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Abstrael

In design, development, and acceptance of ne\¡r energy technologies,

concern for health and safety is increasingly important. Determining risks

for emergíng technologies is difficult because health staEistics associated

with these ne$¡ al-ternatives are unavailable. Nevertheless boundaries on

such risks must be deterrnined to idenEify poÈentially significant hazards

and to permit Ëechnology comparisons to be nade. An approach to deternining

occupational health cosEs ís to disaggregate labor requirements of an

emerging industry by different r¡orker classifications. Risks to r*orkers can

then be deÈermined for these classifieatÍons from occupational health

staEistics of related indusÈries. By summing rÍsks for each trorker

classification, prospective estiüates of individual and societal rÍsk from

an emerging technology can be developed. Although this approaeh identifies

accidênt-related effecÈs, it cannot be used Èo quantitate occupationally

índuced disease. An example of this method analyzing different photovoltaic

fabrication alternatives is given-

considered in these analyses"

Individual vs- societal risk r.s
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I ' 0 IntroducÈl,on

In the design, development, and commercÍalization of nev¡ energy

technologies, concern for health and safety is increasingly imporÈanÈ"

ProspecÈive1y defining types and levels of health problems that r'¡111

confronÈ a labor force Ín the production of energy can permit systen-

designers to minimize chemical, physical, and ergonomic stresses, and permit

decision-makers to formulate wise and workable policies.

EstinatÍon of risks from existing technologies is cornplex but somewhaÈ

amenable to analysis because of Ëhe ability Èo observe and measure acÈual

working conditions. Determining risks for ernerging technologies is nore

difficult because production facílit.ies may not exÍst; only engineering

estinaÈes may be available. Nevertheless, comrnercial success nay well be

influeneed by the perceived health risks likely to be imposed by new energy

systems.

Health risks of these netr energy systems must Èherefore be deÈermined.

eualitative review, for exanple, of. the types of chemicals used may permit

soüe perspectíve, but quantitative esÈiruates are needed. To develop

quantiÈative estimates, one must use health experienees from other

ind,ustries. This paper descríbes a method used to esÈimate quantiÈatively

occupational risks of several photovoltaic fabricaEion alternatives.

Although analyses are for a specific set of photovolÈaic energy sysÈemsr Èhe

approach can be used Èo estimate some occupaÈional health costs of other

energy technologies.
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2.0 Approach

Healttr statistics for ner^r energy technologies may not be accurate or

available because of the limiËed or unique modes of operation of pilot and

demonstration faciliÈies. In lieu of obtaining reliable sÈaÈistics from

these facilities, health risks may be estimated by dissaggregaÈing the labor

requirements of an emerging industry into different $/orker classifieatíoas.

Risks for these classifications can than be defined from occupational heal-th

statistics from related industries. By summing risks anong all worker

elassificatíons, prospective esÈimates of occupational risk for new

technologies can be made.

EsÈimatÍon of risk by this method requires: (1) identÍfication of

process operations in production of the energy form; (ii) identification of

oecupatlonal categories in each process operatÍon; (iii) estimaËes of labor

requirements for each process; and (iv) estÍmates of mortall-Ëy and nrorbidicy

rates by occupational category. Specification of a network structure and.

iteurs (i) Èo (iv) suffice to generate quantitative estimates of some

occupational healÈh and safety risks in commercíalizaÈion of a netr energy

technology. Other risks, such as those from occupaËional exposure Ëo toxic

chemicals must be evaluated using dosimetry and dose-response models.

2.I Proeess IdentificaÈion

In the early sÈages of developmenË of "rry u.r*tiy syst.em, engineering

studies are prepared defining the discrete production steps in a particular

technology. Process information, developed by sysÈem-designers, generall¡t

reguires supplementation from the 1ÍÈerature for health assessnent,

be disaggregated to Èheir lowesL couuron
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denomina¡or. Figure I is an exarnple for production of a photovoltaic energy

system. As noted, process descriptions may begin rvl-th production of the

active portion of the solar cell and end with testing and shipping of the

completed device.5,6 Although all these steps will likely be within the

confines of a single facility, the approach need not be corlstrained by this

physical boundary.

2.2 Occupational Categories

After all process steps are defined, r^rork*station labor requirements

must be identified. through conÈacÈ with manufacturers of production

rnachinery and simultaneous discussion with systen-designers. lfore than one

occupaËional skill may be required aÈ any single work-staËion (e.g.

operators and uainlenance personnel). The level of disaggregation uust

ultioately correspond with labor dernand and occupational health

coefficÍents. Confuslon can be avoided by aggregating specific occupations

into occupational categories based on their physical interaction wÍth the

production process. Freight handlers, materÍal handlersr and shipping and

receivigg clerks, for example, can all be included in the materials handling

category. Other suggested aggregations are described elsewhere.6 Table 1

shows the occupational categories used Èo estimate risks fron photovoltaic

f abrication facilities. 5, 6

2.3 Labor Demands

Estímates of annual labor demaqd by process and occupaÈional category

are needed to determine the size of the workforce at risk- Sirnilar to the

process descriptions, these data are generally developed durÍng the design

engineering stage. Levels of disaggregation of these data must correspond
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Þ¡ith consÈraints imposed by healfh statist,ics and occupational category

assignments. Tab]e 2 gives labor requirements for the processes deseribed

in Figure 1.5'6

2.4 Health Coefficíents

The final ÍnformaEion required is estimates of occupational mortal-ity

(faÈalitíes/man-year) and nrorbidity (worker-days lost/rnan-year) by

occupational category. Although Federal and staEe agencies publish

actuarial sÈaÈistics by 2, 3, and 4 digit sLandard industrial classification

(SIC) codesrl-3 disaggregations by industry/occupaEional category are noL

generally available. In California, however, health data collected by Lhe

California Department of Industrial RelaÈions can be conbined with

employment data collected by Èhe California Employnent DevelopnÊent

Department to produce health incidence statisÈics speclfic to differenE

occupations.6

The data deveLoped for estimating risks from photovoltaic energy

systems are given in Table 3. These data were derived from statlstics

collected for the seniconductor industry' They serve as a particularly good

surrogaÈe for assessment of photovoltaic energy systerns because of the

similarities in production requiremeriÈs. Efforts are currently underway aÈ

the Biomedical and Environmental Assessment Division, Brookhaven NaËional

Laboratory to prepare similar estimates for a larger. number of occupational

categories and industries.

2.5 Risk EsLimaÈion

Estimates of health risk in

ulÈiuately developed by sunming the

producËÍ-on of an energy system are

prod,uct of labor denand, times risk per

I
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unit of labor for all occupational categories and processes.

expressed by the equation:

where

Table 4

Tables f-3.

alternaLives

individuals,

insighrs - 4

This can be

n
Rr = 2 (lnr,,)

í=1

Rt = Total risk ueasured by fatalities or worker-days lost,

ln = Labor reguired for occupational category n,

rn = Risk (e.g. l¡orker-days lost/roan-year) for occupational category n-

3.0 Discussion

gives results of quantifying a network with Èhe data f,rom

Figures 2 and 3 sumnarize of resul-ts for other photovolÈaic

examined and described elsewhere.5 Examination of risks to

to society and among competing alEernatives gives useful

Risk to individuals (e.g. worker-days lost/man-year) estimates Èhe

frequency and severity of a worker being injured on the job. Estimates of

Índj-vidual risk vary boÈh by occupational category and by índustry. Results

from Ëhis analysis suggest that risks to workers in photovoltaic fabrícation

facilities equals -50 worker-days lost/1.00 man-year and -0'002

fatalities/tOO man-year. By comparison individual norbidity risk in the

seuriconductor (SIC 3674), electronics (SIC a6) and private nanufacturing

sectors, are 39, 49, and 96, respectively.lr315t6 The mortali.ty raËe for

all nanufacturÍng is 0.006 fatalities/fOO *an-y"ar.1 Disaggregations by 4

digit SIC codes are noË generally listed.. Estimated risk in phoËovolÈaic

fabrication facilíties thus appears to be sonewhaÈ larger than in related.
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industries, but below that for manufacturing as a whole. Differences

between photovoltaic fabrication and semiconducLor risk estimaÈes, BaY

relate to expected cLix of occupational skitls required for photovolÈaic cell

manufacture or to uncertainlies in inpuE assumptions. Figure 4 compares

projected rnorbidity risks to individuals in the photovoltaÍcs indusEry wiËh

risks in other energy índustries-1'3,5'6

SocieÈal risk measures Èhe health burden related to the production of

any technology. This risk is calculated sinply by rnultiplying risk per

fndividual by the size of the workfor"".4 This approach nay not adeguaLely

measure net occupational risk. As shown Ín Figures 2 and 3, socieEal risks

related to Ëhe production of different photovoltaic devices vary by a factor

of *2. Although each technology may produce equivalent quantiÈies of

energy, societal costs may neverÈhel-ess vary. Results are mosL sensitive to

differences in total labor dernand since individual risk is relatively

constarl.t..

Risks within the photovoltaic industry musË be compared with compet.fng

alternatl-ves to cletermine the relaÈive or neL costs and benefiÈs for

ínEer-technology comparisons"4 Table 5 shows individual and societal risks

for coal mining and fabrication of photovoLtaic energy systems. Ind,ividual

risks for underground coal mining are much greater than those expected in

the photovoltaics industry - 352 vs. 50 I,IDL/100 man-year. Risks to society

are soüewhat different. Societal health cosÈs are abouL egual for surface

rnining and photovolÈaics, and about an order of magnitude greater for

underground, eoal mining than for photovoltaic cell manufacturing'

SirnilariÈies and differences in' societal heaLth costs relate to Èhe

1a'bor intensity of the process as well as to indívidual risk' As shownn iÈ

is feasible to develop alternatives that have lor¿er indivÍdual risk but

greater societal cosÈ-
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4.0 Conclusion

This approach is a useful nethod for estimating risks in neqr and

emerging energy technologies quantitatively. The accuracy of the estiuates

depends upon the quality of the lnput assumptions and availabilíty of health

statist,ics f rom related industries and occupational seËtings. I,lhile this

methocl cannoÈ describe illness-related health problems adequately, iÈ

provides a reasonable lray to estiuate accident*related health and safety

risks quantitatively.
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Table I
Occupatlonal Descrlptioas for rhe Callforni¿ Seoiconductor Iodusrry5'6

Occupatlonal
category

Source
Californla Deparh¡ènt Calif orn-ta EEpIoJ'EenE

of I[dustrLal P.el-aÈloûs - DeveloPoenÈ DeparÈEenE

CccupaclonaL Classes (code) OccupaÈlonal Descr!-PÈlous

l,laterial tanitltng

¡letâl plaÈtng

Materlal abraùing
and poltshlng

Assenbllng

Ißpecting

Mafntenânce

Technleal

occupatlorls ooÈ
specifled

All occupaÈions

Sìtpptng and recelwlng clerks
(374)

Frefght a¡rd lcacerlal tranôLers
(753)

l4etal platers (635)

Ftl,Èers, pollshers, sanders
and buffers (621)

Grindlng r¡achine operaÈlves
(651)

Assenblers (6O2)

Checkers, exaninerg, aod
tnspecÈors (610)

ËlecÈrlcf.ans ¿nd electrlclan
apprenÈlces (430, 43f)

Sheec DeÈal'""orkers, tlns¡irhs
and appreatlces (535, 536)

Pluabers, pipefiÈÈers
and apprencices (522' 523)

Åir conùltloning, h'eaclng <Td

refrigeraÈlon nechanics, ald
repaknen (47O)

lllscellaneous r¡echanLcs and
repalrnen (492)

V,ectranics artd rePakaen noÈ

speclfied elser.trere (495)

Eleecrlcal and elecÈtonic
technlctaos (153)

Ìleehantcal englneerlng
techntclans (155)

Englneerlng and scLeaclflc
teclurlcians (162)

Chenlcal techinl,clans (151)
Technlclans ngE spec,lfled
etsewhere (173)

Â1I r¡orkers

Shipping and recelving clerks

Shlpping packers
Prôductlos packers
Order flllers

Dlp plaÈers
ElecÈroplacers

Fllers, grlnders, buffers
Grinding and abradlng
oachine operacors

GeaÌ cuEÈfng ard grfudr¡8
æchlne operaeors

ÊlecÈrlcal and eleeeroalc
assenblers - Glass A

- Cla<s B

E Lectro-rechaeical
assenblers - Class À

- Clas.g B

EncapsulaÈors
InstrrsenÈ nakers

- Class À
- Cl.ass B

Al]. other asseablers
- Class B

- Class C

InspecÈors
Supervisors
TesÈers

ELec¡ricLans
Eelpars
I¡;irrneaÈ æchanics

lÍaj. íirenance repainnm
ard general urlliÈy

liechanic, Ealntenânce
SheeÈ neEal çorkers

ÈlilJ.lrrights

All other ¡cechanl,cs and
repa-irnen

ElecÈrlcal ar¡l electronLc
teihnicl"os

lþch¿ntc¡ 1 englneerk\g
tecturLcians

Sclentlf lc tectrrlcians
All other engineerLng

technlcian-s
All other technlcLa¡rs

All occupaÈlons
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Table 2

Labor Requirement.s by Process and Occupational Cate8ory (Per 100 l"ll¡l Ptant)6

Process
Operation

Occupational
CategorY

Labor Requirement
(man*hours/yr)

Single-crystal growth

Silicon ingot
processing

Junction formation

Períueter grinding

lùafer etching

l"letallizaÈion

Antireflective
coating

Cell testing

Ce11 interconnection

Encapsul-ation

Module testing

Technical
Inspecting
Maintenance

Material abrading and
polishing

Inspecting
Metal plating
MaÍntenance

Technical
Inspec ting
Maintenance

MaÈerial abrading and
polishing

Technical
Inspect.ing
MaÍntenace

Metal plating
Inspecting
MainËenance

Metal plating
Inspeeting
Maintenance

Technical
Inspecting
Maintenance

Assembling
InspecLing
Maintenance

Assenbling
Inspecting
ÌIaintenance

Assembling
Inspecting
Maintehance

Inspecting
I"laintenance

402, 4Bo
56,160
52,500

241, 500

56, 160
6,000

116, B5o

17,25O
2,100
6,300

13,8oo

360
1, Boo

720

12,000
900

2o7OA

24 r ooo
240

1, 440

42,000
t+ZO

2,520

114,0oo
l,140
6,840

52,020
7,2OA

13,200

102,000
1,200
3,000

6, 060
360

L1367,22OTotal
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Table 3
Estimated Disability and }fortaliLy

Rates for the Photovoltaic Industry by Occupational Category6

OccupaÈiona1
Category Disability Ratea Morcality Rateb

Material handling

lfetal plating

Material abrading
and polishing

Assernbling

Inspecting

Maintenance

Technical

llork not otherwise
specified

169.6

69.6

39.6

45.6

51.0

64.6

42.4

47.A

9.4 x 10:3

4.8 x 10-3

2.4 x 10-3

2.8 x 10-3

2.6 x 10-3

2.0 x 10-3

2.6 x 1o-3

a = !Íorker-days
b = Fatalities/

lost/ 100 rnan-year.
100 man-year.
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Table 4
Estirnated Worker-days Lost ard Farelities (Per 1OO l'úI Plan¡)6

Process
Operalion

OccupaLional
Category

Ìb. of i.I¡rker-
days lost per
OccupaLional

Category

ìb. of
I,üorkerdays

Iost per Process
OperaÈions

l.lc. of ìb. of
Fatalities per Fat¿lities
Occupational per Process

categpry @ralion

Single-
crysta'l
growth

Silicon
ingot
processing

Jr.rrcLion
formaLion

Feriseter
gr¡¡¿ing

Idafer
eÈchirg

Ibtalliza-
biqt

AnLie
flective
coaËing

Cell
testiqg

CeIl Ínfer-
corrrecLicn

Encapsu-
larion

ìtc&úe
tesEirtg

Toral

Techrrical-
Inspecting
l4aintæance

ì4aterial abraåirg
ard polishing

Tnspectirg
Þbtal platirg
lhinEenarLce

Tectrrica-L
Inspectíng
Maintenance

lâterial- abrading
ard polishtug

Teetrúca]-
Inspecting
I"Lrintenance¡

ìbþf pbcirg
Inspecting
Ibintenance

l"þtal plating
InspecrÍrg
!hí¡tenance

Technical
Inspecting
ì&intsnnæ

Assen¡bfing
Inspecting
l"hintenance

Assenùli-rg
Inspecting
lbinEernnce

Asssnbfing
Inspectirg
lhinte¡nnce

Inspectiag
lâincenance

4.0 x 1ü€
7.9 x 10{
6,8:1É

7"9 x 104
1.4 x 104
1.5 x 10-3

1.7 x 104
2.9 x 1F5
8.2 x 10-5

3.6 x 10{
2.5 x 10-5
9.4 x 106

2.9 x 10{
1.3 x 1O-5

3.5 x 10{

5.8 x 104
3.4 x 10{
1.9 x 1f5
4.2 x 104
5.9 x 10{
3.3 x l0-5

1.4 x 10-3
1.6 x 10-5
8.9 x 1f5
6.2 x 104
1.0 x 104
L.7 x 1t4
1.2 x 1013

1.7 x 10-5
3.9 x 1r5
7.0 x 10-5
4.7 x 1f6

L.3 x 1f2

5.5 x 1-Cf-3

2.43 x tr0-3

2.8 x 104

3.8 x 10-5

3.4 x 104

6.0 x 104

4.6 x 1O4

1.5 x 1fr3

8.9 x 104

1.3 x 1Cl-3

8.0 x 10-5

1.3 x 104

8s.3
14.3
17.0

IiT.B

L4.3
2.L

37.7

3.6
0.5
2.O

2.7

0.1
0.5
o.2

4.2
o.2
0.9

8.4
0.1-

0.5

8.9
0.1
0.8

26.O

0.3
2.2

11.9
1.8
4.3

23.2
0.3
l-.0

1.5
0.1

324.8

116,6

101"9

9.0

28"5

18"0

24.5

1.6

324.8

6.1

3.5

5.3

9.8

I
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Table 5
Conparative Occupational Health and Safety Risks4

Tectnology/
Activity

Total
Labor

(1o2MY)

Ilealth and Safety
Incidence Rates

Health and Safely hapacÈ.s

Accidents Fatalities Accidents
(wnt,/tol2ecu)

Fatalities
(DeaÈhs/1012 sru)(wDL/1o2MY)a (Dearhs/1o2MY)

Photovoltaic -
siLicon n/p
ceIL rnfg.

Photovoltaic -
silicon MIS
cell mfg"

Photovoltaic -
cadm-ir:m

sul-f ide
backwall cell
nfg-

PhoÈovoltaic -
gal1ir:m
arsenide cell
nfg.

Coal mining -
surface

Coal mining -
underground

3.6x10-1 47.5

2.ZxlO-I 44.9

1.7x10-1 45.8

5.7x10-1 49.2

L. Bx10-1

6.3x10-1

o.002

0.002

0.002

0.002

0.02

0.08

2.lxl0l

2.2xLOZ

3.6x10-3

5.0x10-2

l.Bx101 7.4xLO-4

1.2x1ol 5.7x10-4

9.1xl0o 3.4xlo-4

2.9xr01 1.6x10-3

117

352

aÍrDa¡hg? MT = worker-days Lost/100 sran-l¡ear.
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photovoLtalc celJ- prod,uction pîoeesses - societal lost workday ii"t*.
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Figure 2b. llorkdays J-ost per
production processes - r+orker

100 empl-oyee-years for
lost r,rorkday risks.
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Fi-gure 3a. Total ntunber of fatalitl.es for four 100 lfW per year
photovol-taic eeLl produetÍon processes - societal fatalÍty risks.
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FÍgure 3b. Fatalities per 100 empl-oyee-years for the
productíon processes - trorker fatality risks.
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Industria I Classificolion

Bituminous Coal Mining ( lZ)

Oil ond Gos Extroction (13)

Fobricotion Plate i¿Vorks (3443)

Industria I Clossificotion

Oil ond Gos Extraction (13)

Electric, Gcs and Sonitary
Services (49)

Fobricoted Struetursl Melot
Products (344)

Monufocturing

Petroleum Refining (29 l)
Pholovoltoic FobricoTion

(Estimoted )
Semiconduclors ond Reloted

Devices (3674)

Monuf acturing

Electric, Gos ond Sonitary
Services (49)
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Source: U.S. Dept. of Lobor

FÍgure 4. Comparlson of disability rates
industrLal- cl-assifications.

Source: Colifornio DepT. of
Induslrisl Relstions

a-roo.ng different data bases and
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