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» Pe baza modelarii prezentate in lucrari anterioare a sistemelor energetice ca fiind

sisteme complexe, care in forma lor eptima sunt autoreglabile, cu reactii de
tip cibernetic multidimensional (hypercibernetic) si dezvoltate fractalic pe
diverse niveluri, se considera transformarile lor si implicatiile acestora.

Se definesc parametrii minimali ce caracterizeaza aceste transformari, ca si
parametrul ce indica directia acestora, precum si conexiunea acestora cu
notiunea de risc. Evaluarile diverselor stari si transformdri ale sistemelor
energetice cuprind nu numai sussele, ci si reteau dependenta de acestea, pana
la utilizatori si feedbackul acestora.

Aceste transformari si provocari sunt evaluate din perspectiva implicatiilor
lor, context Tn care se utilizeaza notiunea de risc. Intrucat notiunea de risc are
acceptiuni dIVErse se precizeaza acceptiunea considerata in aceste evaluari si Se
fac referinte la posibilele abordari in ceea ce priveste definitia de risc abordata.

Despre sistemele de energie, transformarile si riscurile lor, Dan Serbanescu, Inginer Fizician, Dr.ing energetica nucleara, secretar DLMFS
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A.INTRODUCERE

Sistemele de energie ca sisteme ale
Intregulul

Sistemele de energie in contextul
riscurilor civilizatiel

Sisteme de energie si riscurile asociate
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. Sistemele de energie ca sisteme ale intregului
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Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie

Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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Sistemele de energie in contextul riscurilor civilizatiei ¥

Risc acceptabil cu
control special de
incadrare in marja de

siguranta

' Categoria | de cazuri — riscuri definite pentru sisteme cu modelare umana “standard”
conform intelegerii actuale a factorului uman in tehnica/stiinta

Categoria Il de cazuri (A.B.C) — riscuri definite in diverse scenarii de evolutie / interferenta
uman — inteligenta artificiala- alt tip de inteligenta
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Kardashev / Sagan scale civilization levels
. Sisteme de energie si riscurile asociate
GroupI Cosmic level
T
Tera | Level of used
yp t Comments
e watts ene rgy Group Il Energy sources
D-D fusion energy possible from worlds oceans 10"
Existi ng Earth 100-megaton H-bomb 10
4x10 | Solar level cca 4x103 Fission one ton of Uranium 10%
I 4. | insolation to | possible to Yearly solar enission s
4x105 | earth reach type | in Burning a million tons of coal 101
100-200 y ears Energy available from earth's fossil fuels 104
Exploding volcano (Krakatoa) 10%
Ene rgy Thunderstorm 104
I 4x10 radiated b Few thousands GroupIIT Natural phenomena/ significant human achievements
17 its.OWn S ta¥ years Earth moving in orbit 10%
Cretaceous-Tertiary extinction theory meteorite 10%
Ene rgy on Exploding volcano (Krakatoa) 108
i | 2x10 | the Scayl Eof B million Severe earthquake (Richter 8) 108
| 28 i < E=mc2 of 1 gram 10M
| y Energy to put the space shuttle in orbit 10¥
O ga aXy Energy used in one year per capita U.S. 108

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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Sisteme de energie si riscurile asociate
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ctoare create de om. Asemadndiri, diferente, lectii pentru reactorii artificia
giner fizician, dr.ing. energetica nucleara, Dan Serbanescu
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Plant reaction on IE

Damage due to IE Plant reaction Damage due

OUTPUT onlE

Lpr Lpr_corr
1/((s+40) 1/(s"3+40S" 2)

Lrisk orreot |
Lprrisiorect

Lrisk_correct
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Case | — Plant response similar for various types and frequencies of
challenges

Case Il — Plant response adapted to the type & frequencies of challenges

" Case | B

—— Lpr 1/((s+ 100) Lrisk Z*(S A +ra*>s~NE3)
Lpr_corr 1/(s"32+ 100="2) Lrisk_correct Lpr*Lriskcorrect

NPP as a cybernetic risk producing machine
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AS model leads to the problem of building a sigma algebra for a risk model. If fider the sigma algebras defined as in the figure, then a norm may be defin
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monitorarea cu criteriul sa1 de succes penfru
cetitrele lahoratoarele  auforizate 2
coordonareaverificarea momnitorani sunt slabe

esge foarte buna iar rezuliatele analizelor
conform criteriilor de SICes al
certrelorlaboratoarelor s incertitudinea asipra
situafied pe teren sunt de nivel medin

... . Principiul deciziei pe baza inform atiilor de
Secventede Principiul abordarii precaute R : T ; _ ’ <
impact / Precautionary princinle PRE C Principiul deliberarii Deliberative Principle risc
Metode de Y prineip Risk Informed Decision Making
decizie FREC DELIE RIDM
, . - , Se poate astepta o decizie bazata pe
Se poate astepta cea mal conservativa decizie | Se poate astepta ca o dezbatere cu partile - P " m. ; — £
— > n 5 ; — . evaluarea riscului sa fie luata cu prioritate
facuta cu prioritate maxvima, atunci cand | implicate sa aiba loc cu prioritate maxima, — . . -
? ; - . > > = maxima, cu sprijinul grupului GLERUNR, in
Interfata intermationala slaba, chiar 3 | daca Imterfata intemationala este ridicata, | = w , ,
ia. . . , o . ) conditiile unel interfete internationale bune, a
Ridicat sngra = cu atat mai mult daca are loc | chiar s sinmwa, s cu atat mai mult daca are loc . . .
= , . . . = , , . | existentei unor renultate de analiza confirmate
atunci cand si coomunicarea este slaba, iar | ahma cand = comunicarea este buna, chiar si . .
incertitudinea asupra =ifuatiei pe teren este | daca mcertitudinea asupra situatiei pe teren de oritenul de succes pe cenfrele luate in
mare s P este mare P P cons deratie, chiar = in  conditiile wnor
incertitudini asupra situatiei pe teren
Se poate astepta ca o dezbatere cu partile
Se poate astepta cea mai conservativa decizie | implicate sa aiba loc cu prioritate medie, cu
facuta cm  prioritate medie, atunci cand | suport din  partea grupului de analize
Interfata internationala slaba, in fimp ce | GLERUNR si en 0 comunicarea buma chiar si
Mediu monitorarea cu criteriul san de succes penfru | daca interfata infernationala m este foarte buna,
cettrele laboratoarsele  autorizate & | isr rezultatele analizelor conform criteriilor
coordonarea® erificarea monitorarii sunt | de succes al centrelorlaboratoarelor =i
slabe incertitudinea asupra situatiei pe teren sunt de
niv el mediu
Se poate astepta ca o dezhatere cu partile
Se poate astepta cea mai conservativa decizie | implicate sa aiba loc cu prioritate scazuta, cu
facuta cu prioritate scazuta, atunci cand | suport din  partea grupului de  analize
Interfata internmationala este puternica, chiar | GLERUNR, in conditiile in care nu se
Scazut daica a emat comumicarea i fimp ce | activeaza SNSMU, interfata intemafionala nu

Foarte Scazut

Se poate astepta ca o dezbatere cu partile
implicate sa aiba loc cu prioritate foarte
mica, in conditile in care interfata
internationala si comunicarea sumt  foarte
bune, iar monitorarea conform criteriilor de
succes d centrelorlaboratoarel or | coordonarea
acesteia st 1a nivel scamut

|nnA q
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Acceptance is dependent on transparency rather than on elaborate definitions of te objective
functions. Most risks could be expected to be accepted/assumed if the process was
transparent

Acceptance is dependent on the existence of a deliberation process for the objective
functions. Risks could he accepted / assumed as a result of deliberations

Acceptance is expected because the decision is taken top down in a very conservative
manner. The risks could he accepted / assumed as a result of legal actions

Acceptance is expected based on evaluation of objective functions and various approahes in
evaluation of risks for various actors perspectives
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Highly controversial and emotional issue specially from public
perspective. No risks accepted by public, no common
agreement between the other two actors and sigificant
diffculties to evaluate risk or other value functions

Highly radioactive waste management

No major controversy on the issue and possile reach of
acceptance for all actors but in a local area / country and no
major diffculties to evaluate risk or other value functions

Carbon emissions

Agreement on some - safety /risk related aspects of the issue
hut possile problems in the implementation for all actors on the
globe and no problems to evaluate risk or other value functions

Climate change and carbon emissions
and/or use of various energy scenarios
capable to cope with that
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Complex Apoietic Systems (CAS)

* In other words autopoiesis means "'self-production’* (self-creation or production)
and expresses a fundamental complementarity between structure and function.

« An autopoietic machine is a machine organized (defined as a unity) as a network
of processes of production (transformation and destruction) of components
which:

— through their interactions and transformations continuously regenerate and realize
the network of processes (relations) that produced them;
— and constitute it (the machine) as a concrete unity in space in which they (the

components) exist by specifying the topological domain of its realization as such a
network.

CAS coevolution is being performed at three levels
* (Bio) Physical level — at the level of the physical part of the system components and structure
¢ (Bio) Social level — at the level of the system interface with society and other system defined as environment

e Mythicosocial level — at the level of concept, objectives and general philosophical interpretation of the CAS
issues

Despre sistemele de energie, transformarile si riscurile lor, Dan Serbanescu, Inginer Fizician, Dr.ing energetica nucleara, secretar DLMFS
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Complex Systems (CS) are systems with specific features

The system is characterized by the fact that the interrelations between its elements/components create a
synergetic effect, which actually makes the system unique. The interactions are of short distance between
elements or of long distance (in space and time)

The existing relationships in a CS a defined by the existence of feedback loops, which results in a dynamic
system structure, with constant nonlinear interfaces.

CS are interacting with the environment, being open to the exchange of energy and information.

No part of a CS can contain the whole and therefore no part can assure the control of the whole CS. This
could lead to specific tools for controlling it, like for instance distributed control, hierarchical control and/or
external to the CS unitary control. However

CS elements are CS themselves and are highly adaptive, which introduces another difficulty in the choice of
the modelling tools.

CS have a historical hysteresis characteristic, in the sense that they have a history and that leads to an effect
known as “the butterfly effect”, 1.e. a small change in time and space will impact on the future history of the
whole CS or to a completely different component that the one that had the initial change. However, even if
the interrelations of the components are nonlinear they comply with the cause and effects law in this specific
manner. The concept of linearity and nonlinearity apply to the models defined for CS and it is one of the
important modelling issues.

CS have boundaries difficult to define, which has a high impact on the content of their models and their own
changing dynamics and flexibility.

Despre sistemele de energie, transformarile si riscurile lor, Dan Serbanescu, Inginer Fizician, Dr.ing energetica nucleara, secretar DLMFS
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Complex Apoietic Systems (CAS)
were introduced by the works of (Maturana 1980)
They have the specific features additionally to the generic CS ones, sometimes refining the generic CS features. CAS are systems, for
which an autopoietic mechanism can be defined, leading to the system possibility not only to self regulate, but also to recreate
itself, as follows

1 | The system boundaries have to be clearly defined at any moment in time

» | The system has to have components, being themselves CS

s | The cause — effect law interactions have to be operable.

+ | The system boundaries have to be self produced by the system, as well as

s | The system components

The rest of the components should be also be able for most of them to be
s | self produced by the system

Despre sistemele de energie, transformarile si riscurile lor, Dan Serbanescu, Inginer Fizician, Dr.ing energetica nucleara, secretar DLMFS
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Model requests for CAS Risk

The model has to be developed on a basis of risk as a multiple yet convergent in a 3+1 hierarchical
system, where 1 indicates the feedback loop.

2 | The risk measures have to be defined with various norms: classical, considering uncertainty etc

Implementation of meaningful use of the risk notion for decisions has to be based not only on risk-
benefit approach, but also on considering various goals adopted by various partners

4 | The risk theory has to be based on developing a model on the hierarchical system norm approach

5 | Asetof rules has to be defined for the use of model by various categories of users

6 | The objective and subjective models have to be defined in the model in a non conflicting method

Scenarios with catastrophic failure of the whole theory behind the base line of the model have to be
considered and defined.

Despre sistemele de energie, transformarile si riscurile lor, Dan Serbanescu, Inginer Fizician, Dr.ing energetica nucleara, secretar DLMFS
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Requirements to the method - Risk Analysis

To be systemic, systematic and structured

To be able to define structures of dynamic cybernetic interrelations between components with random character
of challenges combined with intentional challenges and to solve nonlinear dynamic models, by defining what
linearity means fora CAS

To define the system as a whole, as being a result of the synergetic interfaces of its components and to define
also the CAS interface with the environment

To have a solution for the system control (like for instance distributed control, hierarchical control and/or
external to the CS unitary control) and system management based on predefined objectives, as for instance
energy/substance balance or risk impact. Definition of objective functions for CAS like energy balance,
information balance, system safety or security, system risk metrics etc. is very important and needs tested
and/or testable methods directly or by benchmark exercises.

To have a model and adequate method to solve the specifics of the cause—effect issue for a CAS, which is an
aspect connected in its turn to others like definition of linearity, uncertainty and system structure modelling.

To be able to develop models and methods, which are dynamic themselves and with high flexibility in defining
initial and boundary conditions.

Despre sistemele de energie, transformarile si riscurile lor, Dan Serbanescu, Inginer Fizician, Dr.ing energetica nucleara, secretar DLMFS
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Scenario 1 of the internal events
model for the installation/physical
level of a CAS- CAS Ieyel 1
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Scenario 1 of the internal events
model for the installation/physical
level of a CAS- CAS level 1
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CAS level 2,3 sample results
Evaluation is done using risk metrics as defined for Main results including sensitivity calculations
BRI AR Tor 2 CAS level 1 against other The important contribution to the final conclusions of
weighting factors Y I ; - )
comparing contributors to risk of societal aspects, in
all methods used for comparison

CAS CAS

Level!3 CAS Love/ 3

7CO Level 3 TCO

code odel companents M”.Mo'_" /n,:(_j) - Scroeenein = H H H
T T AMOC | mimocas | g mettods The higher contribution of both security type of

we | | Srew challenges (with and without barriers designed) by
comparison with the internal safety aspects of a given
energy source

Public challenges manageable by the existing

PUBLT * 1 <ystem of public intertace
pusca;s- | ool ctimbecous HOT amnonach oy e sodving A very high potential for comparisons and better
pout + | Pollia challngee manageable by the exsiing decision making support for more than one energy
Fr— pm’j::n,,[,;*,q'l'mg.. e source reviewed if a CAS level2 and 3 is analyzed
gcont + | Economical challenges manageable by the existing
conomealsen = The versatility of the unique CAS levels 1, 2, 3 model
ECON2 * | g sconomicu om0 for more than one energy source for on-line (living
il - iiaeeamndnn il . multiple energy source and safety-security model in
soca o, | Secuty chiwiase NOT menmeis iy edithg) IS : 2 an integrated unique model) operation. This feature is
e P . ; : extremely useful for the use of the method to support
decision making.
BR ™ System breaks leading to possible contamination ] ] "
it o | s o e e R 5 Very good possibilities of connecting the model with
extended external risk related databases for on-line
e " | enmismey s eet i ’ " support to decision making process, a process which
conr | Lest bamer 10 e cotanment roaze - [ : ; could be defined as “Living PRA for a CAS system”.
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supportfeedback
and tools

Model/method Code public industry government

Transparency and accountability TRAN
Deliberation for risk governance DELIB

Precautionary Principle PRECP
Risk informed decision making. RIDM

Model/method

Code

Transparency and accountability TRAN
Deliberation for risk governance DELIB
Precautionary Principle PRECP

Risk informed decision making.
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COLOCVIUL AGIR “CREATIVITATE, INVENTICA, ROBOTICA”
- editia a XXV -a , iulie J)
Creativitate—Inovare—Produse noi—Restructurare industrial

20, Brasov

5

3415 79
840 7:10 840

68 47
69 658
8

104m1 10-m2

Definirea necesitatii

Avem o sursi unici de cunoastere

2B

Clarificarea diferentelor

Baza stiintei(lor) si a trasaturilor sale / lor ca o abordare
duala

3-C

Dezvoltarea principalelor ‘unelte’

Crearea unei noi stiinte / revoluttionarea uneia existente ca
fiind guvernata de o abordare din trei- unghiuri de vedere
(posibil — imposibil - probabil)

4-D

Verificarea stabilitatii elementelor
definitorii pentru stiinta respectiva
- teorii etc.

Durabilitatea unui element metodologic (teorie etc) asa cum
rezulta din robustetea sala paradoxuri

Identificarea principalelor
convingeri care impiedici evolutia

Fiecare faza definita in cheie istorica a respectivei stiinte este
alimentati de anumite convingeri/ credinte si intuitii |

6-F

Rafinarea cunostintelor dobandite
si imbunatitirea eficientei utilizarii
lor

Fiecare teorie trebuie sa aiba un grad de utilitate in cadrul
stiintei respective si al societatii

Incercarea de a unifica metode
pentru obtinerea umor rezultate
mai bune

Cunoasterea absoluta sicea relativa

8-H

Gestionarea
acumulate

cunostintelor

Existenta si / sau introducerea / modificarea de ierarhii si
conexiuni intre diversele teorii ale unei stiinte conduc citre
nevoia de a avea unmelte cat mai bune de gestionare a
edificiului.

9-7

Incercarea continuid de a rezolva
probleme nerezolvate si de a
extinde cunoasterea

Nevoia de neinfranat de a atinge noi niveluri de perfectiune
si intelegere, ca o cauza continud, latentd, de reincepere a
intregului proces de la zero.

itie sa11 0 catastrofa 2. Dap Serhanescu
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Reprezentare

a trecerii dintr-

«— ©Ofaza in alta
si operatorul
de tranzitie

Cunoastere anteriocara in
triada stiinta.-mit-realitate

] =1,234,5,6,7,89 m=1,234667890

Notatiile K(i) se refera la o anumita faza de acumulare de cunostinte, p(i) reprezinta
probabilitatea de trecere dintr-o faza in alta, iar T(i) se refera la operatorul de
tranzittie dintr-o structura de cunoastere in alta.
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Principle 3: KP is asymptotically stable and complete. However the resultant final structure
of this process, which is a CAS, may not be known by its detailed phenomenological
characteristics, nor predicted, but rather known for its dominant syzygies.

The invariants are called syzygies and they are in the format described by (1) and (2)

Gen :f‘«fl:::_ = |EnTh Enl 5y Em NInCx Fr (1)

Syzygy [NES] = { (Gen|NES)]) (2)

There are some specific generators (in the sense of syzygy theory) for a K(i) structure built

for NES:

* Exergy (Ex) of a NES (defined as the maximum useful work possible during a process that
brings the system into equilibrium with a heat reservoir), as a measure of the efficiency of
an energy conversion process. This generator has some specific characteristics:

* Itis conserved only when all processes of the system and the environment are
reversible
* It is destroyed whenever an irreversible process occurs.
* Entropy in a thermodynamic (EnTh) interpretation as a measure of disorder
* Information entropy (Enl) (as a measure of knowledge limits themselves)

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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These are optimal descrlptors of each ES states where:

Eo, mo, Yo —and E1 s (k), m1 %y J 1 (Noted for the states 0 and 1) define

the term called real energy/mass/entropy, examples of energy in such states are
the energies perceived at Earth level by a human observer (including such as
NES_Oklo), defining the Real Reality.

indexes 2 and 3 the simple complex part (for the states 2 and 3); examples of states
of this type are the paranormal phenomena, energies, information channels
perceived by a human observer becoming part of the observed object, defining the
Intuition Reality of the second level Realm (cosmic) and

the rest of components are the hyper-complex part (for the states 4-8); examples
are states of paradoxical situations coming from other realities and totally
unexplainable for a human observer, but managing them by enantiotropy feedback
chain (entropy of states of the triadic ES) and they are our connection to the
Universe Realm and diverse realities (Universes) — A triadic set of syzygies defined
the set of Realities

Ky,

=
SR (6]
J=1

Y=g

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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Studii de caz

A.Intercompararea riscurilor pentru diverse sisteme de
energie (terestra, In acceptiunea curentd) si solutil de

cautare cu unele exemple pentru asigurarea unel
securitaati si reziliente energetice locale/regionale

B. Transformarile unor sisteme de energie cu
componente Dbiologice la provocari externe (cazul

COVID)

C.Riscurlile inovarii in sistemele energetice, cu exemple
din domeniul nuclear

Despre sistemele de energie, transformarile si riscurile lor, Dan Serbanescu, Ing
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The comparative assessment of risk issues related to different energy systems across their steps in the
fuel/life cycle is highly challenging due to the large variety of heterogeneous risk expressions, and is
further complicated by the difficulty in grouping different criteria of evaluation for ranking purposes.
Based on our previously developed set of 17 Risk Characterization Indicators (RCls) to measure different

risk facets, a PRA-based logic-related grouping and ranking methodology to compare and rank risks
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Fossil fuels

from different energy technologies is illustrated and apphed The applu:auon takes into account three
fossil fuels (coal, natural gas, and oil) using selected il
from the database ENSAD (Energy-related Severe Accident Database). The evems are processed with the
RCls and ranked according the proposed methodology. The RCls can be used either for (1) analysis of
single events, (2) for comparison of events with similar characteristics, (3) for comparison of different
energy technologies based on aggregated values, and (4) within Multi-Criteria Decision Analysis

e form, chosen

(MCDA) to rank events and energy chains. The benefits and limits of the energy risks comparative
methodology are discussed, considering its potential to support the management of energy-related

risks.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

This paper focuses on the validation of a set of Risk Character-
isation Indicators (RCls), which have been developed to assist in
the comparison of energy risk expressions from different energy
systems. Its principal aim is to demonstrate the methodology to
group the RCls and subsequently to rank events to which they
are applied.

The present work brings further what already was initiated in
(Colli et al., 2008), enhancing the set of RCIs with an innovative
grouping and ranking approach based on PRA-related concepts
and logic.

Summary information from few selected events from the EN-

transportation stages of the fuel cycle. The results obtained are dis-
cussed in view of the existing literature on fossil fuels.

In addition, two alternative evaluation paths for the RCIs are
introduced and evaluated on the base of the same group of ENSAD
cases in comparison with the main method in the paper.

To be ¢ the d methodol needs the evalua-
tion of the quality of rhe process. This will be obtained through
the evaluation and quantification of the uncertainty of the process,
based on the contribution of the various uncertainties coming from
each single step performed. This part is under development.

The paper is divided into eight sections. After the introduction,
Section 2 recalls relevant information about the set of RCIs (Colli
et al., 2008). Section 3 gives a theoretical description of the innova-

SAD (Energy-related Severe Accident D. — conti;

tive grouping and ranking methodology. Section 4 applies the risk

maintained and extended by the Paul Scherrer Institut)
is used to validate the process (Burgherr and Hirschberg, 2008;
Burgherr et al., 2004; Hirschberg et al., 2004). They cover acciden-
tal events (not terrorist attacks) of significant outcomes, such as
explosion/fire in fixed facilities and in pipelines, from the coal, nat-
ural gas, and oil chains, for the extraction, treatment, and regional

* Corresponding author. Tel.: +31 224 565027; fax: +31 224 565623.
E-mail addresses: colli@jrc.nl (A. Colli), dan. jrenl (D.
Serbanescu), bj.m.ale@tbm.tudelft.nl (BJ.M. Ale).

0925-7535/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.55¢i.2008.07.022

[ ive methodols to a selected number of accidental
events affecting fossil fuels extracted from the ENSAD database.
Section 5 discusses the results obtained for the single steps of
the fuel cycle with possibility of analysis. Section 6 shows the over-
all relative ranking of risks among the natural gas and the oil
chains, validating the results on the base of existing literature. Sec-
tion 7 presents other two evaluation paths, both based on the
amount of electricity production for each of the involved coal, nat-
ural gas, and oil chains. In conclusion, general considerations are
introduced, based on the validity, benefits, and limits of the
methodology.

1li, A. et al., Indicators to compare risk expressions, grouping, and relative ranking of risk .., Safety Sci.
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Fig. 1. Causal structure for energy systems and the linked set of RCls.
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PRA-Type Study Adapted to the Multi-crystalline Silicon Photovoltaic
Cells Manufacture Process

A. Colli & D. Serbanescu
EC DG Joint Research Centre, Institute for Energy, Petten, Netherlands

B.J.M. Ale
TU Delft, Faculty of Technology, Policy and Management, Delft, Netherlands

ABSTRACT: The paper presents a Probabilistic Risk Assessment type (PRA-type) study developed by the In-
stitute of Energy of the Joint Research Centre of the European Commission (JRC-IE) for non-nuclear energy
applications and adapted to the manufacture process for multi-crystalline silicon solar cells production. The
study is in the context of a project, which is part of a PhD study that aims to develop a methodology to com-
pare risks across different energy systems. Risk assessment and risk data collection efforts are under way in
most energy sectors (nuclear, fossil, hydropower), making possible comparisons easier. The photovoltaic (PV)
sector, as a new rapidly growing energy technology, offers opportunities for assessing possible risks mainly
based on the quantity of dangerous chemicals used, but there seems to be a lack of reported information on its
risk events. This situation makes it difficult to analyze the impact of the PV technology, especially if the atten-
tion is on human health. Therefore, other well-known methods to assess the safety level of PV manufacturing
facilities, such as PRA, can be used to assess corresponding risk levels. The PRA methodology allows to
evaluate preliminary quantification figures for failure frequencies, and to demonstrate the possible advantages
in identifying the failure scenarios of the process itself, so that countermeasures can be considered. This paper
presents first a detailed analysis of the PV manufacture process, conducted at a methodological level (knowl-
edge of the single processes at every step, with chemicals introduced, and resulting as reaction products) as
well as at a technical level (machinery involved, auxiliary systems). Next, on this basis, an event tree and fault
tree model are constructed and the corresponding analysis performed, using data available from generic
chemical industry data-bases. The results of this analysis show that it is possible to quantify the frequency of
failures of such processes leading to health challenges and also to identify the scenarios leading to those end
states. Even if the figures resulting from the existing models based on the information available so far indicate
that such probabilities are unlikely in comparison with other industries, nevertheless the results indicate the
existence of weak links. Such weak points could lead to possible health threats. The benefits of using such ap-
proaches in conjunction with other design tools are clear when performing risk reviews before events happen.
Such an application would be in line with the best practice on these issues from other industrial fields (avia-
tion, aero-space, nuclear, some other chemical processes). The use of such models in the framework of risk
comparison could complement the data collected to support the development of the knowledge database on
risks for various energy sources.

1 INTRODUCTION ion 2007) has been agreed, which will also affect PV

through the implementation of national programs.

Although the world’s PV industry is still new
when compared to other traditional energy sectors,
PV is already now considered to be among the major
renewable energy technologies of the future, with a
positive growth rate for the coming years, and offer-
ing the benefits of an increasing number of jobs in
Europe. The growth of PV is expected to be boosted
also by the decision of the Council of the European
Union in March 2007; "a binding target of a 20%
share of renewable energies in overall EU energy
consumption by 2020" (Council of the European Un-

However, in parallel to the high growth rate in the
PV sector, there is a real need to increase attention
also to the possible proportionate rise in risks. Risk
considerations are necessary for both existing and
for new technologies, and the PV sector shall thus
not be excluded.

PV electricity generation is a zero-emission proc-
ess regardless of which technology (materials and
manufacturing process) is used, but the production
processes of solar modules involve chemical sub-
stances, which, like in any other industrial process,
can pose a threat to occupational safety, in terms of
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ess is very small (ECN 2007) compared to other
chemical process industries, thus the possible related
risk is also more limited.

Table 2. Output chemical substances from the multi-crystalline
photovoltaic cell manufacture process into analysis. The infor-
mation for hydrogen fluoride, nitrogen, ammonia, nitric acid,
and solvents is considered in Table 1 and not repeated.

of danger  Associated
according to Directi- risk

ve 67/548/EEC (up-

dated version Direc-

tive 92/32/EEC)
Sodium hydroxide C: Corrosive Severe burns.
(NaOH)
Nitrogen dioxide T+: Very toxic Toxicity.
NOx (NO2)
Chlorine (Cl,) T: Toxic Toxicity,
N: Dangerous for skin burns.
the environment
Diphosphorus pentoxide C: Corrosive Skin irritation,
(P,05) severe burns,
harmful if
inhaled.
Tetrafluoro silane (SiF;) Not classified Toxicity.
Fluorine (F,) T+: Very toxic Fire, toxicity,
C: Corrosive severe burns.
Silicon dioxide (Si0,)  Not classified Toxicity.
Fluorosilicic acid C: Corrosive Severe burns.
(H,SiFy)

3 METHODOLOGY
3.1Main features of the model and method used

The modelling of the process using the risk type
approach is based on the standards used by the nu-
clear industry as shown in (NUREG2300) adapted to
the specificity of the photovoltaic manufacturing
process.

In order to perform this adaptation a series of as-
sumptions and clarifications are needed. Previous
work, showed in (Serbanescu et al. 2008) and (Ser-
banescu 2006), clarifies how the PRA process can be
performed in other areas than the nuclear field and
identifies which are the main challenges. However in
this paragraph a short list of the main features of the
model and the steps of the method are presented.

The target of the PRA modelling for the photo-
voltaic manufacturing facilities is to support the as-
sessment of the corresponding risk levels of the
process, the potential weak links and possible future
improvements.

An attempt has been made to describe the installa-
tion phases, as shown in Figure 1. However, due to
the limited information accessible in open source,
the results obtained will have relevance only from
the point of view of highlighting the methodology
and identifying relative importance and ranking of
various issues between them.

Figure 1. The multicrystalline silicon photovoltaic cells manu-
facture process. The highlighted boxes are those including the
processes which required special modeling due to the chemical
substances involved. The codes are: AB=acid bath, TDF=tube
diffusion furnace, El=edge isolation, SNARC=silicon nitride

anti-reflective coating, MP: ion process, CF:
firing.
DAMAGES FROM ASSUNPTIONS
e o ReLeAsEs Torem, REBLTSAALABE
INPUTS & OUTPUTS BURNSETC.

CHALLENGES
SPECIAL ADOMONAL
CONSEQUENCE CATEGORIES
[FOR INTERCONNECTION
Risk BETWEEN SCENARIOS
Model FRE; E¥PLFLOOD

Figure 2. Main Flow of a quantitative risk analysis. For the ex-
planation of consequences and risk categories see Table 3.

The main flow of the PRA methodology used for
this case is shown in Figure 2. The process of devel-
oping the PRA model is based on process descrip-
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happened and various barriers (represented in the
upper horizontal bar) fail to protect the installation.

The description of the failure of barriers is per-
formed in a set of trees defining the manner the bar-
rier can fail to perform its function, as represented in
Figures 7 and 8.

Figure 7. Sample fault tree for a barrier

FT_FIRE_BARRIER

T
lers of the furnace

s fail 1o prevent
51

Figure 8. Sample Fault tree for a barrier

The frequency of initiating events is calculated in
PRA using either results from existing database of
failures (if that exists) or by developing special type
of fault trees for the IE frequency calculation (if
there are no data on IE). A sample for such fault
trees built in our case is represented in Figures 9, 10,
11,12, 13 and 14.

tiintei si Tehnicii (CRIFST)
zofia Stiintei (DLMFS)
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[Release of CF4 at input
in EI

Hazarduos release

Hazardous matenial
release due to support
systems failures

Figure 9. Sample fault tree for a IE frequency calculation. The
top event considered covers the release of CF4 at input of the
edge isolation (EI) process. Branch A is further developed as
shown in the following Figure 10.

El leaktight failure

A @GPV2-27
i } IE_RELIN_CF4_EI_FT
IE_RELIN_O2_EI_FT

1
El loss of vacuum
function

I
El plasma etcher loss of
cooling function

@GATE-2700

Figure 10. As continuation from previous Figure 9, the further
development of branch A is presented. The path along branch B
is shown in the following Figure 11.

Ef plasma etcher loss of| 2 @@GPV2-52-2
eooling function A

i 1
El control failure leading| [El supply systems failur
to loss of leaktightness | [leading to loss
leaktightness.

I
El Plasma etcher
leaktightness failure

Figure 11. Development of branch B as from Figure 10. Further
investigation is needed for gates C, D, and E. The progress is
shown in the following Figure 12, 13 and 14.
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Figure 15. Main results of the PRA for photovoltaic manufac-
turing process.
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Figure 16. Main results of the PRA study for the specific PV
manufacturing process, showing the level of contribution to risk
of various barriers and systems. Cleaning actions and drainage
of spill have the highest contribution to the low risk category
RKO, while the highest input for high risk categories RK2 and
RK3 comes from ventilation, fire and explosion, and drainage.
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Figure 17. Detailed information concerning the contributors to
RK3, as from Figure 16. No really dominant contribution is
shown, even if the highest percentage is shared by fire and ex-
plosion barriers, and drainage of spill.
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Figure 18. Main results of the PRA for photovoltaic manufac-
turing process showing the risk contribution of silane in com-
parison with other flammable and non-flammable substances.
Non-flammable substances give the highest contribution to the
low risk category RKO. while for the high risk category RK3
the situation is dominated by silane and flammable substances.




Academia Romana F

Comitetul Roman de Istoria si Filsofia Stiintei si Tehnicii (CRIFST) .
Divizia de Logica, Metodologie, Filozofia Stiintei (DLMFS) ol ,f;
Simpozionul Despre riscuri in stiinta si tehnica 19 mai 2022

Methodology - Details on the model (2)
e Event Tree for a MUPSA model.
« The model was built based on real case.

CAZ A4t NRAdeAE BpsaaCiREand end states.

The Headings are defined by Fault Trees

. MobEe dilpgral Gapagions (NOR gates) and
 METiopEal-glements (called Switch elements)

Des

pre

specific for each call of a certain Heading
In an Event Tree.

The logical switches assure the
development of SUPSA to MUPSA, as
Illustrated in detail in the literature
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Methodology - Details on the model (2)
nt Tree for a MUPSA model.

* The model was built based on real case.

It includes IE, scenarios and end states.
The Headings are defined by Fault Trees
Use of logical conditions (NOR gates) and
Logical elements (called Switch elements)
specific for each call of a certain Heading
In an Event Tree.

The logical switches assure the
development of SUPSA to MUPSA, as
Illustrated in detalil in the literature

Despre sistemele de energie, transformarile si riscurile lor, Dan Serbanescu, Inginer Fizician, Dr.ing energetica nucleara, secretar DLMFS
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A specific aspect under review as part of

post Fukushima reviews, the evaluation of

multiunit site risks are a very actual topic

under intensive international debate.

From Probabilistic Safety Analysis (PSA)

point of view this evaluations lead to the

need to review some of the fundamentals

of the methodology.

The single unit PSA (SUPSA) and the

Multiunit  PSA  (MUPSA) combined

methodologies _are currently under

review and methodological development of

new approaches.

Important outcomes of this process are

that:

 the Reliability Equivalent Diagrams
(RED) representing the risk_ models
for _the MUPSA projects depend
much _more than in_the case of
SUPSA on various parameters and
 they are build starting with and based

on SUPSA models, in integrated risk
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.. . Principiul deciziei pe baza informatiilor de
St?m'mtede Principiul abordarii precaute e e . v . . . . P P .
impact / Precautionary princiole PRE C Principiul deliberarii Deliberative Principle risc
Metodede Ypriney Risk Informed Decison Making
decizie PREC DELIE RIDM
. . » . Se poate astepta o decizie bazata pe
Se poate astepta cea mal conservativa decizie | Se poate astepta ca o dezbatere cu partile - £ s " 2P
— = ; : ; — — evaluarea riscului sa fie luata m prioritate
facuta cu prioritate maxima. atunci cand | implicate sa aiba loc cu prioritate maxima, "~ ; = -
. : L . — - : . — ———— | maxima, cu sprijinul grupului GLERUNR, in
Interfata imtermationala slaba, chiar 3 | daca Imterfata intemationala este ridicata, R , ;
. . . , o } . conditiile unel inferfete internationale bune, a
Ridicat singra = cu atat mai mult daca are loc | chiar s sinmra, s cu atat mai mult daca are loc . . .
=, . . . . = . . . | existentei wmor requltate de analiza confirmate
atunci cand si coomunicarea este slaba, iar | atmc cand = comunicarea este buna, chiar si _ i
incertitudinea asupra sifiatiel pe teren este | daca mcertitudinea asupra situatiei pe teren de ariteriul de succes pe centrele luate in
mare sup P este mare P P cotisideratie, chiar = in conditiile unor
incertitudini asupra situatiei pe teren
Se poate astepta ca o dezbatere cu partile
Se poate astepta cea mai conservativa decizie | implicate sa aiba loc cu prioritate medie cu
facuta cu proritate medie. atunci cand | suport din partea grupului de analize
Interfata intemmationala slaba, in fimp ce | GLERUNE si en 0 comuricarea tnma chiar s
Medin monitorarea cu criteriul san de succes penru | daca interfata internationala mi este foarte buna,
cettrele laboratoarele  awuforizate & | iar rezultatele analizelor conform criteriilor
coordonarea erificarea  monitorarii sunt | de succes al centrelorlsboratoarelor =
slabe incertitudinea asupra situatiel pe teren sunt de
niv el mediu
Se poate astepta ca o dezhatere cu partile
Se poate astepta cea mai conservativa decizie | implicate sa aiba loc cu prioritate scazuta. cu
facuta cu prioritate scazuta, atunci cand | suport din partea prupului de  analize
Interfata internationala este puternica. chiar | GLERUNE, in conditiile in care nu se
Scazut daca a emat comunicarea i fimp  ce | activeaza SNSMU, inferfata internafionala nu

monitorarea cu critetiul sau de succes pentru
certrele laboratoarele  autorizate 3
coordonareaverificarea monitorani sunt slabe

esde foarte buna iar rezultatele analizelor
conform criteriilor de SUCCES a
certrelorlaboratoarelor s incertitudinea asapra
situatiel pe teren sunt de nivel mediu

Foarte Scazut

Se poate astepia ca o dezbatere cu partile
implicate sa aiba loc cu prioritate foarte
mica, in  conditile in  care interfata
internationala si comunicarea sumt foarte
bune, iar monito rarea conform criteriilor de
succes a centrelor]laboratoarel or 5 coordonarea
acesteia sunt 1a nivel scazut

Despre sistemele de energie, transformarile si riscurile lor, Dan Serbanescu, Inginer Fizician, Dr.ing energetica nucleara, secretar DLMFS
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Singularitati UPSCAT posibile evolutii

Problema este ca gestionarea provocarilor poate duce la singularitate
reala, fara adaptare si deci la disparitia UPSCAT. Cu cdt evoluam mai mult, cu atadt ne
va fi mai greu sa nu ne autodistrugem, daca nu ne modificam fundamental.

UPSCAT (OM) are patru categorii de posibile singularitati Combinate cu
impact de pe alte taradmuri (galactic, cosmic, multiunivers)

/ Biologice
] Biologice si (Ecologice si/sau din cauze Al)
1] Ecologice si/sau Al

Impact exclusiv de pe alte taramuri (galactic, cosmic, multiunivers)

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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Reactoare naturale si reactoare create de om. Asemdnadiri, diferente, lectii pentru reactorii artificiali de ultima generatie
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In this KP for the ES cases there is a set of assumptions generated by the paradigms, creating paradoxes, as for instance :

Paradigm 1-ES as a CS: A modeling system has to be built in order to represent Risk
Analyses for ES (RES) as a complex system, too. RES is converging to a stable unique
real state. However the KP results, including those RES are limited by our present
knowledge, as described by the real Earth level mentioned above.

Paradigm 2: ES model involves knowledge of the risks associated to a certain source
of energy. However, usually we actually are not aware of the real risks and we know
very little about the interconnections of lifecycle dangers for interfering processes
(energy level, emergence correlated with civilization one or with geological one etc.)

Paradigm 3: Details of ES and their lessons learnt. We design ES (MMEYS) for which
Nature already indicated the optimal solutions. However, due to our reduced
technical and scientific level at a certain moment we cannot understand the lessons
from the beginning, but step by step.

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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Paradigms(cont’d)

Paradigm 4: Understanding the ES risks (RES) and defining them is a difficult task as we
design first of a kind MMES and as we are not aware of all the aspects of the lifecycle.
The MMES are challenged inevitably by serious events, which apparently test the design
continuously.

Paradigm 5: ES risk analyses results are seen as inputs to decision making risk
calculation results are used for decisions. However we are facing decisions under high
uncertainties and the use of lateral thinking is decisive.

Paradigm 6: In the ES risk analyses results there are limits and biases specific to the
level of knowledge of that issue, but also there are “hidden” biases due to the level of
KP in the whole civilization at that moment. Inter and trans disciplinarity is not just a
desired option, but @ mandatory one to minimize such biases.

Paradigm 7: RES results evaluation for further iterations in the.KP is an iterative process
and the Principle 3 mentioned above applies. The result could be a better
understanding by the use of diverse tools, as for instance the information one can get
by “backward engineering” from natural examples.

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu



Academia Romana -Comitetul Roman de Istoria si Filsofia Stiintei si Tehnicii (CRIFST)

Divizia de Logica Metodologie si Filozofia Stiintei

N arelectrica SA

Societatea al
Simpozionul Energie




Academia Romana -Comitetul Roman de Istoria si Filsofia Stiintei si Tehnicii (CRIFST)
Divizia de Logica Metod ie si Filozofia Stiintei
Societatea National arelectrica SA
Simpozionul Energia nucleara si societatea
18 mai

OCARI
GETICII
UALE

ATIONALE

»



Divizia de Logica Metodologie si Filozofia Stiintei
Societatea Nationala Nuclearelectrica SA
Simpozionul Energia nucleara si societatea
18 mai 2022

Rezilienta/ Robustetea sistemelor energetice nationale
SI utilizarile locale ale diverselor forme de energie
Sistemele energetice necesita sa fie gandite fractalic,
autoreglabile/apoietice pe tot ciclul de viata si
cuprinzand materiile prime-exploatare- dezafectare etc,
Impreuna cu consumatorii

Oikonomia ar trebui sa fie un principiu fractalic si
autoreglabil

Ciclul de wviata sa cuprinda cercetarea, testarea Si
functionarea ceea ce In energetica neceesita timpi
Indelungati

Adaptarea la utilizari diverse, dinamice ale energiel sub
diverse forme IN dlverse locatil, solutu de stocare

Reactoare naturale si reactoa tdmAm ri, diferei tltpt artificiali de ultima gen
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6. Prezenta indepartare de modelele din natura/cosmos —
de ex Oklo sau fuziunea nucleara si necunoscutul
descoperirilor/dezamagirilor ar trebui considerate

/. Dilemele si problemele surselor de energie, de exemplu

cele ale reactorilor de fisiune - Sursele de energie vazute ca
parte a unui ciclu si nu doar sursa. Energetica nucleara de fisiune
necesita de exemplu raspuns la cum arata ciclul de combustibil si
Integrarea acestel surse in diverse locatii

8. Presiunea gasiril de solutii pentru supravietuire- la
scara de comunitati, dar si planetara - pericolul
atingerii momentului singularitatii omenirii ca sistem
de energie biologica constienta planetara (biologic, IA,
socio-politic, cosmic)

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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aspunsuri la accidentele majore si o orientare mai buna in

definirea paradigmelor in domeniu
10. Promovarea de tehnologii noi aliniate la rezultate recente

din fizica teoretica si aplicata:

Utilizarea de nol  tehnologii -  nanotehnologii,
Proiectare/operare = cu  utilizarea  spatiului  virtual,
considerarea evolutiel generatiilor umane, robotizare/lA
Inclusiv calculatoare cuantice etc.

Rezultate nol In cercetarea de materiale si filiere cunoscute,
dar prentru care tehnologiile nu permiteau pana acum
utilizarea lor comerciala

Noi rezultate din abordari / recalculari / remodelari din fizica
teorica asupra fenomenelor de baza ale fisiunii (sectiuni
eficace, zona activa recalculate etc)

11. Implementarea lectiilor marilor accidente

Noutati nucleare Reactoare nucleare modulare mici - Utilizarea lor in Romania, Dan Serbanescu, Inginer Fizician, Dr.ing energetica nucleara, S
ecretar interimar Divizia de Logicd, Metodologie si Filosofia Stiintei (DLMFS) din cadrul CRIFST
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12. Raspunsurl la probelemele specifice nationale

\2

VI.

de stabilitate, rezilienta SEN generate de masurile de
atingere a tintelor de protectie climatica, ce necesita oprirea
a cca 2000 MW de centrale termice pe carbune

Asigurare a functionarii in regim de reglaj de frecventa In
SEN

Proiectarea functionarii SMR pe platforme energetice
complexe, iInclusiv. cu regenerabile, pentru a intruni
avantajele diverselor surse.

Utilizarea la maxim de resurse — inclusiv umane si instalatii
disponibilizate prin oprirea centralelor pe carbune
Sprijinirea industriel si cercetarii nationale nucleare
Integrarea in procesul de reinnoire tehnologica in domeniu -
Industry 4.0

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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SMR pot indeplini functii complementare

» Centralelor de mare putere in furnizarea de energie in regim de
reglaj de frecventa in SEN
* Pentru asigurarea de energie termica
« Pentru alte aplicatii (de exemplu fabricarea de hidrogen)
* Pentru functionarea in tandem pe platforme energetice cu surse
regenerabile si sisteme de stocare a energiel
» Pot asigura (in variantele cu alti agenti de racire decat apa, ca
centrale de generatie 1V, cicluri de combustibil mai bine
Integrate, sl micsorarea foarte semnificativa a deseurilor inalt
radioactive

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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ROMANIA
Intarirea sectorului nuclear si cresterea contributiei sale

I. Consolidarea functionarii pe termen lung a centralelor In
functione care functioneaza in regim de baza de sarcina in
SEN
a. Retehnologizarea Ul
b. Punerea In functiune de noi centrale de mare putere

(U3/4)

Il. Considerarea energetiicii nucleare pentru a participa la
reglarea in SEN prin utilizarea de centrale de puteri mai
mici ce asigura acest lucru sub forma reactorilor de fisiune
, de tip SMR, etapizat
a. SMR cu apa
b. SMR de generatie IV

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu
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SMR pot da solutii la actualele probleme energetice in general si

ale celel nucleare mai ales cele nationale in particular, si anume:

1. Asigura introducerea gradata de innoiri in domeniul nuclear. Plecand de la elemente
de proiect si fabricatie/exploatare recunoscute si verificate, SMR cu apa introduc
elemente suplimentare de protectie pasiva la accidente foarte severe si asigura o
siguranta crescuta centralelor. Rezista mult mai bine, practic nu sunt afectate de
accidente foarte severe si de hazarduri externe (cutremure, caderi de avioane etc)

2. Prin aspectul modular si constructia fiecarui modul pot asigura o participare flexibile
la furnizarea de energeie electrica in SEN si de asemenea asigura aplicatii de mar
Interes ca furnizarea de energie termica, fabricatia hidrogenului

3. Asigura un volum mult redus de deseuri radioactive, mai ales cele inalt radioactive

4. Sunt mult mai usor de construit, fazele importante avand loc in uzinele de fabricatie,
au posibilitatea standardizarii si utilizeaza tehnologii deja omologate.

5. Planul de urgenta este mult mai simplu si centrala are un nivel de risk foarte redus

6. Are o durata si un cost de instalare si PIF mult reduse fata de cele de putere mare.

7. Pot utiliza amplasamente dezafectate de obiective industriale si/sau centrale termice
dezafectate.

8. Pot face parte din platforme flexibile de energie cu surse regenerabile.

Reactoare naturale si reactoare create de om. Asemdndri, diferente, lectii pentru reactorii artificiali de ultima generatie
Inginer fizician, dr.ing. energetica nucleara, Dan Serbanescu



