beekrewchkd, t RE
ndmlgithe battery i s di sposed of together with ot
ectronbDt spwasté. of batteries is not recommended.
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/I POWEROGHYDROGENPOWER (P2H2F

7. IPOTENTUAMNTEGRATYORNERAOMMUNUYTUES

Hydrogen is an energy carrier capable of storing and 1
mas s, without Femodwsdiomg @@ring its use. The hydrogen
processed as required, for example into ammoni a, met h
i ndustry.

Hydrogen can be REtChgmoatgdd tbmeto®veaver( PtP) process,- al so
taHydr ogeower (P2H2P) , in order to more ecciently mana

use
ren
sto
fuel

The
( Ox
suc
fun
(H2
Tur

Add
rat
hyd
t hr
of
pho

(Lo
Sys
i nt
wi t
wi t
and
The
sol
yet
Rai

rs. A technical explanat2 dmei irpit o ditdbyd ri dsgneRB,aveitrn owh
ewabl e energy, such as solar or wind, is converted i
red. The next -tsPtoewe ri,s iHy dwhoigcehn hydrogen is converte
cel |l

excess energy produced can then be converted into

ford Unstitute foan&EnsubyeSGuedilkeg,ul26€@5)0 cover ene
h as solar or wind are n(oltokaavraid& aMWil red nocrt harHPe2EOdh mrt e lxit
ded project "Hydrogen Storage and Fuel Cells for

SCORE) is investigating the intREgX Rol gheohnihgdUpniee
in,. 2025)

iti 6al Rgi mondi & Spabyat uURMOGNtAQ 2td8Yyo communi-40%s wi t
io and using the excess BEEygyoppoddoed, byhtbheghr s
rogen to be stored and s ubRsEe@®BEZ)N tfloyr utsheed pirno d uhcet isoenc

ough fuel cells, itcomsspopti &6 ef t arnUFR& nt ehaeg andbhel fnow
renewabl e energy sold t g5% hteb%g9r IAd dii @ gmRé&Edwcd e imhmew m h6
tovoltaic/wind and PRbe2Radmendi bedORIBQUAs ureported

[
I
_E __________ -

- - Hz stor
_I Fuel Cell Io—(] storage D

FigulRenewabl e enercoypnogammuniotny (Wws.t hRahiydarodjien& Spazzafumo, 20:¢

kar & Viestié&€d -0RkOgmpfti on of a residential7 KiWIMot sSYy-=
tem integrated withcbPasldmptobhabhi 6g%a $hefauthors
egration of an electrochemical storage system can b
h photovoltaic/wind, ®P2HRPURA&€dnphpgtutatyonsobhawsyste
h hyavi mglen ur b,i npehso tuonviotl t abouaxpanalry, bamndery storage.
PV = photovoltai.c (Arsalis et al., 2022)

integration of a hydrogemREE2H2Ptoesteémr bebawpamntti a
ution t o-ciomcsruengpste osnelafnd reduce the energy fed into
economically viable due to the high <costs (&ssoci
mondi & Spazzafumo, 2023)
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.-—» Fuelcel [ ——7 === Batteries
[
| A
! if'!;:'(' WT
| .
: Tank H2
| A . v
TLH :
| e L Y
: |
: Electrolyzer |- SO0C |Hm:: Load Demand |, Leﬁend
ower [low
| lln Y VY —>
: ' Pets Hydrogen (low
T - Power Y
S SOCH | \anagement
| SRR Measurements &
| Pre System control signal
——————————————— .._.'.
Figé2e Connpguration ofwia hsyhsywamdgemye i pbedombt t aaucx iplainaerlys ,b aatntder y st
= wind turbines and PV = photovoltaic (Arsalis et
7. ZIECHNYCAL UNFORMATUYON
A P2H2P system consists of three main components: the
fuel cel |l system.
7. 2 BEAECTROLYSERS
An el ectrolysis system consists of a combination of se
treat ment system, electrolyzer stack, process consumer
and gas compression, necessahgmitoalopeomt er 2ihen el reictts
operating conditions (temperature, pressur e, water qua
mul tiple electrolyte cell s, the di Ferent chemi sfini es ¢
addition to these component s, there are storage tanks
system itshecabddlealncEeB®RF) pd2aenhowsdhe el ectrolysis system f
el ect r(cAAWEspicsh n o ITesgoyt ri di s &. PHhenda,tBRel8jack, in each
used to separate a medi um, in most cases water, produc
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SYSTEM BOUNDARY
e e, oL
1 POWER SUPPLY
: Stack Rectifier GAS PURIFICATION
| i H, Buffer e
g
v
:

wmi CONDITIONING
;

-

L, it
Water feed DIW
pump production

ELECTROLYSER STACK

+
L)

PROCESS
UTILITIES
e,

Lye pump

Figu2El ectrolysis ASWBdleim be(cTesiotlormigdyi s & Pilenga, 2018)

There are four main electrolyser technologies for the
of which are(AkygtiedebeFdbwrd d2802r4d nf ooukrl ect r ol ysi s t(eac)hno

A WE,
f

(b) PEM, (c) SOEC and ¢sWdowsBMrakhs Bfianheef oak. tek2

AWE is the most traditional and8@8perwittehs hdtg hl ccvo ntceenn
of KOH as an electrolyte. Un additiomobltdhiand echeaee
mater.ial s

Proton exchange membrane (PEM) electrolyzers use a

conduct protons and facilitate the separation of hy
considered one of the most promi si ntgs amamppaocptu | ae | It
high ecciency, and remarkable current density capat
Anion exchangé¢ AfBélinbecanel yzers empl oy an al kaline me
AEM el ectrolyzers oFer t heefFeadviamrt acgaet ad fy st ssi, n g ecswd tt
reduction in system costs. However, AEM el ectroly
cuent density than PEM and a shorter operating |ife
i mprove the current densities and durability of Al
progress. CurrentlagreA&EWMaiel ablt e ol yzeystems up to 5

of up to almost 70% and temperatures ranging from /4
Solid oxidecel(&SOEColayze®r call ed soli damxiaet epetofly
electrolyzer that operates atthehri gtheea.hAntod ropggai rdasnmiuc e s
mateiisaklhectrolyte. When a current is applied, the
hydrogen gas and oxide ions. The oxide ions then 1t
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oxygen gas and release electrons for the external

produce fuel through the process of electrolysis.
(@) () (©) (@
E 3 "{ PEM I" & Jceramics] ®~ 9’{ AEM }'e’
2 Mo Je sHe P& o] d]-@
w9k | @ W o
@ olile [ O@ @@ KOH
Tl | & e D Bl on
@ |? [l Cjc@ 6® @
@ [ s ® e fies = [ of®s
o, T w o H

Figu4Bagr arhoamft ectrol ysi:s (tae)c hAnWéH,o g(ibe)s PEM, (c) SOEC and (d) AEI

7. 2 . SPORAGE

Hydrogen storage is a cruci al aspect, given its wide r
temperature, its volumetric energy density is also |Iim
been developed that aomsn tshetr ei ndr @ ans e ointdd téner gy densit

Hydrogen can be stor e(dMulnky herte ealma,i n20wady;s Singla et al

l1.Compressed or gaseous st700agbear()at panepsnsieusrsee mesDat e Ul
extreme stress and should be inspected regularly t
by | awpr édsghhre tank checksd are rarely necessary

2.Cryogenic or |i g8 dK2s8,87r a°g®) .( at t2e0c hni quwgassad fvery
|l ow temperatures, usual | y2 527 o°wC,i tiss bkon dwm ga sp od rnyto g
storage. Hydrogen can be stored for a | onger peri of
which turns it into a Iliquid with a signinpcantly
materials suchebdsostalnoméessmseaaed are normally highl

3.El ectrochemical storage or solid storage in the for
Chemical hydrogen storage, al so known as hydrogen
hydrogen in a form that all ows f oydrloagregne asttoonrsa gtea
power ful interaction with the primary material . Thi
Hrad/ desorpti on, which greatly I imits the applicabi
storage sofsutperiori beécs@amulsed Hin the molecul ar state
with the parent component.

7. 2 RBECELLS

The main components of a fuel cel |l system are the h
conditioning unit, andFcga8®nagnr aanfawefls hcoeMnl isnyst em ( Ni
al ., .20h2y e are multiple cells inside the stack, conne
power . Unside each celll is the membramembltaonéradsembbkyg
which the electrochemical r esaecvteiroanl tcaekl el s tpelcahcneo.l oTgh eerse

illustrated below, the di agrgarBseFo§ rivéDicrhenathea Mfwddewh i n
(Viet Lo2@®1.2)%Thel .h,ydrogen fed into the system can c¢ome
phot ochgegmi cdbdlol ogi c@U. probepartsme nt )Aosf rEenpeorrgtye,d si.nd .Equat
overall reaction inside the fuel cel |l consists of t he
production of water(E€6&k6cTechntygabns8eheates, Unc., 200
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Power Conditioning

H;ﬂ:‘[ﬂ;“ Unit
A
D—»Q Hydrogen
Humidifier Fuel Cell S g:g::‘rg
Meter comp pra— i
Water _I_
Figu5e Diagfamlotell system (Ni k Zai man et
O™ 0 'Q 00" QaQOOI WITAO
cel | chemistries are as follows (Singla et
Al kal i ne Fuel Cel | (AFC) : The <cell has a
temperatures bell2v®keenC.60 Tamely are technol og
mainly | imited to specialized applications
pure feed gases. Generally, KOH is the ele
concentrfat i KO o s usddcemper athurggh operati onscs
concentration itempeedt ioe bpwrations. A ty
operate between the temperature ranges of
Pol ymer and Electrolyte Membrane Fuel Cel |
Fuel Cel |l (PEMFC) : The cell has a pol ymer
electrolyte and operate at temperatures be

tr
me
kn
t h
st
50
Ph
co
t e
pl
i o
Th
co
Mo
as
el
Ca
pl
ar
So
0 X

op

action -andl emgkherationlt2b@erkawat ilotn c(oln

mbrane electrolyte made up of a pol ymer
own as Napon). This membrane el ectrol yteen
e anode and cathode of the PEMFC. This i
aurpt ti me and shutdown time and simplicit?
to 100 °C and the ecciency is between 4
osphoric Aci d Fuel Cel | (PARGEphArsi ct ha
ncentration of 100% i s used as an el ec
mperature is between 150 and 220°C. The
atinum, both on the anode anercanhaodeé ssif
ns. Because PAFC involves external refor.
e performance of this <cell is | ower tha
nventional fuel <cell to be commercialize
Il ten CakFwb&lebhkt e( MCFC): The cell uses a mol
an electrolyte at the operating tempera
ectricity generation and cogeneration fr
rbonadg eariemnt he charge carriers in the ce
ates of this fuel cel l are made of stain
e CH4, H2, and CO2. The ecci 6By of MCFC
|l id Oxide Fuel Cel | (SOFC): The epercousl
i de. Uts operating temperature is betwee
erating temperature among al/l fuel ared]|

8 6

al .,

(6)
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catalysts wused in this cell consist of per
ceramic. The ecciency of this cell i's si mi
cell is between 3,5 and 2,6 (kW m
Direct Met hanol Fuel Cel | ( DMFC) : The <ce
100°C and use a polymer membrane as an el e
applications. This fuel cell is also knredw
is a speci atlempereatodfr @8 ofmuel cell that worKks
components of DMFC are two bipolar end pl
catalysts, and an electrolyte membrame.t hén
carrier and -haeedplmdati earuima l acts as a catal:"
is methanol, and the aver xd® %cell ecciency
CH, Na
co.! no! v i AIR: 02, Na
col, Hi, . A 4
- T _. X
T e
I I He‘% 5 zu f 3 : A
] oot ol o
He +O=>H0+2¢ || O =T——17 %)y 15| o @
COJ'OH":__CO”M I O'|5 ot 2_:,_>,0 Anode] ;1 I:_—t-: & ; Cathode
CO+H:0 __>lCOz+Hz | SOFC | 0.5 04 ‘—.‘:‘L‘ .!
: : H0 51 L /l-\liar?o
CHs, €O;, €O, Hz, H:0, Nz AIR: 0z, N: H,0:® Hy® OH:e Oy @ e ®
Fi gd3.80 loikadfeeceIclor e fed with Figuafal kal i ng Fleueli dagl 1& Mi
syngas (sGoreiagn i ano et a
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e
Carbon = = Water and
dioxide [| heat out
—
Fuel in CO:w !— H,0
H./H,0+CO/C
Methanol
and water
Excess fuel, CO, CH,0H -l
and water out Depleted air out I H:0 7] % 7] Airin
Ic:- laid Anode—-l L Cathode
= Polymer
electrolyte

Fi guteMol t bo(Ga e «tued
19 ol ten carbon@ace dwed . o0 methafuee|(Viet La@od:?

7. 2 TEHCHNUBMRAMETERS

This section presents the technical parameters taken f
sheet s. A |ist of standardi sed ter atienmopleorgayt ua red ed celca tric
aqueous solutionTsoet maivadi $§ ab.|Féigideinegy ee,s enNt1s8)t he operating
of four electrol yskirgu2e€bonpfogaesomandf a wsiytsht ehmy ddrna geegnr
wind turb, nplsotucvidl t aiauxpialniearsy, baantdt ery storage. WT =
photovoltaic (Arpaésentes tahe , p@r02mRgt ers of four model
mar KEt guRei sts operating parameters ofFifgolsreDd qgired m ccefl |
fowd ectrolysis t(eaghnfoWEo gi(ebs)y PEM, (c) SOEC pmdvi(dés AEIMe
technical p ar afmeet lemrease ¢dlfs fcouwrr ent |l y avail able on the mar

Tabllee 7Technical data fronelteicet i @ltyesneait geedoretdi &ler en2022)

Technol ogy PEM A WE AEM SOE
Operatieopeal at| 7090 °C 65100 °C (5070 °C 6501000 °C
Oper at ircemsaslurpg 1530 bar 2-10 bar up to 35 <30 bar
Ecciency 67-84% 6282% - 90 %
Durati on < 40.000 h< 90.000 > 10.000 < 40.000 h
Celoll tvage 18 ®240 V 18 ®240 V ~ 85 V 095130 V
Energy consum45z75 kWh? N45-7 kWh? N~ 8 kWh? Nj125-35 k Wh?# N
St auwpt durati of<1lBinutes 15 minut ef- >6Mi nut es
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Tab@?dleDatssheets for di Ferent models of electrolysers avail

Mo d e | Silyzer 2|Pressurized alAEM NEXUS 1(SOE RSL

Siemens E|lelectrolysis (Enapter) (H2EI ect 1
Mc Ly z eOrA WEO

Powecal ass|125 MW 1 MW 968 kW 25 kW

Duration|> 80.000 >20 years - -

No mi noaw 20 kgl 200 3Nm 210 3N 1% Rgh

r a ok 225 3Mhm 453 2kdy / 71 N

(®Onow= 10MHm) N
Operatin|- - - 80850°C

temperat

PuriRy H| 99,590, 9%|>99, 998% aftel 99, 95% -
of the gas

Delivery|Up to 35 27 a 30 bar Up to 35 bal-

pressikre

Consumpt |- 4, 7 kWhDQ)m 4,6 kWi Nm -
5, 1 k Wh(/ANC)

Ecciency|- - 51,3 kWh/ kgl86%

Operatiof- 20100 % 1-100% -

neld

Reaction|<10 sewps|<30s from-hyt{0-100% in 13-
time (frolthe 100%loefcttfa cal-d06PB i

standby) |l oad min (start ¢
Ra mpp - >5 %/ s - -
Ramdown - 20 %/ s - -
El ectrol|- Solution aquel- -
the 30%
Citation|bBERNOGNUL W bi~HAS! AW=ZM=ZOb|blEUEGql Weceé|bic=ZENNUHqI
=M= Mb =M=ZZX»b

Tabad2eTechnical data from the | fuetdGeh€ef o i Benent model

Fuel Cell T{(PEMFC PAFC MCF C SOFC
Temperature|<120°C 150200°C 600700°C 5001000° C
operational

Typical sta(<1100 kW 5-400 kW, 1300 -BWMW, 1 kW MW

modul e 300 kW mo
Ecciency 60%irect hy|40% 50 % 6 0%
40%efor med
St aurpt ti me < mi nut e - 10 minutel60 minut ¢
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Tab?d3datsheets for di Fieeckesdtvambadbdl €& o the mar ket

Fuel Cel|HyModule S8/ HyaxiRure C|1500 CarbonaSol ydEra
Mo d el (PEMFC) Model 400 Cel | System| ( SOFC)
Proton MotolHydrogen (P (MCFC) Sol ydEr a
Cel | Gmb H Fuel Cel | En ¢
Operatin]- - - 650800°C
Temper at
Stack si|8,4 kW 440 kW 1.250 kW 10 kW
EGciency|<57% 90 % 50% 6 3%
Hydrogen|1,7,5 bar - 1%20 psig -
supply
pressure
Hydrogen|0, 6 kg/h 26. 4 kg/h 9,250 SGRHL (|-
consumpt hydrogen f ue
Vol tage - 480 VAC 480 VAC >120V
Duration-A - - 60. 000 h
Citation|bAl YaYUW~Yq|bic! FRYOGAWI L[ cWOG9VGIWElEYG! T EI
7.2 .S5FETY REGDLATUONS
There areaehadVaemaglat ed to safety on the use, storndage anoc
foll ocwhianrgact €éCababrese et al ., 2024)
o High reactivity due twphydiscalargrn campeératri edv;emi c al
o Low ignition energy: an order of magnitude | ower t
o Tendency to evaporate: this can cause safety probl
o Wi de nammabi | {7t5¥6 li inmiatisr:, 4very wide compared to
category);
o Transition from denagration to detonati on: the t
observed in thescadawet em; a hi gh
o High combustion rate: the | aminar combustion rate
ot her fuel s;
o Hydrogen is colorless, odorless, and tasteless: ac
o High reactivity wi t h materi al s (embrittl ement):
investigation of material s;
o Low density and di Fusivity of the gas: particul ar
the upper part of conpned spaces.
Accordi(cgal abrese ,¢theal. haZ@2dbleen 20B8elmat ed dgditdagrethsa st
50 ye@Gnwes can s8etitak event t hat led to the | besi dénthy

cat egoFiyguianr@dni ti al event that | ed to a | ea&né@ifguyar oge

13Cat

egory of the incidentré€pkbabreskyet al., 2024)
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Line rupture
Vacuum loss v e
Highway traffic accidents

Tank rapture Procedural issue

L

Ventilation failure 4

Design
Bellows failure

. . T i3 ng

Al contamination Wrong Planning
Cryopumping Malfunctions
High venting rates

Materials failure
Material issues

Salety discs failures Materials Incomparibility 4

Leaking connections
¢

| )
. R Contamination
Valve malfunctions and Leaks —
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et al ., 2024)

For the paondseseftf hBBH2P prtohceerses are various European stan
with, |i dtadid-&f Qaltdakker ese et al , 2024)

Tab7d4eEur opean st atPtRadrddPso cfeos s

Hydrogen Value Chain §JEurop&aandards

Production (electrolygCEMNENELEC

Storage and transport |[USO 1988EUYGA Doc: 171/ 23, 15/ 21
cryogenic tank) Nr FPA 55:2025; NFPA 2:2023.
Endse (fuel aelfluerhamigidsSO 149482020, USO 14687: 20QBENEISRA
Process control (sensdqUEC 6-29l72016; SAE J3@MBMNE 2HC;8 ; E N]
26142:2010; NFPA 2.

7. ECONOMDETA

The main CAHEBOXf asndP20H2P pl ant are incurred for the inst
of electrolysers and fuel <cell s.

ThE€APEX of tmer edestteml gonsi sts dEurbpehol Hydirogeoo Ob s
20 2:4)

T Stack: The electrolysis cells and their components.
T BoP The rectiper, transformer directly connected to
supply, gas purincation, water cooling, water puriry

compressor .
T Engi ne@mriotgr ement and TlConshsualtiati on of equi pment
design, procurement and project management; shippir

An i mportant pgure to consider is the |levelized cost o
energy from renewabl e sources.6Thlkfselnatl uRPu Bmeaars Hydraoc
ObservatorTyabtZp2éyi des CAPEX and OPEX values from the

chemistry conpgabmid-e&i emert §htethe same economic data for

of fuel cell s.
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Tab@d5eEconodmi @ from | dt Eenéotembdel ssof the electrolyser

Technol ogy |[PEM A WE AEM SOE

CAPEX 1970 o/ kW |1666 &/ kW 1000 $/ kW |1192 a/ kW

OPE[Xe/ year]|64 o/ kW yr{43 oa/ kW y|05% CAPEX |3% CAPEX

Citation biE2 | YGU¢UWc! T1 YNWUW{(James et [bI7TG60II WAL~

Tabd6eEconodmia from |iterature f di Ferent model s
Technol ogy |[PEMFC SOFC PAFC MCF C
CAPEX 25008/ kW 10,000 &/|400600000 &/ |400800008a/ kW
OPEX [@a/yedg0. 1a/ kWh 0. 1a/ kWh 1. 4% CAPEX1. 4% CAPEX
Citation 90 WeUWe! T1 YNWUOWAE! ((Cigolotti et al., 20

7. IENVURONME MPPARICT S
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TabT7-2repoetnwi ronment al and hufmam AWER, t REMmMPpAOECYy sasnrd A E|
cells and for PEMFC, SOFC and MCFQ.Rualhecelelasd.e rAs sd issuce
dig deeper into theaeecdiatidtsion for specinpnpc
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Tab@d7eEnvi ronmental i mpdetsobfeldrdlondelsler and
TechnollChemistC imate Chan|Scarcity of RHuman health/ Heal th of t|Functional un Citation
Potential/ Fu Abiotic/ Fubmé¢t|fFunctilunnal Ecosystem/
Uni t Funct ilnndal
S A WE 7 78CQeq MRS 21 Gu HTRP19 171, BIC By - 1 element: sy (Hoppe &
= from 5 MW Mi nke, 2
et PEMC 1.08k oC Qegq MRS46Rg <Gu HTP230 1k gt QCB | TAI3R B Qeqg 1 m2 of the 4 Zhao
i HTR29.000 Kgg1 stack
— SOEC 10 9 k3C Qe q MRS65k g Gu HTP21 kg4 QCB TA2 X S Qeyq -
w HTPR Qs 1, 4, O
AEM 99 K2L Qe g ASR35EBLU HH25x 1TODALY EQ: 84 PDPFm Stack from 1 et
_ PEMFC 11RECQeq ADPL,X¥1k g $b HTRP2& g REB AP2, kK SQcq 1 kWe of PEMH(Stropni
— 20. 000 h of
2 funzionament g
of tHues eH
2 SOFC 06k o€ Qe q FRS46 RO i ||HTP53x1Dkg 1, 4dq| TAS xk@ SO |1 kWrelefctrici(Naeini
L HTPnc: 2, 8gx140Q produced
an@é o
MCFC 03k oC Qe q ADPL9 x°k@ .$b - AP305 XK@ .S4{1 kWh of elec (Kim et
product from
2.5 MW
ELU = Unit of | oad environmental, DALY = Years of 1ife adijxusctiedy ffoorr dihsea bhiulmatnys,,
carcinogeni c, HTPnc = Potenti aclarocfi ntoogxel nciict,y T Ao r= tAceiEdiumca®tsiad nntoyne eme s r minanlent al |
abiotic of basis, ABD = Potenti al of exhaustion abiotic, edtimeIint sEFR3MRS Sc &rairtcy

resour ces
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7. 4 END GQHFMANAGEMENTCUARNIUL ARUTY
The f ocusofloinf enids currently on PEM electrolysers and f

suGcci ent guantity of the critical raw materials. PEM
such as titani um, ni, c kmemaln,g amatser aln dg rpd pphtiitheum gr oup met
guantitaeseandd PGMsk are currently the only ones cl assi
Commi ssi on. On a technical l evel , recycling iim algteadk

t hanks t o European hydrometall urgicalgualhiatiyns P@M9;a b IDe
wat ermar ks and product passports are being tested to i
few PEM stacks havé&ohl|l Ee@anymircecalclheydattractive EoL now:

second half of the 2030s, when installed capacity wil!/l
strategies are studied in much |l ess detailn Cuirmeati pe
the EU f ocusdeosni gtnheofe cfouel cel |l and hydrogen products
exchangeabil ity offAxstubecto maplo.n,e n20s25)
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