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ABSTRACT 

This etudy att.mpts to demonâirate a number of 

propositions regarding the economics of air pollution and 

its control. First, it ~reeent8 a synthesis and ~n appraisal 

of the economie nature of air pollution and its control. 

Second, based on that analysis. it evaluates alternative 

control policies. One type of poliey, the use of emission 

taxes, is seen as being particularly appropriate to achieve 

predetermined standards of air quality. The economica of 

levying a tax on emissions of sulfur oxides are worked out. 

Flnally, the study attempts to estimate, wlthin a range, the 

level of •• ission taxes naces8ary to achieve givan reductions 

of 8ulfur oxides in Canada. 
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SOMMAIRE 

Cette étude ealaye d'établir certains principes 

'eonomiquea concernant le contrôle de la pollution de l'air. 

Elle s'efforce d'abord de fournir une synthèae analytique 

de la nature économique de la pollution de l'air et des 

moyens de la contrôler. Puis, sur lea bases de cette 

analyse, elle évalue plusieurs systèmes de contrôle. L'un 

de ces systèmes, l'utilisation de taxes d'emilsion. semble 

être particulierement efficace pour atteindre un niyeau, 

fixé à l'avance, de qualité de l'air. Las principes 

'eonoaiques d'imposition d'une taxe sur les emissi~nl 

d'oxydes de Boufre 80nt étudiés. Fi nalment , cette étude 

essaye d'éyaluer, dan. une certaine me Bure , le niy.au des 

taxes d'emission néceaaairea pour atteindre dea reductions 

donnée. d'oxydel de soufre au Canada • 

- 111 .' 



/ 

• 

----1-----

ACKNOWLEnGEMENTS 

1 

l wish to express .y gratitude to Protessor M.A. Loutfi 

for the help and guidance which he generously gave in his role 

aa supervisor of this thesis. l am a180 indebted to ProtesBor 

C. Green for his assistance and encouragement in the first 

(frustrating) stages of the project, a. wall as for ra~ing 

~d commenting on the work. Thanks are a180 due to Profes,or 

E.l. Beach for reading the dissertation and for his Many help­

fuI comments and suggestions. 

l am indebted to .any of my trienda and collea~es 

for helping me in a variety ot ways. Among these, l .ust 

single out Keith Brewer and nennison Moore. 

l appreciate the finaneial .s.istance provlded by 

the Arts Division Re.earoh Grant ot the Royal Military College 

of Canada in support ot thi. projact. 

Finally, l aa gr~teful ta Krs. Gerda Pennock for her 

excellent typing perforaance and for tfi~ patience ahe 

diaplayed ln the effort. 

, - 1T -

~ ,~,J..' ,t •• ~~. , 



• 

• 

CHUTER 

1. 

II. 

III. 

TABLE OP CON'l'ENTS 

INTRODUCTIQN •••••••••••••••••••••••••••• • • • • • • • • 

THE ECON~IC NATURE OF AIR POLLUTION. 
.1LLOCAfIVE ASPECTS ••••••••••••••••••••••••• • • • 

Th. Ext.rnality Approach •••.•••••••••••••••••• 

PAGE 

1 

? 

7 

G.neral Equilibrium .od.l................... 8 

Partial Equilibriua .od.l................... 12 

Definitions and Classification. of 
Ext.rnalities ••••••••••••••••••••••••••••• 1) 

Corr.cti •• Pr.scriptions •••••••••••••••••••• 19 

R.lati •• Effioi.ney of Diff.r.nt Typ •• 
of Taxe. and Sub.idi.s •••••••••••••••••••• 30 

Market Structure............................ 37 

The Market Pailur. Approach................... 40 

Clas.ification of Market Pailur ••••••••••••• 41 

Public Good Aspects of Pollution Control •••• 45 

The Role of Property Rights ••••••••••••••••• 50 

Transaction Cost •••••••••••••••••••••••••••• 64 

Asy..etry in Transaction Costs •••••••••••••• 71 

'!'he Benefi t-Cost Approach...................... 74 

Tbe Co..on-Property Re.ourc. Pricinc 
Approach. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 78 

!HE ECONO.IC NA!URI OP AIR POLLU!IONI 
DISTRIBUTIfl ASPECTS.......................... 98 

IV. SULPUR OIIDES 1 DISSIONS, CONCBNDA'rIO'NS. 
AnD BPJI'BC1'S .................................... III 

.1 

" 
- "f' -

" 



CHAPTER PAGE 

V. ECONOMIes AND TECHNOLOGY OF SULFUR 
OIIDES CON'l'ROL. AN OVERVIEW.............. • • • •• 127 

Control of Emis.ions from the Combustion 
of F08Sil Fu.l ••••••••••••••••••••••••••••••• 127 

Substitution of Fu.l ••••••••••••••••••••••••• 127 

Switohing of Fuels ••••••••••••••••••••••••••• 1)0 

R •• oval of Sulfur Oxi4e. from Wa.te Ga •• s •••• 140 

Other T.chniques............................. 142 

Control of Rai.sions from Indu.trial 
Prooe..... • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 14-4 

VI. ABATRONT OF SULFUR OXIDES 1 TECHNIQUES AND 
COS TS ••••••••••••••••••••••••••••••••••••• . . . . . 
Fra •• work of R ••• aroh •••••••••••••••••••••••••• 158 

Control of Baission. fro. R •• idential Fuel 
Combustion ••••••••••••••••••••••••••••••••••• 169 

Control of Emi •• ions from Co .. eroial Puel 
Combustion ••••••••••••••••••••••••••••••••••• 182 

Control of Rai.sions trom Industrial Fuel 
Combustion •••••••••••••••••••••••••••••• • • • •• 197 

Control of Eai.sions tro. Theraal Pow.r 
Plants (Utili tiea) ••••••••••••••••••••••••••• 212 

Control.of Bai •• ions trom Priaary Alu.inua 
" Sm.ltine ••••••••••••••••••••••••••••••••••••• 226 

\ , Control ot !ai •• ion. troa Priaary Copper 
and Nickel S •• lting •••••••••••••••••••••••••• 2)0 

Control ot Bai •• iona trom Priaary Le~ 
S .. l tinc ••••••••••••••••••••••••••• '. • • • • • • • •• 2).5 

Control ot Bai •• ion. troa Priaary Zinc 
S .. 1 tinc ••••••••••••••••••••••••••••••••••••• 2)8 

Control et Bai •• ion. trom P.troleum 
R.tinine •••••• ••••• •• •••••••••••••••••••••••• 242 

- Ti - , 



• 
r • 

l".lt)!. .,~;. L> 

CHAPTER PAGE 

Control of Bai.aiona fro. Sulfuric 
Acid Manuf.cturing ••••••••••••••••••••••••••• 245 

Control of Rai •• ion. from Metallurgical 
Cok •• anufacturing ••••••••••••••••••••••••••• 248 

Control of Rai •• ions from Natural Gas 
Proc ••• lllC' •.••••.••••••.•.•..•.•.•••....••.. 252 

Control of Eaission. from Pu1p and Paper 
Manuf.cturing •••••••••••••••••••••••••••••••• 258 

Su.aary of Eapirical Findings •••••••••••••••••• 267 

VII. SUMMAiY AND CONCLUSIONS .••••.•.•.•..•••••..••••••• 277 

BIBLIOGRAPHY ••••••••••••••••••••••••••••••••••••••.••••.•• 291 

APPENDICES 

A. UnIte of •••• ur ••• nt. Stoichio •• tric Pro-
portion8, .nd Energy Conv.rsion F.ctor ••••••••• )04 

B. Pric •• of Pu.l ••••••••••••••••••••••••••••••••••• )06 

C. Coat of Pu.l D.aulfurlzation ••••••••••••••••••••• )17 

D. Co.t of Conv.r.ion o~ Co.bu.tion Equip .. nt ••••••• )22 

E. R •• OT.l of Sultur Oxi4.. from Pow.r Plant 

P • 

• .... 

Staok G •••••••••••••••••••••••••••••••••••••••• )25 

Major Indu~trial Sourc •• of S~l!Ur Oxld •••••••••• ))2 

- TIl -



LIST OP FIGURES 

FIGURE PAGE 

2-1 The Ett.ct ot a Tax or Subsidy on the Output 
or an Externali ty-Generating Fin.............. 20 

2-2 Optimal Pollution Abate •• nt...................... 2) 

2-) Th. PigoYian Solution and Pareto Optimum......... 25 

2-4 Efr.ct. ot Output and Eais.ion Taxes on 
Monopollstic Fi ras • • • • • • • • • • • • • • • • • • • • • • • • • • • • • )9 

2-5 Pollution Abatellent Through Bargaining........... 60 

2-6 The Mark.t tor the Re.ource Air.................. 8) 

2-7 The Optimua Price ot Air Use..................... 92 

'-1 Fr.quency Distribution of Sultur Dioxide L •• ell 
in Se1ected Aaerican and Canadian Citi ••••••••• 118 

4-2 Maxi.ua Â •• rag. Concentrations for Various 
Tille Periode in Se1ected AIlerican and 
Canadian Ci tiee. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 119 

5-1 Fuel Switching Po •• ibiliti ••••••••••••••••••••••• 1)2 

5-2 The Energy Produotion PUnction ••••••••••••••••••• 1)7 

5-) Efr.ct or a Tax on Sultur Content on Fu.l e 

Swi tching. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 1)9 

5-4 Subatitution or 4R~1-Pol1utlon Equip •• nt (A) ••••• 151 

5-5 Substitution ot Anti-Po11utlûn Equip •• nt (B) ••••• 155 

5-6 !h. Air Pollution Control Path................... 156 

6-1 te.at-Co.t Abat ... nt of Pollutant •••••••••••••••• 159 

6-2 Step-Functlon .areinal Co.t ot Ab.te •• nt ••••••••• 162 

6-) Su ... tion ot St.p-Punction larcinal Co.t CurY •••• 163 

6-' Th. Ranc. ot -.rainal Co.t. Step lunctiou ••••••• 167 

6-, 1'11. Rance ot JIar.ina! Coat. Saooth CurY......... 168 

• - .,.lli -



t"t h r 

TABLE 

4-1 

4-2 

4-3 

4-4 

1 

'. 

LIST OF TABLES 

PAGE 

Eatimated Nationwide ~iaaion8 - Canada, 1910 ••••• III 

Nationwide Su1tur Oxidea Emi8aiona -
Canada, 1910 •••••••••••••••••••••••••••••••••••• Il) 

Su1fur Oxides Eaiasions Fro. Induatria1 
Proo •••• s - Canada, 1910 ••••••••••••••••• ' ••••••• 114 

Partiou1ata Rai •• ions trom Induatria1 
Prooasa.a - Canada, 1970 •••••••••••••••••••••••• 115 

4-5 Ua. of Major Fuels in Canada, 1966-1990 ••••••••••• 121 

4-6 

6-1 

6-2 

6-3 

6-4 

6-5 

6-6 

6-1 

Proposed or Adopted Air Quality Standards for 
Sulfur Oxides in Salected Area8 ••••••••••••••••• 126 

Tax R.quired to Achi.v. GiTan Levels of 
Abate •• nt. Hypothetical Exa.pl ••••••••••••••••• 164 

Reaidential and Farm Fuel Consumption and 
Estia.tes of AS80ciat.d Emissions of Sulfur 
Oxide. - Canada, 1969 ••••••••••••••••••••••••••• 170 

Fuel Used for Piped Hot Water Supply - Canada, 
May, 1969....................................... 17 J 

Cooking Equipaent - Canada, 1969 •••••••••••••••••• 173 

Principal He.ting Equip.ant by Fuel -
Canada, May, 1969............................... 114 

Coat.of Abate.ent (Source l, Technique Al) •••••••• 116 
J 

COlt ot Abate •• nt (Source l, Technique Bl) •••••••• 176 

6-8 Cost ot A_ate.ent (Source l, Technique Cl) •••••••• 177 

6-9 Coat of Abat ••• nt (Sourc. l, Technique Dl) •••••••• 118 

6-10 Coat ot Abat ... nt (Sourc. l, T.chniqu. El) •••••••• 179 

6-11 Qoat ot Abat ... nt (Seure. 1. Teohni~ue Pl) •••••••• 180 

6-12 

6-1) 
Coat ot Abat ... nt (Sourc. l, Technique Gl) •••••••• 181 

CO ... roial Pu.l Cona.aption and Kati_tea ot ) 
' •• oeiate. ~ •• loD' ot S.llUr OZi4.. -
Canada, 1969..................................... lé) 

- ix -

" , " 



("> 

TABLE PAGE 

6-14 Percenttbf Fuel Bùrned ln BolIers Accordin« 
to User - Unl ted State.. 1967................... 1~5 

6-15 Load Factors of Commercial BolIers in 
$eleeted Areas - United Stat. ••• 1967 •••••••••••• 187 

6-16 Coma.reial Fuel Consumptlon ln Boilera and 
Assoeiated Emisslons of Sulfur Oxides -
Canada. 1969 •••••••••••••••••••••••••••••••••••• 188 

6-17 Nu.ber of Commercial Boilers by Fuel and 
!ais.ions of Sulfur Oxides per BolIer -
Canada, 1969.................................... 189 

6-18 Cost of Abate.ent (Source 2, Technique A2) •••••••• 190 

6-19 Coat of Abate.ent (Source 2. Technique B2) •••••••• 191 

6-20 Cost of Âbate.ent (Source 2. Technique C2) •••••••• 192 

6-21 Coat of Abate.ent (Source 2, Technique D2} •••••••• 193 

6-22 Cost of Abat ••• nt (Source 2, Technique E2) •••••••• 194 , 
6-2; Coat of Altat •• ent (so~ee 2, Technique F2) .• , •••••• , 194 

6-24 Coat of Abate.ent (Soure~ 2, TeChnique G2} ••••• L •• 195 

6-2-' Cost of Abate.ent (Source 2', Technique H2)........ 196 

6-26 Indu.trial Fuel ConsuaptioD and Esti.ates of 
".ociated Emis.iona al S.lr.r O~dea ~ 
Canada, 1969 •••••••••••••••••••••••••••••••••••• 199 

6-27 Industrial Fuel Conau.ptlon in Boll.rs and 
Âsaociated Rai.siona of Su1tur Oxi4e. -

6-28 

Canada, 1969 •••••••••••••••••••••••••••••••••••• 201 

Nu.ber of Induatrial Boilers b1 Fuel and 
!aisaiona ot Sulfur O%ide. per Boiler -
Canada. 1969..................................... 202 

6-29 Coat of Abate.sni (Sourcs J, Technique AJ) •••••••• 20) 

6-JO 

6-J1 

6-)2 

6-:n 

Coat of Abate.snt (Source J. Technique BJ) •••••••• 204 
, 

Coat of Abate .. nt (Source J. tlGhnlque C)} •••••••• 205 

Coat ot A_ate.ent (Souros J. fec~i4u. DJ} •••••••• 206 
; ~ 

Coat ot A'ate.ent (Source ), !eohni,~. EJ) •••••••• 207 

.. lt -

.. 



• 1 
r 

TABLE PAG! 

6-J- Co., ot Aba'e.ent (Souroe J, Teohnique p) ••••• ~ •• 208 

6-15 Co.t ot Abate.ent (Sourae J, Technique G) •••••••• 209 

6-)6 Co.t or Abate .. nt (Souroe J, rechnlque H)} •••••••• 210 

6-)1 Coet or Abate.ent (Source 1. Technique IJ) •••••••• 211 

6-)8 PUel Conou.ption by !heraal Power Plant. 
(Uti11tle.) and A •• GelateeS !al •• ion. of 
3ulfur OIlcSe. - Canada, 1969 •••••••••••••••••••• 214 

6-J9 Nu.ber of Power Plant (Ut111tl •• ) Boiler. and 
&.i •• lon. or 3ulfur OIleSe. par BolIer -
C.~d. • l 969. • • • , • • • • • • • • • • • • • • • • • • • • • • • • • . • • • •• 216 

6-_0 Co.t or Aba'e .. nt (Source 4, recnnique A4) ..•••.•. 217 

6-41 Co., of Abate.ent (Source 4, Technlqu. B4).~ ••.... 218 

6-42 Co.t or Abat ... nt (Source 4, t.chnlque C4) •••••••• 219 

6-_) Co.t of Abate .. nt (Source 4, rechnique D4) •••••••• 220 

6-44 Co.t of Abate .. nt (Source 4, rechnique ~) •••••••. 221 

6--5 Co.t or Abate.ent (Source 4, Technique P4) •••••••• 222 

6-46 Co.t of Abat ••• n' (Sourc. 4. Technique G4) •••••.•• 22) 

6--7 Model Plant Characteri.tlc. and Co., or 
Abate •• nt - Prl.ar7 Alu.ln •• S .. 1t1nc ••••••••••• 228 

6-~8 Co.t of Abate .. nt (Souroe 5) .•••••.•.•••••.•••...• 229 
# 

6-~9 lIodel Plant Characteri.tic. - Priaary Copper 
and Niokel S .. l tinc. •• • ••• ••• • ••••• • • •• •• • • • •••• 2)) 

6-50 Co.t or Abat ... nt (Sourc. 6) .••••••••••••••••••.•• 2)~ 

6-S1 IIGd.l PlADt CharacterlVlc. - Prl"rJ lA .. 
S .. l tl!IC ••••••••••• • 1. • • . • • • ... • • • • • • • • . • • • • • • . •• 2)1 

6-52 

6.,) 

,.~ 

'-'5 

2)1 

lIed.l Plut CIlar •• terl.tl •• - lino S .. 1 "inc. ...... 2-.0 

Ce." of ~te ... 1 (1 ..... 8) •••••••••••••••••••••• 241 

letlal. ___ ••••••••••••••••••••••••••• • • • • • • • •• • • • • 

- al -



'fABLE 

6-56 Coat of Ab.te .. nt (Source 9) •••••••••••••••••••••• 244 

6-57 Model Plant Char.cterlltle - Sullurlc Acld •••••••• 246 

6-58 COlt of Ab.t ... nt (~ouro. lO) .••••••••••••..••• ~ •• 247 

6-59 Mod.1 Pl.nt Ch.r.cteri.tlol - Coke 
•• nufacturin« (Byproduct Proo ••• ) •••••••.•••...• 24Q 

6-60 

6-61 

6-62 

6-6) 

6-64 

6-65 

6-66 

COlt of Ab.te •• nt 

COlt of Ab.te •• nt 

Production of Wood 

Typloal !JIlllion. 

Typi c.l hl •• lon. 

COlt or Abat ••• nt 

COlt or Ab.te •• nt 

(Source il ) .•.••••••••.•••..•••. 251 

( Souro. 12 ) .......... •• Ia · · · . · · · · 2S7 

Pulp - Canada. l Q7 O ••••••••••• 25Q 

fro. Reco.ery ~rnae •.••••••••.• 261 

of SOx Pro. Sulfite Pu1p Mille .. 26) 

(Sourc. l J. Techniqu. Al J ) • • •••• 265 

( So",re. 1) • T.chniqu. el J ) • • • ••• 266 

6-67 E.tl .. ted &.1 •• 10n. of SOx Fro. Tbirt.en 
30uree. wlth No Control. - Canada .•••••••••••••• 268 

6-68 Technique. and Co.t. of Abate •• nt - Su ... ry ••••••• 269 

6-69 LeT.11 of ~Ox g.i •• ion. Reduction A •• ociat.d 
With S.l.eted Eai •• ion fax LeT.l •••••••••••••••• 272 

LIST OF TABLES IN APPE"DICES 

A-1 Energy Con •• r.ton r.otor •••••••••••••••••••••••••• JOS 

8-1 Ayerace Retail Priee. of Co.1 - Canad., 1968 •••••• )08 

8-2 AT.race Retail Priee. of L1cht ~e1 011 -
Canada, AuCU.t. 1972............................ )09 

B-J Co.t of &lectrioity - Canada. 1969 •••••••••••••••• )15 

B-. Prie •• ot ra.l. bl a •• r - Canada, 1969 •••••••••••• )16 

0-1 Co.t of ,..1 011 De •• 1turi •• ~i.D •••••••••••••••••• )20 

C-I Co.~ of o.aulfurl •• tion of Pu.l ••••••••••••••••••• )21 

- xli -



TABL! PAOI 

D-l Co.t of R •• id.ntial Sp.o. H.atinc Sy.t ••• 
br l'la.l......................................... )2) 

D-2 Annu.l Co.t. of Boll.r Cony.r.lon •••.••••••••••••• )24 

!-l Sultur Ox14 •• R.80y.l Sy.t ••• in S.1.ot.d 
Theraal Power Pl.nt ••••••••••••••••••••••••••••• 325 

1-2 Co.t. of R.aoyal of Sulfur Ozide. Pro. 
Hypothetical Pow.r Pl.nt Staok G •••••••••••••••• )29 

E-J Addi'ion.l Co.t. of Reaoy.l of Sultur Ox1de. 
Pro. Pow.r Plant St.ck Ga ••••••••••••••••••••••• JJl 

~-l Alu.inu. S .. lter Capaclty - Canada, 1910 •••••••••• ))2 

F-2 Copper-Niotel S .. lt.r CapaoitJ - Canada, 1910 ••••• J)) 

p-J Zino S •• ltinc Capacity - Canada, 1910 ••••••••••••• ))4 

P-4 P.trol.ua R.tininc Capaoit7 - Canad •• 1910 .••••••• ))5 

P-5 Sulfurl0 Acid Plant. - Canada, 1910 ••••••••••••••• ))1 

p-6 Cot. Production Plante - Canada, 1910 ••••••••••••• ))8 

P-1 Na tu raI Ga. Proc ••• ine Plant. - Canada, 1910 •••••• ))9 

P-8 Sulfite Pulp .ill. - Canada, 1967 ••••••••••••••••• )41 

• 

• - xl11 -

• 



CHAPTER 1 

INTRQPyC'rlOr! 

Th~ prohle. of environ.entAI pollutlon 18 not new. 

Air pollution. for eXAmpIe, WAB common in ~n&land during the 

Indu.triAl Revolution. How~ver. it ha. recelved extensive 

attention, hoth by people ln general and hy the sclentlfic 

communlty, only in rer,ent years. Economists have he.n 

pleasantly aurprlsed to flnd out thAt their tools are quite 

adeQuate to enable the. to prov14e a diagnosie of the cauee8 

of the probie. and to suggeet 80 •• approprlate solutions. Thi. 

i. not to aay that they aIL agree, whether ln reg.rd to analys18 

or pOlicy. Th. considerable literature on th. subject whlch 

ha. been spawned in the last rew years contalne •• ny lively 

debates. Nor la it true thllt everyth!ng there i. to 8ay on 

the subject has heen 8a1d - Quite th. contrary. ~dng oth.r 

thlng8, .ost or th. literatur. 1. tra«aented and d.a1. wlth 

specifie .spects in a rather pi.c .... l f •• hion. It i. dlfflcult 

to find a coherent and co.pl.t •• tat •• ent of the eoono.lc 

aspect. of pollution, .xc.pt at ••• ry .le.entary l •• el. 

N.verth.l •• s, it ••••• that th. fund ... nt.l lin •• alon, whi~h 

futur. analytloal deyelopaent. will occur and e.pirical re •• arch 

wl11 b. und.rtaken hay. b •• n e.tabli.hed. 

One ar.a in which .cono.1.~ •••• p.cla111 of th. 

aoa4 •• 1e Yeri.ty, ha •• aohi ••• d r.latl •• ly littl. 1. ln pro­

Tldlnc quantltatl.e •• tl .. te. ot th • • tt.ot. pr •• lote4 bJ th.lr 

th.or1.inc. AlI WO ott.n. -u..J oonclud. "".ir paper. and 

~ 
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art1cle. by stAtlng that, unfortunately, lack of data pr.venta 

th8. rroll provldlng such •• U.at ••. While, flO douht, th! .. 

i. truflt ln mllny cruul •• i t ta not .0 of other.. The truth 1. 

that ao •• ti.e. th. datA la not avallabl. ln the fora ln whlch 

th. econo.lat would prerer lt and le not round ln éourc.e wlth 

which he ia fA.l1iar. Economiste hAve nat be.n the only on8e 

who hAve coneern.d th •••• lv •• wlth the probl •• of pollution. 

50 hAve, •• on« others, engin.era, coneulting fir.e, and govern­

•• nt a~.ncl... The •• have produced a euhetantial a.ount of 

data which doe. not y.t eirculat. widely a.ong econo.iatl. It 

1. 11n('Ollllon. ror .xample, ta piek up a current is.ue or ao •• 

journAl of applied .ngln8erlng and teehnology and not flnd ln 

it eo •• pap.r d.al1ng wlth pollution control. More often than 

not, thee8 papere contain quantitative .stlaates of control 

ettsctivene.e and control costs. But the data 1. usually 

pr •• ent.d ln a manner unfa.lllar (and, ao.ett •• s, tru.trating) 

to th. econo.lat. Coste of control, for exemple, are se1do. 

«iv.n ln ter •• of cast per unit of outputl they are given even 

aore lntr.quently in ter.a of coat per unit of po11utant 

abate4f .oet trequent1y, they are luap-aua lnv.et •• nt and 

operatin« coata. Th. taet of the econoaiat la to tranafora the 

data provldad to hi. into a tora .ore euitable tor hie purpo •••• 

Aa ao •• of th. a.pirical ree.arch 1n thi. atu4y will Iho_, the 

tranltoraatlon ie not alw"l ItralCht-forward. 

It auet b. aai4, allo, that en,in •• ra, technolocllte, 

and con.ultantl tr.qu.ntlJ tr.at th •• con.aic •• p.ot. of th. 

proo..... the, are con.14.r1nc ln a -.nner wbloh l •• y.. auch 
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to be d •• Ired. orten they dia.t •• out of hand a given re •• ible 

te~hnolo~ w\th the curt atate.ent that It 1. ·uneeonoalcal-. 

WhAt they •• an, or 8hould .ean, 18 that the technological pro­

ce.e in queetion ls un~cono.leal under the pre.ent set of 

econo~ic inCAntlve •. Ir this set or lncentlve •• ere changed, 

a. a reluIt of econo.lc pollcy, 8ay, that technologieal proe.ss 

eould become Quite economicsl. 

Thar. IR ~eat need, thererore, for .ore intellectuel 

interaction between e~onomiBt8 and th. people who csn aupply 

the infor_.tion n. needs. This etudy atte.pts to bridge R 

small part of the exlsting gap. The e.pirlral re.earch under-

taken in (;hapter V l haB invo l ved A fa 1 r 1y el tens 1 ve search ror 

the data produced by the .rorementloned peopl.. That d~ wae 

u.ed to estimate control coste ln a manner which enabl~ the 

economist ta predlct (within a range) the errects of on. or the 

policte. of environmental control whieh he advocate •• Olt • fr_quently, nam_ly, an _.le.lone tax (or efflu.nt charge). 

Ta be .ore specific, thi. etudy atte.pte to achieve the 

to110wing objectives. 

The rirst objective 18 to provide a synth_.l. and a 

crltical appralBsl of the _cono.le ana1y81. or .nvlron._nt&l 

pollution and or the solutions whloh have e.er«ed rro. auch 

analy.ie. The •• ph.al. 1. on the alloc.tiTe •• paota 01 th. 

prob1... The ana17.i8 or th ••• allocative a.p.ct. h •• tat.n 

• nuaber ot dirrer.nt. thouch not autualll .xoluaive, ·.ppro.ch ••• • 

Th ••• are dlaoua •• d ln Chapter II. 'rh. tirat tlar •••• ottona 

diacu •• th. appro.cb.a .hic. are round in th. literatur •• 
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Th. rourth suge.st. an alternati •• one which ••••• w.ll .uit.d 

to th. analyal' or th. probl •• of at r pollution. Th ••• ri t. 

and .hortco.\n~. or th!. approach coapared to tho •• round ln 

th. literatur. are d1scu ••• d. ln partlcular. the discussion 

show. th. 1irflculty or _ttalnin« ln practice th. optimal 

r •• ulte i~icated by the analyei8. What can be .or •• a.ily 

attained 18 th. ad.tttedly •• cond-belt resuit of ual.ng the 

market to achieTe soa. predeter.in.d acceptable .tandard •• 

Emission taxes wou1d perrora 8. pric •• whleh would errlclent1y 

reduce •• is.lons to th. acceptable leT.l. Th. re.t or the 

atudy proeeeds on th. aaau.pUon that th!s 18 the goal to b. 

attain.d, wlthout •• kl~ Any pronounc •• ents al to what th. 

standard 1 .hou Id be. 

Chapter rII exaaines th. distributiY8 aspects or 

pollution a~ pollution control. Thl. l'an orten ne,leeted 

a.pec t or th. analy. i a. iJnfortuna tely. here too the dl 8eu8110n 

of this aspect 11 Il.1 ted .o.tIy to an 8xpoai tion of the id.a. 

round in the seant literature. rt would haye been Int.r •• tl~, 

a.on« oth.r thinga. to proyide •• pirleal e.tl .. t •• of th. 

di.tribution of th. inoid.nc. or an e.l.,ion tax and or th. 

benlfit, of th. r •• ulting pollution abat •• ,nt. Thi., ho •• y.r. 

ean b. th •• ubject of a .tudy ln'tt •• lf. 

th •• eeond obj.ctl •• 1. to pro.!d. an •• plrieal •• ti.at. 

ot th. ord.r of ucn1 tutl. ot th ••• i.,lon tu: r.,ulrad ta 

aohl.y. ely.ft 1 ••• 1, of abat ... nt ot one t"e ot pollutant't 

aulhr ox14... Sine.. a •• hcnm ln CIlap'.r • ., and VI, 'th. tu 

... 1. N41lle ••• l,.i.n. up .. th. point wh.ra 'th • ..relul aOlt 
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of abat.ment would equal the amount of 'the tax, the marginal 

~OBt of abatement should be estimated. Because of the com-

pl~xltle8 and difflcultles involved, however, what actually 

le estlmated le a range of costs. 

The procedure useci is as t'ollows. Chapters IV and V 

set the stage for the calculations undertaken in Chapter VI. 

Chapter IV attempts to provide an overview of the dimensions 

of the problem of sulfur oxides emissions in Canada. It shows, 

among other things, that because most important sources of 

emi Belons of Bul fur ox ides are not important sources of emissions 

of other pollutants, it ls legitimate to study the control of 

sulfur oxides separately from those of other pollutants. Chapter 

V attempts to provide an overview of the technology of control 

of eulfur o~ldee. The economics of implementing each type of 

technology are also worked out. In particular, it le shown 

how and to what point an emission tax would prompt the emi tter 

of sulfur oxides to implement a given technology. Chapter VI 

provides a detailed Inventory of the costs of controlling sulfur 

oxides from thirteen major sources by the available techniques. 

Step-function marginal cost curves are postulat.d. Moreover, 

since it cannot be aS8umed that Any given teohnique will be 

universally applied, a range of marginal ooat rather than a 

s}ngle curve ia eltimated. Th!s range shows either the aaximum 

and .1ni.us amounta of reduction of emi •• iona to be expected 

trom the iapoaition of a giTen tu or, alternatively, the range 

within which li •• the tax n.Ce •• ary to attain 80 •• apecifi.d 

l.vel ot •• i,aion. eontrol. This range, for .el.cted tax 

., 
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1.,..ls, i8 su_ari'id in 1a\'ie 6-69. Chapter VII rei __ erat ••. 

til. broad ou tline. ot th. i •• u •• d .... eloped in th. di ••• rtation, 

and auue.t. 10 •• ar.a. wher. the work don. her. oould be 

iaproyed and .xt.nded. 

Flnally. the lituc1y contaln •• ix appendic •• wh.re data 

which are ua.d in Chapt.r VI are ei ther oaloulat.d (ba •• d on 

atated allu.pUon.) or shown. 
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CHAPTER Il 

THE ECONOMIC NATURE OF AIR POLLUTION, 
ALLOC~TIVE ~PECTS 

This chapter examines the al locative aspects o~ the 

eeonomic nature of air pollution. The analysis can he carried 

out using a numb~r ~! distinct, but not mutually exclusive, 

Napproaches." Here these are explored at some length. 

1. Tl'\e Externali ty Approach 

The framework which economiets have .ost frequently 

used and are currently using in analyzing the problem of 

en.ironmental pollution i8 that which e.bodies the concept of 

externalitiee. Unfortunately, this concept is one of the most 

elusive in economlc t~eory. The reason, aS E.J. Mishan points 

out, ie that 

the original clarity of the externality 
concept has become blurred ln consequence 
of the ter. being usad over tha yeare as 
a convenient peg on which to hang a variety 
of econo.ic phano •• na whieh might be us.d 
to justify intervention in the privat • 
• nterpri •• sector o~ the economy.1 

It 1. neo ••• ary, tharetore, ta review the •• aning ot the conoept 

and to aS8.88 the .uitability of the prescriptions derived tro. 

ite application to the control of pollution. 

1 B. J. lI1..âan. -'!he Po.wu Li 'teratv. oa bot.mali tiea. An 
InterpretatlY. 1 •• .,.,· JO\![!'!ll of "eMale Lit.r,te., IX 
(lIarcll, 1911), p. 6. 1 

, 
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General Va Partial Bquilibriua Mod,le of Externaliti,. 

Th. firet distinction which must ba made is bat.een 

the analyste of externalitles in a general equlllbrium frame­

work and that in a partial equilibrlum setting. Most of the 

analytical literature on externalitlea ia of the latter type. 

It la only recently that attempts have been made to develop 

the former. 

A - G.neral Equilibrium Models 

One of the main theoretical contributions wh!oh oon-

sidere externallties in a general equillbrlua fraaework la 

undoubtedly that of Ayre. and Kneese. l The.e authora examine 

the generation ot externaliti.a arising trom the produotion of 

waates of all kinds trom all econo.ie actlvity. They make thre. 

important observations. 

(i) the pervasivenea. ot thia type of externa1ity ia 

very great. inde'd, externalitie. are a normal, 

Inevitable result of moet .oono_ie activity. 

(ii) the w.ste-assimilation capacitie. of the variou. 

component. of th. environ.ent are to ao.. ext.nt 

sUbstitut.s, 80, that~n. cannot va1i41y apeat ot 

air. wat.r, or .oi1 pollutio~indep,ndently. 

(ii~) .conoaic ac~ivity onll changes th. eh •• lcal and 

phyeiea1 charact.ri.tice ot .. t.riale but not th.lr 

.... (or •• ight). 

1 R.V. Arr'. and A.V. En •••• , -Pr.d.otion, Coneuaptlon. and 
IXt.rnaliti ••• • .. erloan .copo!!e Revi ••• LIX (Jun., 1969), 
pp. 282-291. 
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Th. model developed br Ayr.s and Kn •••• e.bodi.s th. 

phyaical principle of conservation of _ass and evolve. th. id.a 

of materials balance, it purports to analyze simultaneou8ly aIl 

of the externalities generated in the course of th. transformation 

of materials into different forme by econosie activity. Materiala 

taken rro. the environment beco.e consuaer or capital goods, but 

eventually will have to b. returned to the environment as . 
re.iduals, som. wastes are generated in the production proea •• 

it.alf. This puts emphasis on the limitations of the total 

capacity of the environment to assimilate these residuals and , 

on the.desirability of recycling some of the •• 

Analytieally, Ayres and Kneese attempt to incorporate 

thi. flow of materials into a Walras-Cassel type of general 

equilibrium modela The rlow of residuals is not acoounted for 

by the traditional Walras-Cas.el model because residualB usually 

go unpriced and, hene., do not .nter the market. 

The Ayres and Knee.e'. model has been crlticized at 

length by Victor, who bringa out a nu.bar of incon.i.tenci •• 

and ahortooaings. 1 though 80 •• of the.e have be.n obviated 

1 P. Vic~or, POllutionl Boono.! and l3!ironaent, (Londont 
George Allen ana un. n, 1972), pp. -J5. Por inatance, 
Victor pointa out that, becauae the .odel ia atatie, it 
cannot deal with the d~ .. ic probl •• of how pre.ent wa.te 
ceneration atf.eta the future capacity of th •• nTlrona.nt 
to a.al.1late waet ••• 
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in later formulations or the model. t The important point we 

wi.h to make here is that a practical applicàtion of th. aOdel, 

th. pricing (positive or negative) of all inputs and residuals, 

would require an enoraous quantity of information whioh le not 

yet available and i. not likely to be available for some ti.e. 

Attempts to develop g.nerai equilibriua type of models 
2 amenable to practical application have been made by Leontler 

and Victor.) Leontief pute hi. input-output machin.ry to use 

to demonstrate, by the inclusion in ft normal input-output table 

of an anti-pollution industry and of ·pollution coefficients,· 

how to estimate the impact on priees of given pollution-control 

pOlicles. Useful as it is and will be, the L.ontief model falls 

far short of belng ft truly general equilibrium model comparable 

to that of Ayres and Kn •• s., Leontief ignores the balance of 

mat.rials. Moreover, limited as it ie, there is as yet no pub. 

liahed table which estiaates a comprehensive set of pollution 
}~ 

coeffici.nts. 

1 A.V. Kneese and 
the Respona. of 
eoamittee, +-h_e~~~~~~~~-=~ __ ~~~~ __ ~ __ ~-.~~~e~t 

n ng 
and R. C. 
Resourcea 

2 W. Leontief, -Environmental Repercu •• ionl and the !cono.ic 
Stru6ture. An Input-Output Approach,- Revie. of Eeono_iea and 
St,t18tlo8, LIl (August, 1970), pp. 262-271. 

J Victor, 0preit. 
4 Victor, ibid., r.port. that, at a conrarenea in Gen'Ta in April, 

1971, Prote •• or Leontief reve.led ao •• preli.lnary re.ult8 of 
an application of hi. model to ••• trix of riTe air pollutanta 
and nine't7 O.S.' .ectorl • 

• 
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Victor ex tends the comaodity-by-induatry .ode1 u.ed by 

the Canadian Dominion Bureau of Statiati08 to include ·.oologio· 

co .. odities and inputs, a8 diltingui8hed trom the -eeono.ic· 

comaoditiea and inputs which are part of the pub1ished DBS input-
\ 

output table. He estiJlatas the flett8 of tour types of water 

inputs and twenty-seven type8 of water, air, and land outputs 

tor the year 1961, theretrom, he .stimates wi.pact tables- which 

show the material tlows resu1ting trom supp1ying final users 

with a dollar'a worth of each of fort y Iconomle oo •• oditie •• 

Worthy though it is and indicative of the uaefulness of further 

researeh in this area, Victor'8 eftort canno~ be taken a8 a 

eo.prehensive and fully adequate application of the materials 

balance model. Again t the main probl •• is tl\f~"J>auci ty of data. 

Until the required data ia available, we can exp.ct the ~actical 

uaefulness ot general equilibriua modela which incorporate 

external effeets to be rather limited. Partial equilibrium 1: 

models, though they have their own liaitations, aay be aore 

us.fu1 in tackling particular problems. 

Throughout the remainder ot this atudy, • partial 

equilibrium framework i8 as.umed. Therefore, 8uch thing. as 

the public &ood character ot pollution control, the qwe.tion 

of property rights. the distributive aspecta ot pollution and 

ot it. control, and .0 forth. will be di8c~ ••• d in a partial 

equilibrlua .etting, aven though the.e proble.s would a180 

ari.e in a general equi1ibriua !ra.e.ork. ler •• Ter, air pellutlon 

wlll be 4i.cu ••• d a •• eparate fro. other pollution probl •••• 

even thoUCh 1 t .u.t be recognised that in ao.. c.... ther. are 

trad.off. bet..en 4it~erent type. of pollution. 
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B - Partial Iquilibrlua .odel. 

The tradition of ana1rzin, externalitl •• withln a 

partial equilibriu. fra •• work originated with lar.hall. Th. 

rather narrow type of ext,rnal .conom18s (di.8conoa18.) wlth 

_hich he was concerned are economi •• (di.,conoai.e) ex~ernal to 

the ti~ but internal to the induetry, they aocrue to th. tira 

as a re.ult of the expanslon (contraction) of a decreasing cost 

induatry. 

More important, trom our point of view, was the use of 

the concept made by Pigou. He _as ooncerned wlth the p08s1bility 

that, @ven in a competitive economy. the margiAal social net 

product would diverge trom the marginal private net product 

because of the presence of externa1ities. As he pu~ it. 

t 

the essence of the matter is that one 
person, A, in the course ot rendering 
80.' service for whleh payaent i. ..de 
to a .econd person. B, incidentally 
a1so render. .erviees or di. services to 
other persons (not producers of 1ike 
services), of sueh a sort that payment 
cannot be ,xacted from the benefited 
par~les or compensation enforc,d on 
behalf of the lnjured parties. l 

Pigou'. proposed solution -as a syste. of output tax •• and 

8ub.idles whion would force externallty-generatlng .conoal0 

unit. ta lnt.rnalise the 80clal co.ta and ben.fite arising 

fro. th. externaliti •• incidental to their 800no.l0 actiTit1. 

Thi. would insure the attaina,nt ot a 800ia1 optlaua ••• ell as 

ot.& priTate optiaua. 

1 A.C. PilOU, The Icono.l0. of Weltare, 4th editlon, (Lendon, 
.. oaillan & Co., 1950), p. 18J. 
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Unti1 reoently, departures tro. the sooial optiaua 

re.ulting fro. competition were believed ta be tairly rare 

exoeptions. 1 Canoern with environmental pollution has oonvinoed 

eoono.lats that, on the oontrary, the generatlon of externalltle. 

aocompanle. muoh 8oonoalo aotlvlty. Thls has proapted a Bubstan­

tial number of eontrlbutions ta eoonoale literature whieh, on 

the one hand, have tended to olarify th ••• anlng of the concept 

and its implications and, on th. other, to de.on.trate how co.p1ex 

those implications are. 

(a) Definitions and Cl.a8ifi tion ot Externalltlee 

stated in the most ge eral teras, an externality i8 a.id 

to exiat when th. econo.ic activity ot one econo.lc unlt (tir. 

or oonsumer) atteots another econoaie unit in auch a way that 

the ettect ia not aocounted tor by the market. Thia latt.r 

provlso Is neoes8ary because, in tact, all eoonoale aetivlty 

by one unit affecte other econoale unlte one w.y or another. 

But, ln casea where these effects are reflected ln prlces and 

coste, the operation of the co.petitive market will in. ure 

optimal outputs (in a Pareto sen8e). It is on1y .hen the.e 

etteot. are not oaptured in the aark.t that aeaningtul external-. 
ities exist. .lahan sugg •• ts that the foraer eftecta be rererr.d 

to as -indlrect· eftecta, that i8, etteots exer~ •• ~hroa&b prie •• 

1 'he .. in typ •• • t dlTer,encie. w.re tao-cht to ari.. tro. 
~e 1n41.1.iblllt~ ot .0 •• In ••• taent. S", t.~ exaaple, 
T. Soito •• kJ, -!wo Conoept. of Ext.rnal leono.l ••• • f0!Fft!l 
of Pelltical BQon0!l, LIlI (April, 195->, pp. l_}-lS : 
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and coata in an interdependent ayatem, and the latter al ·direct· 

effect •• 1 
An externality would then be aaid to exi.t only when 

direot effeota occur. 

In th. light of this proposition, the diatinction whieh 

often·has been made in the literature, 8ince it was introduced ~ 

by Viner,2 betwJen pecuniary and technologieal externalitie. 

atrlkea Mishan as "e~travagant"3 and the use of the former 

ter. as "gratuitous.·4 If industry A expanda and thereby bide 

up factor priees used also in industry B, the externality thereby 

iapeaed on B ia of a pecuniary type. But cl'arly the.e .xterna1-

ities represent 8i.ply an 8xtention to the industry of the 

Marshallian brand of externaliti8s and are fully accounted for 

by the market. These externaliti.s do not g~v. riae to mia­

allocation of r8sourc8s, though they may have diatributive 

implications. In a purely competitive 8cono.y, they involve 

intrama"inal transfers of renta among epeoialized factors, 

though the gains of one group are otfset by the 108ses ot 

another group. 5 

1 Miahan, ·The Po.twar Literature on Bxternalitl ••••• ,· pp. 2-3. 

2 J. Viner. "Cost Curve. and Supply Curve.," Zeit.chritt tur 
Natienal Otonoai., III (Sept •• ber, 1931), pp. 2j=46. R.­
prlnt.a ln AIl.rlcan 800nomloa A. •• ociatioR, Re.41nc.· ln Price 
Theory, (Ne. York. Blaliston, 1953). 

) .iahan, op.oit., p. 6. 
\ ,.. lli!., p. 4. 

5 •• J. BaUllo1, 
2n4 eiltlon. 

• stata, 
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On the other band. ~onulne externalltl0. baTlns 

allooattTe .lsnlt1oanoe ooour when the aotton. of an eoonoal0 

untt atteot dlreotl, other eaonoal0 unlt. and. 70t. the toraer 

cannot be or 1. not toro.d to ta te the.. .tteot. tnto aooount:' 

.ore preol •• l,. the produotlon tunotlon or ut111t, tunotlon ot 

~ne part, 18 att.ot.d b7 the leT.I ot aotlTlt1 ot the other 

part,. the etteot solng elther unpald tor or unooapon.ated. 1 

Thl. latter proTt.' t. laportant tor lt .uss •• ta that tnter­

dep.ndenoe alon. (whethor "dlreot" or "lndlreot") 1. not 

.uttlo1ent to lndloat. the pre .. noe ot extomaIlt1 •• haTtns 

allooatlye .1«nltloanoea the lnt.rdep.nd.noe au.t be aooo.pan1ed 

b7 Iaok ot ooapeneatlon. 2 Thl., a .... hall •••• ha_ rel.Tance 

for publl0 pollo7; tor, lf the partle. ln que.tlon can .oaaho. 

asree o~ ooapenlAtlon. eTen ln ca ••• ot dtre~ lnteraotlon. no 

.1 .. llocatton ot re.ouroe. exl.t. and no publl0 lnterYentlon 1. 

ju.ttft.d (on allooatlTa Sround.); lf th., cannot. there 1. a 

prl .. taole ca •• tor pU.ll0 lnterT.ntlon. 

1 Nathe .. tloal17. taklns the oon ... ptl&n-on-oon ... ptlon t'Pe 
of exteTDalltle •• thl. lnterdepen4enoe oould be .tated a. 
Ux - Ux(xl.X2 ••••• Xn.Tk). where Uz repre .. nt. the utlltt7 
of ln41T14ual X an4 Xl. X2 ••••• Xn hl. leTel of oon ... ,tlon 
of Soo4.. 1. 2, ••• ,0, and 1'k repre .. nt. the leTol ot oon­
IUIIptlon ot '004 k b7 lD41T141lAl Y. a,. .. b.tlt.tl~ .ere 
apPl"Opriat •• -tlra.- tor -ln41T1411&1.- an4 ·procl •• tlon 
tunotlon· tor ·uttlltT tunot10D.· pr04 •• tlon-oft-pl"04uet1on 
and pr04wet10n-on-oonauaptloft extoreal1tt •• are .lall.rl,. 
4.f1ne4. 

2 On thl .... e .... 01 •• , •• 1',. pp. 24-27 • 



2 

- 16 -

The tast ot oo.pen.atlon (or tal1ure ot oo.pan .. tlon) 

1. 1.pllo1t ln th. dlstlnction .ad. b, Buohanan and Btubbl.b1na 

bet .. en ·Pareto-relaTant- and "Pareto-lrreleTant" extemal1tie •• 1 

Thls dlstlnotion ..... ant prinoipall, to dltterentlate bet •• en 

"nor.al" 1nteraotion (ln a Valra.lon .ensa) a.ons eoonoal0 

agents and genulne externallt1e.. Âooord1nS to the •• author •• 

Ân externallt, 1. dettned to be Pareto­
relaTant wh.n th. axtent ot the aottTlt, 
_, be .odltled ln Roh a .. , that the 
externall, artaoted partr, A, can be .ade 
better ott .itboat tbe aot1Te part,. B. 
beins _de .or.e ott. Tha t 1. to sa" 
·galns tra. trade- oharaotel"lze 'he Pareto­
releTant ext.r.nallt7, trade that take. the 
tora ot so •• ohang. ln the .otlvlt7 ot B 
as hls part ot the bargaln. 2 

Kllalnation ot Pareto-releyant externalltte •• ould result ln 

the attalnaent or & Pareto equl11brlua. Y.t, st th1. 
\. 

equtl1brlua. so.a interaotion ln th. tora ot Pareto-lrreleTant 

extemalitie. would .till be present.) Th. s1Sn1r10&noe ot 

thl. po1nt, Buohanan and Stubbleblne oon01ude, 1. that 

1 J.M. Buohanan sn~ W.C. Stabbl.b1na, ·lxt.ma1lt"" Igono.101. 
XXIX (HoTe.ber. 1962), pp. 311-384. 

2 Ib1d., p. 31-'. Buohanan' and Stubbleblne alao det1lle . 
1rpOtentlallT· Pareto-relayant and lrreleyant externalltle •• 
Aooord1Dg to the., a pot.nt1all7 Pareto-releYant external1t7 
exl.t. • ••• wh.n the aotlylt7. to the .xtent that lt la Rotuall1 
pertorMcl. .enerate. &1l7 d •• lre Oll the part ot the eneJ'D&111 
belletl tecl (4 •••• e4) partT to .041t7 tbe 'bebaTlor or the part, 
•• po .. red to tate Rotlon tbroach trade.. pera.slon, .000pN.l •• , 
asree •• nt, oODYentlon, oolleotlTe •• tlon, .to.- (pp. )7)·'7->. 
Wh1le tbl. 41.tlaotlon .a,. be, striot11 .peaklns, los1-1 
1~ doa ••••• balr-apllttlD1 and re4undant. 

3 ~., p. '15. 

• 
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'there 1. not a prt" tlol. oa.e tor 
tntenentton tn al o..e. wh.ft an 
ext.rnallt, 1. obsened to exl.t. 
The internal benettt. rroa oarr,tng 
out the aotlTtt,. net or oo.t., .. , 
De greater th.n the external da .. ,e 
that II 1.poled on other partte •• 

One 11&7 asree _1 th thl •• but al.o argue that. where Pareto­

releTant externa11tte. are ob.erTed, that 1., when the externel 

daaage t.poled on other partle. t. a •••• led to e%oeed net 

tnternal benetlt., the .. rket. a. lt 1 •• et up, .u.t haTe 

ralled. When prlTate aotlon. throUSh barsalnlng. asree.ent. 

and .0 on ratls to eltat .. te Pareto-relevant erternalttl •• , 

then th'" 1. a ptl" taol. o..e ror publto or oolleottTe 

aotlon. 2 

Another taportant derlnttlonal dtstinotlon 18 that 

between " •• parable· and -non-separable" externalltle. tntroduoed 

bT Da~l. and Whlnston.J The.e author. adopt a. thetr ana17tlcal 

tra.e.ork t_o ttra. ln a oo.petttlT. tndu.tr7 and ohoo.e to 

dl.ous. externalttle. tn tera. ot oo.t tunotlon. ~ther than 

produotlon tunottons. Aooord1ng to thelr 4etlnltlon, a ~ 

•• parable ext.l'D&llt, exl.t, wh.n a ohanse ln the 1.ft1 or 
aotlTlt7 ot, ." t1l'11 A .111 oa ... a sb1tt. upard. or 4own_rct. 

ot th. aTeNCe aD4 total oost o.rYe. ot tlra B, b1lt not lts 

1 ~ •• p. ,81. 

2 A •••• n below, Buohanan. aD4 Stllbbleltln. al.o elala the, th. 
P1SOT1&1l 'ax-nlt.14,. Na",. 1. lD&4eq_te. 

... 
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.. rg1na1 ooat OUrY.. Th •• tt.ot t. purel,. tntra.arslft&1 and 

there 1. no .tt.ot on th. optl .. 1 1.Te1 ot B'a output, tho-Sh 

lt ha. on tte prottte (and lnTe.t.ent d.ol.10n.). A.td. tro. 

th. latter .tt.ot., A'. deol.lon. baT. no etteot on B'. 

d.olatona. A non-a.parabl. ext.rnaltt1. on the other band, 

exl.ta wb.n the aarginal oost ot one ot the tlra. t. atteoted 

D1 th. 1.Tel ot aotlTlt7 ot the other. In auoh a o. •• , th • 

.arslne1 ooat of' th. atteotecl tlra le det.ralned not orû1 b1 

th. leT.1 ot tt. own output, but b1 the 1.Tel ot output ot th. 

oth.r ttra ae .. 11. Con.eqllent11, th.re "1 De no olear11 

deterainat. opt!.l output. 8uppoatns tbat A lapo ... a non-

.. parab1. externallt,. on B. tor .xaap1e, tt beoo ... lapa •• ib1e 

tor B to cleteratn. 1t. optl .. 1 leTel·~t outp.t without knowlns 

what A'. leT.1 ot output wl11 "De. 'rhe ezlatenoe ot .uoh 

externa11tlea, aooorel.1ns to DaT1. and. Vbln.ton. N.lll.t. ln a 

.ltuation auoh that • •••••• n ln what 1. u ... 111 oon.14ere4 the 

G.rtaln wor14 ot ooapetltlT. prio. th.orT •••• el.cl.lon •• 1I.t 

be .. d. under uno.rtalnt1.· 1 there 1. no ., to "etenaine 

opt1 .. l output. bl • 1110[\ aeth04a. 
~ 

IXternal1tl •• haTe a1ao been ola •• ltl •• a. -ree1prooa1· 

and ·non-reolprooal.- A non-reolprooal .zt.raa11t7 ot aDJ' ot 

th. tJ')Mt. 41 ....... a'boTe 1. e1tinotlonal, tor .mapl ••• 1. 
pr04 •• tlon, ooat, Or utl11t7 tanot1oft 1. atteotea _, A'. a.tlT1t7. 

1 11214.. p. 2". Dan. aa4 1fl'l1a.nOD 4:raw ." ... 'l.D '0 'b. 
e1a1l&r1t, .' ... a. 'b1. 111""1 •• '1114 _Mt arl.1 .. la ..... 1' t .... rJ' • 

" t 

.. 
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A reolprooal .st.mallt7. on the other band •• xl.t. lt not on17 

B t. att.ote4 b7 A', aotlTlt7. but, at th ..... tl •• , A 1 • 

• tteote4 bJ B'. aotlTlt1. thoush not n.o .... r1IJ to th ..... 

• xtent or ln th ..... aann.r. Wh.n .otorl.t A. tor ex .. ple. 

driTe. hl. Tehlol. on a oonge.ted hlShwa,. he lapo ••• an 

.xternal dl •• oono., on B. but .0 doe. aotorl.t B on A. Ne.dle •• 

to 8&,. reolprooal externalttl •• n •• 4 not be re.trtot.d ~. two 
• • 

partl •• , but oan tate plao. bet .. en anl' nUllber. KTen ln the 

two part7 o&.e. hOWl'Y.r. n.lther Anor B can lndlTldual17 

deteralne th.lr optl.ua 1.T.l. ot output or oonluaptlon wlthoùt 

knowledg. ot the other part". leTel ot output or oon ... ptlon. 

Thl. ta tru. 1 fortiori tor th. n-part7 ca.e. 

(b) Correotly. Prt.orlRtlog. 

Pollow1.ns P1S~u, reo.l'Y.d dootrine ha. ottere4 a 

relatt'Ye17 at.pl. oorreottT. pre.orlptlon tor extemalttl •• ' 

a tax-.ub.ld, .oh.... It the produotlon or oon ... ptlon ot a 

8004 senerat •• an .xternal 41.eoono.,. an .xol .. tax .quai to 

th. Tal.e ot the _ralnal external dl.eoono., at th. optl .. l 

output or oon.uaptlOD ~u14 re4uoe output or oon.option to 

th. optl .. 1 I.Tel. Slal1arl,. an .xol ••• ubald, eq.al to the 

Tala ot • _rs1aal e%ter_l eeonOa7 at the optl_l leTel ot 

oatput or oona .. ptloa would expan4 outpat or oon • ..,tlon to 

tb. optl .. 1 leT.l. 

'lb. ett •• '. ot a tax-nb.l47 lOb.. OD the _ .. ,.t ot 

&Il enel'Ml.ltJ-I ••• 'l •. ,.!f.otl~ .... petltl'h tla pn4.o 

8004 X 1 •• _. la Pl .. re 1-1. Wben a110 ... ,. 411ft_rA' e 

) 

, --
1 

f 
, JL 
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MSC o 

~-----------A------~~------~~----~~~~C------------P:MPV 
~ 1 

~.,. 1 
~~ 1 

1 
1 

MSVO 

o Qxo Qxp aXE Qx 
Fioure2.-1 1 Effect of 0 Tox or Subsidy on the Output d an Externotity -

Generotino Firm . 

.xt.rnal1 t7. the tlr. P1'0411H. ao4 .. 11. an o.tpllt '%p' •• re 

lta _rslaal "prl.at." oo.t (IIPO) 1 •• Cl_l to th. _rslnal 

prlft' ••• 1 •• (JIPV) of • 81t of the soo4. If th. pr04utlOD 

or ""x .... rid •• an .J:t.rna1 41 ••• oftoQ. ho ..... r ... o01ll4 ., 

.1 th.r tbat 'il. _rslaal 8001a1 ft1.. (IIS'fD) of tb. CO" 1. 
1 

lowr tbaa lt. IPV or 'bai; lta -rsl_1 ... 1&1 o •• t (Isen) la 

hlp.r ,hall 1 •• IIPC. '!all. 1. ebo_ la Pl ... 2-1 'D, .. 114 

11a... la .l .... r _ ••• a taS AB • IIPV - IUlVD • 1101) - IIPC 
... 

\ 
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• Will lnduee the tlra to reduo. lt. output to the optl .. l leTel 

QXO' It. on the other hand. th. produotlon ot X generate. an 

external .cono.7. lt can be .. 1d ,1th.r that lta .. ra1nal 

aoolal Talue (MaV!) exoe.d. tt. KPV or that lt ... rginal .001al 

oo.t (JIlSCB) 18 lo_r than lta MPC a •• hown b,. brot.n llne. ln 

Plgure 2-1. In e1th,r cas,. an exols, 'Ub'i~CD - KPC -

MSC! - NSV! - MPV would induoe the t11'11 to expand output to 

tha optl .. l layel QxB. It .u.t be •• pha81zed that th~,t.x or 

aub.id7 .u.t be equai to the dlT.rgano. bat.aen priT&te and 

aoolal ooat or priTate and .0olal Talue at th, optA .. l l'Tel 

or output. 

No., thl. apparentl,. al.ple and logioal .olutlon ha, 

been crltlclzad. qualltled, and rej!eted br a nua ... et .oono.l.t. 

on a Tarl.t, ot ground.. In !xa.lning the.e obj.otion.. we .hall 

prao.,d a. rollo... Plr.t ••• ahall .xa.lna qual1rlcat1ons 

arl.1ng tra. th. att •• pt. to d.rlne and ola •• l',. ,xt,mallti •• 

dl.ou ••• d aboTe. tater on, •• ahall ••• ho. thl •• olutlon rare. 

in the lars.r tra.ework fit _n.t 'allure and ln oo.part.on .1 th 

alt.rnatlye .olutlon ..... h~. tho., art81ns tra. d.~ln1tion •• 

ohans'" and elarit1oatien. ot propert7' rilht. and liablll t7'. 

Thare ••••• to be two lnt.reno •• troll th. dl.tinot1on 

bet ... n Pareto-nleftnt AIld PlkNto-l ml.yant .n.mall t 1 ••• 

'rh. tlnt 1. that &1'17' oorreotlTe aotlon Nlwltlns ln th. 

at\alna.nt ot a .001a1 optl .... oUld .11.laat. onl, Pareto­

rel.T&Dt .xt.raalltl... But thl. 1 •• %aotlr th. Scal wbloh 

8bo1l1d __ a.bl ..... 4, oDlr 1 1ft. an.. ot •• 1 ••• on •• l .... 1114 
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eliainated. The point ha. been _de ve17 .. Il b, TUrYe" 

We .hould never ai. to ge~rld of aIl 
external .tteots ot one aen1vl t1 upon 'w.~ 
another. .inoe the net saln t;o- dot~ .0 would be n.gatl v.. A .0 rI el w1. th no 
trattI0 oong •• tion at aIl. never an1 
not... no oT.rh.ad pow.r I1ne. and not 
a traoe ot .. oke t. a nio. thoUSht, but 
1rrel.vant to aotton. Thu. the qu •• tlon 
1. not on. ot aboli.hing adver •• unfaTor­
able etf.ot., but 1. one of reduolng the. 
ln 80 •• oa.es whe~ tnv •• tlsatlon sho •• 
that on balanoe .uch a reduotlon 18 worth­
while. l 

In other words. ln teras of .oolet1 as a whole, the re.oval 

ot Pareto-irrelevant externalitie8 .ould be uneoono.ioal 

beoau.e th. oost ot reaoTlng th. _rglnal unit weuld exo.ed ... 
the beneftts ot auoh re.oval. Thi. oan be deaonstrated by 

a .taple diagraa (Flgure 2-2). The .o.t etftotent level of 

oontrol. rrom the soo1al point or T1e. 1. where the .ars1nal 

oo.t of oontrol la equal to the .arglnsl ben.fit of oontrol: 

ln th. dlagraa thl. l.vel te OC (1 •••• OC .nit. 9f pollutants 

ahould not be allo .. 4 to be e.ltted). The .. rglnal and total 

ben.flt ot pollution oontrol 1. the .. rginal and total daaage 

aTolded beoaus. of pollutlon oontrol. 2 Th. total daaas. aTo148d 

1 B. TurYe,. -Th. 81de Ift.ot. ot a •• ourc. U ••• • ln B. Jarret • 
• 4. t IpTl,DlI~ baJ,ltz ;t , an,. I90DOV. (8&lt1.ore: 
Ile.ouro.. or t e 'utan. 1 6. p. 9. 

2 Th. taot that th. "rsinal ben.tit (or "rainaI d ..... 
avo14e4) oUrYe slop.s 4o.n .. rt to the rlSht rafl.ot. (a ..... 4) 
4i.lni.hine "rslnal .tl11t1 of ~llution oontrol. 

• 
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o C Units of Poltutants Abated 

Fioure 2. -2: Opti ",al Pollution Abotement 

, 
b, reaoTlng All •• 1 •• 10n. would be OAD. At the .001al11 optl •• 

le.el ot'oontrol the total da .. se ayo14e4 1. OAiC. Th1. 18 the 

aonetàrr yalue ot th. Pareto-releTant externallt,. Theretore. 

CID 1. the aon.tarr Talue or the Pareto-lrreleTant axterD*l 

dl.aoonoll7. Thl •• hollld not be ellalnate4 beoaue tha .. !"S1nal 

oo.t ot 401nc 10 axo •• 4. the _rc1nal benafl t. Inelcluu.ll,. 

at the optl .. l le.al ot oontrol. .1noe 'he total COlt or 

".oYl_ the Pareto-releTant external dl .. oonoQ 1. OC., the 
• net satn to .ool.t, 1. OAK. Thl. 1. th. aaxl ... po •• lbl. caln 

.001.t, can re.ll.a troa the oontrol ot thl •• %ternai 41 •• 00no.,. 

'lb. "OOM lnt.reno., aooor41n.s to B .... n&Il &Il' 8tllbble'bln •• 

1. tbat 
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t'1111 Pareto equI11br1ua can M.,.er be 
.ttained Tla the lapo.ltion of unl-
1~t.ral17 tapo.ed taxe •• nd .ub.id1e. 
~tl1 aIl "ralna1 externalltle. are 
el1.1nated. It' a tax-.ubsid7 .ethod. 
rather thàn 'tœde·. 1. to b. Int1"O­
duced, It .ho~ld be bllataral tax •• 
(.ub.Idie.). 1 

Th. reason that tradltlonal th.ory ha. oono1uded that unllateral 

taxe. (.ub.id1 •• ) can aohi • .,.e the opti ... , aooordlrtg to 

Buohanan and Stubb1ebine, 1. that aIl of th. attention ha. 

been oonoentrated on th. orlglnator 01' the ext.rnallt, but not 

on the reolpient. l.t, hl. po.ition 1. a1.0 laportant. a. 
su.t be sade to tat. Into aooount (ln hl. output or oon.uaptlon 

deol.10ns) the oost. iapo.ed "tnternall,· on the orlg1natlng 

party through oorreoti Te a .. nres. Otherwl.e. though the 

"PigoT1an" .olutlon 1. attalned, Pareto optiaua 1. note Thl • 
• 

ean be shown b, a alasraa (Plgure 2-). The horIzontal axl • 

•••• ure. the le.,.el ot' aotlTlt7 01' part7 B. Thi. aotl.,.lty lapo ••• 

an externa1 dl.eoonoll7 on part7 A. The .,.ertioal axl •• a.ure. 

th. (po.lt1Te and nesatlTe) "rslnal ati11tl •• ot' the t.o 

partlès a. a t'unotion ot' the le.,.e1 ot' Br. aotlTlt,. Th ••• 

"rslDal ut111 t, runotions are IlUA and MUS- It B 1. allo •• d 

to dI.resard the exterllA11t7, he .111 .. xl.lze hi. utlIlt, b7 

oarry1ns out the aotl Tl t7 up to l..,.el Il <a •• ualns the oo.t 01' 

oarrylng 1 t 01lt to be zero) _ It', on th. other band, he ha. to 

pa, a tax equai to th. "ralnai externai 41.atlI1t, he 1.po ••• 

1 Buobaaan a84 S'ubbleblne, OR,91'., p. ,8" 
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Maraina 
Utility 0 

A and(fJ -.,-....... 

, 
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O------------------~~----------~E---~~~~~--~ 

MUe 

Figuree - 3 : The Pigovian Solution and Par.to Optimum. 

on A, he will con.14er hl. (aft.r tax) "rslnal uttllt, to be 

• IUB and Will .axlalz. hl. utl11t, b1 oarrtlns out the .0tl~lt, 

at ta. lonr le~.1 S (where S1' • SR). 'rht. 1. th. 8001al 

·PlgcTlan- optlaaa. But, and thl. 1. Buohanan and Stubbl.bln.·. 

polat,~t 1.Tel of aotlTlt, S, th. aarslnal dl.utll1t7 of th. 
, 

. a.tlTlt, to ... 1. great.r than the _!'Slnal 1Itl11t1 (n.' ot 

\ax) to B (1ft the dlasrua the latter 1 ••• 1'0). B ••• , lf 

po •• l bl., .. 1101114 baYe an lno.Dtl T. to _rpln 111 th B '0 ln4 ... 

th. la".r to !'e4 •• hl. 1 ..... 1 or a.tlT1t, .... a t-nlser •• , 
'J .. . . 

to 1:. ftl. .,1114 .1 •• 1'1, be to th. ......... ot at 1 •• t •• . 
of tb. ,.nl ••. 

\ 
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not a Pareto optlaua. A ••• ntloned, BuohaDan and St.bbl.bln. 

belle •• that, ln order to aohle.e thl. tra17 Pareto optl ... , 

the externallt7 reolplent aust be .. de a.are ot th. oo.t. 

l.po.ed -lnt.rnal17- b1 th. tax on the part7 who.e aot\.1t1 

s~nerates the externallty. Thls can be done elther b1 lapo.lng 

bllateral taxe. (subsldles> or b1 havi .. the .xternal17 atteoted 

part, aotual11 ooapen .. te the aotlng pa~t7 to~ aodlt11ns his 

behavlor. 

Though Buohanan and Stubbleblne'. oonoluslon. are 

torsally oorreot, the" on retleotlon, do not .eea •• anlng'ul. 

Por, tt bargalnlng between the partie. 1. posslble, thera tl 

7 tor u.lng taxatlon ln the ti~.t plaoe. On the 

her hand, lt bargalnlng 1. not po.slble, the -Plgovlan­

optl.ua aohle •• d by the lmpo.ltlon ot a unilateral tax (.ub.td1) 

ls allo • Pareto optlaum. As dlsoussed aboya and balo., the 

latte~ sltuatlon ls aore ln aooordanoe With a mean1ngtul oon­

oept ot externallt7. In partloular, lt 1. the sttuatlon 

expllo1tl, a.su •• d hy Plgou. 1 

In th. .. ••• eln, Davl. and Whlnston po1nt out that, 

eyen ln the ca •• _ere azternalltl •• are .eparable, lt Wlll 

he dlttloult tor the pollo7a&ker. to calou1ate (e.en approxl­

.. ta17) the tax •• and .ubsldl •• ~loh .111 re.ult ln optl .. l 

le.els ot output. 2 This 1. a~eolall7 true ln a .o~ld ~re 

th." are -117 tira., in41.1d_1., and. t7Pe. ot axtemalltl ••• 
~ 

• 
1 Pl10U, op.,lS., p. 18) tt. 

2 Dart. &Del 1fhlll.'OII, 8.' .1'. 
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Alr pollutlon .ouroe. and raclplent., tor .%a.ple, "1' be 

large ln nu.bera and generate .1.ultaneoual1 oth.r extemalltle. 

auoh a. cons_ation, aooidente, and eo on, 80 that the oalou-

latlon ot optl .. 1 taxe. and aub.ldie. would be yer, dlttloult, 

eyen lf externalltle •• ere separable. 

When externalltle. are of the non-sepa~ble t1'pe, 

howeyer. lt wll1 be laposslbl. to deteralne the optl .. l taxe. 

and subaldle. eyen at the conceptual level. Beeauee the 

optlmal level ot output ot one tlra depend. on that ot the 

other. there la no unlque equll1brlua aolutton. Sinoe pollc1-

.. tera oannot predlot th •• e optl .. l outputs eTen ln prlnoiple. 

the, wl1l be unable to deTl.e the proper taxe. and aubaldte •• 

Davl, and Whlnaton auggeat that a aore praotlcal solutlon 

would b. to allow .ergera a.ong the part1e. atfeotlns .. ch 

other. The exiatanoe of non-a.perable externalltlea woald 

prov14e the aotlYat1on for suoh •• rgers. The .ersar. woald 

~o on untl1 .0 .. -natural deola10n-.. klng unlt" whloh 1ntemallz.d 

aIl of the axt.malit1 •• would be aohleTed. 

In order tor Davla and Whln.ton'a anal,.1. to be valld, 

howeyer, externalltle. au.t ~ not onl7 non-.eparable but al.o 

rectprooal. 1 When erternalltl •• are unldtreotlo .. l ev.tt lf 

non-.eparable, SOTern.ent lnte~ntloD .., be requ1red, 

.apeolallT lf the da-,ed croup 1. larse aDll 41 ... r .. d. netber 

1 ·O.r Nftlta here bold for the oa .. ot reolprooal, DOD-
.. ,araltle enamali't... If 'ha enlmalltla. a" JlO' 
reolprooal 1ft &D7 •• n ..... tben o.r aaalFel. 40 •• not bo14.· 
~ •• p. 257, foo'not. '1. 
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a .y.te. ot output taxe. and eubaidte. la the beat type ot 

,oT.rna,nt lnt'rT.ntlon la an open but ao.ewhau d1tterenÛ 

question. 

ET.n ln th. oa., ot non-aeparable. reolprooal ext.rnal­

itle •••• rger ta not al .. ,a t.aslble ln praottoe ••• DaTts and 

Whln.ton .d.lt. The oost. ot .ergtng and bar,salnlng, or the 

dlttloulty of brlnglng the parti •• together .. , prwTent .. rgere 

trom taklng plaoe. Moreover, a. Davt. and Wh1nston reoogntze, 

thelr "natural deolalon-aaklng unit- .. , be .0 large that tts 

aohleTe.ent would cau.e a ohange ln the .. rket atruot.re; let, 

thelr analysts onl, hold. tt the aarket 1. a.aua.d to re .. 1n 

coapetlttve even .fter al1 of the .ergera required ta tnt.mallze 

the externalttte. have taken place. Whether the .. rk,t .truoture 

wlll ohange or not, the, right11 point out, ts an e.plrloal 

que.tion. 1 A turther lt.ttation of the •• rger .olutlon t. that, 

b, lts very nature, lt muat be oontlned to produotion unita. 

One oannat .ee hou.ehold. -.erg.n (a. dtatlnot rra. po •• lble 

bargalnlng tor ooapensatton) , eTen though households (or 

lndlTldual.> are oertalnl, laportant aouroes ot externalltl ••• 

Por oo.pl.t.n •••• let ua .entlon th. 1.praotloabll1t1 

of the output tax.a-.ubaldi.a solutlon ln th. ca.e ot reolprooal 

externalltle. (wh.ther or not the, tall tnto the other categort,e). 

It ahould be obTlona wh, thera 1. no 4.t.rainat. aet of optl .. l 

tax.a and a.batdl.a ln the ca.e ot reolprooal est.malltl,a. 

1 An analo.oa. qu.atlon la wbe'b.r a oo.,.tltlv ... rk,t 
eXlat,4 ln th. tirat plao •• 
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Sinee opti .. l output. ~Dnot he determined beoau.e Qt' inter­

depend.nce. nelther can optl .. l taxe. and .ubaldle •• 

4 point wowth .. king with re.pect to reclprooal 

.xternalttte. 1. that thel' oocur .o.t t'raquentll' ln o. ••• 

Involv1ng the exploitation ot .o-aalled oo .. on propertl' re.ouro ••• 

The •• are re.oure •• who.e aup»ll' t •• caree but who.e •• e 1. 

neverth.le •• t'ree. Bxa_pl •• are t'1ah1ng sround., road •• and 

a1r. l Beeau.e the u.e ot' co .. on property re.ouroe. 1. t'rae, 

the ettect ot an 1ncrea •• ln 1t. ua. 1. not t.It bl' th. 

lndlvidual u.er, lt II t.lt bl' other.. Thil le.dl to over­

exploitation ot the relouro... Thu. ti.h1ng groundl are 

depleted bl' overttIhtng, road. heooa. oons •• ted. and alr 1. 

polIut.d. Theretora. the loclal coat ot' th. actlvltl •• exo •• d. 

thelr privat. ooat. Thl •• ugge.t. an alternat1ve th.oretlcal 

approaoh to deal Wlth e%ternal1tle •• that 1. to oreate a 

aarket t'or the co_on Propert7 re.ouroe bJ charglng a priee t'or 

ltl UI.. Th1. pr10e wou1d ral •• th. co.t ot' privat. u.e to 

equalitJ wlth lt. loe1a1 oOlt and. tharebl'. reduce the total 

.. '-"" 
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lnt.n.ltr ot 1tl uae. A aodel which atteapts ta •• tabll.h 

the theoret10allr optl .. l prloe ot ooa.on propertr relouroe 

us. ln th. oas. ot a1r 1. d.T.lop.d b.low. 1 

(0) "lItiT' Ittlaleo07 ot Dltt'!1nt 'IP'. oC Tax •• an4 Sqp'141 •• 

A.14. trom th. approprlat.n... ot th. tax-Iubll47 

solutlon .s 8uoh, ln th. 11ght ot th. quallt1cat10n. ot th. 

oono.pt ot .xt.rnalltr d1.ouss.d, there le th. qu.stlon ot th. 

relatiT' .ttl01.nor ot alt.matiT' typ.s ot taxe. and .ublid1es. 

Pro. P1gou onward. the anAl,ll. ot .xt.rnaliti •• has lapll.d 

or atat.d that the approprlate oorr.otiY, taX'1 (suba1dl •• ) 

would he taxe. (subsidi •• ) OD the Q.tRgt or oon.yaptlon ot 

th •• xt.rn&lltr-generatlng .00noal0 unite. This tollo •• d 

trom th. pr.suaptlon that wh.n produotion or oonsuaption ot 

so •• good g.nerates .xternal d1 •• 00noal •• , th.r8 a.et be an 

oT.rproduotion or oT.rconsuaptlon ot th. sood. R.o.ntlT. 

hOW8T.r, th •• ttiol.n01 ot these tax •• has b.en questloned. 2 

1 

2 

"-
.l detal1.d a04.l 4eallns W'l'h""h ... ~.ent ot th. _t.r 
re.ouroea ot th. Delaware l.t_17 u.l6S thl. approaoh .a 
d.T.loped bJ Ru •• ell aad Spottord •• retort.4 br A. Kn ••••• 
ftlmlroœent&l Pollutlonl 100no.l0. and Po110r. ft '''tJ~tr.' 
BoIQt~~o hl1... ',nt. lD4 Pro ••• 41 •• , LXII (." • 
pp. -1. 

B.reatter. tor .1.pllo1t,. the 4110 ... 10n wll1 be oarrl.d 
out 10 t.ra. ot taxe. onlr. tboQlb ln t'- oa •• ot .xternal 
100Doal •• the .... re .. rt., -ptt", ,~.. apt1, to 
~~.141e.. Al ••• 'he 41.0 ... ôft • i ~.l.e proa_otlon 
.xt.malltl •• bat thl 41.0 ••• 10n ,p~ll •• a. well to 
oon. .. ptloft .xtemallt1' •• 

\ 
\ 
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More preol.ely. lt ha, been .hown that other t7pe. ot taX.I. 

ln oertaln olroualtance., are aore etflo1ent than output taxe •• 

Or, put dlfferent17. there 18 dl.asre ••• nt a. to wbat .xaotl, 

Ihou1d be tax.d. 1 In the oontext of envlronaental pollution. 

po •• lble alternatlve. to output taxe. are, input •• mt •• lon 

(or effluent), and daaage taxe •• 

Plott, tor exaaple, haa .hown th.t, if an external 

dl •• oono., can b. attrlbut.d to the u •• or 10 •• externallt7-

produolng input, .uoh .a the oombu.tton of a tuel, an output 

tax .. , wor.en the ,ttuatlon. 2 ET.n though th. tax wlll reduoe 

the output produced, .ore ot the externallt,-generatlng lnput 

.. ,. be used, henoe, lncrea,lng the external dl •• oono.,. In 

thl1 oa.e. the t.x whlch would l.ad to the optl .. 1 relult 1. 

one iap ••• d on the externallt,-g.neratlng input. 

Plott's anal,.l., lt 1. generall,. oonoed.d, i. e •• entialI7 

oorreot a. far &s the .hort-run ls oono.rned. But, a. Praser 

has shown, lt does not teke lnto acoount the 10ng-run adju.t.ent. 3 

1 

2 

Por a dl.oas.lon of .0 .. ot the 1.aue., .ee B.O. Z.rbe, 
·Theoretloal Stfl01.n01 ln Pollution Control.- l!"2tD 
loonoale Jourpa1. VIII (Deoe.ber. 1910), pp.)6 '7. 

C.R. Plott. "Bxtemalltle. and Correctlve T.x ••• • 100"110', 
XXXIII (Pebraar7. 1966), pp. 8.-87. Plott tor.u1at.1 he 
probl •• ln taras or jolnt produotl. The external1t, (eg • 
• aoke) II a Jolnt produot or the output or the rlr.. There­
rOft, he recognlze. tbat the \ax oould be put dlr •• tl,. on tha 
jolnt produot - 1 •••• an •• 11110n taxe 

B.D. Pra.er. ·Extemalltl •• and CorreotlY. 'l'U.,I J. Co.ent.· 
a.MA1M (OVUl It ".0.1 •• , l (1a7. 1968) t pp. -73--15. 
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Plott'. anal,.l. 1. Talld ln th. long-run only und.r rather 
• 

restr1.otlY. a ••• ptlon. w1.th re.peot to relatl.,.e ohaDse. ln 

tactor prl0 •• oau •• d br th. laposltlon of the output t,x. 

Pra •• r .how. that, it on. a ••••• OOn8tant relatlYe faotor 

prlees and that prod.cera baY. elallar produotlon tunctlon. 

<.-loh he doe. not regard •• paDtloularlr r.atrtotlY • 

••• uaptlona), an output tax wtll .1 .. ,. l •• d to a red.otton 

ln the u.e ot the ·ott.n41ngR lnput. a.a •• t and Boroberdlns 

ha..,.. alao argued that, ln th. long-rune an output tax would 

cau.e • reduotlon ln the a.ount ot .xternallt~ produoad. 1 

It 1. notable that none ot the •• wr1t.ra purported to 

proY. that. even ln the long run, an outpllt tax 1. a"perlor to 

an lnput tax under the olrou.atanoe. 1n41oated. One o&n aatelr 

etata. then. that, ln the oa.a .her. an .xtemal 41 •• oonoa7 

can be traoad to the uae or a speotfle tnpllt, th.re la a Rrill 

ta91. o. •• for lapoalng an lnput tax rather than an output taxe 

The drawbaok or th. input tax (ahared br th. output 

t'x) 1. that It ott.ra no lno.ntlye to a40pt lnnoTatlona whloh 

reduoe the fl\l&!ltltl •• ot pollutant ••• 1tte4 w1tb • alyen lnput 

.1x, or, p.r unlt ot outpllt. Suppoae, for e~pI •• tbat 1t 1. 

th. Go_on praot1oe throuctl •• t a ooapet1tlY. lnclutroT to ue 

a. ODe ot th. 1nput. a fu.l 8h1oh :renlt. 1.n th ••• 1 •• 10ft ot 

obnoxlou. polllltant.. A tax on th .... ot thla tui .. 1114 be 

. . 
.. 

"1 , 
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.tteotl.e ln lnduolas ~.e tira. ln th11 l~d.ltry to •• 1toh 

te 10 •• aoleaner", but •• re expenli.e tUll. while othe~ tira • 
• 

• ould continu. to 1I.e the \ adlnlera fuel and pa7 the tax and 

reduee thelr output untl1 th.lr _rglnal oo.t-Jl1II-tax equalll 

th.1r _rglnal re.enue. low, thi. 1. an laprove.ent o'Yer the ' 

lnltlal .1tuatlon. Moreover, at least ln the Ihort ran, th1. 

lolutlon wou1d be euperlor to that whloh would tOrol aIl tlr1U1 

to reduee e.1.llons throush a reduotlon ln output, al wculd 

ooour 1t an output tax •• re tape.ed. But lt wculd be e.en 

better 1t rlra ... re «1 •• ft the a4dltlonal 11loentlve to ule the 

"dlrtter" ruel and Inltall de ... l0'. Whloh preTente4 the pOllutant. 

1"ro. betD8 dl.oharsed Into the .nTlron.ent. 8oa. r~l'II •• 1ght 

tlnd tbat th11 nUl.d be, tor th ... a oheaper al ternatl 'Ye te the 

other two. The Input tax, al .uoh, otrera no I.oh Incentlve. 

The flr.. that dld In.tall Roh devlcel 1fOâld ha ... e to pa, a • 

• uoh tax ail thole that dld not 40 10. It li pOI.lbl., hon.er, 

that ln 10 •• ca •••• thl. drawback oan be ob.iated or .1nt.lz.d. 

Th18 can be doue lf an adalnlstratl ... el, staple "7 oou14 be 

found to refllDd the I-nput ta!: to tho.e tlnal 1Ihloh nll1d .1ther 

lnltall 41.10 •• to oapture pollutant. blton the7 .. re 41.obarpd 

lntô th. IlIYlronaent or aohle ... ed, the _e re.u1t bl ao4ttl1ns 

tb.lr prod_tion proo.... III th!. o. •• , tb.re wcnald he no 

•••• ntl.l 41fteHIIDe bet ... n an !ftPll1f'" tu anet an •• 1 •• 1on ta:r:. 

In tact, If tbere 1. a .1.pl. l1a.ar relatlonahlp bet ... n tb. 

Q.e of th •• :r:tema11t,-1Jr041lO1ac l11P111: aft4 the 1 ..... 1 of •• 1 •• 10u. 

tH lnplt ta:l:-_-,"f1Dl4 .. .t. be reall, onl, a oOnTenl.nt 

_tbO« of aclalal ••• rtns a ••• 1 •• 10D tax. 
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The onl, tax 1It,l1ch aulel d1rectl, proT1d •• 11 of' the 

lnoentlves requlred to produoe a soolal opt1mull would be a 

tax 1eT1e4 aga1n.t the damage oaused b1 the external dlaeoono.,.. 

"ore pre01sel7. a tax funotlon equlTalent to the marglnal 

d&aage funotlon, tt" thls .ere known, wouid eat&bllsh thls 

resu1t. Pl:nts would pro4uoe only the output whtoh 18 8001&11y 

opttau. (exoept as far as distortions due to laperfeot10ns ln 

.. rket struoture are oonoerned); the1 wou1d produoe thts output 

at alnlallà oost; and the oost .ould ret'leot the 4a.ge whloh 

t'iras still Int'l lot upon othera (a. Pareto-relevant externa1 

dt seoono.les). In additIon, this tax would proT1de .n t noent 1.,.. 
for polluters to lnatall de.,.10.8 1Ihtch weuld reduoe •• l.slons 

and. ultl_te1y. to 1ntroduoe lnnontlons ln prooes.es whloh 

generate slIA11er quantltles or ... te. 

The prob1ea .Ith a da_ge tax 18 that It 1. TerT 41rf'1-

oult to obtaln quantltatlve estl __ tes ot' da •• ge ooat f'unotlons. 

The relatlonshlp between 1e"els ot' e.ls.lons of' alr po11utant •• 

t'or 8xaap1., and d •• ·g. 1e.,.el. to _tert.ll, orep., huaan 

h •• lth, and so on are stll1 Ter7 seant7. 1 In add1 tlon. a 

large ahan ot' dause oOlt. are .abjectl.,.e oOlt. whloh lndl.,.ld­

ua11 -7 t'Ind dlt'flowt to estl_te. e"'en 1t' the, .... " wl111ns 

to ftTea1 thelr exaot .. nlt84.. AI n11 be .hown be10., there 

are rea80ns lib,. the7 haT' an lnoent1..,.. to exasera.e or àn4.rl'ate 

1 Soa. et th. at~ •• ptl ""'loh haT. 'be.. Md. to •••••• _ .... 
t1"Oa alr pollution are NT1.'" ln Cha"." III and IV. 



;; c 
- 35 -

lIoreo'Y.r. th.ra 1. the probAbllt.t1c oharaot.r of th. 

4& .. g ••• l Pollutant oonc.ntration. Tar, 1n tl... Por .sa.ple. 

oarbon _ono:l1d8 and .u1tur dlox1de oonoentratlons ln urban 

area. 'Yarr dur1ng d1ft.rent houri ot th. da, and d1tterent 

p.rioda ot the ,lAr. To S.t aocurat •• sttaate. ot pollution 

dallAg. funotlons. th.retore. th. d ... ge that oould result 

wlth ,.oh l'T.l ot cono,nt~tlon aust be oorrelat.d wlth th. 

t'requ.ncr (or, at l ... t. th. probabl11t,) ot th. ocourence 

ot .aoh pollutant oonoentratlon. In th!. --r. th •• xp,ct.d 

da_ge oost funot1.onl oould be •• tl.at.d. But. ob'Y1ous1,. 

thl. great11 oo.plloate. alread, extr ••• l, dlttlcult oaloulat1ons. 

The t7pe ot tax that ha. been .ost trequentl, adTooat.d 

as a subst1tute tor the da .. g. tax 1. an ealss10n tax (allo 

known as .ttl u.nt charg. or te.). Th. a.olUlt ot th. tax wOlÙd 

be a tunotlon ot the quantltle8 ot Ip.oltl.d pol1utants dls­

oharged 1nto the enT1rona.nt. Thil t7P8 ot tax. wo\Ùd be 

.quiTal.nt to the d ... g. tax lt th." .. re 11n.aritr b.t ... n 

pollutant oono.ntrat10ns and 4& .. g •• 2 Lln.arit, woald .x1.t 

lf .aoh addltlonal unlt ot pollutant ealtt.d re.ult.d ln .qual 

1ncre.ent. ot claMSe. ObT1ouIl,. th1. GaMot be known • prlor1; 

n • .,..rth.1 •••• 11n.arit, GAn ~ ••• o.d a. a tiret approxiutlon. 

1 nl ••• "ot il ti.o •• ae4 ln A. V. Ille ... aa4 B.~. Bo_r, 
?ml'. ""'J !':'t'If ,.,1101 . ..,lp191og. IMJa.t '\lRPI' tlaoN' o. opl.. n •• , 1 • pp. 116-12 • 

2 Se •• 1Jaa., pp. 109-112. 
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Ther. 1. on. ln.tance where the •• t •• tons ot ... Jor 

pollutant can be ••• 117 predloted by the a.ount ot an lnput 

used. Th •• e are •• 1eelon. ot au1tur oxld.s tro. the oo.buatlon 

ot tuels. Ba.1cally, .11 ot the eultur conta1ned ln tuel. 1. 

ealtt.d tn th~ at.o.ph.re ln the tora ot sultur ox1d •• unl ••• 
/ 

lt ls re.oTed troa th. ooabustlon gasea. It ls • relatlY.ly 

••• y and ln.xp.nel ve task to .... ure th. sultur reooT.red. So 

that an ad.lnl.tratlvely convenlent aethod ot laple.entlng a 

tax on e.l •• 10n. ot sultur oxtd.s would b. to tax the sultur 

oont.nt ot tu.l •• nd glv. tax rebates tor the sultur reooyered. 

One last point .ust b. made cl.ar. Th1s ls what .. 

.. y oall th. reglonal a.p.ct ot alr pollutlon oontrol. It 1. 

unllkel, that the e.t •• lon ot pollutants tro. a glT.n souroe 

wlll result ln the .... a.ount ot da.ge lndependently ot the 

location wh.ra thi. oocurs. It tollow. that • unltora tax, 

exo.pt the daaag. tax, would l.ad to re.alt. lnterlor to tho .. 

where the leTel ot th. tax take. account ot the location. 

Id.ally, th. tax .hould be oorrelat.d to th. da .. ge .aoh souro. 

1. 11.ble to l.po .. upon others. Thls, howeTer, asaln baoau •• 

ot ••••• re •• nt dtttloultl •• , la out ot the queetton. Ther. t. 

nothlng. hO_Ter, 1Ihloh _,. that • tax ahould. be unltora 

throughout the oo.atr7. 1 It 1 •• rel.tl .... ly .1aple .. tter to 

1 Ko .tt •• pt 1 • ..te here to dl.ou •• qu •• tlon. ot jar1841otlon 
bet .... n Tarlou leTel. ot aOTernaent. 80_ ot the 1 ..... 
are 41 .... ee4 ln D •• 1~.rl'lere, -Le. Prob1 .... Con.tl'.tlonel. 
4e la Latte Contre 1. Po11.tloR 4. l'.epao. At.oepb.rt, .. 
au Canada, Il Dt CU'CM III IV1e., L (Deo •• ber, 1972), 
pp. 561·"9. 
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deltgnate regt.onl .here dU'terent tax rate. lfollld app17. One 

would expeot, tor exaapl •• that tax ratel would be hlgh •• t ln 

end .round heavll7 populated urbln areal where gl Ten concen­

trations ot pollutants can do .ost da .. ge. 

(d) haIt 8U:'!O~un , J 

The uae ot correottve taxes (ot wh.tever k1nd) has 

been quest10ned tro. another polnt ot vlew, na.elr. the .. rket 

.tructure or the externall tJ generat i~ indu.t1'7. A. shown 

b1 Buohanan, 

onl1 wh.n the lndustrf generatins the 
external diaeoonos1 1. compet1ti ... e1J 
organlzed can the oorrective tax he 
ana.biguou,11 hai1ed a, weltare-laproving. 
even in the presenoe or the other requirad 
oonditions. Under aonopoIlst1c organi­
zation, the oorreoti Te tax -J weIl 
lead to a reduct10n or .. ltara rather than 
an tncreaee. l 

Buchanan'. reasonlng ie that, if the output ot the aonopoll.tloallT 

organlzed lnduetr1 18 a1reedJ ... ller than the .001all1 optlaua 

due to aonopolistlc restriotlon., a correotlve taz al •• d ~.t 

reduclng 1t. output -J reduoe nlran. This reault wlll 

obtaln when th. reductlon ln .. ltar. cau •• d b1 th. addltlonal 

re4uct 10n ln output la greater than the inoree.. ln weltere 

whlch relUIt. rIOs the reduotlon ln the ext.rnel 41.eoonoar. 

Buohanan'. oonolu.lon· ••••• ln •• capabl.. Mor a.n the 

exlltenoe ln th. eoono., or non-pertectl, ooapetitlve ind.strle. 
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whloh generate .xternalltiea be doubted. Bence. the use ot' 

oorreotlTe taxe. ln the preeenoe ot' these market lapert'eottons 

oan on17 lead to seoond best result •• 

Two pointa oan be lIlade. how.ver. The ft rat 1. that the 

po •• ible adverse welrare .ft'eets oan be .1n1.1zed b1 the uae 

of approprlate oorreotive taxes. By th18 l lIean that an eml"slon 

tax would mlnlmlze the po •• lble 10lla ln welrare arla1ng fX"O. 

the reduot1on ln output oauaed by the tax relative to an output 

taxe Th1s oan be ahown by F1gure 2-4. Thls dlagra. represents 

an lndustry aonopoltst1oall,. organlzed whloh generatell an 

external d18eoon08,. equal (ln 1I0netary teraa> ta the dlstance 

MN. D 1s the de.and ourve t'or 1 ts produot and MR 1 t8 urg1nal 

revenue ourv.. A oonstant urglnal oost (MC) 18 assUiled. When 

no tax whataoeTer la lapo.ad on the 1ndustry. lt wl11 produee 

quantlty Q and the produot will be 801d at priee P. If an out-

put tax T equal ta the external d18eoonoll1 KN 111 laposed. the 

marginal oOllt-~-ta% wl11 rlse to MCT, the lndulItrT .111 produoe 

output iolT, and sell 1 t st prloe PT. The net 10s8 ln .elfan 1 s 

equal ta the area ABCD. 1 Suppo.e. howeTer. that the ooat of 

redue1ng the dlseoonoa7 bJ the _Ile extent through the 1nstal­

latlon or antt-pollution equlp •• nt la les8 than the output taxe 

The output tax would not lnduee the aonopoll.t ta reduoe the 

externalltl ln th1. oheap'. aanner beoause. ln addltion to the 

oost ot' the ant1-pollut1on equlpaent he .ould haTe to purohae •• 

lnstall. and .. 1nt.ln. he would still baTe to pal the tax on 

th. output that he 40 •• lell. An e.1a.lon tax. on the other 

--1 S.e, 1lllJ. 
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~ ______ ~~~ __ ~w-________________ MCT 

~ ______ ~~~ ______ ~ _____________ MCN 

~ ______ ~.-~ ________ ~~ ____ ~ __ MC 

o 

1 
1 
1 
1 
1 

1 1 

Quontity 

Fiour. 2-4 : Effec's of Output and Emission Taxes 
on Monopoliatic FirmI. 

o 

hand, wou14 enoaurase hl. ta ln~ta~l the equlp.ent. "uppo.e, 

for exaap1e, tbat the oost of re4uclng the externa11t,. ln thl. 

armer 1. R( T. 'l'hen. Ile _ald rl .. on1,. to lieR_ the output 

n\ll4 be cm. lt 1101114 be 1014 at prloe Pa. an4 the 1 ••• ln. 

.. l1"a" nul4 be 01111 DCP. Clear11, thl. le a .1t-.tloD to 

~ pret.rre4 to tbe preTloti. one a. _ln •• tablt.be. the 

prinol,le tbat, lIhateTer ail 01ltp1lt tas .. n 40, an e ••• loft tax 

oan clo better: 

'lM .eooDd. pelnt nloh oan be ..... wlth re.,.._ t. tM 

1.ettlot_ol •• oreat ... laJ tlle .stnea •• ot lapert •• tl'" 1. 
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aart.t .trwotu~ 1. that lt li not l'S1tl .. t. to u •• th • 

• %t.t.no. or th ••• ln.trlol.nol ••• 01.1, a. an arsua.nt asaln.t 

th. u •• or oorr.ottT' tax ••• l Th ..... ars ... nt oould be .. de 

asa1n.t an, a.thod or oontro11tng e%ternalltle.. It re.ouroe 

allocatlon 1. not opti .. l du. to th •• xl.t.no. or .. rket 

.truoture lap.rr.otton.. Any r.a110oatlon. brought about b, 

Any a.thod. wlll be •• oond be.t. 

2. Tb. Mark.t 'allure APPr9aph 

Th. p'rTa.tTen ••• ot .xt.rna11tte. and th.tr .. nl-

t •• tatlon a •• nTlrona.ntal pol1ut1on can b. and ha. beln 

analTz.d ln tera. ot anoth.r oono.pt, that or .. rk.t r.llu~. 

Th1. conoept In01u4 ••• xt.rnalltt •• but .noo.pa ••••• eT.ral 

oth.r lnt.rrelat.d a.p.ot.. Arrow. tor '%aapl., .tat •• that 

-th. probl.a or .xt.malttt •• 1 •••••• paola1 oa.e or a aore 

g.n.ral ph.no •• non. th. rallure ot .. rt.t •••• • though -lot 

all .xaapl •• ot .. rket tallure oan rru1ttull, be 4 •• orlb.d a • 

• xt.rnalltl ••• • 2 

In th. t.xtbook tTpe ot .oonoay, g1T.n c.rtaln oonditlon • 

•• oh a. pert.ot ooap.tltlon ln all .. rk.ta and •• peo1tloally. 

1 On thi. point. 1 •• J.T. V.n4.r.. ·Protit Naxt.taatton. 
Po1lutlon Abat ... nt. and CorreotlY' fax ••• • i,~l oC 
Iqopo.lg I •••••• VI (Sept.aber. 1972). pp. 1 - • 

2 I.J. Arro •• ·Tb. Orsanizatlon or Soono.l0 AotlYlt" I •• u •• 
to the Cholo. or I&rk.t V.r ... Ron.art.t A1108&t10n,· 
Stattl Concre ••• Jotnt loofto.lo Co .. ltt ... 

" 
( • p. 
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the ab •• nce or .xt.rnal .oono.l •• or dt.eoono.le., the 

unr.tt.red .orkln~ or the .. rket re.ult. ln a Pareto opt1 ... 

alloGatlon or eoonoato re.ourc ••• l Ir ln the aotual eoonoay 

.oae or the •• suapttons upon Whloh thl. aore or 1 ••• ld.altz.d 

.y •••• do not obtaln, thl. optlaua allocatlon ot resouro ••• 111 

not be reallz.d and the .. rk.t 1 ... td to "tall." Th • 

• xlstenoe or exce.slv. pollution oan be re~rded as evldence 

that th. aerket ha. r.lled to aohleve the Pareto optt.ua. It 

ls usetul. th.n. to revt •• brietl, ho. the .. rk.t tatl. and 

the aspect. or .. rk.t ral1ure releTant to enTiron ... tal pollution. 

(a> Cla •• lf1catlon 

Bltor otrer. a us.fu! classitlcation or aerk.t tallures. 

B. 'USg.st. rlv •• od •• (or types> ot .. rket tailure and thre., 

not autually exclu.iTe. causes. 2 

The abs.nce ot •• et or prioe. or .hado. prloe. whloh 

will equate th •• et ot .. rglnal oondttlon. n.oes.arT to .. xlal •• 

soclal weltare .ill oau.e the aerk.t to rall bT "e%l.tenoe." 
* 

Th. pos.lbl11tT that the prl0. sT.te. "T lead protlt .. xl.1z1ns 

produo.r. tnto alnl.ua or 100.1 .. xt.ua prottt po.ltlon. tn.t.ad 

ot overall alxl ... 111 OIU •• the alrket to rall br -.lgnal.-) 

1 

2 

A good atat ... nt ot the n.o •••• r7 oondltlon. Otn be 'eand ln 
P.R. Bator, "Th. St.ple Analytl0. ot Veltare Raxl.1aatloft," 
"'xloan "IQo.lg Blyl •• , XLVII (Maroh, 1951), pp. 22-59. 

P.R. Bator, ·Th. Anato., ot Narket PalIure,· ~,rll J'JlIIl 
or 10°111\°1, LXXII (A .... t. 1958), pp. "1-' . 

3 That 1., lt wl11 SlT' t.l •• prto. lntor.atloft to protl' 
aI%lalalDS prot.o'l8. !ht. wl11 1 .. 4 to .. __ .ptt .. 1 a,.taton •• 
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The ca •• wh.re th. set of prioes allow. on17 ne~ttTe protlts 

for produo.rs ot so •• soolal11 deslrabl. produot. wll1 oau •• 

tallure br "inoent!Te.- Iaperf.otions ln aarket struoture. 

wl1l cause aerket-deteraln.d prloes not to oorrespond to thos. 

leadl~ to a Pareto optlaua and the aarket wl11 fall br 

"struoture." Pinally. arbitar1 legal or institutional Imper­

feotions '" prevent prloes trom balng asstgned or preolude the 

appropriatlon ot .om. galns through th. market prooess. th.reb, 

oauslng th ... rk.t to tal1 b1 "entoroe.ent. M 

The three oauaea ot .. rket tatlure. aooordtng to Bator. 

eonstat ot the pre.enoe ot (1) own.rshlp extema11tI ••• (2) 

teohntcal externallttea. and (3) publio good. externallttea. 

The.e are vte.ed a. polar. but not mutuelly exoluslve categories. 

Ownerahip externalltles exlat when a taotor owner la 

unable to oharge tor lts service.. Thi. la reterred to aa the 

problea ot non-appropriabllitr (or non-exoluslon). The Teault 

1. tal~ure br entoraement. Teohnlcal externalitlea artse 

beo~se lndlTI.1bl11tlea or Inorea.ing retum. to 80ale exist. 

In the toraer oaae produotlon oan ooour at a 100.1 profIt 

.. xt.ua and the market wl11 tal1 br sIgnal. In the l.tter c •••• 

ir marglnal oost prIelng la practtoed. priee .. , .qual sarglnal 

ooat below aTerage OOlt. The result ts that produoer. wlll be 

taklng 10 •••• and the asrk.t wl11 tall br lnoentive. Inoreaslng 

returns. turth.raor •• oan be Inoo.pattble with pert.ot oo.petition. 

ln whIoh oase the aark.t wl11 fatl bl struoture. Publio seod 

ext.mallt1 •• 8&7 be .. 1d to b. present when the oonsuapt10n ot 

- ~d bT ofte indivIduel leads to no subtraotlon rra. -ftT other 
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tndlTldual'. oon.uaptlon ot that good. 1 When th!. 1. the Ga •• , 

no s.t or aarket prlaes .. loh _111 11.ld a soolal opt1aua _111 

eXist. Sinoe the saae oon.uaptlon ltea. enter the preterence 

runotlons or aore than one 1nd1T1dual. there 1. no reason to 

r&tton the allooation of public goods and, henoe,no poattlTe 

priee will allocate publto gooda .tftotentl,. In Buch cases. 

the market, eTen when perrectl, coapetltlYe, can be said to 

fal1 br ext.tenoe, and _111 not aohleTe a soolal welfare optlmum. 

MoreoTer. eaoh tndlTtdual aotlng ln his •• lr-lnterest wll1 flnd 

tt adyantaseoua to understate hls de.lre ror publlo goods: 

henoe, mark.t toroe. _111 1ead to al ••• than optlaua proTtsion 

of publi c good •• 

Thl. olasstflcatlon doe. touch on .ost ot the proble •• 

eonneoted _tth the perTa.1Te ext.tenoe of ertemalltle. ln 

general and or enTlron.ental pollution ln partloular. Inter 

,11._ lt polnts to the "public good" oharaoter of pollution 

eontrol and to the role of propert7 rlsht. ln re.ouroe allooa-

tlon or, ln aore general tera., the lnterconneotions ot eoono.l0. 

and the la.. These t •• ue. wll1 be dlsoussed aore tully belo •• 

One oan argue, hOlMyer, that Dator, b, asort blng all 

caus.s of .. rket rallure to so.e t7pe ot externallt7. 1. 

oYerexten41ng the OODoept ot extema11t" thereb1 reduolns lts 
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analrt10al potenor and 1t. u.etulne •• tor polloy. There 1. 

11ttle rea.on tor tnoludtng under the oonc.pt ot externalltr 

luoh thlngl a. proble •• ot dl.oontlnultr and 1.proper ourvature 

and lt li que.ttonable whether the oonoept should lnolude 

proble •• or lnd1v1.1bll1ty and returnl to loal •• 1 Bau.ol. 

tor exa.ple •• tatel that "br .. klng the d.rlnltlon or externalitr 

broad •• e oan he led to the oonolu.lon that anrthlng whloh li 
A 

wrong wtth the .. rket .eohani •• 1. 0.0 ••• lr111 an ext.rnallty."2 

This praotl0. would sreatly reduoe the ua.tulne •• ot the oon­

oept. e.peolallr a. a gulde to publio polloy_ 

Bator al.o downplar. the 1.portano. ot non-approprlabl1ttr 

whtoh. on the oontrarr. at least wtth respeot to enTirona.ntal 

proble •• , ••••• to he ot oruotal 1.portanc.. Arro., tor exa.pl •• 

• ugg.sts that the .. ln oau ••• ot .artet tal1ur. are the lnabl11tr 

to .xolude (or non-approprtabl11tr) and the laok ot intoraatlon 

n.o •••• rr to Allo. Market tranaaotlon. to tata plaoe. J Th. 

lnabl11tr or the sarket to taxe aooount ot external .rfeota ean 

be a.ori bed preol.elr to th. taot that .caroe resouro •• are non-

approprlabl.. that ls, exoluslon tro. th.lr uae oannot be 

.ntoro.d (and, a •• e ahall •••• to the taot that propertr rlght. 

to the1r us. baT. not b •• n 01ear1r 4.t1n.4). aead. a1so, ha. 

1 S.e, tor exaaple, Mlshan, "a.tl.ot1ons on B.oent Develop •• nts 
ln the Conoept or Bxterna1 Err.ota,· ~ i:pe41tp ~1 of 
Is!OQO~I' ap4 P9~ltlMl SOl'po" XlXI e raarr, 1 , 
pp. 1- • 

2 8& .. 01. opsoil., p. 24. 

J Arro., op.ol'., p. 59. 
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adTanoed the Tlew that exolu.lon dlttloultle. and externalltle. 

reter •••• ntl.ll' to th ..... pheno.ena. 1 Atter deflnlng 

externa1ttl •• ln terms of lnteraotion. betwsen produot1on 

runotton. and/or uttllt, funotion. or dlrr.rent tndlTldual. 

(rl~s). h •• ttribute. the1r exi.tenoe to • "d1Toroe or 

soaroit, rro. erreotiTe ownerahip" suoh that lt ts 

1.pos.tb1e tor priTat. tiras and 
tndtTtdu.ls, through ordln.r, priT.te 
prtolns,to approprlate the full 8001a1 
beneflts (or to be charged the tu11 
.001al oosta) arl.ing rro. thelr pro­
ductlon and/or oonauaptlon of certaln 
goods. 2 

(b) Pub110 Goo! A.p.otl ot lollut1oR Control 

The ·pub1ic good· oharacter of pollution .... 11 aa of 

pollution oontro1 la eTldent. If the general leTel of alr 

pollution i8 reduoed ln a olt" a11 of th. lnh.blt.nb. wl11 

benef1t, wheth.r the, oontrlbuted to the defra, •• nt of the 

oost incurr.d in taklng •••• ure. whloh r.au1ted ln the 

reduotion or pollution or note Tharefore, anJ lndiT1dual 

aotins purel, ln hls lntereat, if a.k.d, .. " to reT •• l hla 

de.1re for pollution oontrol with the proTl.c that h. would 

haTe to oontrlbut •• ooord1ngl,. wl11 tlnd lt adTantag.ou. to 

underatat. hla de.1re tor po1lutlon oontrol. Tht. 18 general17 

known aa the ·rr.e rldèr" prob1e.. ~he reault la that no 

1 J.G. a.ad, ·Publl0 Good. and Publl0 Pollo,," ~110 Pipe!' •• 
~~I~ (1962), pp. 197-220. 

~~ •• pp. 20)-204. 
~ 

( 
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oorreotlve aotlon will be taken. Baoh reoeptor and eaoh e.ltter 

has an lnoentlve to do nothlng, hoplng that others wl11 do 

everTtn~. The verT unlversa11tT or thls lnoentlve .111 

insure that nothlng .111 be done 101e17 bT sarket roroes. 

Simllar17, pollutlon ttselr .. , he oon.idered an excesslve u.e 

or co •• on propert, reaouroes suoh as alr ... ter. and so Oft; 

hence, lt .. , be oa11ed a "publl0 bad." Here the use or the 

resouroe b, one lndlvldual .111 dec~a.e lts supp11 to Allo 
1 

But. because the u.e or the resouroe oannot be approprlated b7 

the market, exoe~!ve use cannot he prevented by the play or 

aarket roroe. a1one. 

It ls al~lear that thera ls 80.a re1atlon.hlp bet.een 

externa1 erreets and pub11c good., and that thl. relatlon.hlp 

1. inherent ln the eoonoale nature or pollution and lts oontro1. 

The nature or thl. relatlonshlp. ho.ever, ls dlrrlcult to rorau­

late. As Ml.han puts lt, Mthe nature or the .u.peoted relatlon­

ship bet_een publio goods and external etreots has remalned 

elusive."l 

A related ohara~terlstie or extema1itles whleh ha. 

reeeived attention 1. thelr identificat10n w1th jolnt snpp17. 

Jolnt supp17 has been a recogn1zed reature of publl0 stode. 2 

When a sood 1 ••• pp11e4 for tne oon.uaer. lt .Ult be ~upp11ed 

to othent. ThuI, acoordlns to Buoharw.n, external1t1e' are 

1 

2 

Mi.han, -The Poat .. r Lit.rature on Bxterna11tie •• ~.· p. 9. ,. 
800, tor o%aaplo, •• 8. OaklaDl, "Jolnt GoGd., " 10 feo-l 00 , 
XXXVI (AQlu.t. 1969), pp. 25)-268. 

\ 

\ 

\ 
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.ere11 a .pe~:~t::~1 of Jolnt lupp1J arl.lng _hen ·an 

lndlv1dual's aot ot oonsnalng or produclng a good or serTlce 

ls, at the ... e tl.a, Jointll .uppl,1ng at least on. other 

person w1th a good (or a 'bad,)."l Thl. ls not lntended to aean, 

however, that all jotnt produots geneTate externallttes. 

Buchanan belteve. that thl. approaoh ha. the adTantage ot con­

centrattng on the Mop~1 .. 1 externallt, .1x" when the technolog1-

oal proportlons between the ooaponents ot the j01nt produots 

are not tlxed and on the der1Tatton ot the oondltlon. nece.sarl 

to attaln thls opt! .. l .1x. What thl. approach does 1. to 

tntegrate two aspects whlch are usual11 treated a. being dlstlnct. 

na.ely. the dttttcultles aftstng trom conTenttonal pub11c good 

Jolnt suppl, whloh lialt the deoision-mater's abllit1 to adjust 

the quantlty avatlable to hla, and those arls1ng tro. conTent1onal 

externa11t1es 1nTolT1ng lnterdepentence ot ut1l1t1 or produot10n 

tunot1ons. The signitlcanoe ot thls approaoh. acoordlng to 

Buchanan, 1. that 1t shows that there ls an lncentlTe tor trade 

ln extemallt1es. Thl. trade wlll tend towards the satlstaction 

ot the optl .. l oondittons -tt the interaettng groups are 

crltloallx 8 .. 11.-2 It th. groups are large, the tree rtder 

prob1e. wl1l ari •• , and the 8ix wt11 not be opti .. 1. though there 

.. , be po •• tbilltr ot ·po1itieal trade." Untortunatelr, a. tar 

a. atr pollution externalttiee are ooneamed, thi. ie 1ike17 to 

be an aoute probl •• 8inee, Tarr otten, the group. lnTo1Ted are 

1 J.K. Buohanan, "Jolnt Supplr, Bzternalltr, aDd Opti .. lit7," 
10 9p91l1 M , XXXIII (.oT •• Mr. 1966), p. 408 • 

2 na .. p. ~15. 
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large. both as regard. e_ltters and reoeptors. 

An atte.pt to lntegrate joint suppl1. publio good •• 

and external .ffeots has also been .. de b1 Mi.han. 1 Be 

dlstlngul.hes between tour situatlons, na_ell prlTate goods 

with and wlthout external etteot., and publio goods wlth and 

without external ettect.. Be then exaalnes the opti .. l .ooial 

.. rglnal oonditlon. tor produotion ot jolntly produoed private 

and publio 800ds wlth or without external etteot •• 

While th!. ol.ssltloatlon helps ln clarlrl1ng the 

etfect ot extemalltlea on the degree ot "publlone.s" ot publl0 

goods. the ettort .uat be seen. a. Klshan states elsewhere, a. 

"prlaarll1 an exerolse ln taxonoay.N2 

One turther aspeot of the relatlonship between publl0 

gooda and external etreots, wlth .peol.l reterenoe to pollution 

control. deserves attent1on. Buchanan has shown that the u.ual 

concluslon or publlc goods theory that lndlvldual. have an 

lncentlve to be tree rider. ls .odlfled 11 these ln41vlduals 

are given the pos.lbll1tl to trade the opportunitl to be rree 

rldera ln exchange tor soae private 1004s.' That ls. if the 

aarginal rates of subst1tutlon of thelr preference patterns 

warrant 1 t, the7 -7 be W11llng to t e their abl11t7 to 
\ 

oostl ••• ly uae soae publlc sood aaoh alr (l.e., to pollute) 

1 I.J. Klsban. "The .elatlonahlp Bet .. 
1eoti~e Gooda. and Ixternal Itteota, " 
119P9Il. ("7/Jwne. 1969). pp. )29-)48. 

2 Ki.ban, "The Poat .. r Llt.~t.re on Est.malItI ••••• " p. 9. 

, J .1. BuobaD&ll. ".1 8ebaYloral 'fbeary ot PollutIon.· h"'m 
.00ll •• Jo~. 'II (Dooe.lier. 1968). pp. ~1-'.58. 
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ln exohange for so.e prlT&te good. ao tbat Md.pollutlon" 

olub. are foraed. • pO.llble wa, to aohleT •• 0" l.vel of 

depollutlon II for club ••• bers to brlbe .0 •• pot.ntlal 

pollutera not to pollute. Th •• e olubs .a, engage ln .o.e 

degre. of d.pollutlon actlTlt, eT.n though the, oan expeot 

that so •• lndlvlduals Will eleot to re .. ln fra. rld.r. and 

ev.n g.n.rate .0 •• addltlonal pollutlon, as long aa the latt.r 

do not bebave nantl-soclall,8 and systesatlcally oanc.l the 

.fforts of those who lnltlate laproTe .. nt •• 1 Presuaabl" the 

net result would be so •••• ount of "depollutlon." Howev.r, 

though Buchanan b.llev •• that "th •• od.l do •• have sp.olfl0 

and dlrect re1eTanoe to a&n, .xa.ples of cong •• tlon and/or 

pollutlon," he a&ait. that lt sa, haT. llttle releTance to 

proble •• arls1ng fro. 01as.l0 publl0 good sltuation. and, 

aor.ov.r, that th. lize ot the total lnteracting ~roup 1. 

1.portant .1noe 81n oritloall, large group., th. pOI.lbll1t7 

ot 'enllghtened' behaTior patte~a, be re.ot •• "2 Untortunatel" 

a ••• fttloned. ln .ost lnstano •• of alr pollutlon probl ••• , lt 

1. the oa •• that large and dlffu •• groups are lnvol ... ed. So 

that rallanoe on volurttar, lnltiative through th. to~tlon 

ot olubs 1. hardl7 to be expect.d.) 

1 na., p. ,,... 

2 ~., p. )53, tootnot. S. 
) ~be .... 41ttl0.1t,. ~11, the 1lke1lhood tbat aoat r.a1 

prob1 ••• 1avel .... lare- ero.,., 11.1t. the applloab1l1t, ot 
ooope~t1.a pre41ete4 tro ....... 1tuat1ona , •• ob a. 4 ••• rlbe4 
b7 th. ao-oal1.4 ·prl.oner'a 411 ..... • ~ ••• ~. are pla.04 
ln • .all-area.., •• tt1as" s.e. tor exaapl., J .JI. BaolllaMl'l. 
·CoO,.~'l.D an4 Centl10t ln '.bll0 Qood IateTaetleDt • 
V.lbm Itepoal0 J0Jl9!l. V ("'roh. 1961). pp. lO9-1z1. 

-
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(0) Tb' Rol. oC PrOplEt, 111bt. 

As dl.eu.sed, the theorr ot externalltt.s and the theory 

ot market fal1ure has provlded the rationaie tor a4vooatlng 

public interventlon ln the eoonoal. Pollowlng the PlgoTlan 

traditIon, at l ... t wlth re.pect to the proble •• at band here, 

the lnterTentlon .ost trequentll adTooated ha. been th. laposl­

tton ot a slstea ot taxes and .ubsldies ot sa.. klnd whloh would 

br1ng soclal oosts ln llne wlth soolal benettts. As .arll as 

1924. how.y.r, Prank Knight took a dltterent Tlew and lald the 

toundatlonl of another sohool ot thought. 1 To,Knight, most 

instanoes ot Pigovlan diTerg.nces between priTate and soolal 

oosts were aerely lnstances ot wastefu! uaes ot soarce resources. 

Such .. stetul exploitation vas the result ot shortcomtngs or 

abs.nce or appropriate ownership ot thes$ scar.e resouroes. 

It congestion resulted on a road, ror example, lt .. s beoause 

the road .as pubilcil owned (and. hence, not owned bl anlbodl 

in partloular). The solutlon acoordlng to htm, .as to plaoe 

the road under prlTate ownershtp so that an approprlat. prloe 

tor lts use would he charg.d (1 •••• a prlce equal to the yalue 

ot the sarglnal product or the resourc.) and, glTen co.petltlTe 

markets, the resultlng use wou14 be optImal. 

Knlght's anal,sis li entirel7 valid, thOU!h 1t doe. 

not prOTe the Plgovlan analr8l. wrong. A. Misban puts It, 

1 P.B. Knlsht. ·So .. Pa1.1&01e. la the Interpretatlon ot 8001al 
Co.t,· -nrt'E~ JOel ot~poa1ll' XXXVII (Â1ISulft, 192 .. ), 
~582: 06.p~~ la ~l .. ftOODO.lo A •• oelatlon, ltMiH

' 
i9 lf'l.tm 1I0MN'" (Ho ... 0041 Irwin. 1969), 

pp. -2. 
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"Pigou'. external dt.eoono*tes .pproaoh 1. not .hown lnoorreot 

by Knlght t • anaITsi., whloh, ot cour.sl i. ttaslt enttrelr 

oorreot. Hl Th.retora. the two appr~he. must be oon.idered 

alternative ones. at le •• t potentlally. In partioular 1n.tanoea. 

the role and struoture ot property r1ghte 1. cructal to the 

relat1ve aultab11lt1 ot the two approaohe •• 

We have also .een that one ot the pos.tble oonsequences 

ot the ext.tenoe of external etfeots and ot publio goods ts to 

provide inoentive. to private partles to bar~aln ln auoh • 

'" •• to aohleve or approaoh the soota1 optimum. We dtsoussed 

so.e of the dltflottltles ln the '" of auoh bargatnins, espectallr 

the taot that external etteot. related to enTlronaental pollution 

are like11 to afreot large groups. We want to dlsousa the.e 

aspeots more fully now and, stnoe the role of property rl~hts 

agaln has so.e besring on the possible solution, discuss the 

intluence ot property right& on these lssues. 

The general ldea 1. that a aore olear dellneation ot 

property rtghts both taolltt.te. prlTate bargalnlng whloh 

lntemallze. externaIltlea and wlll artee When auoh barsalning 

1& .ade de.lrable br the exl.tenoe ot external ettects. The 

olearer de .. ro.tlon ot propertr rlght. would ohange the structure 

~noentlTee and penaltie •• re.OTe unoertalntr. and pro.ote 

a aore efflolent allooatlon of resouro.s. A. nes.etz pute lt. 

1 R1shan, -Tb. Cono.pt ot Ixternal Err.ot •••• • p. 18. 
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. 
RA prI .. r7 tunotlon of propert7 right. la that ot guldlng 

Inc.ntlT'. to aohl'T' a great.r Int.mallzatlon of .xt.rnalltl ••• • 1 

and, ln .. n1 oas.a, 

It 18 the prohibItion of a prop.rty 
right8 adju8t •• nt, the prohibition ot 
th ••• tabll.haent ot an own.r.~lp tltl. 
that oan th.fto.forth be .xohanged, that 
pr.clude. th. lnternalizatlon ot external 
ooata and ben.tlt •• ,2 

Th. taplloatton 18 that the aa.I,na.nt of rlght. of own.rahip 

or ua. to re.ouro ••• uoh aa aIr, .. t.r, eto., would re.ult ln 

tnt.mallzatlon ot .xt.mal ooata and beneftts and would pre-

T.nt thelr overuse. o. ••• tz, tor .xa.ple, draw. the ooncluslon 

that the "oTerhuntlng" oonneot.d .1th th. fur trade ln Canada 

... due to a laok ot land rlghts a_ong the Indlana.) So, as 
.~ 

Knlght had done before, h. asoribea the "oTeru.e" of "oomaunally 

own.d" re.ouro.a to the oharaoterlst1ca ot a type or ownerahlp 

whlch talls to oorr.late th. prlTate cost ot use w1th the 

.xtent ot that use. Dl.tr1bute pr1~te owner.hlp rlghts to 

th. reaouroe and 1ntemallzatlon ot .xtemal erteota wlll rollo •• 

Any .xc.ptions would be due to d1ttloulti.a ot exolualon. 4 

MoreoTer, lt la olal.ed, the reaultlng opt1 .. 1 ".lx of output 

1 

2 

) 

,. 

B. n. ••• tz, "To .. rd a Theor7 ot Propert1 Rlghts," 4IIrIotp 
IQQnol\q '.yl •• , LVII (May, 1967), p. )48. 

na·. p. 349. 

aa·, :pp. 351-353. 

1214·, p. ",. 
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will he independent ot the distrlbution ot property rights 

a~ong persons exoept in.otar as ohanges ln the dlstrlbution 

ot .. a1th affect demand patterns. ni 

On the other band, property rlghts wl11 ari.e when a 

galn.oan be reallzed by those atteoted by externalltles through 
# 

the internallzatlon or hanetits .nd oo.ts. Onoe they reallz~ 

that gains .. y be obtalned fro. r~strloting individusl use or 

the resouroe, the parties tnvolTed wl11 enter tnto soae agree-

ment whloh re-defines user's rlghts, provlded the oo.t. ot 

agreement wl11 not exoeed the galns. 

The delineatton ot property rlghts often ls the resUlt 

ot ohan~es tn teohnology fnd produotlTlty. Oesaetz, ror 

exa.ple, states that 

Inore.sed lnternallzatton, ln the maln. 
results rrom ohanges ln 800no.l0 values. 
ohange. whloh stem rrom th. development 
of new teonn010gy and the openlng or ne. 
sarkete. ohanges to whleh 014 property 
rlghts are poorly attuned. Z 

In the oase ot envlronaental pollutlon, these ohange ... y 

constat or a shltt ln the status or a reaouroe rrom veTf 

abundant to scaree. the lntro4uotton of pollutlng teonnolosy 

ln plaoe of non-pollutlngrteohnology. ohanges ln tndlvldual 

valuatlon or the ... nltlea prov1ded by the .nT1ronaent, and 

so on. 

1 B. De .. etz. "80 •• A.p.ot. or Prop.rty Rlshte." Jo'lDfl or 
Law and Bconoal0" IX (Ootober. 1966), p. 62. 

2 D •••• t •• "!o .. rd • TheoTf ot Property R1Sbts," p. 3~O. 
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Th ..... oonolu.ion. can b. r.ach.d tro • • xa.ln1ne th • 

• 1rror 1.&«. of prop.rty rlght., na •• ly, llability for .xt.mal 

.ff.ct •• 

luch of th. lit.ratur. on th •• ubj.ct ha. b •• n .pa.n.d 

by an article by Coa.8 who purported to d •• onstrate thr.e 

r.lated propositions. 1 Let us, therefore, examine hls th ••••• 

in partlcular what has com. to b. known a. the Coa •• Th.or ••• 

(l) The nature of ext.rnal erf.et. i •• ,...trical. th.re-

for., contrary to what Ooa •••••• as th. uaual practic., con.id.r-

atlons or soclal policy should not b. direeted only .t eontrolling 

th. actions of the party who •• aetlYity g.n.rat •• ext.rnal .tf.ct •• 

As h6 pute i t, 
~ 

Th. traditional approaeh has tended to 
obscur. th. nature ot the choie. that 
ha. to be _ade. Th. qu •• tion 1. eomaon-
11 thought of a. one in which A inflicts 
har. on B and what has to be deeided ls. 
how ahould w. re.train A? But thl. ls 
wrong. We are dealing with • proble. of 
a reeiprocal nature. To avoid the har. 
to B would inflict har. on A. The r.al 
que.tion that has to be d.cided i., 
.hould A b. allow.d to har. B or .hould 
B be allow8d to har. A? Th. probl •• i. 
to ayoid th •• ost serioue har •. 2 

It would b. 4itfieul t to take .xception wl th thl. 1 

po.ition it •• lf •• xe.pt p.rhaps on dl.trlbutlye ground.. Th. 

1 R.H. Coa •• , -Th. Proble. ot Sool.1 Co.t,- IIHrnel Of Law r.' IttDO~'t III (Ootober, 1960), pp. 1- • Repr niia ln 
• Ire tH ••• Hooh.an •• 4s •• 8'14101' ~H I1cro'l~no~I" 

(N •• York. Holt. Rln.bart and Winston. 19 ). pp.)-~ • 

2 ~ •• p •• 2~. 

• 



• 

- 55 -

proposition oan he tnterpreted as .aytng that, at Any tt ••• 

a ~tv.n structure ot prop.rt, rl~hts aUlt b. eltab1tlh.d and 

tt tl ln th. tnter •• t of th. oo .. untty to .st.blt.h th.t 

.tructur. whloh atntatz.s .00ta1 har. or .. xiatz •• sootal 

•• lfare. If sootal h.r. ta atntatz.d by glv\ns A the rlght 

to tapose extemal d1.eoonoates on B and let B adJust a. he say, 

l.t lt b •• 0 <a.ld. trom dtstributlv. objeotion.). If. on the 

oth.r hand. total 800tal damage oan be alnlaized b, aaktn~ A 

ltable tor th •• xt.rnal dt •• oonoate. tapo •• d on B (t.e. b, 

denrtng A the rlght to tapose ext.mal dis.oonoat.1 on e), let 

tt be so a1so, and let A .. ke .hatever adju.taent. he d •••• 

approprlate. It a., be oheaper. for example. tor a pol1uter 

to ln.tall devtoe. whloh reduoe •• 1 •• 10n. than tor reoeptors J 
j 

/ 

to bear the oosta OT aove a .. , froa the pollution .ouro •• In 

thls o •••• llablltty should re.t wtth the polluter. On the 

oth~r hand. the oontrar, .. , be true. rt may be cheaper tor 

those hara.d to adJust than tor the pol1uter; in the extreme 

oa.e th. latter 8&, be drtven out ot bu.tne.s. Coase shows 

tht. b, the us. ot a numerical illustration of an external 

dl.eoono., involvlng daaag. to tara orope h, •• oke troa a 
~ 

railroad. lt alght proTe 1 •• s oostl, for tar..ra to gro. oropa 

t.rther ... , fro. the railroad than to subaldlz. (or tax) the 

rail .. , to ourt.tl tts op.rations. In Inoh o ••••• the pollut.r 

.hould retaln the r1sht to pollute. 

Th1. arguaent tl e"ttrel, oorreot. Llabt~lt,. or 

propert, rlshtl, Ihould he alllsned tn luoh a _, that the 

adJ~u.t .. nt would have to be .... br the part, tor whoa l' 1 • 

... 
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oh.aper to do so. In faot, It i. a .tandard oondition ror 

aohl.ving Pareto optlm~ that soolal welr.re oould not be 

lnor .... d by shtfttng the u.e. to whteh f&etors of produotion 

oan be put. ThIs oondit\on tapites the above rule cono.rnlng 

the as.tgna.nt of l1abll\t,. And, lt ls 1.port~nt to stres. 

that tt ls .ntlrel, an emplrloal question a. to whtoh party 

would find it oheaper to adJult. 

(2) Once the Itructure of property rlghtl ha. been deterained 

aocording to the oriterion dlloueled ln (1). lt .ould he ln the 

tntera.t or the pertie. 1nvolved to lnltlate bargatnlng wh10h 

would aohleTe a lootally opt1 .. 1 level or external erreet •• 

Coa •• 111ustrate. thls wtth a nuaber or law o..... Hle poInt 

11 that the Pigovtan tax-sub.ldy solution would not be optimum 

if th.ra are oheaper alternative ways to el\mtnate or reduoe 

da .. ge. from Pareto-relevant external dlS800no.le.. The .. rtet, 

ln hls vle., la suoh an alternat1ve. The market oan take aooount 

or external erreot. through transaotlons between the part te. 

arreoted onoe legal rlghts have been olearlr e.t.bll.hed. Under 

oo.pettt1Te oonditions and a.sualng "ro tran.aotion. oost •• 

the •• ttl ••• nta would relult ln an efflolent .olution to the 

.xternallt, prohl.a. 

We not.d, ln our dt.ou •• lon of the n.ture of ext.mal­

lt1e., that oth.r th.ort.t. h.Y •• rrlYed at th ••••• oonolualon,l 

The r ... rk ... d. th.ra appl, to thl ••• cond of Co ••• 'a propo.l-

tiona as .. 11. The Toluntary aon.t.rr •• ttl ... nt whloh would 
~ 

.0hl.Y ••• 001.1 optlaua could be r .. ched only lf .11 or the •• 

1 Por .za.pl., Buobaaan .nd 8tubbleblne, 'I.tl',. and DaT1a 
and Vh1natoft, OR. ,1'. 

a 



- 57 -

n.o •••• rJ oonditlon •• r •• att.rt.d: 

(t) barg.1nlns 1. oonrln.d to th ... rglnal ~lt or 
e:ttemaltt7· 

(11) e.ch P.rt7 oan .easure th. benertts h. wl11 deriTe 
rro. lnduolng th. other party to .od1ty hl. beh.Tlor. 

(tl1) the nuaber or parttes lnvolved 1 •• .all .0 ae to 
•• 01d the po •• lbl1it7 ot tree rider •• 

On theoret1oal ground., Cal.bre.l ha. stated th.t 

Coase'. propositlon la a klnd or Sa,'. Law ot waitara eoono.l0 •• 1 

The re •• on 1. that 

• ••• lt one as.uae. rationallty. no 
tran •• otton oost., .nd no le~al 
lap.d1 •• nte to bargainln~. III at.­
allocation. ot reeouroe. woald be 
rully oured ln the .. rket by bargalna. 
Par tro. belng surpr1.1ng~ thl. st.t.­
.ent 1. tautologloa1 •••. "~ 

Cla.eio d.ttn1tlons boil down to "a.an that th.ra 1 •• lsa1100a-

t10n when a situation oan be taprOTed b7 barga1ns· .0 th.t 

barg.lna, under 1~.1 oondltlona, would ooour ex hlPothe.la.3 

In oth.r word., the propositlon that externalitles oould bs 

1ntsrnallzed b7 bargalnlns te true b7 d.rlnltton. and not • 

deduotlon. 4 Whether bargalnlng wlll ooour or not depend. on 

the existeno. ot transaotion costs, the struoture or propert7 

1 G. C.labre.i, "franeaotton Coate, Rssouroe Allocation and 
Llabil1t, Rule. - A Co .. sat,· Jo»rP'. of LI' 'Ad • 00DOll0., 
XI (1968), pp. 67-73. 

2 na., p. 68. 

) ,Ua-

4 In taot. thls li preci •• l, ho. Buchanan and Stubb1eb1ne 
4er1n. P.reto-releTant ext.rnallti.l. 



- 58 -

rlght., .nd the p.yohologlo.1 olrouast.noe. rel.t.d to 

partloular Il tuatlon •• 

The prlaary lapll0.tlon ••• Cal.bre.l •••• lt, li that 

the beet aean. bJ .hloh external1tl ••• hould b8 lnt.rnal1zed 

le an e.plrle.l rather than • theoratte.l que.t1on. 

The que.tlon th.n beoo.e.: Il th1. 
(approxlaatelJ opt1 .. 1 allocatton ot 
relources ln the pre •• no. or external 
erreot.) .ooo.pll.hed .ost .oouratelr 
and .o.t oheapl, b, .truotural rul •• 
(llte antl-trust 1 ••• ), br Itablltt, 
rules. bJ tax.tion .nd ~overnaent.l 
.pendlng, br lettlng the .. rket have 
free plaJ or b, 80 •• oo.b1n.t10n of 
the •• ? Th11 qu •• tlon d.p.nd. ln l.rge 
part on the rel.tlve 2211 of re.ohins 
the oorr.otiv. r •• ult b, .aoh of th •• e 
••• na •••• nd the relatlve oblno" or 
reaohing a .ld.1, !tOns re.ult depend-
1ng on th ••• tho4 u •• d •••• The re.olu­
tion of th ••• t.o proble •• and th.lr 
1nterpla1 1. th. probl •• of aooo.plt.h­
lng optt .. l re.ouro. allocatlon •• l 

This approaoh ••••• to provlde an esoap. route rra. 

havlng to 4eo148 , prlor1 bat •• en th. val1d1t1 or the Plgovlan 

.olution or th •• olutlon whloh .ould r.l, on prlvate initi.tlve, 

th. l.tt.r heing rao1l1tat.d br ohang.s or olarifloatlon. or 

the .truoture of propertJ rtght.. Both appro.oh •• are valld. 

but whloh one .hould b. u •• d ln .peoifl0 ln.tanoe. depend. 

on the olrcua.tanoel, luoh as rel.tlve oo.t •• ad.lnl.tratlve 

f ••• lbll1t1, f.a.lbll1t1 or ezalu.lon •• nd .0 (orth. Baoh oa •• 

• oald be ••••••• d lndlvldual11. a. long a. th. seneral arlterla 

or .ln1.1z1ns oo.t or ot .. Xl.1z1ns net benet1t. are applbed. 

1 Ib14., p. 69. 
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On the other hand, th!. again would plac. the pOlicymaker ln 

• world ot .econd beat aolutions. 

(J) The th!rd proposi tian which Coa •• purported to 

demanetrate 1. that, assuming no transaction coste, the .ame 

allocation (or reallocation) of resourc.s would oceur, 

irre.pectiye of which party were I.ssi .. ed property righta ta 

communal re.ource., or liability for external diseconomies. 

Thus,it would not matter, ln the absence of transaction costa, 

whether liabllity for pollution were placed on emitters or on 

thoae damaged by pollution, in either ca •• a, the parties in~olv.d 

would negotiate a monetary Bettlea.nt which would lead to the 

aame intemalisation of the Pareto-relaTant external dis-

economy, pollution. This proposition ha. been reiterated by 

Knee.e and Bower,t Turvey,2 and 8eema ta be accepted by Desmetz.) 

The argument can be illustrated diagra .. atieally 

(Figure 2-5). Assume there ia ona e.itt.r and one receptor. 

OE Is the marginal cast of wl~hholdlng pollutant.. rte slop. 

reflacta the u8ual eharacterietle that it inereases aa ,.ore 

) 1 
'-

1 Â.~Kne •• e and B.T. Bo.er. =.-=~CT~~~~~~~~~~~~~~~ 
T,ehnolocy. and In.titutions. 
19613), pp. 9s=Io9. 

2 R. Turvey, ·On DiT.rceneies B.tw •• n Soc1al Co.~ and PriTate 
Coat," Eeono.ica. XXX (Auguat. 196)), pp. )09-)12. 

) o. •• ets, ~Toward a Th.ory of Property R1ght •• ~ 
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1 
/ 

/ 

C 
Pollutonts Witheld 

1 
1 

Fioure2-5 : Pollution Abatement throuoh Boroainino. 

E 

o 

pollutantl are withheld. AD shoWI th. iner •• ental da.age. ayoided 

by w1 thholding pollutanta and exhibl te the \laual a.aullption of 
1? 

diainlehing Ilar,inal utility of pollution oontrol to the 

receptor. At point D enough pollutanta are withheld ~h.t no 

inore •• ntal da.a&ea ooeur. 

Initiall1, wh.n no righta hay. been a.algn.d, th ••• itter 

would not w1 thhold Any pollutanta and the total duae' would 

b. the ar.a und.r AD, th.t II, ar •• OAO. Suppoa. no_ that th. 

r.ceptor can .zact co.pen.ation ~or ' .. ag •• by th ••• ltter 

(i ••• , th. rlght of duacinc other parti •• 1. 'en1.d to the 
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emltter by the law). A •• uae, for simplieity, that the emltter 

would have to pay an amount exactly equal to the marginal 

damage Inflieted on the reeeptor. The emitter could reduee his 

waste diBcharges to zero by withholding an amount aD. If he 

tried to withhold this quanttty, however, he woulrl find that, 

for each untt of pollutant withheld, the marginal cost of 

withholding th!s unit would exceed the damage avoided (whieh 

he would have to pay for if he did not avoid it). Hence, he 

would continue to diBcharge that unit of pollutant. This ia 

true up to point C. l A.t Any point betwa.n a and C, the opposi te 

ts true. Therefore, his -net galn" function (i.e. the difference 

between the cost of withholding a unit of pollutant and the 

value of the damage that unit, if emttted, would represent and 

for which the emitter would be liable) beoomes AC. Therefore, 

the optimal solution ia to reduce emls8ions by an amount OC. 

At the optimal level of em188ions CD, total damage Is CFD and 

total cost la OPC. Hanc., total ,soolal net gain ts OAF. 

Alternatively, sup~se th~t the law gives to the emitter 

the rlght of infllcting damage on the receptor and that, there- , 

fore, the latter must bribe the emltter not to discharge 

pollutants. Assume he would have to pay exactly the marginal 

cost of withholdlng pollutants. In this case startlng trom 0, 

1 Th. sa •• opti.uM point of pollution dilcharge could be 
obtalned by the .... type of rea.oning, by •• asuring 
·pollutanta e.itted· instead of ·pollutant. withheld- on 
the ab.el.a. of Pigur. 2-5. In taat ca •• , the aarginal oost 
oUrY_ of r_duoinc pollution "ould be downward aloplng."and 
the .arginal d ..... OUrT. or additional pollution would be 
upward .lopin«. 
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th. reoeptor would find that, for eaoh unit of poIlu tllnts wi th­

held, the .arginal damage exoeeda the marginal oost until point 

C is reaohed, after whioh the opposite is true, Henoe, after 

oompensation, the marginal cost of control to the emitter i8 

CE and the optimal level of pollution control la OC. Again OAF 

is the net sooial benefit. 1 Note, however, that as expected, 

in the previous case the net sooial benefit accrues to 

receptors, while in the latter oase it aoorues to emittere. ) 

Such argument ls deceptively simple. Mlshan, for / 

instance, has demonstrated that the optimal outoome of bariain­

ing would depend on the initial state of the law. That 1a, the 

outcoœe would be different depending on who initiall~ were 

granted property rights or ware assigned liability.2 Adapting 

Hicksian termino~y, he looks at the familiar li tuation of 

comparing the com~ènsating-variation and equivalent-variation 

,/ measures of a change in existing law (or, polioy), instead, in 

terms of compensatlng-variation and equlvalent-vllriation 

measures under alternative initial states of the law.) The 

1 Note that the bargaining would aohieve the efficient solution 
pOltulated by Figure 2-2 above. , 

2 Mi,han, "The POltwar Literature on Externaliti.s ••• " pp. 18-
24. Aleo, his "Par.to Optimality and the Law," Oxford 
Econoaic Paperl, XIX (Nov •• ber, 1967), pp. 247-280. 

) Tha oompensating Tariation ia the difteranoe b.tw.en th. 
aaxiaua lua an indi Tidual would be willlng to pay for 
aoqulrinc a good (or, aToi'<1ing a 'bad ',) and th. goIne 'prie •• 
Th. equiyal.nt variation ia the 4ift.rance bat..en the ain1-
.ua aaount the indiyidual auat r.ceiT. to induo. hi. not to 
aoquir. th. «ood (or, put llP ri th the tbacl') and th. coine 
priee. 
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initial alt.rnativ.s ar.. a ·permll.iv.- law L whioh la 

tolerant of .xternaliti •• , that i8, it giv.s firme and 

individuala the right to iapos. external .tfects on others, 

and a ·prohibitiY." law L which does not permit auch 

externaliti ••• 

Mish.n considera the situatio. of an ai~line. A, which 

imposes noise on people who Act .a a group, B. Th. situation 

la reprodueed in the following table. 

Exiatinc A B Total 
~w (A + B) 

L -$55 œ ~Om -$15 m 
.... 

~5m -$70 m -$25 • L 

Soure •• Miahan. "Th. Postwar Li'.ratur •••• " p. 19. 

Positive signa indicat. maximum amounta whieh individuala or 

groupa are willing ta pay to aequir. a good (or, avoid a 'b.d'), 

negatlve signa indicate mini.ua aaounta they will aoeept to 

torego a good (or. put up with a ·bad~). So that there 1 •• 

po •• ible Pareto-i.prove •• nt if the alg.braie aua of a eon­

te~lated chang. is po.itive. and a Pareto-losa if th. au. il 

negativI. Now, it i. obvioU8 that, in the Ixaapll, th •• xi.tinc 

atate of the law i. Pareto optimal no matter what the law i •• 

In other wordl, no chang. in th. law would be warrante4, no 

matter what th. law i. initially. Th.re~or., th. opti.al 

outco •• d.pend. on what 1. th. lnitial atat. ot th. law. Mi ,han 

'0'. on to .how that, 'T.n a.aualng oOltl •• , bar,aininc. the 

outco •• of auch bar,aininc would b. ditterent .~r in1~ia1 

1 
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states of the law. 1 \ 

(d) Transaction Coat. 

Aside from the poInt made by Mishan, it must be 

recognized that, in practice, bargaining will rarely be costless. 

Hence, the question of neutrality of property rights under cost-

less bargaining is largely academic. So, let us examine the 

effects of transaction costs on the matter. 

"Transaction" costs actually include (i) the costs of 

reaching an agreement, and (ii) the costs of enforcing and 

policing the agreement. 

One consequence of the .xiste~ce of transaction costs 

is that, even when aIl other conditions are favourable. some 

agreementa will not be reached. In principle. failure to reach 

agreements will occur whenever the transaction costs exeeed 

the'benafita from the agreement. That this is the case may 

explain in part the peraistence of external effects. McKea~, 

for example, states that 

One reason axtarnal effacts exi.t la that 
the cost of dafining, exchanging, and 
pollclng righta to benafits or rights not 
to ba afflicted with damagea •• omatîmes 
exeeed the gliR4 to priv,te groupa 'inter­
naIl.ing' th~. ettecte. 

Coasa a1so emphaeiled that tailur. to achieTe the reaulte he 

predict.d was to b. ascribed ott.n to the Costl of reaching and 

aalntaining &gr •••• nt •• ) 

1 .ilhan, "Th. Po.twar Literature ••• ,· pp. 20-21. 

2 R.N •• cK.an, Public Sptp41nc, (N.w York. McGr •• -Hlll, 1968), 
p. 65. 

) Oo •• e. "Th. Probl •• of Social Co.t." \ 
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Wlth rererenoe to air pollution, one unfortunate thlng 

ia that tranaaotion oOlta are likely to be very large due to 

th. faot that large groupa are u8ually Involved, e8peola11y 

a. regarda reoeptors. Though no proor nas been ofrered, 

Mlahan, among othera, be1ieve. that theae oosta will rise 

exponentlal1y wlth the 81se of th. bargalning group.1 

The dlffioulty of reaohing agreement in tne prea.noe 

or transaotion coata ts rein!orced when excluaion trom the 

benerits to be derived rro. the agreement ia not pOlaible. 

Sinee transaetion costs Ino1ude the coat of .aintaining the 

agreement, when exelusion is not possible, thoae Who remain 

free riders will be able to enjoy the same benefits as tho.e 

who pay, without incurring the cost. Therefore, the inoent!ve 

not to participate in Any agreement will be much greater than 

in the oase where transaetion oosts are zero. This m&kes 

sueoe.aful bargaining much more unlikely. Again, we have seen 

that thi. ia a comaon teature of pollution abate.ent. 

The conclusion .hieh has otten been derived rrom the 

consideration of these dittioulties is that govern.ent should 

interTene direotly, instead or relying on martet torees as 

expre8sed through bargaining. Poasible toras .hich thia 

intervention oan take are th. iaplementation of tax-.ubaidy 

ache.e., the creation of control acencie., and expliolt 

legialation. 

Such oonolu.ion otten diare«arda the faot that govern­

•• nt intervention i. not co.tle •• elther. In .0 •• oa.ea, this 

1 Mi.han, -Pareto Optlaality and the Law.-
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might si.ply involye the ahitting ot transaotion oosta from 

private p~rties to the govemment. In the.e oa.ea, it the 

.xist.noe of th.s. oosta did not justify the reaohing of an 

agr .... nt on ground, that the oost exc.ed the expect.d ben.tits, 

it is difticult to aee how a government-enforced agreement 

can be justified. In general, when transaction costa are 

positive, it is necesaary to aak whether government can correct 

external etfects at lesa coat than can the market or, ind.ed, 

whether 8uch correction is warranted, given coats and benefits. 

This was one of Coase'a points. The mistaken notion that 

government interv.ntion la always warranted wh.n a market 

tallure 18 observ.d occurs otten because economists tend to 

use what Desmetz calls the "nirvana approach."l That 18, 

th.y compar. the actual pertormanoe of the market and compar. 

it to an ideal market and, unsurprisingly, they deduoe that 

the former is in.ffloient. The correct approach, according 

to Desaeta, is to US8 a "comparative institution" approach 

which would atte.pt 

to aSS8SS whlch alternative real 
institutional arrange.ent seems best 
.~le to cope with the eoonomic probl ••• 
practitioners ot thi8 approach may u •• 
an id.al nora to prOTide .tandards trom 
which diverg.nce. are ass8s8ed for aIl 
pr.otioal alternative. of inter~st and 
.elect as efficient that alternative 
which .eem8 Most likely to mini.ize the 
diverg.nce. 2 

1 ~. nea.ets, "Inforaation and Efficieneya Another Vi •• point,· 
Journal ot LaY .pd !COP0w10 •• XII (April, 1969), pp. 1-22. 

2 .1J!Ü.., p. 1. 
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Onl possible reason why state interTlntion May not be 

optimal ia that, if the intervention tates the tara ot thl 
, 

creation ot a control agency, luch ag.ncy, oncl in place, 

aight not be interelted in _aximizing aoelal net benlfita. 
, 

De AlesBi, tor example, has shown that rational bureaucrats , 

bent on .aximising their own utility, have an inc.ntive to 

tavour projects which they preter, including projects which 

.ay enhance their own prestige. 1 Even assumiag that the state 

agency is interested 801ely in maximizing social weltara, 

moreover, there is no a priori reasons why its establishment 

, ahould be a less costly altern&tive. rn addition to the costa 

ot taking and enforcing its decisions, the agency, or the state 

in general, must incur costs of obtaining the information upon 

whieh its deciBions must be based. In order to make "good" 

decisions in terms of some objective functlons and given means, 

a public body must haTe information about consumer preferences 

and about alternatives open ta producers. The operation of the;l 

market provides ~hi8 information at a very low cast, enabling 

producere to maximize profits and consumers to maxi.ize utility. 
~ 

When inerticl.neiea in the market are present, the social choice 

Is bltw.ln the ineffieient deeisions reaehed by the market and 

deci.ions reached by public bodies. the latter, on the one 

1 L. Da Al.ssi, "Implications ot Proplrty Rightl ror GoTlrn­
.ent InTI.t.ent Cho~eB," Aa.rlcfD Econ0f:C R.vi.w, LIX 
(March, 1969), pp. 13-24. S.e also W.~kanan, ~Non-Mark.t 
Deci.i~n Mating. The P.culiar' Economiel of Burl.ueracy," 
Americln EgoDo.ie RIVi.!, LVIII (May, 1968), pp. 293-)05. 

/ 

-
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hand, atta.pt to eliminate the inerrioienoies generated by the 

market and. on the other, .ay oreate their own inerrioiencies 

beeause their decisions are based on inoomplete, expensively 

acquired information. A prlbri insistence on the latter course 

of aotion, aeeording to MeKean and Minasian, 18 to achieva 

"Pareto optimality regardle8s of cost."! 

The deeisions of a public body could be inerfieient 

even if lt were perfectly reaponsive to the dietatea or the 

parties affect.d, if these dlctates are expressed as a one-man­

one-vote majority (that is, ir the inforaation: ls Bought through 

majority votlng). Voting will not necessarily generate deeisiona 

whieh maximlle net benefits. Suppose, for example, that a 

majority of citizens waftted a greater amount of pollution con­

trol than the minority wants. As expressed by yoting, .ore 

pollution control would be undertaken, even ir the minority 

were willing to pay more for the right to continue soae pollution 

than the majority were willing to pay for its abate.ent. In 

taras of net benerita, ' the voting deel.ion would be inefrieient. 

The co.ta or obtainlng infor .. tlon wIll be larger and 

the intoraatlon obtalned le.8 reliahle when exclualon to the 

benerita deri.ed tro. deciaion la not pOllible. Por, in 

tho.e instance., indiyidua18 will haTe an incenti.e to conc.al 

or giTe ai81 •• din« inforaation. A8 Oea .. ts puts it, 

1 R.I •• oK.an and J.R •• in .. lan, -On Achi'Tlnc Pareto 
Qpti.alitr R.Cardl •• 1 ot COltl - ••• t'm loopol10 J2UlD11, 
'lI (Ote •• ber, 1969). pp. 14-~J • 

• 
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If the gOTernment should .~rely question 
tho8e who allaged that they will be haraad 
by the activity, it will be in their in­
terest to exagerate the harmful effeet. 80 
that they can increase the probability that 
the activity wl1l be prohiblted. Those who 
allege tnat they will be harœed if the 
activity i8 prohibited have an Incentive to 
exagerate the beneflts they will dè~ive from 
the activity. As.essing these benefits and 
cost8 by stmple-mlnded queetionnalres or by 
relying on the puhlicity of complainte will 
lead to the decislon being based on inaccu­
rate information, although this is a fair 
description of the way in which the polltical 
calculus somet! ••• operates. 

One way to decrease the costs of information ls to 

require compensation actually to be paid by those who gain 

from a policy change to those who lose. 

The rationale for this i8 a8 follows. According to 

the Pareto crlterion, a change from the status QUO Is to be 

eonsidered an i.prove.ent if it makes st least one person 

better off without a.king anybody worse off. This would be 

achieved if the gainers were to compensate the losers and still 

be better off. Now, sinee this would be quite a restrictive 

criterion for eeonomic policy, in the -New Welfare Economie.-

a weaker criterion of potent!al compensation was devised, u.e 

of th!s weaker criterion makes possible the acceptance of 

pollel •• which do le.ve 80me individuala worae off. 

• The criterion of potential .oapensation haa b •• n rejected 
, " 

by Buchanan on grounds that It ~S8U"8 oanl.cienc. on th. part 

1 H. De8 •• ta, -So •• A.p.cta of Property Ri&ht.,- JOlrptl if 
Law and EooDoalcl, (October, 1966), p. 69. 
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of the econo.lat as an obserTer, especlally of the preference 

functlons of individual., where in fact he has no such 

omniscience. 1 As he puts it, 
~ 

But quite clearly if the political 
econo.lst ls presu.ed to be i,norant 
of lndividual preference fields, hi. 
predictions (a8 embodied in sugge.ted 
polley changes) can only be supported 
or refuted ~f full compensation ls,in 
fact, paid. 

Thl., he argue., need not create a bi.s towards the status quo. 

as .ome economiats have malntained becauae, if the suggested 

po1icy change makes everybody better off, thl. will include 

those who must make the compensation. Moreover, as the 

exa_ples of charity and the support for progressive taxation 

indicate, It ia qulte possible that individuals may be 

willing to reduce their own incom. in order to support ~ 
/ 

policy change of whleh they approve, provided there is ?brisontal 

equity, that ia, provided aIl individuale in aimilar circum-

stances can be induced to do 1ikewise. 

The govemaent, by requiring 

compensate losera, wou1d e1iclt more 

The individual who would gain from a 

gainers to actually 

accurat., information._---~ 

pollcy change and, th~ 
tore, favor' aueh a change, would have no inc.nti •• to overatate 

1 J.M. Buchanan, ·Poaitive Beono_iea, Welfare Economiea, and 
Political Eoonoay,· in hia 'i'f~ Th.oty ~ P'tttlc,l 
B~~n)ay,(Chapel HIll. Unlver. ~ ot Nort aro nare •• , 
1 0, pp. 105-12_. , 

2 ~., p. Ill. 
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the gains sinee otherwise he would be required to contribute 

a larger amount in order to compeneate the losers. A loser, 

on the other hand, would have no incentive (or, if he does have 

an incentive, it wIll be smaller) to overstate the expected 

losses because, if he were to demand a compensation grester 

than the gains accruing to the givere, no policy change would 

take place. 

This, of course, presupposes that individuala are 

capable of aasessing damages and benefits. With respect to 

environ.ental pollution, where there are considerable subjective 

benefits and costs, th!a may not be the case. 

(e) Asy.metry in Transaction Costa 

One aspect of transaction coste has implications 

regarding who sh6uld be assi,.ed property rights to benefits 

or liability for external diseconomy. In the discussion of 

this issue above, Iymmetry WaS a •• umed with respect to 

transaction costa incurred (or bargaining power) by opposing 

groups. Often, however, no such symmetry exista. Kn •• s., 

for example, states that 

parties involved in an environ.entai 
pollution situation sre u.ually any­
thinc but "aeparate but equal" inlotar 
aa or«anization. power. and infor .. tion 
are eoncerned. The typical situation 
is one in which one or .ore louree. of 
pollution, u8ually .asociated .ith a 
.ell-orlant.ed leonoale intere.t, affect 
a large and diffuse group of partie. 
where individual ipter.sts are hit 
relatively little. 

1 A.Y. ~ne •••• "Environ •• ntal Pollutiont 800no.108 and POlioy,· 
tt;{~~'P.~3î!'lC R.yl •• , Paptr. and Prol!.41pcl. XLI (I&J, 



- 72 -

The clear implication la that liability should rest with the 

poIlu ter. 

Miahan a180 makes a case for assigning liability to the 

polluter. 1 Adyancing the aforementloned argument that trans-

action costs will rise exponentially with the aize of the 

group, he concludea that transaction costa will be larger if 

the larger group inltiatea bargalning than if the smaller group 

doea sa. 5ince in most situations involving environmental 

pollution the number of receptors ts likely to be larger than 

the number of emitters, the assign •• nt of liab1lity to emitters 

would result in lower overall bargalning costl. Under a law 

which pute liability on receptors, an individual taking the 

initiatiye for bargaining must exert considerable effort and 

incur the riak of substantial personal costa in order ta 

achieve a solution which will reward the individual with 

relatively low personal benefits. Under a law which put the 

liability on the polluter, business executlves, without incurring 

aubatantial personal risks, can more ealily organize into a 

group whlch can carry out negotiations with the d ... ged parties. 

~lmilarly, OIson shows that, in Many instanc •• , groups 

will not organise because the coste of organizing exceed the 

expected banefits. or, if groups do organiz., th.y will not 

a~tain optimal quantitles of a good in which Indlyidual ... ber. 

haY. a eo .. on inter.et (sueh ae pollution abat.ment) becauae 

th. individual re.ardl Ar ••• a11. 2 Th. diffleulti •• are far 

1 

2 

Miehan, ·Pareto Opti •• lity and the La.," and "The Postwar 
Lit.rature ••• • 

M. Ollon, The =r~ç ot COlt'it;T. Act~og' (Ca.bridge. 
HarTard UniT.r. Pre •• , 9 5 ,pp. - 5. 

, \ 
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greater for larger groups than for smaller anis. 

While th,se argumenta seem convlnclng, in seme caseB 

clearly they are not true. For example, in the important 

instance of air pollution by motor vehicles the groups invoived 

are bath very large, if not equally SO. Tt ls difficult, 

therefore, to make general stataments, on allocative grounds, 

about the superiority of one structure of property rights or 

Iiability over another. 

One alternative would be to invest in sorne public agency 

the authority to assign liability to different parties in 

different circumstancel. But, as we hav~seen, this involves 

costs and difficulties of its own. 

In conclusion, bargaining solutions, when the Inevitable 

transaction costs are taken into account, may not only be 

impracticable but also inefficient, even in principl~, because 

no general rules about liability can be derived. 

Earller we .aw that equally serious difficuIti$s and 

inefficlencies are involved in tax-subsidy schemes. 

SA what Is the appropriate solution? Clearly, second 

best solutions will have to do. Solutions must be tallor.d 

to individual situations based on empirical aBsessmenta or 

different oontrol strategies. 

1 

\, 
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)_ Th! Benerit-cQlt 4;pro1oh 

4It Prequently. enTtron.ental pollution proble •• and pro-

pos.d solutlons are 'Taluat.d by u.lng b.n.rit-oost analY8is. 

Let us. therefore. exa.lne lts rel.vanoe ta atr pollutton 

probl •• s. 

As 1ts nas. lndioat.s. b.nef1t-oost analysis ls oon-

o.rn.d wlth a oosparlson of ben.ftts and oosts of publl01y 

flnano.d lnT.st •• nt projeots. wh.ther th. tnvesta.nt b. tn 

physloal a •• ets or ln human resouroes. As suoh. lt oan also he 

u8.d to rank proJ.ota. 1et.ratn. th.lr opttmu. stz •• th.ir 

produot alx. oapltal tntenstty. and other aspeots. In stapl.st 

t.ras. a projeot ts oonsider.d justtft&d tf th. dlsoount.d 

stream of ben.flts OT.r th. I1f. of th. proj.ot exo •• d. oosts 

(or, alt.rnatlvely stat.d, lf th. ben.ftt-oost ratio .xo.eds 

unit y). 

While the prinoipl. of thls d.otslon rul. ta fatrly 

staple and reason.bl., tts app110atton rat •• s .. ny dlffloultt.s. 1 

Th ... tn probl ••• haT' htnged on the •• thoda of .easure.ent of 

oosts and .sp.otally b.n.ftts, th. approprtat. rat. of dlsoount, 

the oonatra\nt8 sUrTOundtng prajeots. and on th. lssu. of 

Wh.th,r other obj.otlY's. suoh a. 1noo., r.dlltribution. should 

b. oonlld.red "s.oondary" or on a par wtth .00noal0 .fft01.n01. 2 

1 A auaaary 18 to be round ln A.R. Prelt and B. rurv.y. ·Cost­
B.n.flt Anal7.11' A aurY'y, ft IS2DQ8iO JQVM1. LXXV (Dee •• ber, 
196~). pp. 68'-1J~. 

2 8 •• , fer .xa.,l" A. Raa., "Ben.rtt-Co.t Analy.1., It. 
a.l.vano. te PubllG Iny •• t .. nt D'Glllon.,- Q"rt'~l Joprpal 
Or IoID,.l ••• LXXI (Kay, 1966), pp. 208-226. 
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Our polnt here 18 th_t. though beneflt-oost analT8is 

has been used extenslTe11 wlth ,respeot to the developaent of 

water resouroes and the abateaent of water pollution, lt, 

usefulness wlth respeot to slr pollution oontrol 18 rather 

Itœtted. Thls 18 beoause, b1 lts ver1 nature. beneflt-oost 

anal18is ts eoneerned .1th publlc lnvestaent. That ts. lts 

prtsar, application has baen to Justtty proJeots un~ertaken or 

flnanoed dtreotl, b, the sovemment. Thls 18 beo.use the 

beneftt. and ooste to whtoh the analysl. refers tnolude both 

soolal and prtvate oosts and beneftts. As Pearoe puts tt 

The tamed1ate distlnotion between a oo.t­
benefit appralsal of .xpendlture pollotes 
and an appraisal ln teral of priT.te 
return. is ••• th.t CS! (oost-benefit anal,.ls) 
.tt •• pts to allow for aIl the gain. and 
10sse. ar vle.ed froa the .tandpotnt or 
soolety. 

Thua the govern.ent 8a, want to as.ess aIl .001al oo.ts and 

~neflts before deoldln~ that the buildlng ot a da. or a .. ter 

purifloation ~ant t. justttted. 

Now, wtth so.e exoeptlons. the nature of alr polluti~ 

ls suoh that lt oannot be oontrolled thro~h publio projeots. 

~e atr over urban areaa cannot be oonTe,ed to a plant to he 
\ 

pùritled. So that. thoush the anal,als of the praTioua indio.te. 

that gOTèrn.ent lnterYentlon 18 requlred to enlure air pollution 

abate .. nt, one oannot expeot th!. lnterventlOf ta tate the tora 

• 
1 D.W. Pe.rce, COlt-Blnttlt Analx,ll, (London. .acmillan, 1971), 

p. 9. 

• 
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of govemaent f1rtanced projeot.. The exoeption. wh10h cose to 

a1nd are the construotton of .un1oipal refuse lne1nerators and 

the abate.ent of eœlss101'11 froll publio utilitles. Important as 

the, sa, be. these aècount onl, for a lIinor fraotton of total 

air pollution eml •• ~on8. In an, oase. abatement from these 

souroe. can De lnoorporated ln some aore ~eneral control appro.oh. 

Muoh 1I0re proml81ng forms of governœent intervention are the 

prevlou.ly dlAeussed tax-sub,ld, schemes or the promotton of 

prtvate aotion through the dellareatlon of property rl~hts and 
fi" 

Itabl1tty. 

A lIore promtslng vartation of beneftt-ooat analysts 

amenable of appllcation to alr pollution proble •• ts th •• 0-

oalled "oost-effeotiveness" ana11sts. Thl. prooedure. an off-

shoot of the evaluatlon of .tlttar, progra •• ln the United 

Sute .. oan be us.d to erplore the relative oosts of alternattve 

means of aohieving 80me gtven objeotive. It oould he used. 

for ex •• ple. to estl .. te the oost. of aohiev1ng g1ven level. of 

pollution oontrol b, alternative .trate~les. Ernst and Ernst. 

for ln.tanoe, have sade oost-effeotivene.s stud1es for a s .. ll 

nu.ber of ~tropol1tan areas ln the United States. l 

1 

~~~~~~~~~aM,,"~~~~~~~~~~~~~~~*3.' 
a.hington~ met. rn.t. 19 9. n th1. part10ular 

.tudJ. th. ~leotlTe ... th. aohleTe •• nt of s1ven levele of 
aulfur d10X1«. and IUlpended pârttoulata. lro. 99 .. jor 
atattonarr .ouro... Th •• tratesiea ava1_t.4 .. re: '1) a 
1ea.t-oo.t,oo.blnatton 01 ealealon oontrol fro •• 11 louro •• ; 
(2) reetrlotlns fo.ell fuel eo.bu.tion to at.ao.t one per 
oent aultur Gont.nt b7 welShts and (,) • ·~1var •• l abat •• ent" 

.pproaoh - 1.... to require aIl .oure •• to undertake pre.. , 
.crlbed IUOO.lllT. oontrol .... ur ••• 
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Thl. approach, ho.eTer. requlres the .Tal1.bll1t, ot 

two •••• atl.l .ets ot data: 

(1) • aodel whlch .1au1ates .verage concentratlons or 
glT.n po1lut.nt. ln\the are. under studl; and 

1\, 
(11) a .ource-bl-sourc. lnT.ntory ot th. e.l •• lon ot 

glT.n pollutant. ln tho •• ar .... 

Unlortunatel1. the ••• et. ot data e21.t tor onl1 • handtul ot 

urban areas (.11 sltuated ln the United St.t.s, to the Ino.ledS. 

ot the author) and even the •• are not general11 .oc •• slble. 
" .. 

Theretore. unttl iuoh data b.eo.e •• val1abl. ln Cana4a. the 

potenttal ot thl. approaoh .ust be 1ett unreallzed • 

~, ' .. 

• 

. . 

J 
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• 
4. The COllon-Propertl R"ogroe Prlclng Âpproach 

One alternatIve approaoh to the proble. of air pollution 

Is to rocua on the raot that alr or. at lea9t. clean alr. 19 a 

soaroe ~ood or r.souree .hieh. at the moment Is not treated as 

suoh. Eoonomists have been 1" the habit of oltlng ~ir ~. the 

01~ss10 erample of a good whloh. tho~h ertresely useful. ls 

free beoause there ls more of It avaI1abie then could possibly 

be sold at any positlve priee. Thls ml~ht have been an aoourate 

description of the situation dur\n~ ~ost of manklnd's hi.tory. 

In the last fe. deoad.s, however. especlall, ln the laat f.w 

years. It has b.eo •• lncreaetngly .vident thst tht. desorlptlon 

ls no longer a true refleetton of realtty ln the mod.rn 

Industrializ.d world. lir has been put to uses whtoh were 

largely or wholly non-eristent before. Besides the traditional 

uses. such as supportlng llfe. air ls belng used aa a medium 

ln whioh to dlsoharge g&seoue and partloulate wastes artsing 

both from eonsumptlon and produotion prooelses. Many of these 
/ 

prooesses have been \ntroduoed or have beoome ~despread oom-
1 

paratively reoently. The growth of eities, th~ intensifioation 
, 

of industrtallzatlon. and the generall2'atd use/of lIotor v.hieles. 

a.ong other thlngs. are eramples of sourc.s of demand for air 

use .htoh are of a relatively reoent orl~ln. 

It ls quit. probabl •• th.n. tbat air hls b.oo •• a 

soarc. good or r.louro. whleh. ..ong oth.r thlngs. should 00 ... n4 

a po.ltlve prio.. Th1. prie •• a. ln th. oa •• of oth.r scaro • 

• 00no.l0 sood.. wou14 be th •• oonoaioal17 appropr1at. lnstru..nt 
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tor a110cating this scarce ~ood or resouree. air. effieient1y.1 

Yeti soeiety still per.its its tndtvidual members to 

use atr tor whatever purpose they plesse wtthout requtrtng 

them to paya prioe eoamensurate .1th this Uge. Some of the 

reasons why th1s ls so were dtscussad ln the prevlobs seottons. 

What lnterests us now ls to dlsouss what would happen lf. somehow. 

the deflo1eneles lnherent ln the market and legal systeas were 

overoome. and a true aarket tor air oould be establlshed. More 

preclsely. how ooUld ~ prtoe for atr he ea1eulated? What would 

be the eeonoaio oonsequenoes of ohargl~ suoh a priee to air 

userg? 

On the theoretlcal leve1. the anawer to the tlrst 

question i8 deoepttvely stmple: by the lnterp1ay of de .. nd and 

Supply.2 Demand for and supply of alr dtffer from the demand 

ror and the supply ot ordlnary goods in aoae lmportant aspeets. 

ho.ever. 

In or~r to see the way ln whloh thls 1. true. tt 1. 

nec •• sary to dlsous. -9Te full, th. eoonoale use. or alr. Air 

has two basio eoono.le dlmenslon.. Th. tirst ls to support llre. 

to pro.14e we11-belng and a.enit,. and to prese~e propert,. 

1 The dl.ou.alon be10. ls not •• ant to he a gen.ral dt.ous.lon 
ot resouroe prie in!. but only or how ~uch priee. can be 
applled to the control or atr pollutltn. 

2 ne .. nd and supp~ wou1d he expres.ed a. rat~.~t u •• per 
pertod or tl •• at vartoul priee.. V. de.1 .~ this polnt wlth 
total de .. dd and luppl, lohedul ••• that 1. th~ lua or th • 
• upp11 and d ••• nd .ohedule. ror .11 the lndivldùa1 eoonoal0 
unit. ln the .oono.,. 
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Air's role in supporting 11fe ls obvious. Well-belng and' 

aaenity lnclude the subjeotlve sattsfaotion of breathi~ "pure· 

air as oontrasted wtth belng foroe~ to breathe "polluted" air: 

or the satisfaotlon of being able to enjoy an unobstruoted view 

as oontrasted with belng foroed to see thlngs through a haze 

of smog. It also lnoludes more objeotive entities suoh as the 

inoidenoe (or avoidanoe) of d18eases, espeoiall, resplrator, 

dlseases. Preservlng property inoludes suoh thlngs as keeplng 

one's clothes olean. preventlng the eroslon of bul1dings (or 

allowing the eroslon to take plaoe aore slow11), and so on. 

We oan summarlze these tunetlons of air. for Iaek of a better 

word, as the lu.t,napoe use of air. The other .conoate funotion 

of air ls lts use as a .edi.m tn whleh to dispose gaseous and 

partloulate .. stes arlslng either from oonsumptlon aot1vltles 

(e.g., hous. heatlQg. automobile ~rlvtn~). or rrom produotion 

aotlvltles (e.g., raotory amok •• truok drlvlng). We oan oa11 

th1s the !Jlt.-dlsP2sal use of air. 

Keeplng ln mtnd the distlnotlon between these two baste 

uses or alr, we oan see that the deœand for air oonsists of two 

oomponents. The pecullar aspeot or the desand for air ls that 

the total ~eœand 18 not 81mpl, the algebraio sua of the two 
\ 

ooap&nents. Thls 18 because the air de.anded ror ea~ or the 

two uses ne.d not be of the same quaittr. The demsnd for air 

ror sustenanoe purpos.s alght ln fact be oalled the de.and ror 

• "clear alr." In oontra.t, the quallty or the air demanded ror 
~ 

.. ste-disposaI purpo ••• praotloally doe. not .. tt.r. A .. nu-

taoturer. tor in.tanoe, doe. not reallr oare about the qualtty 

i 

" . 
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of the a1r lnto wh10h he d180harges h18 own wastes, though he 

.1ght care on other grounds (e.g., because polluted air lnprease8 

his maintenance oosts). In faot, it 18 possible to argue that 

o~rrespondlng to eaoh of the uses of air, there are two de.and 

sohedules for sir; that these are actually demand schedulea ror 

dlrferent commoditles; and that they shoU1d be kept aeparate. 
~ 

On the other hand, they oannot be kept a.parate beoause tncreased 

use or alr ror waste-disposal purposes deoreases the qU$ntity 

of clean air available for 8ustenanoe purposes. 1 Henoe, the 

two component. of the dem~d for .yi are interre1ated and mU8~ 

be oonsidered stmultaneously. 

Conslder now the supply of air. The volume or air over 

• a gtven area, ln the sense ot the .txture of gases whioh coapose it, 

18 given. That ls, lt "18 beyond aan'. power to alter lt slgn1fi­

oantly. The orl~tnal mlxture of gases (l.e •• before lt ls put 

to any use) constttute the supply.of clean atr and tt ls 

perrectly lnelastto with respeot to prloe. Now, lf aYr were , 
used eXolus1vely for sustena~oe purpose8, the amount avallable 

would exoeed the quanttty demanded at any posit1ve prioe. That 

18. tt ts unllkelJ that, bJ ltself. the deaand for air for 

sustenanoe purpo.es would intera.ot the suppit of air for that 

purpe •• at a poaitive prlee if air were not u.ed tor ... te-disposa1 

1 • 

1 Perhap. lt ~ould be aore aocurate to .a, t~t an 1ncre •• ed 
ua. of air tor ... te-4t.po~1 purpo.e. d~ ••• the g"ll~1 
or air .val1able ror su.tenanc.. The QplDtltl or olean air 
.v.ilabl. 1 •••• nt heno.torth to be an 1n4.% or 4uallt1 • 

• 

L 
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purpoaea. Thls ls preoiaely what eoonomistl meant when they 

stated that a1r .. a a free good. The lupply of air tor ... te-

disposaI purposea, on the other hand, ts ~tven by air's capaoity 

to oontain and d1sperse wastes. Slnoe thl. o~p~oity 1. 

rel.t1vely great (proTided we d1d not have to worry about what 

happens to the quallty of air), the supply of a1r for th1s 

purpos~ would also exeeed the quanttt, deaanded at any positive 

prlee. That ls, taken by themselves, the dem~nd for and the 

supply of alr for .. ste-disposaI purposes are unllkely to 

1nterseot at a positlve prlee. YetI when the two uaea of air 

are oonsldered slmultaneously. as they must bel lt ls quite 

probable that a poaitive prioe is warranted. Thls results from 

the tact that the use of air for .. ste-disposaI purposes at a 

rate higher th.n some or1tiosl rate will deerease the quantity 

of olean air (or the Quslity of air) avatlable for sustenanoe 

purposes and, in this sense, deerease the suppl y of air for 

th!s purpose. This oreates the element of soaroity neeessary 

for any good or resouroe to oom.and a posittve prtee. 

How eould we inoorporate these considerations 1nto a 

model from whioh relatlvely meaningtul oonolusions eould be 

drawn? Thls ts atteœpted in Figure 2-6. In thts dlagram. the 

abselssa aealures rates of alr use and the ordlnate aeasures 

prlee per rate ot use. SASA ls the total supplY of atr ln the 

aenae or the volume oC air o~r a glven area aTailable at a 

glTen moaent; 1. ls pertectly lnelaatio wtth respeot to prioe 

becau.e aen li powerle.a to alter th!. volume. DwDw li the 

d ... nd for air for ... te-dilpolal purpoaea. It Ilopes downward 
\ 
>, 

-1 
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FÎQure2-6 1 The Market for Air Use 

c 

to the right, ind1oat1ng that at high~r pr1ees less air would he 

used f~r theee purposes. 1 'A priee OP would be eonsidered ~o 

prohib1tlyely high that no eeono.1e un1t would he willlng to use 

air to d1sperse waste.. If no p.Taent for waste d1scharg ... ra 

required, a1r would he used for thl. purpose at the rate OVo, 

.. 
1 DwDw has been drawn •• a atra1ght l1ne. There 1. no particular 

rt •• on tor thi.r DwDw Gou14 MTe aftJ' GUnatllN ••• Ions a. lt 
.lope. 40wnward to the right an4 40.. not 1ntere.ct SABA at 
any po.ltiTe prio •• 
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a rate smaller than the avallable supply of alr. DsDs la the 

demand for a1r for austenanoe purposes. It slopea down-ard to 

the r1ght and lt la probably very steep at h1gh priees slnoe, 

at these prtees, alr would be de .. nded for auoh e.sent1~1 useS 

as hreath1ng. At low prlees, the deasnd ls 11kely to he less 

steep beeauae a1r ts d~nded for Rueh oomparatively low prtortty 

uses as aesthetio pleasure. It ls unltke11 that DaDs would , 

lnterseet SABA lit any posl t 1 ve prioe. That tnd tostes' that, 1 t 

alr were used solely for sustenanee purposes, the amount aval1-

able would exeeed the aœound demanded even when no payment tor 

lta use would be requlred. 1 

If air were used tor e1ther sustenanee purposes only 

or for vaste-dlsposai purposes on11, then, no poslt1ve prloe tor 

the use of alr would he warranted. When atr ts used tor both 

purposes S1multaneously, sa lt ls the case, however, the sltuat10n 

ls dlfferent. Alr has tfte property that lt can renew ltselt ln 

the sense that, glven t~e, air eurrents and w1nde will disperse 

and dllute the pollutanta dlseharged lnto 1t. How fast thls 

eelf-eleanlng wl1l take plaoe dependa on the geographloal and 

meteorologleal oopdltlona prevaillng in the area under oonsideratlon. 

It la posslble, then, to use alr for waste-dlsposal purposes to 

80ae extent and yet leave the supply of olean air (or, ln other 

words, alr quallty) unaffeoted. That ta, there 18 a glven rate 

1 DaDa has been drawn as lnt~rseotlng D.ow. There la no partlou­
lar reason for thi., and lt la poa8tble to sattsfy oneself 
that aIl the oonelustons derlved below would obtaln even lf 
0.0. Rre a1 tuated to the rlght of Mw throughout the whole 
ranse of prloes. 
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of use of &1r for waste-disposal purposes that leaTes the 

original q~ality or a1r unsltered. If sir .ere used ror .. ste­

disposal purpos8a st some rate greater than thts oritical rate. 

the qual1ty of air aV81labie ror austenanoe purposes .111 

decrease and. ln that sense. its supply d1mtnishes. 

Rererr1ng to Figure 2-6. suppose that the max1mu. rate 

at whioh a1r oould he used for .. ste-d1sposal purposes .tthout 

affeeting the or1ginal air quality ls OW). A ~reater rate or 

use would exoeed the airshed oapaoity to disperse wastes and 

would cause a deterloration or air qualit,. A rste or use of 

OW4. ror instance. would dimin1sh a1r quality (say. by an 

aMount measured by S)S4) and. ln that sense. dim1nish the supply 

of air aTatlable for austenanoe purposes by that amount. K 

rate of use or a1r for waste-d1sposal purposes of OW5 would 

reduce the qua11ty or air aTailable for sustenance purposes 

even further. (asy. by 8)85)' Inf1n1teslmal!y amall lncreases 

1n the rate of use of a1r for waste-d1sposal purpoaes above the 

rate Ow). then. gene~te the curve CA whlch ls the supply ourve . 
of olean air (al .. ,s in teras of an 1ndex of quality). given 

the rate of air use for waste-disposal purposes. 1 

'" 
We are now ln a position ta dra. soae concluslons from 

the model. We saw that.lf air were used for e1ther suatenance 
# f, 

.~ 

purposes OQt] or for .. ste-disposaI purpos,s onl1. no payaent 
.. , 

for the use of air ~ould he warranted. Sueh a payaent would 

indeed he warrantad'·· howevar. when air ls uaed for both purposes 

1 There 18 no partloular re •• on wby CA ahould be a atralsht 11n •• 
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simultaneously. Suppose, ror. the sake or discus81,on, that 
" 

soclety imposed a price ror the use or llir ror .. ste-disposaI 

purposes. If this priee were, say, OP2 (Pi~ure 2-6), air would 

be used ror waste-disposal purposes at a rate OW2. Thls rate 

or use would not be surrtoient to arreot the orlginal purity 

or the air available ror sustenanoe purposes. The aame result 

would tI,e obta lned by lmposlng any priee P> OP). At prlees 

p < op), however, air would be used at rates whioh would generate 

the supply of air ror sustenanee purposea CA. Now, presumably, 

thé conoern about air pollutlon la a eoncern about the quality 
) 

or air available ror austenanoe purp~~s. We are not 1nterested 
- ----~ 

in the .aste-disposaI aspect o~lr use per se; we are 1nterested 

in tt because or lts effeets on the other use. 

With this ln mind, we May try to answer the rollowtng 

question: what would be the optimum prlce for alr use? rt 

would not make much senae to lmpose a prioe htgher than OP). 
:.. s1nee the same alr quallty eould be obtained by oharging some 

lower priee. What about OP)? l suppose thla would be the prle.e 

whieh the no-matter-cost conservatlon1st would advoeate aince. 

àt thls priee. the origInal quallty of air would be preserYed. 

It is thia the opt! .. l prlee, however? 

l thlnk that. st thls polnt, It ls uaetul to diat1ngulsh 

bet_een t_o possible alternatives. Theae are (a) both types ot 

usera or air pal the ••• e user prlee and (b) only users ot air 

for .. ste-dispo.al purposes wlll pay.1 

1 It la possible ta postulat. other alternatives. but l do not 
belleve. that thel are 1nt.restlng or .1gnlticant. 

ç 
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Conslder alternative (a) first. Let us initlally 

oompare the sttuation prevalling today, that ls allowlng air to 

be uled for both purposes at zero prioe, and that in wh1ch 

soclety lmposed a user p~toe of OP) ow~oth types of users. In 

the oase where air ls used free, air ls used for waste-disposal 

purposes Bt a rate OWo. As a result. air quality av~ilable for 

sustenance purposes ls OA. If OwDw and OsOs lndtoate the 

monetary valuations whioh users of air attaoh to the use of air 

for .aste-disposal and sustenanoe purposes respectlvely. we oan 

measure the soolal surplus acorutng to eaoh type of user as the 

area under eaoh desand ourve (minus the amount he would have to 

pay).1 At zero prioe. then, the soolal surplus aooruing to the 

users of aIr for W&ste-disposal purposes would be OPIWo. At 

~ero prioe also, the users of alr for sustenanoe purposes would 

be content with an air qua11ty level of OTe This would ~ive 

them a soolal surplus equtvalent to the whole area under DsDs. 

But as a result of use of air for .aste-disposaI purposes at a 

rate OWo• aIr quality. we saw, deteriorates to OA. This meana 

that the users of atr for sustenanoe purposes are deprtved of 

a share of soolal surplus equlvalent to AGT. Compare thls wlth 

the situatlon ln whloh sooiety Imposes a uhiform prloe OP)_ At 

this prioe. the loss ln surplus to uaera of .. ste-dlsposal purposes 

ls OP)MWo. At thl. prioe, the leveI of air qualtt1 avatlable 

to sustenanoe user. la OS). Thelr aonetary valuatlon of air 

1 Thl. loc~l surplui 18 1dentl .. l wlth oonsumer surplui when 
air 1. ulad ln conjunctlon wlth conluaptlon actlvitie. and 
1 •• rent whea air tl u8ed ln conjunotlon wtth productIon 
aotlvitlea. 
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quality is represented by DsDs. Benoe, they would gain, oom-

pared wtth the toraer situation, an amouni ot social surplus 

A.GT. But they would have to pay an amo~t OP)DE. Henoe. their 

net ~ain (or loss) would be the al~ebral0 subtraotion ot these 

tvo quantltles. The soolal polioy of oharging a unlform prloe 

OP) to both users ot air would be justified only lf th1s net 

galn (ir it ls a gain) were greater than the loss to the other 

group; that is, it (AGT-OP3DE» (O~)MWo).l 

Conslder now alternative (b), that ls to impose a 

prioe OP) on users ot alr for -..te disposaI purposes only. 
" 

As before, the sooial surplus aoorulng to users of air ror 

sustenanoe purposes ls AGT and the loss to the other group ls 

OP3MWo. But thts tlme the f~rmer group would not have to pa, 

anythlng. A.gaLo. thla polloy would be juatirled only lf the 

galn to one group exoeeded the losa to the other. We oannot he 

oertaln on a pr10ri grounds whether thts 18 the case or not. 2 

But we oan oonolude from the oomparison we have made that 

alternative (b) ls superlor to alternative (a). It ia eas1 
1 

to satlst1 oneself that this wlll not he true only at prioe OP) 

but at Any prioe between zero and OP). 

There ls a prill flo1e oase, then, for 1aposlng a pr10e 

only on usera or air ror .. ste-dlaposal purpose/lnstead of 

laposing it on both groups ot users. 
j 

This eoncfusion .lght 

appear trivial at tlrst 81ght. Who would oonslder serious11 

" 1 Thie dler.garda wbat eould be don •• 1th th. reT.nu. derlT.d 
troa eharslng a prle. tor alr u... Thl. question 1. dlsoues.d 
belo •• 

2 That la, ln so •• oaees, th. b.st pOllO, .. , he to allo. thlngs 
to ~o on ae th., are. 
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oharglng people for breath1ng air or for related purposes? 

Besides the fact that it ls good t~ rattonsllze our intuitive 

knoWle~wever, such proot would have implioations tor the 

aSBignment of ownershtp to such resources as air, water, etc. 

Port following an established prlnciple ln welfare economlos, 

If It can be shown that the benetlts to society as a whole are 

greater lf those r1ghts are asslgned to one group rather than 

the other. these rlght8 8hould be aS81gned to the flrst group. 

In the case of alr here, it the analysle ls correct, it 8eems 
• 

evldent that, aocordtng to thls crlterion, not to mentlon 

common sense and polltlcal expediency, ownership rlghts should 

be assigned to usera of alr for sustenance purposes. This group 

then would have the rlght to charge a prlce to the other group 

for the rlght to use air for the alternative purpose lnstead of 

havlng to bribe its members for not dolng so.l 

As discussed in an earlier section, aside trom questions 

of dlsparlties in the transaction costs of bargalning. no oase 

for such an asslgnment of rlghts has been ma~e ln the llterature, 

with one exception. This,exoept10n ls the argument made by 

1 It t8 è&8Y to 8ee, for instance" that if society required only 
users of air for sustenanoe purposes to pay a prioe for this " 
use 7 the result would represent a loss to soolety when oo~ 
pared wlth the present praotloe of not oharglng any priee to 
elther group. Beferrlng to Pigure 2-6, the laposltlon or a 
prioe OP3 on the sustenanoe usera would .. an that they would 
have to pay an amount OPJDE. Thelr positlon, therefore, 
detertorates. Yet, there would be no galn at aIl ror the 
other group.~ 

, . 
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Rothenberg; he states that 

There ts an tmportant as1'nlllletry between 
thoae who spew ga8es in the alr and those 
who onl1' .an. to breathe tt. The former 
do at least potent1al 111 to the latter, 
but the latter do not do dama~e to the 
former. If thls klnd of asymmetry be 
granted, then it ls not the oa88 that 
neutrality (symmetry) of property ri~hts 
ls alloeattonally neutral. 1 

In any oase, wtthout cl~imin~ to have deftnltively 

resolved the issue, ln wh~t follows, tt la assumed that on11 

users of air ~or .. ste-disposaI purposes wl11 have to paya 

priee for air use. 
" 

Thls still leaves us wlth the question of what .ould 

be the optimum priee. Before attempttn~ to ans.er lt, ho.ever, 

some assumption must be made as to what ls to he done with the 

prooeeda of selllng the rl;ht to use air for·.-ste-disposal 
fi purposes •. We said, for example, that if soolety chàrged ~ prioe 

, .... '\ 
OP) (Flgl.\tê' 2-~ for the use of ai r as a waste-dlsposal medl WIl, 

the loss to this group of usera .euld be OP)MWo. This loss 

would haTe to he balanced agatnst the gain to the other group 

of usera (AGT). It must be recognlzed, however, that the sale 

of the rlght to use air would produoe a revenue (,OPJM\i) at prioe 

OP). Thls revenue oan he put to sotie use. He no. , the net gain 

te soolety as a whole ls more than the simple differenee between 

the gain to one group and, the loss to the other. We wl11 dlsregard 

1 
(/. 

J. Rothenber~."rhe Roono.l0. of Congestion and Pollution: ~ 
Integrated View,· "'rlc.n Boon,.10 ,BeTle!, LXI (May, 1910), 
p. Il,5. 

-/ 
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thi. faot, however, and preoeed on the assUMption that the net 

gain to society is the simple algebraio sum of losses and gains 

to the two groups. The following are justifications for thts 

prooe~ure: (a) it simplifies the analysis while the actual 

oolleotion of revenue could he taken into 8000unt in any 

praottcal applioation of the th&orettcal appsratus; (b) s1noe 

oolleotion of revenue ls not oostless, so~e, or aIl, of the 

revenue could he used to offset the ooat of oolleoting 1t; 

(0) suoh revenue oould Just go into general govern~ent tax 

reoeipts. 
1 

'he questt~n we would Itte ta answer ts: what ts the 

optimum prioe whioh sootety should impose on users of air for 

vaste-disposal purposes? Sinoe charglng a prioe for the use 

of air.to thts group reduces thelr soolal surplus while. as a 
1 

result of the oonsequent improvement ln sir quallty, the soctal 

surplus of the group that uses atr for sustensnoe purposes 

lncreases, the optimum prlee must be that whieH results in the 

~lghest net additions to society as a whole. 

Geometrioslly, we can flnd out what th1s optimum prioe 

wlll be by reterring to Figure 2-7 (whieh ls basloslly Figure 2-6 

wlthout Many ot the llnes and symbols whloh oluttered tt). Con­

sider going from the present situation where no prioe is oharged 

tor the use ot air to one where users of air for vaste-disposal 

purposes are oharged prioe OPte As a result, slr quallty iaprove. 

trom OA to OA1. B1 the method desorlbed above, we would s., 

th.t the 10s8 of soolal surplus (calI it SS.) to users of air 

ror .. ete-dispo.al purposes 1. OPIPWo • If the ohange ln prloe 
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Prie. 

'\ 

o Wo 

FiQur. 2 - 7: The Optimum Priee of Air U.e 

• 

RQt. of Us. 

c 

, .. 

were lnflnlteslaal17 8 .. 11. we oould oa11 the 108. ln 8001al 

8urplu8 to th18 group thelr aarglnal'so01af surplus 1088 (RSS.). 
J , . 

Ve oould a180 .eaaure th1. KSSw los. &. the 41atanoe OVo. Slal1ar17, 
.. 

becauae of the resultlng inoreaae in a1r qua11t7, the us.ra ot 
1 

1 • 

air for austenanc. purpo ••• would esp.rienoe an lncre... ln 

8001al .urplu. (SS.) .qua1 to AGG1Al.~.; If the ohanse 111 prioe 

• 
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were infinitesi.ally saall, the mar~tn.l sool~1 surplus ~atn 

to this ~roup (MSSs) could be measured as the distanoe AG. 

Clearlr. then, the action of increasln~ (from zero) the priee 

by an tnfintt~sim~lly small amount would be justtfied tf , 

AG > OWo. Ftgure 2-7 lB conetructed in Buch a wsy that thts 

le the oase. The same reasonln~ could be made to justtfy nny 

lnfinltesimally small priee chan~e (th etther direction) and, 

by thls method of measurement. clearly the optimum prioe tB 

that where the vertioal distance from DsDs to the absotssa te 

exactly equal to the horizontal distance from DwDw to the 

ordtnste. AS8umtng Figure 2-7 to be oonstructed on the oorrect 

scale, for instance. we would judge priee OP4 to be excessive 

slnce P4B> KS4. Stmllarly. price OP) would be excessive since 

P)L> DS)_ On the other hand. prlee OPI would be jud~ed too low 

because PIF ( A1GI _ The opt1mum priee would be OP2. sinee 

P2M - N32. Char~ing this price would decrease the soclal surplus 

aecruing to users of air fer waste-disposal purposes by OP2MWo 

and inorease that of the usera of air ror sustenance purposes 

by AGNS2_ Thls pollcy' would be justlfled. on erflclenoy grounds. 

ir the latter exoeeded the former. 

Now, relevant questions arel what ia the usefulness of 

the analysie? What are its weaknesses? 

The approaeh has the advantage ot foeusing on the 
, 

scarcity of a natura! resource which heretotore was eonsiderad 

80 aboundant that it Iaeked the statua of eeonomie good. More­

over, it,seema to desorib~ aecurately the interactions a.ong the 

various eoonoal0 usera ot the resouroe. In partlo~lar, by 

) 
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illustrating the asymmetry in the inter~~ion between the 

economic groups concerned and the asymmetry ln resulting damage, 

the analysis May have sRmething to say about the definition of 
\ 

property rights. That ls, the analysis makes an argument for 

the assignment of property rights to potential pollutees. And 

it does so without appeal to dieparities in transaction costs, 

size of groups involved, and so on. 

On the other hand, since the pricing of a resou.rce 

. 
such as air could only be implemented by sorne government agency, 

\ 

this ,approach presupposes that government intervention other 

than a more clear definition of property rights or liability 

i8 required. We have seen in a previoue section that thie has 

not been demonetrated. So, in sorne ~nse, this appToach p~e­
judges this issue or presupposes its ~ution. 

How could th' scheme be implemented in practiee? Air 
1 

c.nnot be packaged and sold like an ordinary good fi in sOllle way, 
\ 

the inappropriability problem remaina. Therefore, in practiee, 

pr~ces would have to take the form ot amission taxes. rnat i8, 
SJ 

rates of use of the re.ouree would have to b ... asured in terms 

of the quantiti.s ot aaiesions ot wastee. Bauaal and Oat.e 

Qelieve that this translation of priees into taxes i8 a valid 

one. As they put it, -taxes would constltute a set of prie •• 

.. 

, 
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for the private use of social resources such as air and water.·1 

Wa have come back, then, a full circl., using an alter-

native analytical approach, to tne prescription derived rrom 

the externality approach. This prescription may be open, 

therefore, to at least some of the objections raised in that 

discuslion. In any case, mo.t of this study ia carri.d out 

using the traditional framework and terminology. 

One further practical problem must be recognized. 

Since knowledge of the various demand schedules for air use ia 

n~t likely to become known and no private market wl11 make the 

decision, how can one calculate the optimal priee (or, tax) in 

practice? Baumol and Oates recognize this problem and sugge.t 

an alternative approach which does not attempt to reach the 

optimal level of resource use. Rather, they suggest that the 

best practical alternative is to set somewhat arbitrary standards 

and then use priees to achieve those standards. For example, 

we, as a society, could decide that the acceptable level of 

8ulfur dioxide in the air of urban areas ia a certain percent­

age. Or that bodies of water should not contain more than a 

-certain average concentration of given pollutanta. Givan the.a 

standards, society can set amission tax leve18 which will 

8atiafy t~em. The strong advantage of thi8 procedure, in the 

1 
1 d W.B. Oates. ·The Use ~ ilandard. and Pric •• ~ 

.ction of the Environ •• nt.· S •• diah Journal of 
E ono a IlLl (.arch, 1971). p. 45) s •• al.o, V.J. 
Bauaol, Taxation and the Control of Ext.rnaliti ••• • "arleap 
Icone.le R •• 1 •• , LXII (Ju~, 1~72). pp~ )07&)22. 

~ 

r\ 
• 
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words of Baulnol and Oates, 1. tha't 

• 

the infor.ation needed for iterative 
adjustmenta in tax rates would be 
easy to obtainl if the initial tax 
rate. did not reduoe the pollution ••• 
to satisfy the present acceptability 
standards, one wouid simply raise 
taxes. Experienoe would soon permit 
the authorities to estimate the tax 
leveis appropriate for the achieve­
ment of a target re~uction in 
pollution .1 ù 

Baumol and Oates go on to prove aathematioally that, in any 

oaae, thi. method would acMeve any givan environmental 

standard at least cost. 2 It needs to be empha.ized that such 
. 

an approach can be uaed in practice whether one analyzes the 

problem of environaantal pOllution in the context of extarnality 

or of resource use prioing. 

It must be conceded, howeTer, that, since it is standards 

which will be satisfied rather than optimal standards, the 

1 Baumol and Oates, op.ett •• p. 45. The proce~ure is also 
endorsed reby A.. Myrick Freeman III and R.H. Haveman in their 
"Residual'-Charges for Pollution Control. A Poliey Evalu.ation," 
Science, CLXXVII (July 28, 1972), pp. 322-)29. Therein, 
Freeman and Haveman point out the similarity between residuala 
charges and'more familiar ones, auoh a8 sewer user ohargea. 

2 This proposaI is .imilar in some respects' and different in 
others to anothfr rascinating one made by Da18.. Dales would 
set the standard of air quality and deteraine the quantity of 
'e.is.ions that can be allowed. Then, he would set up a mar­
ket for exactly that quantity of "pollution rights." The priee 
of pollution rights in Dalas' 8eh •• e i. equiT.l.nt to the 
e.iesion tax, exeapt that it .. uld be .et by the market rather 
than by a governa.nt ~eney. Se., J.H. Dale., Pollution, 
proKjrty, and Pric •• , (Torontos UniT.raity of Toronto Pr ••• , 
196 • 

\ 



1 ) 

- 97 -

.olution will b ••• cond b •• t in any o.... Thi. n •• 4 not 4.tr.ct 

troa it. u •• tuln •••• hO •• T.r. A. li.han .0 aptl, atat •• , 

".conoaiat. _., lite to r •• ind th •••• 1T •• that the pursuit of 

th. Ideal i. th. en • ., ot th. b.tter.-1 Th.r •• ay b. c •••• 

wh.r. luch an .pproach would b. clearly .uit.ble • 

• t 

.. 
" 



CHAPTER Ill, 

THE ECONOMIe NATURE OF AIR POLLUTION, 
DISTRIBUTIVE ASPECTS 

In the prevlous chapter attention was devoted sOlely 

to the question of increasing the welfare of society as a 

whole by reducing environmental pollution by some optimal 

amount. The alternative corrective ~asures discussed and the 

d~fficulties inherent in their implementation were examined 

solély from the point of view of their efficiency in attaining 

the optimal level (or some level) of pollution control. Most 

of the literature bearing on the problem of environmental 

pollution and other analogous manifestations of market failure 

deals almost excluslvely with this aspect. It must be recog­

nized, however, that any corrective social action, whether it 

takes the form of facilitating private bargaining through the 

legal assignment of property rights and liability, tax-subsidy 

schemes, or any other form, will affect in some way the distri-.. 
but ion of costs and benefits between different individuals or 

groups of individuals. It ia neceesary, therefore, to examine 

the role of distributive considerations in environmental 

pollution control. 
• 

In,\erma of the model of common property resource pricing 

developed in the previoua chapter. it is easy to me.sure in 
1 

principla the distributive effects of auch prioing. Assuming 

that only uaera of the re.ouro. for waste-diaposal purpoa.s 

ware made to pay for that use. the dls~rlbutlv. effeota oould 
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be measured. The users of the resource for waste-disposal 

purposes would incur a loss of sooial surplus and the users 

of the resource for sustenance purposes would experience an 

increase in social surplus. In terms of Figure 2-7, Chapter II, 

the former wpuld be ,OP2MWo at priee OP2 and the latter AGNS2. 
l , 

Unfortunately, no ~nowledge of the dernand schedules for the 

use of the resource is, or i8 likely to be, available in that 

forme Therefore, no such straight-forward calculation of 

distributive effects can be made. Moreover, this rnethod would 

not by itself reveal who are the different us ers in terms of 

the more familiar classifications of economic groups, such as 

groups' with different incorne. Hence, the question must be 

considered in a different manner. 

Several issues are involved. The first ie whether 

distributive considerations ~hould, or should not, be a factor 

having weight in public policies of the type which May insure 

optimal or acceptable levels of pollution control. If it Is 

decided that they should, how much weight should they have? 

"And how can such considerations be incorp~ated in the decision 

process? ~viouslYt an attempt to answer these questions pre­

supposes a knowledge, at least approximate, of the distribution 

of damages from pollution and of the banefite which groupe of 

individua1s will derive from its controla it will eimilarly 

involve some knowledge of the appottionmèht of the coste which 

pollution control will entail. 

The case tor assigning a weight to distributive aspects 

in the ~anagement of the environment ia part and parcel of the 
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general argument for income redistribution. Weisbrod states 

this general case as follows. 1 Even when the market operates 
~. 

efficiently, Mthe degree to which incomes (are) determined in 

• !the priyate market depend on changeable forces over which the 

individu~l has, at best, limited control. "2 Examples of these 

forces are changes in consumer preferences which artect the 

demand for particular skills, and technologieal advances in 

production techniques whieh render sorne skills more valuable 

and sorne less SOI This in itself May result in an income 

distribution which society May consider Inequitable. The 

private market, as a rule, however, does not operate with per­

feet effieiency. As a ~onsequenee, the income distribution 

resulting from its operation may be both Inequitable and 

"inefficient." Therefore, he states, "For both reasons, socia~ 
action to influence the distribution of income has a rationale. M) 

An analogous argument can be made with respect to the distri­

bution of 4amageS from environmental pollution and benefits and 

costa assoeiated with ita ·control. This iB especially true sinee, 

as we have seen, environmental pollution is an instance of the 

"inefficient" functioning of the private market. Weisbrod a180 

1 

2 Ibid., p. 178. 

J Ibid., p. 179. 

; 
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ahows that the three main functions of government (allocative 

efficiency, in come redistribution, and economic stabil1zation) 

are interrelated, though they are often considered separately. 

That ia, the ides of associating distributive consideration to 

the objective of efficiency is well grounded in Public Finance. 

Simllarly, ln the context of benefit-cost analysis, 

Maas has argued that the objective function of Most governments 

is complex and does contain, inter alla, distributive weights. 1 

Economic efficiency ia only one of a number of objectives. It 

Is wrong, therefore, to base pollcy declslons solely on efficiency 

grounds. A policy declsion should be based instead on aIl of 

the objectives whlch can be achieved by that decision. Some­

times, the objectives are complementary, i~ whlch case there 

iB no problem, but, they may also be conflioting. in whlch case 

trade-offs must be estimated. In fact, there la no a priori 

reason to consider economic efficiency more important than 

redistribution. It all depends ~n soclety's welfare function. 

Moreover, Maas argues, the lègislative process Is capable of 

selecting th.s~r de-ofts. 

The last 8sertion May be quite over-optimistic. The 

distributional imp ct of a glven public expenditure Is not 
~ 

conflned simply to the immediate distribution of costa and 

benetits trom the project. It consists also of secondary 

1 A. Maas, "Ben.rit-Coat Analyai.. Ite ReleYanee to Public 
lnv •• t.ent Decisions,· ~t.rll Journal of Economics, LXXX 
(May, 1966), pp. 208-22 • 

& 
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effects arising, for instance, from increases in factor incomes 

through ~he respending process. These secondary effects, 

operating through the multiplier process would cause additional 

distributlonal changes. 

Aside from this, however, there ls thé question ct 

principle as to whether redistribution of income or welfare 

achieved through public expenditure ls or le not achieved 

efficient1y. The standard argument ie that, if a given redistri-

• but ion i8 desired, i twill be more efficient to secure i t through 

an incorne transfer than through a transfer of a particular good. 

The former type of transfer, by leaving the recipient the choice 

to exercise consumer sovereignty, will achieve a higher ovérall 

welfare for society as a whole than a transfer in kind of the 

same amount. Or, it would enable society to achieve a given 

redistribution of welfare wi th a smaller transfer of income. , 
The argument concludes that, if redistribution of welfare in 

favour of a given group is desired, it would be more efficient 

to transfer given monetary surns to indlviduals in this group 

than, say, incr.ase their welfare by controlling pollution in 

a manner whiCh, as a specifie objective, would transfer welfare 

to this group. Or, alternatively, if it is found that it would 

be inefficient to undartake some pollution control project, 
,. 

this decision should not be influenced by the tact that it 

impo~s damages upon already disadvantaged groups, if these 

are compensated in monetary equivalent • 

But, in fact, it is quite possible that society .ay be 

willing to transfer welrara to a particular group in kind while 

( 
1 



-

• * 
, J 

- 10) -

it wou1d be unwil1ing to support an equiva1ent monetary transfer. 

That ie, society May be wi1ling to redistribute we1fare in cer-

"\ . tain ways and not in others. steiner, for example, states that 

It ia eometimes argued that pure ly 
redistributional objectives which 
reflect a dissatlsfaction wlth the 
initial situation of ownershlp of 
wealth and resources ought to be 
satisfied by income transfera rather 
than by provision of goods and services 
in order not to distort resource allo­
cation. This fami1iar argument Is 
unpersuasive if one regards as legitl­
mate a desire of a society to interfere 

*,~l th the pattern of consumptlon that 
U re~t from market determlnatlons. A 
socie~ May choose to affect jointly 
both irycome distribution and the pattern 
of conéumption. 1 . 

In particuIar, society May legi tima te1y prefer a less efficient 

distribution of welfare, provlded that the distribution takes 

certain specified characteristicB. For instance, society May 

be wllling to devote resources to controiling pollution which 

predominantly affects a particular group, but not to give that 

group an equivalent monetary sum and let i ts members decide on 

whether they should or should not spend that sum, or part 

thereof, on pollution control. 

There are severai reasons for this possible preference 

on society t s part. The firet ie probably a question of ethics. 

1 P. O. Steiner, "The Public Sector and the Publ.ic Interest, Il 
in Joint Economie Committ.e, U.S. Congr ••• , The Analx.le 
and Evaluation of Public Expenditurea, p. 23. 
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Perhaps the "good" which society is willing to redistribute is 

considered ethically superior ta alter~ative goods and services 

which individuals of groups in whose favour a transfer is to be 

made would perhaps secure, if allowad to choose. Since society 

has no assurance that at least part of the, money will not be 

spent on ethically inferior goods, society may wish to ascertain, 

that this will not be the case by redistributing welfare in kind. 

Moreover, the argument about the inefficiency of redistributioJ· 

in kind iB usually made' ln term of static analysis. But society 

may be inf1uenced by long term dynamic considerations. In the 

future, the behaviour of the groups whose welfare society wisheB 

to increase will be determined in part by the form the redistri­

bution of welfare takes now. And since, in the future, interaction 

between groups will remain, society, as a whole, may be interested 

in influencing this behaviour. That is, society, by making 

transfers in kind, may ul timately be furthering i ts welfare as 

a whole rather than Just that of the recipients of the transfert 

Perhaps, a more illumlnating instance than pollution control lB 

the case where society ie willing to devote reeources which 

eradicate the social and economic conditions which breed crime, 

while i t would be unwilling to trans.ter the same amounts of 
. 

money to the same groups to be used by them as they please. 

Obviously, the ul tillate alm of society ln lIlaking the transfer 

her. is to proteet itaelf. 

Even if we eonclude that redistribution of welfare ie 

an objeetiTe whlch legitimately aeco.panles that ot achieving 

greater effieieney by public intervention in an laperrect aarket 
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economy, some difficult questions remain ta be answered. Which 

group should benefit from a publie activity and which group 

should bear the costs? To what extent should redistribution 

take place? And how important should be the goal of redistri­

bution relative to that of efficiency (and others)? 

With respect to the first question, the ethical assumption 

which ls usually made, explici~ly or implicltly, ls that redis-, 

tribution should be from higher incorne groups to lower ones. 

On the benefits side, this would mean giving higher priority 

to projects which, ceteris paribus, would result in a relatively 

higher proportion of beneflts accruing to low in come groups. 

On the cost side, redistribution in this direction could be 

achieved by allotting shares of the oost according to soa. measure 

of ability-to-pay as opposed to alternative measures, such as 

those based on the benefit principle, which would tend to be more 

neutral distributionally. Since the higber income groups would 

have a higher ability to pay, they would shoulder a higher share 

of the costs. 

With respect to pollution control, the additional 
• 

~ical judgement is frequently made that polluters must pay 

for pollution abatement. 1 In fact, the ultimate polluters are 

the consumers of the goods whose production, through various 

stages, generates pollution. Henc_, this value judgement could . 
be translated into saying that those who consume more of these 

1 -As we saw in Chapter II, this i8 tied in to the a.8i,nment 
by society to l8gal rights and 11abllity. 
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products should pay more. It ie quite probable, though not 

established, that these same individuals are also those who 

belong to higher incorne groups, so that the resulting redistri-

9ution of income or welfare could be considered in the right 

direction, '~ccording to the previously made value judgement. 

The redistribution of welfare through air pollution 

control depends in part on the selection of the method through 

which control is to be achieved. Direct provision of air 

pollution control by the government would probably affect 

redistribution of welfare in the "right" direction if the costs 

of control would be financed through general income taxation, 

which is progressive, and the projects selected were those where 

pOllution is Most acute, which probably affects primarily lower 

income groups. If emission taxes were imposed, however, the 

prices of products whose production and consumption generates 

pollution would rise in soa. proportion to their propensity to 

pollute. 1 If it is found that higher income groups consume 

relatively larger shares of high polluting goods, such policy 

would achieve a redistribution of welfare from hlgh incorne groups 

to low ones. If, on the other hand, the pattern of consumption 

is the opposite, the contrary redistribution would result. It 

is necessary, then, that,if a tax system of this type ls to be 

irnplemented, to ascertain what this pattern of consumption ia. 

Once this ia done, the distribution of costa to different income 

groups can be assessed through a modified tax incidence aftalysls. 

1 The propensity to pollute 1. meant her. to be t~ waste gener­
ated in the proc.ss of producing and/or consumi~the goods. 
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The modification to standard incidence analysis arises from 

the fact that an emission tax ls different in lts effect on the 

priee of a product from eithèr a unit excise tax or an ad volorern 

excise tax, If one thinks, ae it iB usually done, of the effeet 

of a tax on priee as being what happens when, given the demand, 

the supply of the product shifta upward by the amount of the 

tax at each quantity, then the shift will be different in the 

case of an emission tax than in that of a unit tax or ad volorem 

taxe The amount of the shift will depend on the propensity to 

pollute of the good rather than being some specified amount or 

sorne percentage of the pre-tax priee. 

On the benefit side, one must de termine whieh groups 

benefit most from a given level of pollution reduction. In terms 

of the model developed in Chapter II, the marginal utility of 

air use for sustenance purposes diminishes ae the quality of air 

increases. This suggests that the benefite from air ppllution 

control will be greater for the groups who are subject to more 

severely polluted air. If it le found that theee groups are 

low incorne ones, a given general reduction in air pollution will 

impart greater benefits on this group than on higher ones. This 

suggests that, on the benefits side. air pollution control 

would redistrib~e welfare from high to low income groups. 

Freeman reports evidence which suggests that this is the case 

with respect to pollution from sulfur oxides and particulates. 1 

1 A. Myriek Freeman, "Distribution 6t Environaental Quality," 
in A.V. Kneese and B.T. Bo.er (ade.), Environ.ental Quallty 
Analisis, (Baltimore, The John Hopkins Preas, 19'2), pp. 
243- 78 • .. ,":-.: 
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The main re~~"'" ~e'ems to be that air quali ty ie woree in city 

centres anl these centres are mainly inhabited by low in corne 

groups. 

A difficult step Is to place a monetary value on benafite 

from reductions in air pOllution (or,convereely, on losses due 

to increases in air pollution). One type of benefit (or damage) 

presente relatively few problems of estimation. Tqis is benefit 
-' 

derived from reductions in damagès to materials, p~perty, and 
~ 

so on experienced thro~gh improvements in air quality. Much 
. ./ 

more difficult problems of estimation are encountered when the 

attempt is made to quantify benefits from pollutLqn control 

deriving from improvements in health and amenity. 

Two approaches have been suggested. The ~~:t consis~s 

of estimating changes in mortality and morbidity associated wlth , 
changes in air quality levels. Though much remains to be dona, 

substantial statistical relationships between air quality and 

mortality and morbidity rates have been reported. 1 Conceptually, 
\ 

thee~ relationships could be translated into healthy life 
; ) '\ 

expe~ancy as a funetion of ditferent levels of air quality or 
1 

àir pollution. This has yet to be dona and May be quite difficult 

1 See, for example. L.B. Lave and E.P. Seskln, "Air Pollution 
and Human Health," seienle, CLXIX (August 21, 1970')," pp. 72)-
733. Also L.B. Lave, uA r Pollution Daaagei Som~ Difficu1tie. 
in Estimating Value of Abatement," in Kneese and Bower, 
Bnvironmental iu.lity Analysis, pp. 213-241. 

.. , 
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to achieva. The greatest obstacle i8 to find a satiafactory 

method of placing a value on life expectancy.l People do behave 

in ways that involve trade-offs between decreases or incre.sea 

in life expectancy in order to obtain something else they value. 

People who drive racing cars in competitions are obvious examples. 

Still. estimates of value of li!e expectancy or even discomfort 

associated with illnees remaln very imperfect, even in principle. 

The Most common measure of value of lifa expectancy used is the 

income foregone as a result of premature death and, in the case 

of illness, Medical costa. Obviously, these rneasures understate 

the value of lire and health considerably. 

The other approach consists of attempting to correlate 

land and property~alues and air quality. The generai idea is 

that people, ceteris paribus, will tend to move from areas where 

air quallty le lower to areae where it ls greater. Therefore, 

given the supply of land and property in each area the changes 

in demand for land and property would drive up prices in araas 

where air quality is higher and will push tham down in areas 

where air quality ie low. The avidance seams to suggest that 

this is indeed the case. 2 A general improvement in air quality 

1 

2 

For a discussion of sorne of the problems involved, see 
E.J. Mishan, "Loss of Life and Limb," in his Ben.fit-Coat 
Analysis, (Londont Allen and Unwin, 1971), pp. 133-174. 
See, for example, R.G. Ridker and J.A. Henning, "The 

1 

Determinants of Residential Property Values," Revi •• of Icono.iea 
and Statiatica, XLIX (May, 1967), pp. 246-257. 
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would probably raise land and property values to a larger 

extent in areas of low air quality than in areas of already 

high air quality. Again, since it is probably true that lower 
~ 

inoome groups are located where air quality is lowest, it is 1 

probable that a general and uniform ,improvement in air quality 

would benefit lower income groups to a larger extent than 

higher ones. Again, however, the redistribution ls difficult 

to quantify. 

In conclusion then, any reduction of air pollution will 

result in sorne benefits and would entail Home costs. Any assess­

ment of the distributional effec" of pollution control must 

assess who receives what benefite and who pays what coste. On 

the one hand, a given general reduFtion of pollution would 

benefit more those groups which ade more severely damaged by the 

present levels of pollution. Probably, these are 10w income 

groups. On the o~her hand, if emission taxes are to be used to 

achieve pollution control, the cost shares will be proportional 

to the consumption by eaeh group of produets with different 

propensities to pollute. It must be established who these 

consumers are. An assessment of tae distributional effects of 

air pollution eontro~ is the algebraie sum to aach group of 

costs and benafits. 

( 



CHAPTBR IV 

S tILPUR OX IDES 1 EMISSIONS. CONCENTRATIONS AND EPPECTS 

8ulfur oxides gases (SOx) are a major group of pollutante. 

They are emitted mostly in the form of aulfur dio~id. (802), 

only about 2~ of emissions oecur in the fora of aulfur trioxide 

(S03). Eventually, though, the 802 ia oxidlze. firet to S03' 

and then to Bulfurie aeid (H2S04). Ultiaately, it will either 

settle in the lors of aulfates or it will be waahed out by 

rainlall. Table 4-1 i •• ne eati_ate 01 total emissions of air 

p011utants in Canada in 1910 by major soure... Sulfur oxides. 

according to this aatimate, .. ounted to 23.1~ of the live 

primary air pollutants eonsidered. 

TABLE 4-1 

ESTI!ATED NATIONWIDE EMISSIONS - CANADA. 1910 
t 

- (THOUSAND TONS FER YEARl 

SOURCE CO PARTIC- SOx HYDRO- NOx 
ULATES CARBON 

'l'ransportation 14,354- 62 172 2,)58 8)8 

Fuel combustion in 
atatlonary .ourees 103 391 1,585 68 431 

lndustrial proce •• e. 159 1,320 5,445 III 15 
Solid wa.te diaposal 636 90 7 81 26 
Miseellaneous 1,460 427 - "54 49 

'fotal 11,312 2,290 1,209 3,012 1,359 

Source. 
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Emissions of sulfur oxide. present .o.e characteri.tica 

whioh make their abatement particularly amenable to an appli­

cation of the control strategy discus.ed in Chapter II, i.8. the 

use of emission taxes to achi.ve acceptable concentrations of 

given pollutants. The main r.ason is that a very large pro­

portion of total emiasions of sulfur oxides la generated by a 

relatively small number of types of sources. Moreover, and 

this Is important, these sources are statlonary. Table 4-2 

gives a sllghtly more de~ailed breakdown of sources of emi88ions 

of sulfur oxides than does Table 4-1. It can be seen that 

97.5~ ot aIl emissions originated either from the combustion of 

fuele by stat~nary sources or trom industrial processea. 

Table 4-) gives the breakdown by industry ot the emissions 

resulting trom industrial processes. Only nine industries 

generated 75.5~ of aIl esti.ated emissions ot sulfur oxides in 

Canada. It can be seen from the figures in the three tables 

that, with one apparent exception, the two main 80uree. of SOx 

pollutants account for relatively little of emission8 of other 

pollutants, and vice versa. The apparent exception i. e.is.ions , 
of particulates from indu.trial proce •• es. But, as can be seen 

rrom Table 4-4, th. industries from which moat .aissions of 

particulates originate are not the ... e a. tho.e trom whieh 

e.i.8ions of sultur oxide. originate. 

The great advantag. ot aIl thi., of cour.e, is that 

thia situation make. it po.sible to treat the abat ••• nt ot 

.ultur ox14e pollution •• parately rro. the abate.ent ot other 
, 

pollutanta without 40inl auoh violence to the interd.pendencie. 



- Il) -

TABLE 4-2 

NATIONWIQE SULPUR OXIDES EMISSIONS - CANADA. 1270 

(THOUSAND TONS PER YEAR) 

., 
SOURCE EMISSIONS PERCENT OF TOTAL 

• 
TRANSPORTATION ill 2.4 
Motor Vehlcles 27" 0.4 

Ga8011ne (19 ) (O.) ) 
DIesel ( 8) 

• (0.1 ) 
Aireraft 1 N 
Railroads )4 0.5 
Marine 108 1.5 
Non-highway use of 

motor fuels 2 N 

FUE~ COMBUSTION IN 
STATÏONARY SOURCES 1.585 22.0 

Utl1itles and power 
generation 479 6.7 

Industrlal and 
commercIal 890 12.) 

Residentlal 216 ).0 
'~ 

INDUSTRlAL PROCESSES 5.445 llL2 

SOLID WASTE DISPOSAL 1 , hl 

MISCELLAlm°US .t! li 

Total 7,209 100.0 

N - Neg11g1ble 

Source. A Nlt10nwide Inventorx of Air Pollutant IIl •• 10na, 

p. • C 

• 
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TABLE 4-) 

SULPUR OXIDES EMISSIONS PRO. 
INDUSTRIAL PROCESSES - CANADA. 1970 

INDUSTRY 

Metallurgica1 coke 
Pr!aary alum!num 
Priaary copper and nickel 
Primary lead and zinc 
Petroleua retiner!.e 
Sulphurie acid 
Kratt pulp .1118 
Sulphite pulp milla 
Ratural gas proceeslng 

EMISSIONS 
(TONS/YEAR) 

40,000 
24,000 

4,421,000 
116,000 
33,000 
55,000 
16,000 

149,000 
... 593,000 

j 

Source. A Nationwige Inventory of Air Pollutant 
Eila.lona, p. 9. 

and coaple.entarit!es which exist between generation and abate-

. ..nt ot ditterent types ot waetes. Rigor would se.m to dictate 

that, becauae ot the exietence ot theae interdependencie. and 

comple.entaritiea, it ia neceasary to deal with at le.st all ot 

the major air pollutanta almultaneoualy. Kohn, tor exaaple, 

builda a linear prograaming model where, given the coat ot 

Tariou. control ~chnologi.a tor each air pollutant and source, 

he calculate. the least coat ot aChieving giTen levela ot annual 

~. 

'" , 
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TAlLE 4-4 

P4RTICULATE BMISSIONS PROM 
INDUSTRIAL PROCaSSES - CANADA. 1970 

EMISSIONS 
INDUSTRY (TONS/YEAR) 

Iron and sue1 153,000 
Other prlma~y .et~s 111,000 
.etallurgiea1 coke ~ 11,000 
Petroleua ratinerl •• 1,000 
C •• ent 248,000 
Li •• 54,000 
Kraft pulp .111a 86,000 
ÀBbe.to. 80,000 
Ston., sand, gravel 401,000 
Grain handllng 83,000 
Grain Mi11B 4,000 
Other 1 77,000 

Source. A N.tionwide ~Y.ntorl of Air 
PoI!utant !aIssIons, p. ,. 

\ 
( 

r.duotion of •• i •• iona for the st. Louis Airaned. l Wh11. 8uoh 

an approach on th. surface se •• s more sat1afaotory, beoause 1t 

i • .ore ooaprehenai.e, it has on. b •• ic we.tn.ss whioh detract. 

from Ita us.fuln.... The ••• kn ••• ls that,the approach 19nor •• 

1 R.I. KOhn, "Lin.ar Prograaminc Mod.l for ~lr Pollution 
Control. A Pilot Study of the St. Lo.1. Airah •• ," JO!I!:P!l 
of th. Air Poll.tion Control A •• oolation, II (pebruarY,970), 
pp. '8-82. 
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soae lmportant a.peots of the problem. ror Instance, lt la 

possIble to find the cost of reducing hydrocarbons, carbon 

monoxide, or nitrogen oxides emissions from motor vehicl.s 

through the installation of devlee. whlch prev.nt the emla810n 

of th •• e pollutant. and feed thl. data into the linear program. 

But the problem &saooiated with motor vehieles 18 much wlder. 

It ie possible to reduce emlssione by Inducing people to drive 

re.er miles par year or to purchase vehiclea .tth smaller 

engines. There 1. the whole issue or mass transit versus the 

us. of the privately owned automobile, or, the problems of oon­

gestion and aocidents which are coaplementary to that of pOllution 

from motor vehicles, and even the very desIgn of oiti... So, 

it la quite unrealistie to treat in the same manner problems 

auch as those a.sociated with pollution by a relatlvely few 

types of statlonary sources and the mueh more oomplex probleas 

assoclated wlth aaissions from mobile souroes. Fortunately, as 

the figures show, by and large, the prohlems SIn be separated. 

Even in terms of reoelved .eonomle doctrine, moreover, 

the problem pree.nted by emiesion of sulfur oxides ls of a 

reiatively eimple nature compared to that presented by emissions 

from mobile sources. If one thinks or emissiona in ter •• of 

.xternalities, for instance, most emisaions of sul!ur oxldes are 

of the unldirectional, separable type. Most •• i.siona or the.e 

g •• es are generated by so.e well defined acono.ie unit. and 

affect other econo.lc unit. in a unidlrectional •• y. Therefore, 

in thia caae, inter alia. th.ra are te.er objections of principle 

to the U •• ot oentrol •• ch •••• auoh aa •• t •• ion tax ••• 
~ 

Baia.lons 
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~rom mobile sources, on the other hand, are moetly of the non­

separable, reoiprocal type of externallties and, therefore, 

are much more intractable, even in theory. 

Incldentally, the relative importance of sources of 

amisslons of sulfur JXides in Canada ia quite difterent from 

that in the United States. In the United States, in 1970, 

33.9 million tons of SOx were emitted. Of thls total, fuel 

combustion from stationary sources aocounted for 26.5 million 

tons or about 78~J industrial processes accounted for 6.0 

million tons, or about 18~.1 A major reason for the difference 

in the pattern of emission sources in the two countrie. ie the 

differance in the methods of producing electric power. In the 

United states about 45~ of total emissions of SOx are ,enerated 

ln the ~roce8s of producing electric power. The main reason 

tor this is that an overwhelmlng proportion of th!s power ie 

produced by utilizing t~ thermal energy of fossil fuels. In 

Canada, by contrast, in 1966, 82~ of the electricity generated 

was hydro-electric. This proportion, however, ia expected to 

drop to 45~ by 1990. 2 This indicates that, if no steps were 

taken to control SOx pollution, emisslons would increase in 

Canada, even if emissions trom sources other than the generation 

of electrlclty remained the ... e. 

1 

2 

Environ.ental ~ualitl. The Third Annua1 Report of the 
Counc!l on Env ranaental Quality. (Washington. U.S. Govern­
ment Printing Office, 1972). p. 6. 

National Enargy Beard, Energy S~JPll and D •• an4 in Canada. 
1966-1990. (Ottawa, 1969). pp. 6 -7 • 



1.00 

-~ 
~ 0.50 

-
z 
0 .- 0.20 
<r 
a: .-
z 
UJ 
0 010 
z 
0 
0 

~ 0.05 
0004 
x 
o 0.03 
a: 
:::> 
LL 0.02 
.J 
::> 
(/) 

0.01 

--

- 118 -
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Pi~ure 4-1: PrequenQy Distribution of Sulfur Dloxtde Levels ln 
Seleoted Amerioan and Canadlan Cities. 

Note: "pntr8al's flgures are for September, 196~ to August, 1969, 
fbr the station situated at 1125 East, Ontario Street. 
Toronto and HamlIton's figures are for 1910, for stations 
sltuated at the UnIyersltT or Toronto and at Barton-Wenthworth 
reapectITelT. These statIons .ere chosen because the, 
repreaented tJ1)loal concentrations. Plgures are one-hour 
.eans. 

Sources: United State., Depart.ent of aealth, Education and Vel­
fare, 'lr iptl1tl Cr1terl1 tPt Sulf~ Ox14 •• , (W.shlngtons 
u.s. Go •• rnaent Prlntlng Offioe, 19 9', pp. 34-37. Cit, 
or Rontreal, ~YQ:~l:t ~. : .~: fi: 1 'teldr1d!, s~(~ng et 3. P =i , .. r Je Î. antrea, 
19 o. Ontarto, Departaent of the BnTlrona.nt, ~ 
gual1tl lIonltorlna Be29rt. Vol. 2, (Toronto, 191~ 
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This is a180 borne out by the projections made by the 

National Energy Board of the use of aajor fuels in Canada. 

The~ are reproduced in Table 4-5. Of thase fuels, gas con tains 

practica11y no sulfur, light fuel oil contains a moderate aMount 

of sulfur (typically O.?), and coal (Most of which ie of the 

bituminous type) and heavy fuel oil conta in high percentagas of 

sulfur (typically 2-J~). w. ean see that the eonsUMption of aIl 

fuels will increas. in absolute terme. In relative terms, the 

consumption of high sulfur fuals (coal and heavy fuel oil) will 

increase even more. As a result, if nothing were done, we could 

expect an increase in the emissions fro_ this type of souree. 

Projected increases in total •• issions of sulfur oxides for the 

years 1980 and 2000 have be.n estimated to be 1.8 and 3.5 ti ••• 

the 19&6 total. l 

For purposes of comparison, more relevant data are the 

observed concentrations of sulfur oxides in selected American 

and Canadlan cities. This compari.on is made in Figures 4-1 and 

4-2. A cursory look at these figures wl11 suffiee to establiah 

that the concentratlons of sulfur oxid88 in Canadian eitie. are 

on a par with thoS8 of the largelt Amariean citiaa. 

It ls quita probable that in teras of concentrations, 

th. pattern of a.issions ln Canada as alti.ated in Table 4-2 

above underesti.ate. the iaportance of e.issions from the 

1 B.R. Mitchell. -Inventorie. Qf National and Individual Air 
Pollution. - (Ottawa, Departaent of En.ro. Min ••• and 
Re.ourc.I, 1971). 

/ 
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TABLE 4-5 

USE OF MAJOR FUELS IN CANADA - 1966-1990 

FUEL 1966 1980 1990 

Coal (M tons) 2.5.999 .54.443 ?~653 

Light Fuel Oil (M Bb1e) 78.978 93.110 102.850 

Heavy Fuel Oil (M Bb1s) 82.338 139.960 195.710 

Gas (Bef) 635.5 1,530.0 2,424.5 

Source. National Energy Board. Ener~ Supply and De.and 
in Canada, Tablea 16, 18, 2 . 

combustion of fuels. A large proportion o~ this fuel combustion 

takes place in urban areas, whersas emissions from suah 

quantitative1y iaportant source. as metal smalters and natural 

gas proceseing take place in relatively isolated and well 

detined areas. l Evidence ot this ia the large di.parities in 

concentrations observed ln urban areas between winter and summer. 2 

/1 

1 ot course. o~t.n thea. areas contain small oiti.s (suCh as 
Sudbury, Ont.). But, usually, the.e cities are inhabited by 
people directl~_or indirectly •• ployed by th. very industry 
tro. whlch •• i8s10ns originate. Thi. create. a special 
situation wh~re ~he.e people are both daaaged and benetited 
by the actlvity which generate. pollution. 

2 S,e, tor ex .. ple, City ot Montreal, La Pollution de L'Air par 
~~d. Sulfureux et 1 •• Particule. A.roporte ••• (Montreal, 

• 

1 
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The higher concentration obser.ed in winter can be attrlbuted 

only to the increase in fuel consumption for space hea~ing. 

For purpos.s of Betting optimal or acceptable standards 

of air qual~ty, it must be atressed that there iB not nece8sarily 

a one-to-one relationehip between quantitles of emissions and 

the level of concentration of pollutants observed. The 

quantitiea of pollutants emitted are c~ntainly the Most important 

factor ln determlning the concentrations. But there are others, 

8uch as the height at which eaissions occur, meteorological 

conditions prevailing in th~given area, and so on. Emlssions) 

at ground ~v.l, for instance, take longer to disper~ than 
tt 

emissions at the height of buildings, and the latter take longer 

to disperse than amissions from very tall indûstrial chimneys. 

This Is especially true of emissions of particulates, but also 

of sulfur oxides. In arder to establish the conn.ction between 

quantities emitted and concentrations observed after diffuaion, 

it 1. necessary to resort to the use of diffusion models. 1 

Thare la even le8s of a one-to-one relatlonahip between 

quantitiel of emisaions from individual sources and resulting 

daaagea since, in addition to the factors affecting the relation­

shlp betw.en quantitie. of emissions and concentrations, this 

relationship ls affected by other factor.. The .o.t iaportant 

of these are the density of reeeptorl around the Bource and 

thelr proximity. 

1 See, for exaaple, A.C. stern (.d.), Proc.eding. ot S1!po.lua 
on Multi le-Source Urban Diffusion Mod.l., (R ••• arch Tr1an&1. 
Park. Env rona.nta Protect on Agency, Air Poll.tion Control 
Ottice, 1970.) 

, 
II. 



- 12) -

AlI of theae faetora would have to be taken Into aecount 

by the authorlty which would have to eatablish the de.ired level 

of reduetion of emieeions. Sine. it ie not the purpoee here to 

establlah what this level should be, we will confine ourselvea 

to the prob~.m of costa and taxes associated with the re~uction 

of givan ovarall quantities of aulfur oxides emitted. 

Tt i8 instructive, nevertheles8, to examine briefly 

the correlations which have been observed between various con-

centrations of sulfur oxides and damage to humane, animaIs, 

vegetation, and materiala. 

Though the evidenee is still rather impressionistie, it 

~lfur oxides corrode metals, spoil paint, deerease 

of textile fabries and leath,r, diseolour paper 

and building materials, prevent the growth of vegetation, and 

increase the rate of morbidity and mortality in animaIs and man. l 

One difficulty in attempting to estimate the damage 

eaused by sulfur oxides is that of separating its effects from 

tho.e of other pollutants, sinee, in praetiee, they aIl oeeur 

simultaneously. Moreover, damage is probably greater, for a 

given concentratio~ of sulfur oxides, because of the interaction 

bet.een eulfur~ oxides and other pollutants, eepeeially partieulate 

matter. Much of the damage by sulfur oxides is probably due to 

their conversion to the highly reactive sulfurle acid. The 

presence of partieulate matter seems to promote thi. conversion 
2 by a factor of three or four. Laboratory evidence auggeata that , 

1 U.S. Depart.ent of Health, Education, and .eltare, Air Quality 
Criteria ror Sultur Oxide., (WaShington, U.S. Governaent 
PrInting ortIce, 1969). 

2 Ibid., pp. 7-8. 
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the concentrations of sulfur oxides presently ob.erved in urban 

areas would represent no significant health hazard if they 

oceurred in the presence of no other pollutant. But, in the 

presence of particulates, increased morbidity and mortality has 

been observed when concentrations of S02 have risen above 0.25 
1 parts per million (ppm). 

Nevertheless, attempts to trace dam~B to sulfur oxides 

have been made. Â reduction of concentrations from average 

levels of 0.15 ppm to 0.05 ppm in Pittsburgh in the period 1926 

to 1960 was associated with a four-fold reduction of the rate 

of corrosion of zinc. 2 Studies ln Chicago and st. Louis indicated 

high correlation between the rates of corrosion of low-carbon 

steel panela and concentrations of sulfur oxid8s. 3 High con­

centrations of sulfurous and sulfuric acid have been shown to 

attack a wide variety of building materials, including limestone, 

marbl., roofing slate, .ortar, and carbonate-contalning stone. 4 

Sulfur oxides pollution has been shown to reduce the life of over­

head power line8 by one third. 5 The deterioration of prieelese 

1 Insular Affaira, 

2 Air guality Criteria by Sultur Oxide., p. 52. 

J ~., pp. 52-53. 

4 ~., p. 54. 

5. I!!!., p. 53. 

d he 
ce, May, 
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aonuments and Iculptures can largely be attributed to corro.ion 

by the.e acidl. 1 Plant dama,e wal noted •• far •• 52 aile. 

downwind fro. the smelter at Trail, British Co1uabia. 2 Incrlaset 

mortality rates were noted at concentration. of sulfur oxidea 

from 0.19 ppm to 0.52 ppm (24 hrS.CméanB}\) Increases in 

fr.quency of respiratory di.ease •• are no~a~ at ooncentrations 

from 0.11 PP. to 0.46 ppm. 4 Bates et .1. found a greater 

incidence and .evérity of bronchitis and poor pulaonary functlon 

in the ·dirty· cities of Montreal and Toronto a. compared with 

the ·clean" citie. of Halifax and Winnipeg. 5 Lave and Seskin. 

in their review of etudies on the erfects of air pollution on 

health, conclude that a 50. reduction of air pollutant concentra­

tions .ould reduce morta1ity from bronchitis by 50~ and morta1ity 

fro. lung canc.r by 25~.6 They conclude that a 50~ reduction 

in air pollution leve1. wou1d probab1y reduce morbidity and 

mortality from respiratory desease. by 25~. However, th.y cou1d 

not attribute speoifical1y to 80y given po11utant the responsi­

bility for the .orbidity and morta1ity. Generally .p.aking, it 

•••• s that the thresh01d at which both human morbidity and 

1 

2 

J 
4 

5 

6 

A particu1arly sad oa.e oonolrning Venice Is reported in 
Newsweek. (Jun. 12, 1972). 
Air Qualit! Criteria for Sulfur Oxide •• p. 54. 

1!!! .• pp. 119-124. 

~., pp. 124-142. 

Bate., D.V. et al., "Air Pollution and Chronic Broncblti.,· 
Archiye. of Invlronaental H'alth, XIV (June, 1967) pp. 220·224. 

L.B. Lave and E.P. S'lkin,' "Air Pollution and Huaan Health," 
Scilnce, CLXII (Augu.t. 1970), pp. 72)-7)). ' 
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1 aortality are directly att.et.d 1. 0.14 pp.. Prolonc.d 

expoaure lIlay affect h.alth at auch lower concentration.. 

Table 4-6 shows .. bient air quality standard. which 

have been adopted or propo.ed in aelected areas. Ther. i8 a 

genera1 agreement that the annual average conoentration ahould 

not .xc •• d 0.02 PP. and that the maxlmum 24 hrs. concentration 

should not be al10wed to exceed th. atorementioned threshold ot 

0.14 ppm. 

TABL! 4-6 

PROPOSED OR ADOPTBD AIR QUALITY STANDARDS 
FOR SULFUR OXIDES IN SELBCTED ARBAS 

CONCENTRATIONS 
AREA 

ANNUAL MEAN MAX IMUM 24--HRS. 

Canada (60 ) (JOO) 
Unit.d States 0.02 (60) 0.10 (260) 
Ontario 0.02 0.10 
Montreal 0.02 0.10 , 
Chicago 0.015 0.17 . 
Boston 0.0)1 0.11 

Note. Concentrations are .xpr •••• d in pp. or it 
in parenthesea, in micro gram. p.r cubic 
lIleter. 

Sources. 

1 Su.aary R'R~rt of th. Cornel Work.hoR.", p. 45. 
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CHAPTER V 

ECONOMICS AND TECtlNOLOGY OF 
SULFUR OXIDES CONTROL. AN OVERVI~W 

This chapter attempts to put the technology of sulfur 

oxides pollution control in economic perspective. In doing 80, 

It Is convenient to consider separately the two main types of 

sources of sulfur oxides. As we have seen, these are the 

combustion of rossi1 fuels and industria1 process8s. 

A. Control of Emissions from the Combustion of Fossil Fuels 

There are several possible techniques to reduce emissions 

of sulfur oxides trom the combustion of fossil fuels. These 

techniques may be substitutive or zay be complementary. They 

can be categorized as follows. 

(1) Substitution of Fuels 

This technique involves the replacement ot a fuel by 

anothsr of the sams type, the latter having a lowsr sulfur 

content (e.g., the replacement of high-sulfur coal by low-sulfur 

coa1) • 

There are two major ways in which this substitution can 

be carried out 1 

(a) by obtaining the same type of fuel with lowsr 8ulfur 

content trom alternative sources. This alternat!.e 

fuel .Jll probably o01llllland a higher prioe. The 

extent to which t~i. 8ubstitution will be oarried 

out will depend on the priee difterential and .o.e­

ti ••• on the .i.ple aTailability in a particutar 
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area of the lower-sulfur Cuel. 

(b) by desulfurizing the fuels presently used. This 

may be earried out to some extent at the present 

time. In this caae, it la a question of carrylng 

out the desulfurization further. Since this will 

involve some costa, it ts to be expected that the 

desulfurized products will eommand a hlgher priee 

than the fuels now used. This priee differenttal 

and, in aome cases, technologieal limitations will 

deteraine the extent to whieh thiB technique will 

be u4ed. 

The distinctive characteristic of fuel substitution as 

an abatement technique is that it does not involve modification 

or replaoement of combustion equipment by the fuel user. Hence, 

the only additional cost which, the user,of the lower-aulfur 

fuel will incur Is the priee differential whieh la likely to 

exist between this fuel and the hlgher-eulfur one. 

In previoua ehapters the suitabllity of an em18s10n tax 

as a control strategy waB discussed. Now, it is po~~e to 

prediet the emissions of sulfur oxides from a partieular source, 

given the sulfur content of the fuel used by that source. l So 

that, in this oa.e, an e.lssion tax could be levied in the for. 
K 

of a tex on the sulfur content of the fuel. The great adyanta,e 

1 See, U.S. Enyiron.ental Proteetion Ageney, Compilation of 
Air Po1lutant a.1 •• ion. Factor., (Wa.hington. U.S. Govern­
•• nt Prlntlng ottice. 1972). 
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of this. of course, la that it gr.atly reduces the number of 

points from which the tax is to be collected. Baaically, th ••• 

would consist of a tew major suppliera, such as refinerie8 and 

coa1 mining companies. This would also make it easy for 

authorities to verity that th.re are no evasions. The authorities 

could rebata to a fuel uaer the tax paid on his behalf on any 

sulfur he recovered (and, hence, was not emitted into the air). 

This would be relatively slmpler and le88 expensive than having 

to monitor emissions from all sources. Any su1fur recovered 

would be measured in terms of weight. This is a far aimp1er 

and cheapar procedure than that of monitoring concentrations of 

sulfur oxides in combustion flue gases. The method of monitoring 

emissions dlrectly ls conceivably cheaper only for large sources, 

such as power plants and SOme industrial processes. Of course, 

when it ls, it should be used. 

How would the levy of a tax on sulfur content operate 

to decrease emissions through fuel substitution? Simply by 

inducing fuel users to substitu~ a "cleaner" grade of fuel 

wheneTer the tax differential .. Jer unit of fuel exc8eded the 

priee differential between the "cleaner" and "dirtier" grades 

of fuels. Suppose that an emission tax t (i •••• t $ per unit 

of pollutants emitted) is deemed necesaary to achieve a desirahle 

air quality standard and that the emission factor is F. Then 

the tax on sulfur content per unit of fuel would be tFS/IOO, 

wher. S ia the sulfur content of the fuel in percentage points. 

Now, .uppose that two grade. ot a fuel, A and Bt are aT.ilable, 

whera A and B are .quiTalent in .yery r.spect except sulfur 
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content. Suppose that A contains more sulfur {'han B (1. e., 

SA) SB. whera SA and SB are, respeetively, the sulfur contents 

of grades A and B of the fuel in pereentagea). Then the user 

has an ineentl Y,a to subati tute B for A wheneyer 

As an example, suppose that an emission tax of loi per 

pound of sulfur oxidea Is to be levied and that the emisslon 

factor ia 2 (i.e., each pound of sulfur in the fuel will result 

in 2 pounds of sulfur oxides ellli ssions) • Then, the tu will 

amount to 20i per pound of sulfur ln the fuel. Suppose that 

grade A contains 2~ sulfur and grade B 1% sulfur. Then the tax 

on grades A and B would be 0.4t (Le., 20 x 2/100) and 0.2t 

(i.e., 20 x 1/100) per pound respeetively. A fuel user would 

have an ineentive to purchase grade B whenever the priee 

differential between the two grades la less than 0.2' per pound. 

--
{2) Switching of Fuels 

This method consists of replacing a fuel having a hlgh 

sulfur content with another of a ditferent type having a low 

sulfur content (e.g •• the replacement of cos1 by natura1 gas). 

The 10w sulfur fuel which replaces the high Bu1fur fuel may be 

one whlch Is already noraally available or one which has undergone 

1 This asaumes that, if the tax ia colleot.d rrom the distributor 
of the fuel, he will pas. It entirely on to the user. 
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desulfurization as •• ntioned above. l 

The user who swi tches to a low sulfur fuel incurs not 

only the possible addi tional costs of obtaining the low sulfur 

fuel at a higher priee, but also the costs or modifying or 
2 replacing his combustion equipment. Moreover, sinee different 

combustion equipment may operate at different efficiencies, 

the user must take into account possible changes in combustion 

effieieneies. 

Figure 5-1 presents a schematic diagram of the main 

possibilities of fuel swltching. Some of these possibllities 

realistically a.pply only to some types of fuel combustion. For 

axample, ewitching from low eulfur oil to electricity le a signi­

ficant possibility onl~~in the case of domestic fuel combustion. 

One complication ls the fact that the use of alternative 

fuels May affect equipment other than the firing equipment 

(and, hence, affect cost). Cha.nging from high-sulfur to low­

sulfur coal, for example, while it does not require modification 

of firing equipment, may affect the fly ash collection efficieney 

of electroetatic precipitators. Changing from a solid or a 

1 

2 

One additional benefit which can possibly accrue from this 
method of abatement is the eimul taneoue deerease of e.lsslons 
of pollutanta other than sulfur oxides, espeeially partleu­
lates. This posei bill ty ie not considered here. 

As will be diseusaed below, frequently ln the case of 
industrial and co.mercial installations, ~urnaces are de­
signed to burn any liquid, solid, or gaseous fuel. In thes. 
cases, no addition.l exp.nses on combustion equipm.nt are 

'-involved. 
\ 

_________ ~M • __ ~ __ ~_ 
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FiQure 5-1: Fuel SwitchinQ Possibilities. 

liquid fuel to a gaseous one, on the other hand, may eliminate 

or greatly reduce the need for storage and handling facilitiea 
", 

and equipment. AIl or these factors would have to be taken into 

consideration by the fuel user. 

What is the economic rationale for fuel a1'i tching? 

Clearly, a decision on whether to 81'i tch or not to 81'i tch fuel 

hinges on a cOllparison of the cost involved in doing so and .. 
other alternatives. In the case whera an emisslon tax lB to be 

levled in the tOril of a tax on the sultur content of fuels, as 

di.cu •• ad aboTa. the co.pari.on will be bet1feen the coat of 

8.i tching (including the price-2Y!!.-tu: of the ne. ruel) and 

the priee-su-tu ot the pre.entl,. uaed fuel. 
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• Since, at Any time, a number of alternative fuel 

8witches are possible, the fuel user who ls contemplating fuel 

8witchin~ must first decide the one for which he will opte 

Aside from possible questions of avai~ability of a particular 

fuel in a given area, the rational user will choose the cheapest 

alternative. It ls necessary, therefore, to establish a pro­

cedure whereby the costs of alternative fuel switches can be 

calculated. The following procedure is deemed appropriate to 

accomplish this task. 1 

(1) Calculate the cost of uslng alternative fuels. This 

can he accompl~shed as follows. 

ASSU~ that the user ls contemplating a switch from 

fuel A to an alternative fuel B. He knows the followingl 

PA = the priee per unit of fuel A 

HA = the energy content of fuel A (measured, say, 
in BTU per unit) 

RA = the combustion efficiency of the equipment 
which burns fuel A. 

QA = the quantity of fuel A used per period of 
time (say, a year). 

1 This procedure is a modified version of the one recommended ~ 
in U.S. Department of Health, Education. and Welfare, Control 
Te hn ue. for S Ifur Oxide r Po ut ts, (WashingtonJ 
U.S. Governmeht Printing Off ce, 19 9 , pp. 26-31. Note that, 
since fuels come under different physica1 states and, there­
fore, are sold in different units of meaBureaent, comparisons 
must be made in terms of their energy output. 
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From this, he knows the total cost of the fuel A necessary to .r 

bt i th t t h i This is simply PA X QA. l o a n e ",energy ou pu • requ res. 

He also knows, 

PB = ~he priee per unit of fuel B 

HB = the energy content of fuel B 

RB = the efficiency of the equipment which burns 
fuel B. 

He would like to know QB. the quantity of fuel B required to 

produce the same net energy output per year. The latter ia 

QAtHAtRA' Therefore, 

and 
/, 

Once QB ls known, it la possible to .calculate the cost per year 

of using fuel B. i.e., PB.QB' The same procedure can be used 

to calculate the cost of using any fuel as an alternative to A. 

Thereafter, the cheapest alternative ia known. 

(2) ~ the cost of using the alternative fuel, add the 

annualized cost of converting the combustion equipment. This 

sum gives the total annual cost associated.with uSing the 

alternative fuel. 

(J) Given the sulfur content of each fuel and the emission .-

factors assoclated with a given combustion equipment, calculate 

" , 
1 The cost of œalntalning the equipment 18 diar.g.rde~. It 

ia dlfficul t to 8atillate wh~ther thia la slgnificantly • 
different tor ditterent fuel •• , 
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the potential emissions resulting trom the use ot the preaently . 

uaed and of alternative fuels. 
• 

(4) Calculate the cast per unit of sulfur oxides abatad. 

(5) Compare the cost obtained in (4) with the differential 

in the tax on the sulfur content of the alternative fuels. 

The conversion would be warranted if the cast differential 
'\ 

between any pair of fuels la lesa than the tax differential. 

\. 

It must be pointed out that the above analysis applie8 

only to fuel switching on an a11 or nothing basis. ~hat la, 

the use of one fuel ia completely abandoned and another la 

used in i ts place. It ls frequently the case ·,wi th some types 

of users, however, that the combustion equipment already in 

place ia designed to burn more than one, or any, type of fuel. 1 

In this case, the user would not have to inatall new equipment 

and his decision would be concerned with the optimal, or least 

cost, fuel mix required to produce a given output of useful 

energy. 

We can spell out the rationale for this decision-making 

process by using the concept of the production function. Suppose 

thàt, in the production function, some inputs are substitutable 

for one another, but others are not substitutable. That'~, 

1 It 18 common, for example, for large usera of natural gas to 
be supplied on an lnterruptible basls. Slnce, in that case, 
the supply of gas can be interrupted at any ti.e, th.se users 
must be capable to switch to some other fuel at will. See, 
Control Technique. for Sulfur Oxide Air Pollutant., pp. 19-21. 

r 

. . 
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the relationjPiP embodied in the produotion funotlon May be 

~hought of ~s oonslsting not simply as a relationship between 

Jnputs ~nd output, but, rather, a8 a relationship between 

groups of inputs and output. In some cases, no substitution • 
lS,possible between groups of inputs. It may prove technically 

lmpossib+e, for example, to substitute more or less labo~r for 

Iesa or more fuel in the production prooess. But some of these 

groups of inputs may be subdivided Into sub-groups within which 

substitution ia possible. It ie possible, for instance, to 

substitute one fuel for another to obtain the same amount of 

usable energy. .In this oase, energy is both the output of a 

production process wh,re the inputs are diffe~ent types of 
" '. 

fuels and Is also an input into the production of some other 

output. 

Suppose there are J fuels, Fi (i = I, ••• ,J). Then, 

the technical relation between fuels as inputs and total energy 

produced oan be described as an energy produotion function which 

is analogou~ to that de~cribing the relation between, say, 

labour and capital to output. 

We C'è.n wri te ~he energy prodù'ctlon function as 

E = h (Fl •• " P J)' • 
'l 

This relation describes the possibility of substitution between 

each pair of Fi for a gi vell"' lavel of energy El. 

• 

As ahown diagrammatioally in Figure 5-2, for any given 

of eneru, whioh wa can calI an iso-th.rml , there are , 
A The;m ie .. un,i. t of htt't energy used in engineering and is 
.quivalent to 100,000 stU. The word iso-therm ia &ls-o used 
in.phylic. to indicate oon~ant ~emperatur •• 

, {~ , 
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FUll 1 

3 

2 

o FUll 2 

Fiouri S-2 1 Th. En.rgy Production function. 

variou. combinations of fuels (the geometry i. re.tricted to 

~ two fuels) which produce th. sa_. quantity of energy. 

We can trace an ener«f .ap which conaist. of a f.mily 

of illo-tharaa. 
, 

Each iso-tharm repre.8nts all the po.aible 

ooabinations of tuels 1 and 2 required to produce the quantlty 

of anergy repre.ented by "that iso-thent. the faaily o~ 1'80-

thenla repre.ent. all the po •• ible quanti tle. of eneru requl.red 

to produle any giTen leTel of output • .. 
Now, giTen'the prioe ot each tuel. the ,total coat ot 

energy. Ce, i. the au_ of the ooat of all fuela. the ooat of 

.ao~ tuel. of .our •• , i. the pro4uot of lt~prl0. and the 

~.antlt7 ua.4.~!bat la, f 

, b 

t 

'\ 

• 1 
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Ce • Cl + C2 + •••••• + CJ 

where 
Cl (1 • l, 1 ••• J) 18 the oost of fuel i 

- Pl (i • l, ... , J) 18 the! priee of tuel i 

Fi (i • l, ... , J) ia the quantity of tuel i • 

Given the oost function Ce and the energy production 

tunctlon E, the optimizing bahaviour of the fuel user will ~ 
J \ Minimize Cost Ce -L PiFi , 

i=1 

Subjeet to the energy produotion function E = h(Fl •••• , PJ}, 

the solution gives the optimal conditions, namely 

(i " J) • 

That is, the user will employ any pair of tuels ln such a way 

as to equallze the ratios of thelr priees and their marginal 

productivities. This, or, course, i8 perrectiy analogous to the 

way the 'ira uses other inputs. 

For the two tuels case, we ean show the same thing 

geometricallYI th!. is done in Figure 5-). w. will al.o use 

Figure 5-) to 111ustrate what happena when the relative priees 

of tuels change as a result of a tax on suitur oontent. 

Suppose that, for a fira, to produce a glvan levei of 

output, an aaount of energy ia require4 a. repre.ented by 

iao-thera 1. The opti •• 1 coablnation cho.en 1. that repre.ented 

by R. Suppose also, in order to adapt the ax .. ple te our context' 

• 
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Fuel 1 

o c E B 
Fu.I 2 

FiQure 5-3 ; Efflet of 0 Tox on Sulfur Cont.nt on Fu,I Switehino. 

that fuel 2 containa a certain p~centage of 8ulfur, while fuel 

1 containa no :ultur, Suppose, ~rth.r, that a~ax proportional 

to sulfur content ie imposed o~ the burning of fuels and that 

this tex ia paseed on (in whole or in part) to the tuel user 

through higher fuel priees. Sine. fuel l contai na no 8ulfur, 

ita priee doe. not change, but the~riee of fu.l 2 will inorease,l 

This can b. ehown by rotating the budget line fro. AB to AC. Th. 

1 Thia dieregardl pOllibl. chanc.e in prie •• ari.ina fro. 
chang.1 in d • .and for the tu.la, 

.. 
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same cost outlay on energy would purchase only the lower 

quantity of energy represented by iso-therm 2, the optimal oom­

bination of fuels chosen wou1d be now that represented by S. 

Nevertheless, the proportion ln whioh fuels land 2 are used 

would change. Initia1ly, they would be used in the proportion 

represented by the ray OR, after the tax Is Imposed, they would 

be used in the proportion OS, that ls, the relative use of 

fuel 1 would inorease and that of fuel 2 would deorease. We 

oan call this the substitution effect of the taxe If the firm 

would still want to purchase the amount of energy represented 

by iso-therm l (because, say, the firm does not want to reduce 

output perhaps because energy oosta are small relative to total 

oosta), it would have to increase its outlay on energy (by an 

amount represented by AD.Pt a CE.P2)' the optimal combination 

uBed would be that represented by the point T. This could be 

called the output effect of the tax and it could either relnforce 

or offset the substitution affect. 

(J) Remo val of Sulfur Oxides trom Waste Gases 

This control technique consists of preventing sulfur 

oxides from being emitted into the atmosphere either by capturing 

them following the combustion of sUlfur-containlng fuels or by 

adding materials into the furnace during the combustion proc.ss. 

In one case, devlces are requlred which saparate sulfur oxldes 

trom other flue gaaesJ in the other, sulfur oxlde gases will 

react wlth the added materials to fora aolid particles which are 

ther.after reaoved by particulate-collecting equipment. 
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Wi th thia technique ot abate.ent, the (JO.ta incurred by 

the fuel user are the annuall •• d coat of th. additional equlp-

•• nt requlred, the cost of aalntalning and operating auch 
\ .J5rt" 

equipa.nt and, if required, th. cost of the additional materials 

which are added to the combustion prooess. 

Equipment of the type required lB not likely to be suit-

able or economical to be used with 8mall sources of 8ultur 

oxides. To take an obvious example, such equipment ~ld not 

be used ta capture sulfur oxides emitted from residential apace 

heating. Most likely, thls technique of abatement ia a realistic 

option only for very large sources of emissions or large fuel 

users, such as thermal power plants. 

What incentive a tax on the sultur content of fuels 

otters to the fuel user to adopt this abatement technique? 

Recall that a tax on the sulfur content of fuels is equivalent 

to an emission tax, provided that a tax rebate is given tor 

the sulfur oxides which, though present in the tuel at com-

bustion, are not emi tted in the atmosphere but are' somehow 

captured. 

Aside trom cost comparlson with the other abatement 

techniques described abova,t the fuel user will make the 

following caloulation. Given 

r 

1 ObTiouely, the rational fuel u.er will always choos. the 
cheape.t of the avail.ble technique. when the.e are 
.ub.ti tut ••• 



'" 

- 142 -

t = emission tax ($/unit of SOx) 

S r 

• 

= 

• 

= 

= 

= 

emission factor of combustion equipment 

sulfur content of fuel A (ln pereentage 
pointa) 

tax per unit of fuel A 

quantity of fuel A used per period of 
time (say, per year) 

quantity of sulfur OX~8 recovered (as 
sulfur) per period of t\me 

annualized cost of equlpment, including 
maintenance, operation, and additional 
materials per perlod of time. 

Then, the fuel user has an incentive to adopt thls abatement 

technique when 

That is, when the cost of using this technique Is inferior 

(or, at the limit, equal) to the tax which is not rebatable. 

-(4) Otber Techniques 

We will mention here two other possible abatement 

techniques, but these will not be considered any further, for 

reasons stated. 

(a) Inoreas,d Dispersal of Pollutants 

This abatement technique appliea both to the' combustion 

of fuela and to industrial proeease.. As we haTe seen trom 

previoua chapters, damage from'pollution Gecurs when •• iaaions 

exce.d the natural dispersal capacity of the enviro~nt. 

Increased dispersion can be obtained by taking better advantage 

of the natural dilution capability ot the envlronment. Thia 
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involv8s such things as the height, design, and location of 

staeka, as weIl as the location of some important emission 

sources. It would be undeslrable, for example, to locate a 

large refinery in a site such that winde blow Its emissions 

in the direction of a nearby city most of the time when an 

alternative downwind site is possible. The MOst Important 

factor to conslder here ls the prevailing meteorogical con­

ditions in a given area. Again, diffusion modela are useful 

in this respect. 

This abatement t~chnique will not be considered 

further because it ls feit that this alternative Is important 

only in calculating the damage function from emissions and, 

henea, in setting the amblent air quality standard, but not as 

a strategy ta reduee emissions, once the standard ls set. As 

dlseussed in the previous chapter, it ia only wlth the latter 

aspect that we are concerned here. This la not to deny that 

some Ineentive should be provided to encourage emitters to 

take steps whieh minimize aamages from given emisslons. But 

this ls a different, if related. problem. 

(b) Inereased Combustion E!flelency 

Inereasad combustion efficieney deereases sulfur 

oxides emissions by redueing the aMount of fuel burned to 

produee given amounts of heat energy. This technique is of 
1 

signifieanee mainly to large installations, such as power plants. 

1 S.e, for exa_ple, J.A. Moore and H. Ferguson, "Squeezing More 
Megawatts from Fewer BTUs," Power, CXII (F.bruary, 1968), 
pp. 76-98. AIso, F.H.S. Brown, "The Prospects for Alterna­
tive Methode of Generation of Electric Power. A Comprehensive 
R.Tiew,~ COlbuet1on, XXXIII (May, 1967), pp. 2)-28. 

) 
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It involves more scrupulous maintenance and operation of 

existing equlpment or the design of more efficient equipment. 

Wh!le conceivably being an important factor in deter-

mining emissions from large sources, this abatement technique 

cannot be placed in the same category as the others discussed 

since It Involves less readily quantifiable variables, such 

as the scrupulousness with which a given equipment ls cleaned 

and tuned, and advanOes in the technology of combustion equip-

ment. For these reasons, this technique la not considered any 

further here' Preaumably, though, an e~i8aion tax levied on 

emlsslons which are actually monitored, âs contrasted with 

potent!al em!ssions calculated from the sulfur content of a 

given fuel, would provide an incentive to use this technique. 

Since the technique ia of importance only for large sources, 

the continuous monitoring of emissions involved may be feasible . 
'.~ , 

at relatively Iow cost. 

B. Control or Emissions trom lndustrial Processes 

Some industrial processes, besides generating emissions 

of sulfur oxides because they require the combustion of fuels, 

generate emissidba of these gases which are attributable to 
• the industrial processes themselves. This ,ection discusses 

the economic effects of the control strategy with respect to 

the latter type of emiasions. 

Assuming that an emission tax is the desired control 

strategy, the question arises as to how to apply thi. taxe In 

the case o~ fuela, it was suggested that the proble. might be 
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Bo1ved by applying the tax on the sulfur in the fuel, in the 

knowledge that, if not removed, virtu.l~y aIl of the 8ulfur 

wou1d eventua11y be emitted as sulfur oxides. But things are 

not always so simple in tha caBe of industriai processes. 

The simplest way to apply the tax apparently would be 

to actually tax emissions from individuai sources. But this 

requires continuous monitoring of those emissions. Even if 

possible, this could be an expensive process adaptable only 

to large sources. A less satisfactory arrangement would be 

to take periodic samples of emissions. The main problem with 

this method is that of obtaining representative sampIes, gtven 

variations in the production process. 1 If the output of an 

industrial plant is produced in batches, for example, at what 

stage of production should the sample be taken? Moreover, 

this method of measurement could encourage evasion. Suppose, 

for example, that the responsibility for taking the sample ia 

assigned to the industrialist. He then has an incentive to 

taka samples that, by an appropriate choice of sampling 

intervals and locations, understate the true quantity of 

emissions. Or suppose that sorne inspector from a control 

agency is assigned the task of collecting the sample. The 

industria1ist might still be able to influence the sampling 

procedure in his favour, given his more intimate knowledge of 

1 See, for example, N.L. Morrow and R.S. Brief. "Air Samp1ing 
, and Analysis," Chemieal Engineering. Deskbook IS8ue, LXIIX 

(May 8, 1972). pp. 125-1)2. 
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the production process. Or, if he knows in advance of the 

timing of sampling, he can schedule his operations in such a 

way as to minimize emisslons at the moment of sampling. 

Another consideration ls that, in order to minimize 

administrative costs and facilitate administrative procedures, 

it is desirable to reduce the number of points from which the 

tax would be collected. Now, in the case of emissions of 

sulfur oxides from industrial processes, it ls true that aIl 

of the emissions are generated by the use of sorne sulfur-

containing input in the production process. In the case of 

smelters, for example, emissions arise from the use of ores 

or ore concentrates. It would seem reasonable, therefore, to 

conclude that a tax on the sulfur content of whatever input 

contains the sulfur would be appropriate. 1 While such a tax 

shoUl~ not be ruled out in some cases, it Is clearly inadequate 

in others. 

Consider the case of emissions from the sulfite pulping 

process, for example. In this process, sulfur dioxide is ~ 

actually one of the chemioals required to produce pu1p and ls 

produced by burning su1fur. 2 Clearly, the effects of taxing 

this sulfur would not be the same as those resulting from 

taxing the sulfur which serves no purpose but which just happens 

1 Always with the proviso of a rebate for whatever sulfur is 
recoyered. 

2 See, M. Benjamin el al. MA General Desoription of Commercial 
Wood Pulping and Bleaching Processes," Journal of the Air 
Pollution Control Association, XIX (March, 1969) pp. 155-161. 
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to be preBent in other inputs such as fuels or orel. A tax 

on the sulfur used on this proces8 would distort the efficient 

allocation of inputs in the production process. 

Theae considerations lead to the conclusion that the 

form in which the emission tax is to be administered depends 

on the individual case. 

For purposes of estimating amissions, the easiest, if 

not the Most accurate, method is to use emission factors. 

These factors are average values obtained by previous source­

testing of several similar processes. 1 We shall make use of 

some of these factors in the next chapter. 

Whatever form the emission tax takes, the firm which 

emits sulfur oxides faces the following non-mutually exclusive 

alternativest 

m 

(a) pay the tax and continue the emissions, 

(b) reduce sorne of the emissions by reducing output. 

(c) eliminate or reduce the emisslons by the addition 

of anti-pollution devices; 

(d) elimlnate ,or reduce the emlssions by the intro­

duction of production process changes. 

1 ~he Most comprehensive compilation of these factors is to 
be round in U.S. Environmental Protection Agency, Compilation 
of Air Pollutant Emission Factors. Also, TRi Systems Group, 
ir POllutant saion Fa 0 s and Air PoIlu tant Emission 

Factors. Sypplement, McLean, Va. 1 TRW Systems Group, 1970). 

& 
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The last two alternatives are different in an engineering 

sense, but not in an econornic sense. 80th amount to an increase 

in the firm's outlay on fixed capital equipment. 1 Therefore, 

here the prob1em will be discussed in terms of alternative (c). 

An a~ditional reason for doing so is that process Changes may 

incorporate technological advances which cannot be quantifiable 

in the kind of framework used here. 

We can examine the rationale of the choices among the 

. avai1able alternatives in terms of the common property reBource 

approach developed in Chapter II, where the emission tax ls 

viewed aB a priee on the use of air for waste-disposal purposes. 

In this settiQg, it can be said that air ls a factor of produc­

tion which the firm uses in conjunction with other inputs and 

which is substitut&b1e with them. Firms, in deciding how 

much of this factor, air, to use, apply the sarne econornic 

rationale as they do to other factors. Since, in this setting, 

the phrases "priclng of air use" and "emission tax" are 

equivalent, we will use the former. 

Assuming perfectly competitive factor and product 

markets where firms are profit maximizers and cost minirnizers, 

consider a typical firm which uses the factors or production 

•••• x , and A to produce a given output Q, where 

... , X • are the uBua1 factors of production, and A Is 

1 This assumes that operatlng or variable costs do not vary 
appreciably in the two cases. This May be a strong 
,ssumption • 

... 
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the factor, air. Its production functlon ia 

Q = Q (Xl' X2' •••• X • A). 

Since the firm la a cost minimizer. we know that it will use 

factors in the proportions 

= = ••• ••• ::: - \ 

where MPx 1 ••••• MPxn. MPA are, respectively, the marginal 

products of factors Xl' ••• , Xn, Â and Px l , "'t PXn, PA are 

their prices. ~ ls the marginal rate of technical substitution 

between the factors. When the services of the factor air can be 

had for free, the firm will use them ~ntil MPA = \ 'PA = o. 

When a priee for air use (P)O) is to be paid, the firm will 

use air only to an extent where MPA) O. Given that diminishing 

returns apply to this factor as to others. as it must, the 

firm will thereby reduce its use of this factor. 

While it Is conceivable that any factor which the firm 

uses ia substitutable for air, some factors are technically 

more easily substitutable than others. Equipment capable of 

removing particulate or gaseous wastes from flue gases la 

much more efficient than putting men to do the Bame job. To 

simplify the exposition, assume a firm using only two factors 

of production. equipment (E) and raw materials (R), of which 

only E i8 technically substitutable for the use of air to 

dispose of wast ••• l Initial1y, the firm uses air for waste-

1 The absence of th. input labor can be justified by assumlng 
that the plant la complately automated. Note also that, 
wlth re.pact to •• issions of 8ulfur oxides trom industrial 
proc.sses. raw materials and air use tor waste-disposal 
purpose. are not only non-substitutable, but they are 
directly c~rrelat.d • 



.. 

.. 
o 

.. - 150 -

f disposaI purposes free. .Therefore, i t will use as muéh air 

. '. and as little equipment as possible. It will also use factors 
. 

. E and R in proportions such that the ratios of their marginal 
, 

products over priees are equal. When the firm must pay for the 
) . 

use of air, i twill substi tute equfpment for air use. ,Let us 

calI these additions t..o the fi'rm 1 ~ total equipment l ta anti­

pollution equipment (APE). 
" Based on past public regulations, the flrm mlght find 

itaelf in one of two alternative positions 1 
/ 

. (a) it Is, alréady using a minimum of anti-pollution 
~ 

equipment (e.g., it has a chimney stack) and the 

techni~al constraints are auch that it ls not 

.possible to withhold aIl waates, 

(b) it has the choicê of using no anti-pollution 

equipment at aIl or of installing equipment 

capable of withholding aIl wastes. l 

e 
~igure 5-4, an adaptation of the isoproduct-isocost 

technique usually employed in the firm's production theory, 
. 

depj ~ts alternative (a). The isoquant QI Ql shows the technical . " 

possibilities of producing Ql units of output. In order to 

produce this output, the firm must use a minimum amount of 

anti-pollution equipme~t OK. If the tira were to use only this 

amount of APE, it would have to use air to an extent OJ. Similarly, 

the firm cannot reduce its use of air below an amount ~G. In 

.. 
1 Other al tarnati'ves ar.~ possible, but they would fall be..idreen 

the.e two. In reality, situation (a) is .uch more li~iy~ 
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order to be able to use only this aMount, it would haTe to 

install an amount of anti-pollution equip.ent OH. I 

The line MN is an lsocost 11ne whose slope reflects 

the ratio of the priees of A and APE. 3ince the firm will 

try to minimize the cost of producing output QI' it will 

employ the factors to the extent indicated by the tangency of 

the isocost and isoproduct lines (i.e., point X). At this 

point, 

, ~ 

Before it was properly priced, air was free. Hence, 

the firm would use air to the maximum possible extent OJ. 

(where MPA = 0), and tnstall the minimum antt-pollution equip­

aent possible OK (point y).2 The pollution control cost to 

the firm of producing output Q1 is Cl and is equal to OK units 

of APE times their priee. 

. ~ 

1 It is possib1e to question the possibilit, of defining units 
of APE. But the difficulty of obtaining su ch units is no 
greater than that of defining units of capital as usualll 
employed in production theory. The same could be said abo~t 
the difficulty of Tisualizing •• all changes in anti-pollution 
equipm.nt as shown in the diagram. Such equipaent is likely 
to consist of relatiTely large units. This is a coamon 
difficulty occurring in the discus.ion of the role of capital 
in the production function. The usual way out i. to specify 
that by capital is meant the se~ice of the equipment rather 
than the physical units the •• elvas. In thi. way, lumpy 
machine. beco.e Infinltesimally diTisi.le. We apply the same 
rationale to API. 

2 At thi. point, the isoproduct line beco.es horizontal and 
parallel to the A axis. 
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Alter the priee of air use becomes positive, the firm 

will use OR units of APE and air to the extent OS. If the firm 

insisted on producing output Q1' it would increaBe Its APE by 

an amount KR and reduce ita use of air by ~J. We could calI 

thls the ~ubs!ltutlon Effect of prlcing air properly. The 

cost to the firm would increase, however, since the firm would 

have to Install more APE than before and, ln addition, pay for 

the air It does use. 1 

Alternately, the firm could decide to produce a lower 

output for the same cost outlay on pollution control as before 

the priee of air became positive (l.e., Cl)' This cost, at 

the new priees, is depictad in Figure 5-4 by isocost line KL. 

At this cost outlay, the firm could produce output Q2 (depicted 

by isoproduct line Q2Q2). This decrease ln output could be 

designatad as the Output Effect of the prielng of air use. 

When producing this output, the fir. weuld want to use an amount 

of APE OC, and ~se air to the extent OB. 

However. the firm faces the constraint that it cannot 

use an amount of APE lower than OK. 1 Tharefore, QI-QZ ia a 

theoretical output effect which the firm could not Hrealize H 

if it wiehed to do so. The maximu. technically possible out­

put effect iB Q1-Q" where Q) is an output depicted by i80-

product lin. Q)Q) (and Q2 <. Q) ( Q1) !Juch that the tangency point 

1 The extra cost wouid be KR·PAPE + OS'PA • 

2 
......... 

A t~cal example would be • tir. having a ehianey B~k. 
The chianey staC?k is there and i. indivisible. ~~, 
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with an isocost line (such as DT) occur at a level of APE equai 

to O~. At thia point (W) the firm would use the minimum APE 

it already has and it will use air by an amount oP, But the 

pollution control oost Q·utlay of producing output QJ will still 

be greater to the firm than Cl' the anti-pollutton cost associ-

/' àted with producing the greater output QI when the priee of 

air use was zero. In this situation then, the pricing of air 

use must result in a greater cost of pollution control, even 

if the firm were to reduce its output by the technically feasible 

ou tpu t effec t. 

Figure 5-5 depicts alternative (h). that 18, the firm 

Is capable of eliminatlng the discharge of aIl •• stes hy instal-

ling enough anti-pollution equipment. or it can choose not to 

use any anti-pollution equipment at aIl, Q1 QI is an isoproduct 

line representing combinations of quantities of anti-pollution 

equipment and air use which would be aàsociated with the pro-

duetion of a given level of output Q1' TAe firm could install 

enough APE that no air at aIl would he used (that is, no wastes 

would be released). This amount wou Id be OB. Alternatively, 

the firm could choose ta install no APE and use air ta disperse 

wastes (ta the extent OD). The latter is the position the 

firm will choose when tbe priee of air use ia zero. In this 

case. the cost of pollution control to the firm would be zero. 

When the priee of air use becomes positive, however, the tirs 

would want to install some anti-pallution equipment and reduce 

its use of air. Givan the priees of APE and air uae, the 

fir. would minimize the coat of control a •• ociated with 
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producing output Ql by ehoos1ng eombinat10n C, where the 1so­

product line Q1Ql is tangent to the isocost line MN. At this 

point, the marginal rate of technical substitution b.tween APE 

an~ ~ ls equal to the ratio of thelr priees. This indicates that 
• 

there ls a reduetion in the use of air LO and the installation 

of APE of an a~unt OK. This is the substitution effect. Thera 

is no meaningful output éffeet in this oaa. becauae, to reduce 

the cost of control to zero aa befor. the ehange in the priee 

of air use, the fira would have to reduee ita output to zero, 

that is, ceaa. producing. 

In Figure 5-6 the firm's production .ap 1. drawn with 

respect to air u •• and anti-pollutlon .qul~nt. Sucee •• ly. 
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APE 

o 
Fioure 5-61 The Air Pollution Control Poth. 

A 

points of tangency betw.en isoproduct and isocost lines generate 

the line OR, which might be called control path curve. 1 This 

curve shows combinations of anti-pol~ution equlpment and air 

use whlch the fira will employ at vartouB levels of output. 

From the control pa th curve it is possible to derive a cost of 

control curve, which indicates the minimum additional cost which 

the firm must incur at e~h level of output as a resu~t of 

being given a cholce to pay for air use or to in$tall anti­

pollution equipaent. At each output, thé cost of control to 

the firm ia the sum of the number of units of APE ti.es their 

1 A similar curve could have been obtained when discU8Sing 
alternative (a) above. If.e aS8umed that the production 
function were linearly ho.ogeneous, OR would be a atraight 
lin.. . 

a 

/ 
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priae plu. the number of unita of air uae time their priae. , '\ 
With this infor.ation, standard aOlt analY.ls can be used to 

show the erfect of pricing air use on the output decision. of 

the firme 

l , 

<- , .. 

, \ 

, 1 
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CHAPTER VI 

4BATEMENt OP SULPUR OXIDES. TECHNIQUES AND COSTS 

Framework of Researgh 

This chapter addras.as itsel! to the following questionl 

if an emission tax were choaen as the abatement strategy, what 

ia the order of magni tude of the tax requirè(f to aehieva sOllle 

agr.ed-upon reduction in the overall quantlty or emissions? 

Sinee no auch agreed-upon reduction has been establi~hed, what 

must be determined i8 the order of magnitude of emission taxes 

as~ociated with ~ range of emis8ion reductions. This i8 to be 

aehieved by a detalled examination of the costa of abatlng 

.missions of sulfur oxides rrom different types of sources. 

In order to put in perspective the empirical work to be 

done here, let us reiterate, in a somewhat different manner, 

the argument that an emission tax ls a least cost method of 

achieving an exogenously determined level of reduction of 

emissions. For this purpose, refer to Figure 6-1. 

It ia found, for example, that in year X, OY tons of 

sulfur oxides would be emitted, if no change in the economic 

incentives ia enforcad. The decision-makers decide that, in 

that year. a total e.lsslon of OZ tons of the pollutant would 

be acceptable. Hence, YZ ton. of the pollutant must be abat.d. 

The question 181 how to Achieve this abatement at least cost? 

Suppo •• that only two sources, • and B are responsible 

for aIl of tha •• is810ns. MCA and MCB ln Figure 6-1 are th. 

_areinal costs of abate •• nt for th. two Bourc., 1 MCA+B la th. 

horizontal Bua of MCA and MCB and repre.ents the level of 

----------------------~~. 

a 
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y 5 K R z o 
~ . 
Tons of Pollu1ants Emitted Tons of Pollutonts Abated 

Figure 6-1: Leost- Cost Abotement of P.ollu'onts. 

total reductlon of the pollutant emissiona when the two .oure •• 
, 

incur the sa •• marginal coat of abat.ment. 

Now, supposa that A r.duction of •• lasions YZ i. d •• ired. 

Then, a tas' YT per ton o~ pollutant a.ltted would achi •• e thi. 

result at lo •• st coat. It would AchievI thi. r •• ult _acaua • 

. -.ch aburee would tind i t cheap.r to reduoe .Ili.aion. than pay 

th. tax .a lonc as th. -.reinal co.t ot abate •• nt i. 10wer than 

the tu - and vic. v.rla ther •• tt.r. 
1 

TG .how tha t 1 t wou14 .0 
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BO at lowest COlt, suppose that the authority would require 

each of the two sources to abate i YZ - YK. Though the same 

standard would he achieved, it 18 ea8y to see that it would he 

achieved at a higher cost. The marginal cost of abating the 

Kth unit of pollutant 1s higher for source A th an for source B. 

Hence, it would be cheaper (in total terms) to requlre A to 

abate one fewer unit and B one more unit of the pollutant. This 

will be true a8 long as the marginal costs of abatement are 

different for the two sources. These wlll be equal only when 

A abates YS and B, YR units of the pollutant. The taxation 

solution would give this result. 1 It is evident, th.n, that if 

the marginal cost of abatement curves are known, they can be 

integrated and a tax rate which will effectively enforce the 

desired standard at least cost could be established. 

A very important question ls whether lt le possible to 

get the numerical value of the marginal coste of abatement for 

each source. Here, an attempt ls made to show tnat thls is 

possible if one makes a few simplifying assumptlons (which 

hopefully are not too far removed from reality) and takes account 

of some of the constraints of pollution control technology. 

Limiting our discussion to SOx abatement, it must tiret 

be recognized that an emitter does not have in praetice the 

1 ot course, the same least cost solution would be achieved if 
the authority ordered A to reduce its emissiona by YS and 
B by YR. However, in a world or Many sources, this would 
probablJ be diftieult and expensive to do. The use of taxa­
tion 8ubstitutes the impersonal working of market forces to 
fallible and costly hu.an judge.enta. 
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unlimited number of choIe •• implied by smoothly rieing aarginal 

oost eurves. What le more likely il that he has a choice 

between a small number of alternative Methode of abatement, each 

of whlch represents different marginal and average costa of 

abatement. Moreover, it is likely that, for each particular 

alternative or method, the average cost remains constant for 

most of the range of abatement levels, hence, over that range, 

the average and marginal costs of abatement are equal. What 

this amounts to Is that each source has a step functlon marginal 

cost curve. This is shown in Figure 6-2. The solid line ls the 

marginal cost of abatement (say, for source A). The flat portions 

of the MC curve coi,ncide wi th Bubstantial portions of the AC 

of alternative pollution abatement technologies (AC1, AC2, AC) 

for technologies l, 2, and J respectively), where AC and MC 

differ, the former le traced as a dotted line. The advantage 

of assuming (with some plausibility) a step function such as 

shawn in Figure 6-2 is that this makes it possible ta calculate 

the marginal cost of abatement from engineering etudiee of 

alternative pollution control technologies. Theae studies 

usually estimate average coste of abatement. But it seema quite 

plausible that in .ost oases marginal and average costa are 

equal over Most of the range of abatement levels. t A user of 

fuel, for exampl., who has the choiee of using a higher prieed 
" fuel (but one containing les8 sulfur) as ,one possible S02 oontrol 

1 "-One could argue, moreover, that the emitter will really only 
tak. ac .. unt of th. average cost of abatement for each 
pollution oontrol technology for the very faet that thia is 
the only figure which i8 calculated by his engineera. 
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MafQinoÎ / 

and 

AverOOe MC ~C3 
Cost of 1 

1 Abatement 
<' , 

1 
1 

,,' 
'. 1AC2 , 

1 
1 

lAC. 
1 , 

11--

o Tons of Pollutants Abated 
Figure 6-2! Step-Function Marginal Cost of Abotement. 

. . 
, 

alternatiTe, will incur a marginal and average COlt ot contro~, 

equal to the priee ditterential b~tween the fuel. (a8suaing 

that the inorea •• d desand for the tuel do •• not inor •••• itB 

prie.). Ot cour." in ca.e. wkert 'ncin.erine et.ji •• aotQally 

do calculate marginal oosta ot control, the.e can be u •• d 

dir.ctly. But th ••• are rare. As with •• ooth curve., indlvidual 

.tep tunctlon _C curv •• aan be aua.ed up horizontally, tàu. 

al\owing the calculation ot total level. ot aba~ ••• nt with 

dlJ~.rent tax lev.la. Pieur' 6-3 otter. a nua.rical ex .. p1. ot 
, 

how th11 1. don.. The dotte. llne. are the ind1Yid.al aarCinal 
• 

co.~ oury •• and the .0114 line ia the .ua ot th. two indiv14ual 
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Fioure 6-3: Summation rA Step"Function Maroinoi Cost Curv.s . 

• 
eurve.. Table 6-1 show. the quantitie. ot pollutants abate4 at 

eaoh taxlle'Yel. 

~en on. look. aore clos.ll at the teehnology and other 

eonstr~int. in'Yolved ln abate •• nt ot a ~artiQular p~llutant. , 
\ 

however, one re.lise. the probl •• i. ao.e.hat more co.pllcated 

than o~,,,hypoth.tical 'J:&Ilpla:.!,<l'H~. indicate. The ditticultie. 
~..-., , , 

are encc1untere4 in the atte.pt to identi:ty pointa on the Kreinal 

cost ot abate.ent CurTes, eTen il the ligure •• !th re.pect 10 

'eaoh abat ••• nt techniquI Ixist • 
Î~ ~ 



1 

1 

! 

.. 
- -164 -

TÂBLE 6-1 

TAI REQUIRED TO ACHIEVE GIVEN LJYBLS 
OP ABATEMBNT, HYPOTHETICAL'EXAMPL! 

TU TOTAL NUIlBER 
'\ ~ ($/1'0" OP' OP' TONS ABATED 

PQLLU!ANT EMITT!D) 

1 0 

2 .5 
3 9 .f_ 
4 1) 

.5 13 
, 

6 18 
... 

7 " 24 

~ 

.. 
One prob1em le that ab,te.ent technique. are not si.ply 

\ 
ad4itive or substitutlve, but they are both'.1Ilu1taneou.1y. In 

/ ~ order to explaln what i. aeant let u~'consider a numb.r of cas.s. 
, 

t. Th.r. are, for instance, a large number of pro,c ••••• 

.' . . ' . 

whlch are eapable of removing lulfur,oxide. trom wast. gas.s.l 

" :'the •• are in varioua atag •• of technologieal 'develop •• nt and, 

.,at th. Ilo.ent. on11 a t.w have l'each.d the .tace wher. they are 

being ua .. in Industrial or power plante. a tew have lood 

1 Dibbe .•.• eth.da ter. the 
~:. .. ~~~~~~~~~~~~~~-=~.~e~ •. (Ottawa 1 lntoraa-

JI 

/ 

. , 
1 

t 
.~ 
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prosp.cts of b.ing u.ed in the near future. t It .ay be that, 

for any type of e.ia8ion source, such as an industry, this, on 

paper, see.s the cheapest alternative. Therefore, one would 

expect th.~ thi. technique would be choRen by aIl individual 

e.itters of that type, sueh as every plant in an lndustry. But 

it aay very well be that the techniqu •• ia unsuitable for so •• 

individual BOUrCeS of emissions. P.rhaps the equipaent de.lgned 

to re.ove sulfur oxide would lnterfere with the ordinary produc­

tion processes. Or, perhaps, the equipment specifications are 

such that it Just cannot be tnstalled in a particular plant. 

A8 a result, 80me plants may be unable to adopt the eheapest 

alternative. Only intimAte knowledge of the production prooess 

of each industrial plant or other source would point out which 

ta the Most suitable specifie method. Sinee this ia very 

difficult ta achieve wlthin the scope of a study such as the 

preaent one, one must allow ror the staultaneoue existence of 

at least a small number of alternatives, each invoLying diCrerent 

cost of abatement. So, the tasK is, on the one hand, to .ort 

o~t the abat •• ent processe. whieh evidence indicate. to be 

generally sui ted' to abate •• ission. troll a gi •• n type of source • . 
such as an induètry, and on the other, to reeognize that one is 

much more li~ly to co~e u, wlth a range of eost e.tiaates than 

with a single figure. 

1 
" See, tor exaaple, C.G. Cortelyou, ·Co •• ercial Prpces ••• for 

S02 R ... ~al.· Che.ieal EB:lneer,~ procre.s, LX~ (Sept •• ber, 
1969), ;p. 69-". J.C. ayl., 2 R •• oval still Prototype," 
Che.x:t1 ~n •• rinl, LXXIX (June 12, 1972), pp. 53-56. ·S02 
'echno 011 tera Growth Phase," ~.,r~naental Science and 
reehnololY. VI (August, 1972, pp. 8 - 91. 
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This conclusion ie reinforced by ~e consideration that, 

in the case of some abate.ent techniQueJ, clos8 examination 

reveala that, even for a single ~\ype o~ abatement process, there 
~' \ 

is a range of cost estimates rather than a single figure. Take, 

for instance, the technique of reaoving sulfur from coa1 prior 

to its combustion. Sulfur ean be reaoved from eoa1 either by 

dry or .et process and the degree of sulfur removal depends on 
~ 

the type of proeess used and, in addition, on the types of sulfur 

presen~ (pyrites, organie compounds, or sulfates) and on the 

aMount of each type present. Theae factors, plus others luch 

as the size of the coal cleanin~ plant, transport costa, and 80 

on~ yie1d a range of costs for this abatement technique. 1 

An additional constraint can arise from supply conditions. 

Consider, for instance, abatement by fuel switching. It May be 

that, for some category of sources, the cheapest technique of 
~ 

abatement ia to switch rrom the use of a sulfur-contalning fuel, 

such as oil, to naturai gas, which contains no sulfure But It 

May very weIl be that, ln a partlcular area, no natural gas la 

avallable, or ie not available aIl of the tl.e, as in the case 

of cuato.ers serv.d on an interruptible basis. If alternative 

abatement .easures are .ore coatly and soae sources are forced 

to adopt them at least part of tn. ti.e, again, for thts type 

of souree, abate.ent coste will be in the nature of a range 

rather than single VAlues. 

t S •• , for exa.pIe, B. Put.an and M. Manderaon, "Iron Pyrit •• 
from High Sulfur Coal,· Ch •• ical Eniine.rinl Pr0cr •• a, LXIV 
(Septe.ber. 1968), pp. 60-65. 

o 
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" MCA1tB, 

MCAz+Bz 
MCA3+B3 

-

1 

o Tons of Pollufonts Aboted 

Figure 6-4 1 The Ronoe of Moroinoi Cost: Step Functions. 

How are we to deal with this proble.? The suggeation 

aade here is to mOdify the .ode1 represented by Pigure 6-3 to 

ona whera, from a judicious choice ot abat • .ant procas.ea, a 

number of aarginal COlt ot abat •• ent cUrYe. (aach of which il 
" the lua of the _ar«lnal coat of abat •• ent for eaeh type of 

--

8ou~e) la .Iti •• ted so as to ,1Y. th. r.nge of cOltl d.scribad 

abo ..... 

Fisure 6-4 reproduo •• three .uch curv •• (th. indiYidual 

MC curT •• are omitted). The 8ubscripta indioate dift.r.nt oost 

a.tl.ate. of ab.tin« glyen nu.ber ot unit. ot pollutant., .ither 

bl th • •••• •• thod or by a ditt.rent one, trom sourc •• A and B. 
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Tons of PoU"tants Abated 
Figure 6-5 1 The Range of Mar9inol Cost : Smooth Curves 

This amounts to aaying that, if we were dealing with •• ooth 

marginal cost curves, we would obtain a range of costa as 

indicated by the shadld area of Figure 6-5. instead of a single 

marginal cost curve. The actual cost of abatement would be 

anywhere in the range though one would think that econoaie 

forces would tend, with time, to push the aetual cost of abate-

ment toward. the rightward (or lower) hedge of the range. 

While thi. procedure yields re.ults which are not as 

neat a8 one mlght wlsh, it la a good reflection of re.lity.1 
At 

Hopefully, the ranK8 will not turn out to be .err wide. 

1 In a .ay, th!. prooedure oould re.oTe any objeotion. one .ay 
h~ to the a •• u.ption of con.tant .arginal ooat within • 
giTen ab.te.ent teohnique .. de abo.e. When It i. a que.tion 
ot • rance of marginal co.ta, the oonatanoy ••• uaption 1. to 
some extent re.ovld. 
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1. 

(A) 

C~NTROL OF EMISSIONS FROM RESIPENTIAL fUEL COMBUSTION 
( OQRCE 1) 

Reeidential Fuel Combustion L Eaissiona, and Equipa.nt 

In àttempting to esti.ate e.iasions and abatement co.ts, 

the base year 1969 was chosen because it ls the Most recent year 

for which a detailed balance sheet of Bources and disposition of 

fuels existe. 1 Columns 2 and J of Table 6-2 list residential 

and farm consuaption of fuels in natural (or physical) unite and 

in energy units, re.pectively. From these figures, emissions of 

8ulfur dioxide and sulfur trioxide (columne 4 and 5, respectiyely) 

are astillat.d. 

The energy balance sheet does not distinguieh between th • 

• pecific use. to whieh the consusption of ruels is devoted in th. 

reeidential and fara sector. Ho.ever, the follo.ing ls a list of 

the typieal ua •• to .hieh particular fuels are put. 

1 

Coal - spaee heating, heating piped .ater, eooking, 
Coke - .paee h.ating, heating plped .ater, eooklngf 
Kerosene - .pace heating, heatlng plped water, eookingl 
Liquifled Petroleum Gas (LPG) - heating piped water, 

cooking, 
Diesel Fuel Oil - operation of far. machinarYI 
Light Fuel Oil - space heating, heating piped waterl 
Heavy Fuel 011 - space heatlng, 
Natural Gas - Space heatinc, heating piped .ater, ) 
Electrlclty - space heating, heating piped .ater, 

operatIon of appllances. 

1 

, 

" 
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TABLE 6-2 

RESIDENTliI. AND PARI FUEL CONSUMPTION AND ESTIMATES OF ASSOCLATED 
~ISSIONS OF SULPUR OXIDES - CANADA, 1962 

QUANTITY QUANTITY S02 SO~ 
FUEL (NATURAL UNITS) (MILLION BTU) (TONS }. (TO~ ) 

(ll 12) (31 l't) l5) 

Coal (a) 892,562 Tons 18,)00,081 80 2 
Coke 19,247 Ton. 477,325 (b) (b) 

Liquified Petroleua Gas 11,117,539 Barrela 45,526,323 - -
Kero.ene (e) 14,265,019 • 80,928.51) 12,000 319 
Die.e1 Fuel Oi1 (d) 6,15),597 • 35,860,085 11,000 -

~ 

Lilht Fuel Oi1 ~.) 68,600,856 • )99,771,488 140,000 ),600 
Heavy Fuel Oil (f) 6,320,255 • )9.7)7,970 53.0QO 1,3)7 
Natural Gas 2)1,464,921 Mef. 231,464,921 - -~ 

Ileetricity .... 40,446,))3,000 Kwh • 1)8,002,888 - - -
~ 

!otal 990,12),594 216,000 5,258 
'------ -- ------- --- _ .. - _._-_ .. _-~-- - ~--- ---- - ----

"-

e 

S'Ox 
(TONS) 

(6) 

82 
, (b) 

-
12,)19 
11,000 

14),600 
,54,337 

-
-

221,258 
-

J 

1 

.... 
-..J 
o 
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Notes 1 

(a) lt i8 aSBu_ed that aIl coal i8 anthracite containing O.5~ 
sulfure The emission factor was aesu.ed to be the sa_. as 
that for eo .. ercial hand-fired anthraeite furnaceel that 
Is, )8S lbs. of S02. where S ia the sulfur content in per­
centage points. See, Environmental Protection Agency, 
Compilation of Emission Factors, (Washingtonl U.S. Govern­
ment Printing OffIce, 1~?2), p. 1-5. 

(b) No eaiesion factors could be obtained. Given the small 
quantities involved, emisslons fro. this source are dlsre­
garded. 

(c) Kerosene has a specifie gravIt y of 0.825 and an average 
sulfur content of O.)~. It ie assumed that 98~ of the 
sulfur burns to S02 and 2~ to SO). Se., F.O. Friedrieh 
and E.R. Mitchell, First Addendum to Mines Branch Infor_ation 
Circular le2ll, Air PollutIon in Canada rrom Fuel CombustIon, 
(Ottawal fiepartaent of Energy, MInes, and ~esourcee, May, 
1970) t pp. 19-21. 

(d) Dies81 fuel oi1 hae a specifie gravit y of 0.85 and the 
average sulfur content was assuaed to be O.6~. It Is 
assumed that aIl of the eulfur burns to S02. See, Friedrich 
and Mitchell, Flrst Addendum •• t t pp. 22-27. 

<e) Light fùel oil has a specifie gr~vity of 0.85 and the average 
sulfur cô~tent i8 assu.ed to be 0.7.. It i. assumed that 
98~ of the 8ulfur burns to S02 and 2~ to SO). See, 
Friedrieh and Mitchell, Flrst Addendua •• " pp. 18-19. 

(f) Heavy fuel oil has a specifie gravit y of 0.97 and the 
syera«e eulfur content ia aaBu.ed to be 2.5.. It i. a •• u.ed 
that 98~ of the aulfur burns to S02 and 2~ to SO). S.e, 
Friedrieh and Mitchell, First Addendum, •• , pp. 35-)7. 

Source. Stati.tic. Canada, D~t'iled EnerlY Supply and Oe.and 
in Canada, pp. 1)8-i 9, 2~4-2~5. 



- 172 -

Here we will be concerned with the abateaent of aulfur 

oxides emisslons fros only the two major sources, the combustion 

of light and heavy fuel oil. AB esti_ated, (in Table 6-2), 

these twe sources account for about 90~ of aIl emissions from 

the residential and farm sector. 1 Moreover, it 18 assumed that 

these two fuels are used excluslvely for space heating. The 

plausibility of this assumption Is supported by the data in 

Tables 6-3 and 6-4. Table 6-3 lists the fuels used for heating 

plped water in Canadian households ln 1969. According to thls 

1 data, only about lO~ of househblds used 011 to heat water. And 

these may use kerosene or stove oil as we11 as light fuel oil, 

more probably the former. 2 Table 6-4 liste the fuel used by 

cooking equipment in Canadian households in 1969. The number of 

househo1ds which use oil for cookint ls very small, and the oil 

ia usually kerosene.) 

1 

2 

) 

~ 

The rest of the emlss10ns from th!s sector are not 8~lficant. 
In 1970, the~ccounted for only O.)~ of a1l emis.iotia of 
sulfur oxides. 

See, R.B. Engdahl, "Statlonary Combustion Sources," in 
A.C. Stern, (ad.), Air Pollution t Second Edition, Vol. 1, 
(New York. Academic' Press, 19~8). pp. )-54. 

Even if not absolutely exact, the assumption that aIl light 
a~d heavy fuel oil ls used tor space heating would not attect 
ab~tement of emissions or abat •• ent costa with respect to 
SONe abatement techniques, such as the desulturisation of 
fuel oil. It wou1d make 80m.~difference in terms of the coste 
ot abate.ent by other techniques, such as tuel switehing. , 

t 
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TABLE 6-3 

FUEL USED FgR P,IPED HOT WATER SUPPLY 
CANADA, MAY, 1969 

~ 

NUMBER OF 
FUEL HOUSEHOLDS 

( THOUSANDS ) 

E1ectricity 2,902 
Piped Gas 1,554 
Bott1ed Gas 71 
Coa1 or Coke 41 
Oil 536 
Other (Main1y Wood) 68 

Total 5,172 

Souree. Doainion Bureau of Stati.tics, 
Hou.eho1d Faci1itie. and Eyuip-
a.nt t (Ottawa. Queen'. Fr nter, 
moJ, p. 14. 

TABLE 6-4 

COOKING EQUIPMENT - CANADA, 1969 

NUMBER OF 
EQUIPMENT HOUSEHOLDS 

(THOUSANDS) 
• 

Elactric Stoves 4,228 
Wood or COal Stove. 251 
Piped Gas Stoves 

1 
675 

t. 
Bett1ed Ga. Steve. 1 151 , , , 
Kerosene or Oi1 Stove8 185 
Other .$. 11 
Jo Cookinc Equip.ent 1) 

Total .5;514 

Seuree. Doainion Bur •• u ot Stati.tic •• 
Hou,.ho14 Paci1itl •• and 19911-
!!!ll. p. 1&. 

' . .J 

• 

, 
1 

" 
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Table 6-5 lists the heating equipaent by fuel in Canada 

in 1969. Heating stoves and eookstovee typieally use kerosene. 

Therefor., the light and heavy fuel oil eonsuaed by the 

residentia1 and farm seetor in 1969 was burned in furnaees. 

A total of 2,615 thousands of sueh unite were in operation in 

Canada in 1969. 

TABLE 6-5 

PRINCIPAL HEATING EQUIPMENT BY FUEL 
CANADA, MAY, 1969 (THOUSANDS OF HOySEHOLDS) 

TOTAL STEAM OR HOT AIR COOK- HEATING 
FUEL HOUSE- HOT WATER FURNACES STOVES STOVES "'- OTHER 

HOLDS FURNACES OR 
RANGES 

Total 5,514 1.212 3,142 148 809 203 
Coal or Coke 144 48 54 16 25 -
Oil ),21) 847 1,768 58 536 4 

Wood 207 - 67 66 72 -
Piped Gas 1,691 )12 1,208 7 158 6 

Bottled Gas 65 - 43 ' - 18 -
Eleetricity 192 - - - - 192 

Source. Dominion Bureau of Statistiee, Household Faeilitie. 
and Eguipment, p. 12. 

There is no eatimat. of the nu.ber of f~naeee whieh 

use heavy fuel oil and the number whieh uae light fuel 011. 

Sinee thie tnform~tion i8 needed below, these numbers are estl­

œa1ed a8 fol10ws. The'pr9portion of furnaces using heavy fuel 

oil to the total number of furnaoea i. _e8umed to be tHe same 

as the proportion of the energy input fro. heavy tuel oil to 
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the total input o~ energy for both heavy and light fuel oil in 

the residential and fara sector. 1 2· 
Thls proportion la 0.0904. 

Therefore, it ia estimated that, of the 2,61.5,000 furnaces in 

operation in Canadian households in 1969, 2)6,000 used heavy 

fuel oil and 2,)79,000 used light fuel oil. Each of these 

furnaces required an average input of about 168 MBTU per year 

or 1000 gallons of fuel oil. Alternatively, this average 

furnace would consume 168 Mef. of natural gas or 36,700 Kwh. 

of electrieity.3 

1 In other word8, a furnaee in the residential and fara sector 
is assumed to require the same energy input, whether it 
uses heavy or light fuel oil. 

2 That is, 39,737,970/39,737,970 + 399,771,488 = 0.0904. 

3 

The figures are rrom column 3 of Table 6-2. 

The saae etfieieneies are assumed for ~urnaces consusing 
natural gas and fuel oil. It Is furthe~ aasu.ed t at this 
effleieney 1. 75~. Electric heating equipment, Q the 
other hand, i. assu.ed to be lOO~ effieient. T e lower 
effleleney of 011 or gas fired furnaees i. due 0 the fact 
that about 25~ of the heat output of these furn oes escapes 
through the chimney with the combustion gasea. Sine. 
eleetrie heating requires no furnace or chimne~, no sueh 
1088 oeeurs. The 75~ fllUre ia approximate and varie. 
slightly depending on a number of factors (auch as the 
length of tia. the equipaent has been in operation). A 
atudy made by the Corporation de. Maitres Mecaniciens en 
Tuyouterie du Quebee on four identical houaea in a suburb 
of Montreal (Brossard) obtained the fo1lowing .ffieieneiesl 

R1ectrieity - 100~ 
Oil - .ara water 74.2~ 
Gas 77.9~ 
Oil - war. a1r 75.3~ 

See, Corporation d.s Maitre •• eeanieiena due Qu.b.e, -Etud. 
Experi.entale de la Conso .. ation d' Energi. dans 1 •• Maisona 
Unif .. ilial.s .unie. d. Divers Sy.t •••• de Chauffage,-
(.i •• olraph.d, 1971), p. 5. 

, 

.. 

------~~--_._------
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(B) Techniques and Costs of Abat.ment 

Technique Al 

, Substitute heavy fuel oil containing l~ sulfur for 

heavy fuel oil containlng 2.S~ 8ulfur: 

Resulta are suamarited in Table 6-6 • 

. TABLE 6-6 

COST OF ABATEMEN' - (SOURCE l, TECHNIQUE At) 
« 

Total Reduction of Raissions (Tons) 
Total Coat of Abat •• ent ($) 
~ost of Abatement per Unit sax ($/Ton) 

)2,602 
5,960,695 

18) 

Note. Fro. Table C-2, Appandix C, the priee differential 
~ between heavy fuel oil containlng l~ 8ulfur and 

heavy fuel oil contalning 2.5~ sultur ia 2.7~/Gal., 
or l5~/MBTU. 1 

Technique B1 .... 

Substitute heavy fuel oil eontaining O.25~ 8ulfur for 

heavy tuel oil contalning 2.5. sulfure 

Resulta are sua.arized in Table 6-7. 

TABLE 6-7 

COST OF ABATEMENT - SOURCE l, TECHNIQUE Bl) 

Tot~l Reduction of B.isaions (Tons) 
~al Coat of Abat •• ent ($~ 
COlt of Abate •• nt per Unit SOx <,ITon) 

.8,90) 
10,729,252 

21.9 

Note. Pro. !able C-2, Appendix C, the priee dltterentlal 
between hea~ t.e1 oi1 oontainin, 0.25 •• u1t~ and 
he.YI ruei el1 Gont.lnln, I.S. eultur 1. 4.8_/Gar., 
or 27_/IIB!U. , " .. 
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T.chnigue Cl 

c· Sublti tute light tuel oil containing 0.25" lulfur tor 

11ght fuel o~l éontaining 0.7" sulfure 
• 

Resultl are suaaarized in Table 6-8 • 
• 

TABLE 6-8 

COST OF ABATEMENT - (SOURCE l, TECHNIQUE Cl) 

Total Reduction of Bai.sions (Tons) 

Total Cost of Abate.ent ($) 

Cost of Abate •• nt per Unit SOx ($/Ton) 

92,314 

31,981,716 .. 

" -
Note. Fro. Tahle C-2, Appendix C, the priee difterential 

bet.e.n lilht fuel oil eont.ining 0.25" lulfur and 
light fuel 011 aontaining 0.7" lulfur i. 1.J~/G.l., 
or 8~/MBTU. ~ 

• 
/ 

, 1 

. , 
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Technique Dl 
1 

Switeh rrom the'combustion of heavy fuel 011 to that 
\ 

of na tural gas. 

Resulta are 8ummarized in Table 6-9. 

TABLE 6-9 

<Cf 
caST OF ABATEMENT - (SOURCE 1, TECHNIQUE Dl) 

Total Reduction of Emissions (Tons) 
Heavy Fuel Qil Requlred, per'~rnàee (Gallons) 
Natural Gas R.quired per 'PUrnace (Mcf.) 
Total Heavy Fuel Oil Required (Gallons) 
Total Natural Gas R.quired (Mcf.) 
Total Cost of Heavy Fuel Oil ($) 
Total Coat of Natural Gas'($) 
Excesa Coat of Nat~ral Gas Over Oil ($) 
Annual Cost, of Conversion pe"r Furnace .{$) 

v 

Total Coat' of Conversion ($) 

Total Cost of Abatement ($) 
Coat of Abate •• nt per ùnit SOx ($/Ton) 

54,))7 
1,OO~ 

168 

2)6,OOO.~0 

)9,648,000 
22,420,000 
41,2)),920 
18, 81) ,9~0 

82 

19,3'52,000 
)8, 165~20 

702 

Notel From Table B-4, Appendix B, the priee of heayY fuel 
\oil and of natural «aa i8 9 • .5,tIGa1. and $1. 04/Mcf •. 
~eapeetiv.ly. The annual fuel coat per pou.ehold 
" •• 1" l)eavy fuel 011 and natural ga. la $9}5-and $174-
rM,péetively. 

. 
4 

j 



.. . 

• 
• u 

- 179 -

Technique El 

switch fro. the co.bu.tion o~ light tu.l 011 to that , 
ot natura1 gae. 

Reaulte ar. auaaariled in Table 6-10. 

TABLE 6-10 

COST OP ABATBMENT - (SOURCE 1. TECHNIQUE El) 

Total Reduction of Raiaaiona (Tona) 
Llght Fuel Oil Required par Purnace (Gallons) 
Natural Gaa Required per Furnace (Met.) 
Total Light Fuel ail Required (Gallons) 
Total Natural Gas Required (.cf.) 
T9tal Cost of Light Fuel Oil ($) 
Total Cost of Natural Gas ($) 

! Exces8 Cost of Natur.l Gas Over Oil ($) 
Annual Cost ~f Conversion per Furnace ($) 
Total Coat of Converaion ($) 
Total Cos~ ot Abat ••• nt ($) 

'Cost of Abat ••• nt p.r Unlt SOx (./Ton) 

143.600 
1.000 

168 
2.379.000,000 

399.672,000 
466,284.000 
415.658,880 

50,625,120 
82 

195,078,000 
144,,52 ,880 

1,006 
\ 

Note. Pro. Table B~, Appen41x ~, the,~ric. ot llcht tue1 
oil and ot natural cae ia 19.6~/Gall.n and '1.04;'ct. 
r •• pectlTe1y. ôThe annua1 tue~ coat per ho ••• hol. tor 
I1lht fuel 011 and natural ,a. la $19' and $174 
r~.p.ctlvely. 

" 

; , 
,li 
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Techniqu. "1 
Switch fro. the c •• bu.tion of heaTY fu.l oil to 

electricity. 

Results are sumaarised in Table 6-11. 

TABLE 6-11 

COST OP' ABATEMENT - (SOURCE l, TECHNIQUE Pt) 

Total Reduction of Emissions (Tons) 
Heavy Fuel Oil Required per Purnace (Gallons) 
A~ditiona1 Electricity Required per Houae (Kwh) 
Total Heavy Puel Oil Required (Gallons) 
Total Electricity Required (Kwh.) 
Total Cost of Heavy Puel Oil ($) 
Total C.st of Electricity ($) 
Excese Cost of Electricity Over 011 ($) 
Annual Cost of Conversion per House ($) 
Total Cost ef Conversion ($) 
Total Cost of Aba~e.ent ($) 
Cast of Abate.ent per Unit SOx (./Ton) 

54,337 
1,000 

36,700 
2J6,OOO,OOi> 

8,661,200,000 
22,420,000 

105,666,640 
83,246,~40 

88 
, 

20,768,000 
104,014,640 

1,914 

Note. Fro. Table B-4, Appendlx B. the priee of heavy fuel oil 
and of electricity is 9.S~/Gallon and $1. 22/Kwh., 
r.apectively. The annual ~uel ooat p.r houaehold ~or 
heaTY fuel oil and electrlolty ia $95 and $477 
re.pecti ... ely. 

• 
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Technique Gl 

Switch fro. the combuation of light fuel oil to 

electrloi ty. ' 

Resulta are sumaarized in Table 6-12. 

• TABLE 6-12 

COST OF ABATEMENT - (SOURCE l,,rECHNIQUE Gl) 

Total Reduction ot E.i.aiona (Tons) 
Light Fuel Oil Required per Furnace (Gallona) 
Additional Electrieity Required per Ho.e(Kwh) 
Total Llght Fuel 011 Requlred (Gallons) 
Total Eleetrieity Required (Kwh.) 
Total Coat of Ll«ht Fuel 011 ($) 
Total Cost of Eleetrieity (i) 
Excesa Cost of Elec~lclty OYer Oil ($) 
Cost of Conversion per Hoae ($) 
Total Cost of Conv~aion ($) 
Total C •• t ot ~bate.ent ($) 
Coat of Abate.ent per Unit SOx <./Ton) 

143,600 
1,000 

36,700 
2,379,000,000 

87,309,300,000 
46~,284,OOO 

1,065,173,460 
598,88~,460 

88 
209,352,000 
808.241,460 

5,628 

Note. Pro. Table B-4, Appendlx B. the priee of ligbt tuel 011 
and of eleetrleity ia 19.6~/Gallon and $1.22/Kwh. 
re.peetively. The annual fuel coat per hou.ehold for 
lipt tuel oil and electricity ia $196 and $447 \ ..... 
re.pectiTely. 

, 

- .... 

. 
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IONS FROM COMMERC ON 

(A) Commercial Fuel Combustion, Emissions.and Equipment 

Estimates of emislions trom the commercial combustion 

of fuels in Canada in 1969 are summarized in Table 6-13. The 

combustion of these fuels tates place mostly, though not 

exclusively, in boilers installed in such thingl as hospitals, 

hotels, schools, office buildings, and so on. A portion of 

the fuels is consumed in equipment other tpan boilers, Buch as 

co.mercial cooking. Here we will be concerned only with the 

abatement of emissions from the commercial combustion of coal, 

light fuel oil, and heavy fuel oil which takes place in boilers. 

Since there are no Canadlan statistics conc.rning th. quantity 

of fuels which ia burned in boilers and that which is not, but 

th.re are estimates of the perc~tage8 of fuels burned in 

bolIers in the United States, it was a8suaed that these per­

centages are the same in Canada. These are suamarized in 

Table 6-14. Given these percent~ges, it was pOlsible to elti.~te 

1 the coamercial coabustion of fuels which took place in boilers 

in Canada in 1969, and the alsociated e.issions of aulfur ox1de •• 

This data is sum.arized in Table 6-16. 

There i. no invent.ry, to the knowledge of the author, 

of the types and quantltie. of unit. in which the co.bu.tion 

of co .. ercial fuels tat •• place in Canada. An att •• pt ia _ade 

here to •• tiaate th. nuaber or aueh unit •• 
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TABLE 6-13 

CQllERCIAL FUEL CONSUIPTION AND ESTIIA!ES OF ASSOCIATED EaISSIONS 
OF SULFUR OXIDES - CANADA. 1969 

, 

~ - QUANTITY QUANTI'l'Y S02 
PUBL (NATURAL UNITS) (MILLION BTU) (TONS) 

Coa1 (a) - 583,000 tons 14.705.103 33,250 , 
Crude 011 59,435 Barrela )44,901 ,-(b) .. 
Kerosene (e) 1,848,2)7 Barre1a 10,492,441 1,617 
Die.el Puel 011 (d)-· ~ ~ <:; ...... 2,688,310 Barrela 15,666,126 4,800 
Lilht Pu.l Oil (.) \6,337,220 Barr.1a 95,205,149 33,270 
ReayY Puel ail (1) 3~,198.077 Barrela 208,729,589 282,500 
Ratura1 Ga. 181,160,651 Mef. 181,160,651 -
Bleetriclty 38,538,828,000 Kwh. 131,494,481 -
fetal 6.58,398,441 3.5.5,437 

-J 

~ 

~, 

! ... 

SO) 
(TONS) 

-
(b) 

41 

-
847 

7,062 

-
--

1,950 

i 

, 

1 

1 , 

1 

i 

1 
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-
Note.. (a) It 1. a •• u.ad that all coal ls of the bituainou. 

type and that lt. ayera,e .ulfur content 1. ).~. 
The emission factor ie J8S lbs. ot 502, .her. S 1. 
the sulfur content of the coal in percentage points. 
See, Environ.ental Protection Agency, Compilation 
o~ !aislion Factors, p. 1-). 

(b) No emis.ion factors could be obtained. Glven the 
I.all q~antitie. involved, emissions from thl. 
source .ere_ dilregard'd. 

(c) The same assuaptions as in Note (c), Ta~le 6-2, 
are aade. 

(d) The 8ame assuaptions as in Note~(d), Table 6-2, 
are made. 

(e) The same assuaptiona as in Note (e), Table 6-2, 
are made. ,;J 

(t) 'he saae assumptions as in Note (f), Taple 6-2, 
are _ade. 

Source. Statistics Canada. Detailed Energy Supply and De.and 
in Canada, pp. 1)8-I39, 284-285. 

• 

.' \ 

.-... . 
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TABLE 6-14 

PERCENT OF FUEL BURNED IN BOlLERS ACCORDING TO USER 
f UNITED STATES, 1967 

USER PERCENT OF FUEL BURNED IN BOILERS 
COAL LIGHT FUEL OIL HEAVY FUEL aIL GAS 

COlllllercial· 100 90 90 50 
Industrial 77 70 70 )0 . 
Utillties 100 - 100 100 

Source Il 

In the United ·states, it was found that, in 1967, in 

298 metropolitan areas (which included about 85~ of the U.S. 

pQpulation), there were 952,000 commercial-institutional 

combustion units.! These units consumed 4.3 .illion tons of 

coal, 2.67 million barrels of fuel oil, and ~.58 trillion cubic 
2 feet of gas. In terms of energy, these units co~u.ed 

" 

3.24 x 109.MBTU. Therefore, the average consu~ption per unit 

was 3,400 MBTU. 

1 

2 

The consumption of fuels in bolIers depend., in part, 

D.A. LeSourd et al., CoaprehenslT8 Stu~ of Specified Air 
Pollution Source. to Aases. the Reone.le Ettecta of Air 
iua1Iti Stendards, (Re.earch Trlanste Park, N.C •• Re.earch 
TrIang • InstItut. f- Deo •• ber, 1970), p. IV-IO. 
l'9id. 

\ 
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on th.ir load factor. The load factor ls the fraction of the 

year a boller operates at rated capacity. Load factors of 

commerclal bollers have been estimated for the United States. 1 

Since in commercial installations Most of the fuel la burned 

for purpoaea of apace heating, one can expect the load factor 

to be higher in areas wh.ra cold temperatures prevail than in 
A 

areas where wara temperatures prevail. In ~ct, the load 
\ 

factor was round to vary from 9.05 in Plorida to 0.)1 in Maine. 

Table 6-15 lista the load factors of commercial boilers in 

selected areas. From this data, it seemed reasonable to the 

author to assume an average load factor in Canada ot 0.)0. 

Thia meana that, in Canada, the average commercial boiler uses 

1.5 times the energy input of the average coamercial boiler in 

the United States. 
, 

This gave an estiaated annual energy 

consumption of 5,100 MBTU. 

Given this figure and the estimated total aaount of 

energy and fuels consu.ed in thi. type of boiler (as shown in 

Table 6-16), it was possible to esti.ate the number of commereial 

boilera and thelr distribution by fuel in Canada. Also, given 

the energy conversion factors and the total quantity of e.iaaions 

fro. this source. it was possible to .sti_.te the average 

quantity of each fuel conauaed per boiler and th. quantity of 

•• issiona p.r boller. All of thia data la aumaari,.d in Table 

6-17. 

1 
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. 
TABLE 6-15 

LOAP FAC!ORS OF COlMBRCIAL BOILERS IN 
SELECflD AREAS - UNItED STATES. 1967 

STATE CITY LOAn FACTOR 

Montana 0.25 

Washington Seattle 0.27 

Connecticut 0.25 

N.w York 0.25 

Pennsylvania Philadelphia 0.22 . 
Wisconsin Mil_ak •• 0.25 

Illinois Chioago 0.2) 

Miohigan Detroit 0.25 

Cali:t'ornia Los Angeles 0.16 

New H~pshlr. 0.21 , . 
V.r.ont 0.29 

Texas Dallas 0.11 

Florida 0.05 

National A'Y.rag. 0.20 

Source. Ehren:t'.ld et al •• SXlt ... tlc Studx.". 
pp. A1S-A21. 

, , 

-

1/ 
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TABLE 6-16 

CO.-ERCIAL PUEL CONSUMPTION IN BOlLERS AND ASSOCLlTED !.ISSIONS 
) 

OP ~UL'UR OXIDES - CANADA. 1969 

\ QUAN'l'I'!'Y QUAN'l'ITY S02 50, 
PUlL (NATORAL UNI'l'S) (MILLION B'l'U) (TONS) {'l'ONS) 

Coa1 583,000 'l'ons 14,705,103 33,250 -
Llpt Puel 011 14,703,498 Barrela 85,684,634 29,943 762 

Heavy he1 011 29,878,269 Bar~el8 187,8.56,6;0 254,250 6,3.55 
'\r '-

Ptatural Ga. '90,880,328 Mcf. 90,880,328 - -

Total 379,126,695 f- 317 ,443 7,117 
,,~ 

... 
l 

.'" 

e 

// -

sax 1 

(TONS) 1 

;3,250 

30,705 

260,605 
1 - 1 

1 
, 

324 ,.5601 

~ 
co 
(» 
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nBLE 6-17 

NUMBER OP COMMERCIAL BOlLERS BY PUEL. AND 
EMISSIONS OP SULPUR OIIP! PER BOlLER 

CANADA. 1969 

NUMBER OP ANNUAL CONSOMPTION ANNUAL EMISSIONS 
BOlLERS OF FUEL PER BOlLER OF SOx PER BOILER 

2,883 , 202 Tons 11.5 Tons 

011 16,800' 30,631 Gallons 1.8 Tona 

011 36,83.5 28,j90 Gallona 7.0 Toni 

Natural Gas 17,820 5.100 Met. -
. 

Total '74.')8 - ) -

\ \ 
• 

, 
~! 

t 
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(B) tlobnigu •• and COlt. of Abate.lnt 

Tlchnique A2 

Substitute ooal aVlraging l.~ lulfur for ooal averaain, 

J.O~ lulfur. '~ 

Re.ulta)are au.aariled in Table 6-18. 

, 

TABLE 6-18 

~OST OF ABATEMENT - (SOURCE 2, TECHNI~UE A2) 

Total Reduction of !aissions (Tons) 

Total COlt of Abateaent ($) 

COlt of Abateaent per Unit SOx ($/Ton) 

22,166 

524,700 

24 

,Note. Froa Table C-2, Appendix C, the priee differential 
between ceal averaging 1.O~ sulfur and eoa1 
aVlragine J.~ 8ulfur il 90~/Ton. ~/ 

, / 

~ 

• 

) 

• 
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Technique B2 

Switch rro. th. co.bustion of coal in commercial boilera 

to that of heavy fuel oil~ 

Resulta are sum.ari~ed in Tab!. 6-19. 

TABLE 6-12 

, 
1 

,1 

COST OF ABATEMENT - (SOURCE 2, TECHNIQUE B2) 
~ 

Total Reduction of Eaiaalons (Tona) 

Coal Required per Boiler (Tons) 

Heavy Fuel Oil Requlred per Boiler (GalloRa) 

Total Coa1 Required (Tons) 

Total Heavy Fuel 011 R.qulr~d (Gallons) 

Total Coat of Coal ($) ~ 

Total Cost of Heavy Fuel Oil ($ 

Excesa Cost of Heavy Fuel Oil O~. Coal ($) 
-Annual Coat or ConTeraion per BolIer ($) 

Total Cost of Conversion ($) ./)\ 
\ 

Total Coat or Abate.ent ($) 

Coat of Abat ••• nt per Unit SOx ($/Ton) 
r 

12,973 

. 202 

28,390 

583.000 

81,848,370 

6,996,000 
, 

6,220,Â-76 

775,524 

2,000 

5,766,000 

4,990,476 

J85 

Note. 
o Fro. Table B~4, Appendix B, tae co .. ereial ~rloe ot 

coal and heavy tuel oil i. $12/Ton' and ?6~Gallona 
respectively. 4' 

" , , 
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Technlque 'Q2 

Swltch iro. 1be co.bu.tion ot coal in co .. erci.l boilers 

of light fuel oil. 

Resulta are 8u ... riled in Table 6-20. 

TABLE 6-20 

COST OP ~BA!ENENT - (SOURCE 2, TECHNIQUE C2) 

Total Reduction of Rais.ions (Tona) 21.965 

Coal Requlred per BolIer (Tons) 202 

, Li,ht Fuel 011 Requlre. per Boller (GalIen.) )0,6)1 

'l'otal Co&l Requlred (!ana) 58).000 

'rotaI Llght Fuel Oil Required (Gallons) 88.)09,173 .. 
Total Coat of Coal ($) 6,996,000 

Total Coat of Llght Fuel Oil ($) l4,835,~41 

Excesa Coat of Li&ht Fuel 011 ()1rer Coal ($) • 7,838,941 
, 

Annual Cost of ConTeraion Per BGller ($) 1,700 

!otal Coat of Conversion ($) 4.901,100 

/ Total C.at of Abat ••• nt ($) 12,740,041 

Coat of Abate.ent per Unit SOx <./Ton) ~.55 

~ Note. Fro. fable j:"4, Apper1dix B~ith ....... rel.1 prie. ot" c •• l . 
and lipt,t\tel oil i. *l2/.,n anc1 16.8_/Gal10n.re.pectiTel,.. 

\: ~ 0 ..... 
1 
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Swltch fro. th. co.bu.tion o~ coal in oo ... reial 
~ 

boil.ra to that ot natural ~a. 

R'lults are luaarizad in 'l'able 6-21. ' 

TA.BLE 6-21 

COST OP ABA'l'EMENT - (SOURCE 2, TECHNIQUE D2) 

Total Reduction of !ai.aiona (Tons) 

Coa1 Requlred per Boiler (Tons) 

Natural Gas R.quired per Boiler (Mcf.) 

Total Coal Required (Tona) 

'l'ota1 Natural Ga. Requlred (.cf. > 

Total Coat ot Coal ($) 

Total COlt o~ Natura1 Ga. ($) 

Bxo.ss Cost of Na tural Gaa OTer Coal ($) 

Annual Cost of Coni.rsion per Bol1.r (i) 

Total Cost o~ Con •• raion (i> 
'l'otal Coat of Abate.ent ($) 

C.lt of Abate •• nt per Unit SOx ($/!On) 

• 
33,250 

202 

.5.100 

583.000 

14,,703.300 

6.996,000 

10,439,343 -

3,"-3.343 

700 

2,018.100 

5,461.",3 

164 

\ 
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Technique E2 

Substitute lilht fuel'~il averacin, O.25~ sulfur for 

light fUll oil avera,ing O.7~ sulfure 

Result. are suaaarized in Table 6-22. 

TABLE 6-22 

COST OF ABATEMENT - (SOURCE 2. TECHNIQUE E2) 

Total Reduction of Emislion (Tons) 
Total Cost of Abate.ent ($) 
Coat of Abate.ent per Unit sax (,ITon) 

19.739 
6,854.791 

347 

Note. Prom Table C-2, Appendix C, th, priee differential 
between li&ht fuel oil containinc O.25~ lulfur and light 
fuel oil containing O.7~ aulfur ia 1.3./Gallon or 
8,é/MBTù. 

'l'.chniq Ut P2 

Substitute heavy fuel 011 averagin, l.~ sulfur for 

heavy fuel oil ayeraging 2.5_ aulfur. 

Results are su.aari~d in 'l'able 6-23. 

TABLE 6-23 
• COST OP A.BATE~NT - (SOURCE 2, TECHNIQUE p2J 

!otal Reduetion of Baissiona ('l'ons) 
Total Coat of A_ate.ent <$> 
Coat, or Abate.ent per Unit SOx <./Ton) 

156,,6, 
28.178,""4 

180 

• 

Note. Pro. 'l'able 0-2, Appendiz C, the priee differential 
b.ween hea'YJ' fuel oil ayeraclnf 2.5" ."lfur and h~~9 
fuel 011 aTeracine l.~ 8ulfur • 2.7t/Gallon or l~/.B!U. 
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!echnique_G2 

Subatitut. hea.y tuel oi1 av.ragine O.25~ eulfur ter 

heavy tuel oil av.racing 2.5~ aultur. 

Resulta are luaaariled in !able 6-24 • 

... 
TABLEr 6-24 .. 

COST OP ABAT!MENT - (SOURCE 2, TECHNIQUE G2) 

Total Reduction of Baia.ione (Tona) 

Total Coat ot, Abat ••• nt ($) 

- Coat ot Abate.ent per Unit SOx <./Ton) 

2)4,544 

50.121.290 

216 

Note. Prom Table C-2. Appendix C, the priee dittereritia1 
betw.en heavy fuel oi1 averacine O.25~ au1tur and 

'heavy tue1 oi1 averagin, 2.5~ au1tur i. 4.S_/Gallon 
or 27'-/MBTU. 

, 

,-

.. 

, . 
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Technique H2 

Switch from the co.bustion of heavy fuel oil to that 

of natural gas. l , 
Results are sua_arized in Table 6-25. 

TABLE 6-25 

COST OF ABATEMENT - (SOURCE 2. TECHNIQUE H2) 

Total Reduction of Eais8ions (Tons) 
Heavy Puel Oil Required per B~ler (Gallons) 
Natural Gas Required per Boil.r (Mcf.) 
Total Heavy Puel Oil Requirld (Gallons) 
Total Natural Ga8 Required (Mef.) 
Total Cost of Heavy Puel Oil ($) 
Total Cost of Natural Gaa ($) 
Exees8 Coat of Natural Gaa Over' Oil ($) 
Coat of Conversion plr Boiler (i} 

Total Coat of Co~ver8ion ($) 
Total Cost of Abateaent ($) 
Cest of Abate •• nt per Unit SOx ($/Ton) 

260.605 
28.390 

5.100 
1.04'.5.745,650 

187,858,500 
79,476,670 

133,379.535 
53.902.865 

850 
31.309.750 
85.212,615 

327 

Notel Prom Table B-4~ Appendix B~ the co"ercial priee of 
heavy fuel 011 ~d ot natural gaa i8 7.6_/Gallon and 
$0.7l/Met. rlapectively. 

Â 

.. 
, " .. 

, , 
1 

« l[, 

l -

1 The teohnique of awitchinl trom light tuel oil to natural &a8 
waa not conaidered becauae the coat of abate.ent per ton of 
SOx _aa nelati.e ($-369/!en).' Henee, the incentive te Iw1tch 
already exista. Sinee 1t 414 not ta te place, thlr. auat be 
factora (Iuch a. the unavailability of natural gal), which 
,~eT.~t the a.itch. HencI, thia technique _aa not con.~d.red 
... iab1t. 

-
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ïONTROL OF EMISSIONS FROM INDUSTRIAL FUEL COMBUSTION 
_sOtmCE 31 

(A) Industri!l Fuel Combustion, Emissions, and Equipllent 

Estimates of •• issions from th. induatrial combustion 

of fuels in Canada, in 1969, are summarized in Table 6-26. 

Here we will be concerned only with the abatement o~ emissions 

from the industrial combustion of coal, light fuel oil, and 

heavy fuel oil which tak$8, place in boilers. (The rest o~ 
, 

e.issions and their control are examined in oonne~tion with 

individual industrial processes.). Using the data shown in the 

second row of Table 6-14, the consumption of th.se ~uels in 

indus trial boilers and the associated emissions of sulfur oxide8 

are calculated. These are summarized in Table 6-27. 1 
As in the case of co.mercial boilers, there is no 

inventory of the quantity and distribution by fuel 'of industrial 

boilers in Canada. Therefore, as betore, based on U.S. data, 

an attempt i8 made to estimate the fuel consuaption of a typical 

~ndustrial boiler and, given the total quantities of fuels oon­

sumed in industrial boilers, to estimate thair num~er and 

distribution by ~uel. 

It was found that, in the United States, in 1967, thera 

were 307,000 industrial boilers. 1 !h ••• conauaed a total of 

72.9 .il110n tons of ooal, 17.91 .11lion barrel. of light fuel 

1 Le Sourd et.al., C •• prehenelTe Stu4Y, •• , p. IV-ll. 
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oil, 170 million barrels ot heavy fuel oil, and 1.98 trillion 

eubic t.et ot natural gas, in t.rms of ~nergy, they eonsUDled 

about 5 x 109 MBTU. 1 This works out to about 16,)00 MBTU per 

bolIer. 

Fuel ls burned ln indus trial boilers both for the 

purpoaee of spe.ee heating and to produee "a te ail neeesaary to 

the industrial proeesa. Sinee there ie no estlmAte of the 

proportion of tuel used..J.n industrial plants for these two pur­

poses, it ia assulled that the tuel re~uired tor .paee h.ating 

by the average industrlal outfit 18 the same as for a eoamere1al 

one. That ia, 1t la assumed that 5,100 MBTU are required in 

Canada to provide space heating ln the ~verage Indus trIal 

plant in Canada as compared with ),400 MBTU ln the U.S. There­

fore, in order to adjust for the greater consuaption of~uel 
for this purpose in Canada by the average outfit, 1t ia e.tlmated 

that the average indu.trial boiler in Canad~ conaumes 18,000 MBTU 

per year. 2 Given this figure, the total conaumption of each fuel 

by industrial boilers, and asaoeiated e.is810na of aulfur oxidea 

(aa shown in Table 6-27), it is possible to e.ti_ate the nuaber 

and distribution by fuel of boilers, the average quantlty of 

each fuel conau.ed per boiler, and the average e_laaion. per 

boiler. ThIs data is suaaariled in Table 6-28 • 
• 

1 Ehr.n~e1d et al., SX8t • .,t10 StudY"., p. 118. 

2 That 1., 16,JOO + (5,100 - Jt~OO) • 18,000. 

, 
r 



<; 

~ 
d-

'fABLE 6-26 

INDUSTRIAL FUEL CONSUMPTION AND ESTIMATES ~F ASSOCIATED EMISSIONS 
OF SULFUR OXIDES - CANADA, 1969 

'QUANTITY QUANTITY S02 
FUEL (NATURAL UNITS) (MILLION BTU) (TONS) 

-"'" 
CoaJ. (a) 4,588,986 Tons 113,457,157 261,630 
Coke (b) 4,608,)16 .. 112,504,21) -

'-

Coke OYen Gas 73,)65,18) Mcf. )6,682,591 -
Liqui~iea Petroleua Gas 1,710,409 Barrels 7,004,124 -
Kerosene (c) 2,899,2;2 .. 16,458,941 2,500 
Still Gas 1.726 .. 10,852 -
Di ••• l PUel Oi1 (d) 10,411,531 .. 60,673,197 18.600 
Lilbt Puel Oil (e) 8,269,017 .. 48,187,696 16,875 
Heavy Fuel 011 (~) 39,42),907 .. 247,873.673 335,000 
Na tural~ Gas .. ;68,575,616 Met. ;68,.57.5,616 -
Blectr!city 94.435,253.000 Kwh. 322,213,085 -
!otal 1,))),641,145 634,605 

---~- - - L--. __________________ 
-~- --------

.. 

SO) 
(TONS) 

-
-
-
-
65 

-
-

4)0 
8,375 

-
-

8,870 

e 

SOX 
(TONS) 

261,630 
-
-
-

2,565 

-
18,600 

17,305 
)4),3'75 

-
-

64),475 

.~ 

..... 
\() 
'-0 
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\ 

e Note •• (a) The aaae a •• uaptlona •• ,... Note (a) , Tabl. 6-1), 
are _ad •• - (b) Cok. ia produced by the d.structiT' (1 ••• low 
oxygen) distillation of coa1 and il uaed in 
•• ta11urglca1 operations. fhtr.tore, •• i •• iona 
~ro. it. ule wl11 be inolude4 under •• i •• iona 
t'roll indultr ia1 prooe •• es and are not elti •• ted 
h.rt. 

(0 ) '!'he a... ..sUllptlona aa ln Note (c) , Table 6-2, 
are _.de. 

(4) The au. alsWlpi.iona aa ln Not. (cl) , Tab1. 6-2, 
are ude. 

(e) The same aasUJIlptions as in Note (e) , 'l'able 6-2, 
are mad •• 

t, 

(f) The a... a.IWlptiona a8 in Not. (f) , 'l'able 6-2, 
are nde. 

Source. Statl.tics Canada, ~etail.d Ener&! D._and and SUEE1Z 
in ganada, pp. 1)8- 39, 284-285. 

1 

• 
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TABLE 6-27 . 

INDUS'l'RIAL PUEL CONSOMPTiON IN BOILE~S AND ASSOCIA~Q EMISSIONS 
OF SULFUR OXIDES - CANADA, 1969 

..,.., 

QUANTITY QUANTITY S02 S03 
FUEL (NATURAL UNITS) (MILLION B'l'U) (TONS) (TONS) 

Coa1 3,53),519 Tons 87,362,010 201,455 -
Llpt PU,l 011 5,788,312 Barrel. 33,731,387 11,812 301 

lfeaTY Pue_~ 011 27,596,735 Barrels 173.511,571 234,500 5.862 

Ratural Ga. 110,572,685 _cf. 110,572.685 - 6,16) 

Total - 405,177,653 447,767 6,163 . 

• 

SOx 
.J{'l'ONS) 

; 201,4.55 

12,113 

240.362 

-

453,930 1 

... 
-~-~--~~~~~O_~"~ ____ _ 
~-

! 

N 
o 
~ 
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TABLE 6-28 

NUiBBR OF INDUSTRIAL SOlLERS BY PUEL AND EMISSIONS 
OF SUL!UR 01IDES PER BOILER - CANADA. 1969 

NUMB!I OF ANNUAL CONSOMPTION ANNUAL EMISSIONS 
FUEL BOlLERS OF FUEL PER BOlLER PER BOlLER 

Coa1 4.853 728 Tons 41.5 Tons 

t~ght Fuel 011 1.874 108.106 Gallons 6.5 Tons 

He.yt !ue1 Oil 9.640 100,116 Gallons 25.0 'l'ons 

Natural Gas 6.143 18,000 Mef. -
Note. Statistics Carlada reporte that there •• re an average o~ 

12.352 indus trial ousto.era for natura1 ga. in 1969. 
See. Statistios Cana4i, Ga_ Utl11ti.'t 1961' (Ottawa. 
Inforaation Canada, April, 1973). p. j~ ut this 
inc1uded sales of natural gas for al1 purpea8s." As 
shown in Table 6-14 above, only an estima~d 30~ of 
natural gas is burned in boilers • 



(B) TechnIque. an] co.~. 
1 

T.c~nIqu. A) 
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ot Abat ••• nt 

'l. 

Sub.titute coal averaging 1. 8ulfur for coal av.racing 

,,#' J. lulfur. 

R.sults are 8uaaari~ed in 'Table 6-29. 

TABLE 6-29 

COS! OP ABATEMENT - (SOURCE J. T$CHNIQUE A) 

Total R.duetion of Eaisslons (Tons) 

!ota1 Cost of Abatement ($) 

Cost et Abatement per ,Unit SOx ($/Ton) 

134.303 

3t180~i.67i 

24 

Note 1 From !able C-2t Appendix Ct the prIee differential 
bet.een co.1 averaging l~ 8u1fur and coal averacinc 
j. !ulfur l, 90~/Ton. \ 

-. 

. 
• c -

\. 
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, 
Technique BJ J ... " . ' .' . 

j f' • 

Switch trom the combustion or coal in industrial boilers 

to that of heavy ruel oil. 

Resulta are summariled in Table 6-)0. 

TABLE 6 .. 30 

CO?T OF ABATEMENT - (SOURCE ), TECHNIQUE BJ) 

Total Reduction of Emissions (Tons) 
Coal Required per Boiler (Tons) 
Heavy Fuel ail Required per Boiler (Gallons) 
Total Coal Required (Tons) 
Total Heavy Fuel Oil Required (GallGns) 
Total Cost of Coal ($) 
Total Cost or Heavy Fuel Oil ($) 
Excess Cost of Heavy Fuel ail Over Coal ($) 
Annual Cost of Conversion per Boiler ($) 
Total Cost of Conversion ($) ~ 
Total Cost of Abat •• ent ($) 
Cost of Abate.ent par Unit SOx ($/Ton) 

80,075 
728 

100,116 
),533,,519 

485,862,948 
42,_02,228 

36,92,5,,584 
-,5,476,644-

4,000 
19,412,000 

13,93,5,356 
1711 

Note. Fro. Table B-4, Appendix B. the ind~strial ,rie. of • 
co.l~d heavy fuel oi1 i. $12/Ton and 7.6-'Gallon 
re.pRti Yely • . , 

• 

.' 
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Technique C3 

Switch trom the combustion of coal in indus trial 

boilers to tAat ot light fuel oi1. 

ReBulta are summarized in Table 6-)1. 

TA.BLE 6-31 

COST OP ABATEMENT - (SOURCE J, TECH~IQUE CJ) 

./ 

Total Reduction of Emissions '(Tons) 
Coal Required par Boiler (Tons) , 
Light Fuel ail Requlred per Boiler (Gallons) 
Total Coal Required (Tons) 
Total Light Puel Oil Required (Gallons) ~ 

Total Cost of Co al ($) 
Total Cost of Light Puel Oil ($) 

ExelsB Cost of Light Fuel Oil Over Coal ($) 
Annual Co.t of Converaion per Boi1er ($) 
Total Cost ot Conversion ($) 
Total Cost of Abate.ent ($) 
Coat of Abatement per Unit SOx <$/Ton) 

169.855 
728 

108,106 

J. 533 ,519 
524,638,418 

42,402,228 
1 

88,lJ9,254-
45.737,026 

4,000 
19,412,000 
65.149,026 

384 

Note. From Table B-4, Appendix ~, the industrial priee ot 
coal and light fuel oil ia $12/Ton and l6.8t/Gallon 
respecti vely. 
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Switch froa the coabu.tion of coal in indu. trial 

Doilera to that of Substitut. Natural Ga~ (SNG). 

Reaulta are suaaarised in ~\ble 6-)2. 

TABLE 6-32 

COST OP ABATEMENT - (SOURCE ), TECHNIQUE D) a. 

Total Reduction of Eais8ions (Tons) 
-, Coal Required per Boiler (Tons) 

SNG Required Plr Boiler (MBTU) 
Total Coal Required (Tona) 
Total SNG Required (MBTU) 
Total Cost of Coàl ($) 
Total Cost of SNG ($) 
Excess Cost of SNG Oyer Coal ($) 
Annual Cost of Converaion per BolIer ($> 
Total Coat of Converaion ($) 
Total Cost of Abate.ent ($) 
Cost of Abate.ent per Unit sax ($/Ton) 

201,4.5.5 
728 

18,000 
),.53),519 

67,').54,000 
-'2,402,228 
96,089,400 
5),687,172 

),400 
16 • .500,200 
70,187.372 

348 

NOt/. Pro. Table B-4, Appen4ix ., the ,rice of indu.trial 
coal and of SNG are $12/Ton and ,1.lO/IIB'tU re.pectlvelJ. 

/ 

1 

1 

1 

,1 
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" 
Subetitute 11lht fuel oil a •• racine 0.2S~ eulfur tor 

lilht fuel oil averalina 0.7 •• ulfur. 
• • 

Reeulte are euaaarised in Table ~-J'. 
'-' 

j , 

CaST OF ABA'l'E.ENT -i <SOUR9,~ J, TECHNIQUE !) > 

""1 
Total Reduction of Baieeiobe "ona) 

Total Coat of Abat ••• nt (.> 

1 

Coat of Abat •• ent per Uni~ SOx <$/Ton) 

1 

7,787 

2,698 .. '510 
~~'\f1 

j47 

Note. Pro. 'l'able C-2, Ap~end1x Ct the prie. ditterea*ial 
betw.en lilht fuel ,oi1 a .. racing 0.25. eu1tùr ~nd 0.7. 
8ulfur i. 1.J_/Gal~on or 8_/IBTu. 

\ 

\ 

h 

• 
r-J .' .. 

,f. 

\. 

..... "",'" . " 
, 

,j 
,,l 
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Technique FJ 

Switch trom the combustion of light fuel oil in indu.trial 

boilers to that of Substitute Natural Gas (SNG). 

Resulta are eumaarised in Table 6-)4. 

TABLE 6-)4 

COST OF ABATEMENT - (SOURCE 3, TECHNIQUE F) .. 
Total Reduction a: Emi8.ions (Tons) 
Light FUel Oil Required per BolIer (Gallons) .... 
SNG Required per Boiler (MBTU) 
Total Light Fuel Oil Required (Gallons) 
Total SNG Required (MBTU) 
Total Coat of Light Fuel Oil ($) 
Total Cost of SNG ($) 
Excess Cost of SNG OYer Light Fuel Oil ($) 
Annua1 Coat of Conversion per Boiler ($) 
Total C08\ ot Conversion ($) 
Total Coat of Abateaent ($) 
Cost of Abate.ent per Unit SOx ($/!On) 

12,11:3 
108,106 

18,000 
202, .590,644 
33,732,000 
34,035,228 
37,105,200 
3,069,972 

1,200 
2,248,800 
5,)18,772 

439 

Note 1 Fro. Table B-4, Appendlx B, the induatrial priee of 11ght 
tuel oil and of SNG art l6.8t/Gallon and $1.l0/.~TU 
respectively. The coat of converaion for boiler from 
llcht fuel oil to gaa i. aa.uaed to be the same as that 
of converting a boiler from heavy fuel oil ta g ••• 

• 
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Technique G) 

Subatitute heaTY tuel oi+ ~veragin, l.~ 8ultur tor 

heav1 t~el 011 averacine 2.5~ aul~. 

Resulta are auaaarizid in Table 6-)5. 

• 
TABLE 6-35 

OOST OP ABATBMENT - (SOURCE J, !BCHNIQUE G,> 

Total Reduction ot B.issiona (Tons) 

Total Coat ot Abate •• nt ($) 

Coat ot Abate.ent per Unit SOx (./Ton) 

20,026,7J6 

- 180 

Note. Prom Table C-2, Appendix C, the priee ditterential 
bet.een the priee ot heavY fuel oil averaging l.~ and 
heavy fuel oil averaging 2.5~ is 2.7i/Gallon or l~/KBTU. 

, 
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Technique HJ 

Sub.titute heavy tuel oil .veraging O.25~ sulfur for 

heaTY"tuel oi1 averaging 2.5. sulfure 

Results are aua.arized in Table 6-36. 

i 
J 

COST OP ABATEMENT - (SOURCE J, TECHNIQUE H3) 

Total Reduction of !aissiona (Tons) 

Total Cost of Abate.ent ($) 

Cost of Abateaent per Unit SOx ($/Ton) 

216,326 

46,848,314 

216 

Note. From Table C-2, Appendix C, the priee ditferential 
between heavy fuel oi1 averaging O.25~ sulfur and heavy 
tuel oil averaging 2.5~ su1tur la 4.8~/Gal1on or 27~/.BTU. 

o· 

",' 

.. 

, 
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Techniqu. I) 

. 
Switch fro. the co.buation o~ heavy fuel oil in 

indu8trial boilera to that of Substitut. Natural Gas (SNG). 

Re8ulta are 8umMariz.d in Table 6-)7. 

TABLE 6-31 

CaST OF ABATEMENT - {SOURCE J. TECHNIQUE IJ} 

Total Reduction of Emissions (Tons) 
Heavy Fuel Oil Réquired per Boiler (Gallons) 
SNG Required per Boiler (MBTU) 
Total Heavy Fuel ail Required (Gai!Ons) 
Total SNG Required (MBTU) 
Total Cast of Heavy PUel Oi1 ($) 
Total Cost of SNG ($) 
Excess Coat of SNG Over ail ($) 
Annual Cost of Conversion per Boiler ~$) 
Total Cast of Conversion ($) 
To~al Cost of Abatement ($) 
Cost of Abatement per Unit SOx ($/Ton) 

. 
240,)62 
100,116 
18,000 

965,118,240 
17),520,000 
7),)48,986 

190,872,000 
U 117,52),014 

1,200 
11,568,000 

129,091,014 

537 

Note 1 From Table B-4, Appendix B, the priee of induBtrial 
heavy fuel oi1 and SNG is 7.6~/Gallon and $l.lO/MBTU 
respectively. 

, 

) 
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4. CONTR~L OF EMISSIONS FROM THERMAL POWER PLANTS (UTILITIES) 
{SOURCE 4} · 

(A) Utilities Fuel Combustion, Eaissions, and Equipaent 

Estimated emissions from fuel combustibn by electriclty­

generating utilities in Canada, in 1969, are summarized in 

T!l.ble 6-)8. It ia aasumed that all of the coal and heavy fuel 

oil is burned in boilers in thermal power plants. 1 Here we will 

0. concerned with the control of emissions of sulfur oxides from 

the combustion of these two fuels only. This accounts for about 

9~~ of emissions of sulfur oxides by utilities. 

Since the author was unable to obtain information about 

the number and distribution by fuel of bollers in power plants, 

it was necesBary ta estimate these by the same method used to 

estimate the number of commercial and Industrial bolIers, that 

la, based on U.S. data. 
, 

In the U.S •• ln 1967, there were 2984 power plant steam 
. 2 

bolIers. These consumed about 27) million tons of coal, 150 

million barrele of heavy fual oil, and 2.65 trillion cublc feet 

of gas. Their estimated energy consumption was 10,668 x 106 MBTU.) 

1 Glven the 8mall quantltles Involved, crude oil and llght fuel 
oil are dieregarded. In all probablllty, Most of the gas was 
also burned in boilers ln thermal power plants. It Is aSBu.ed 
that all of it is. It ls aSBumed that 11quified petroleua gas, 
diesel fuel oil, and aviatlon turbo-fuel i8 burned in either 
internal combustion or gas turbine power planta. These two 
types aecounted for J.J~ or installed generator capacity in 
Canada in 1969. See, Dominion Bureau ot Statiatics, Electr1c 
POW'1 Staiistiçs, Vol. III, (Ottawal Information Canada, iârch, 
1971 , p. 12. 

2 Le Sourd et al., Co.prePensive Study"., p. IV-14. 
J Ehrenteld et al., Sllt.aatic studY ••• , p. 118. 
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This worka out to an average ).6 x 106 MBTU per boiler. A.au.ing 

that the energy input of the average boiler is the sama in Canada 

and, given the anergy consuaption of Canadian steam power planta 

in Canada in 1969, the number and distribution by fuel of power 

plant bolIers are estlmated. Also, givan the total quantities 

ot each fuel consumed and of associated emissions (as shown in ~ 

Table 6-)8), the fuel consumption and emissions per boiler are 

estimated. l , 
This data is summarized in Table 6-39. 

1 Note that the estimate ot emissions ot SOx rro. power plants 
shown in Table 6-)8 exaeede considerably the estiaate or 
amissions trom this source in 1970 provided by Environment 
Canada, as shawn in Table 4-2, Chapter IV. The tollowing 
are posaible explanations ot the discrapancyl 
{l} The estimate ot emissions in the Environaent Canada study 

take account of the abatesent systems already in place, 
whereas the estiaate here is of a.issions whieh would 
have occurred w,th no·controls. 

(2) The esti.ate of emissions in the Environaent Canada study 
i. based on &nawar by major utilitia. in Canada to a 
questionnaire sent tO,the. by the consulting fira which 
undertook the atudy for Environaent Canada. These answers 
provided inforaation on such mattera as fuel consuaption, 
s~lrur content ot fuel used, existing oontrol equipaent, 
operating efficiency, and so on. (See, Environment Canada, 
A N tionwide nventor of Air Pollut t Baia.io a l 0, 
o tawa. v ronaent Cana a, January. ,p.. It 

is not iapo.sible that, in th.ir answera, the utilitie. 
_ay have tanded to uàdere.tiaate the potential e.iasiona 
and oyerestiaate the degre. o~ control • 
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, TABLE 6-38 

~ . FUEL CONSOMPTION BI THERMAL POWER PLANTS (UTILITIES) AND 
) 

ASSOCIATED EMISSIONS OF SULFUR OXIDES - CANADA, 1269 

QUANTITY . QUANTITY S02 
FUEL (NATURAL UNITS) (MBTU) (TONS) 

Coal (a) 11,873,750 Tons 266,657,028 662,970 
Llqu1t1ed Petrol.ua Gas 8,384 Barrels 32,130 -
Cruel. 011 343,973 " 2,168,3.11 b 

Die •• l Puel Oil (c) 963,406 • 5,549,659 1,718 
Lient Fuel Oil (d) 568,961 • 3,198,159 6,.530 
Heavy Fuel Oil (e) 10,166,673 • 63,921,940 86,290 
Âviation Turbo Fuel 1,616 " 8,482 b 

Natural Gas 58,853,928 Mcf. 63,865,881 -
~ 

Total 405,984,323 757,508 

S03 
(TONS) 

13,.530 

-
~ ,;b 

-
167 

2,156 
b 

-
15,853 

e 

SOx , 
(TONS) 

676,500 

-
b 

1,718 
6,697 

88,446 
b 

-

77)',361 

1\) 

~ 

..c=-
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( 

Note.. (a) The .... ••• uapt1ons a. in Note (a), Table 6-13. 
- are .ad •• 

(b) No e.i •• ion faotor. oould be obtained. Giyen the 
•• all quantitie. involyed, e.l •• ions fro. thi. 
source are disregarded. 

(c) The ~am. assumptions as in Note (d), Table 6-2, 
are made. 

(d) The same assuaptions as in Note (.), Table 6-2, 
are _de. 

(e) The same assuaptione as in Note (f), Table 6-2, 
are made. 

Source. Stati.tics Canada, n.t.iIed Energy Supply and n •• and 
in Canada, pp. 138-139, 284-285. 

J, 

)" -. 
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nBLE 6-39 

NylBBR OP POWER PLANT (UTILITIBS) BOlLERS 
AND EMISSIONS OF SYLPUR OXIDIS PER BOlLER 

CANADA, 1969 Il ...... 

• ANNUAL PUBL ANNUAL EMISSIONS 
FUEL NUJIBER OF CONSU.PTION OP SULPUR OXIDES 

BOILERS PER BOlLER PER BOlLER 

Coal i.,' .... 74 160,456 Tons 9,142 Ton. 

Heavy Fuel Oil 18 19,768,.525 Gal. 4,911 Tons 

Natural Gas 18 3,269,662 Met. -
. 

Total 110 

( 
• 

, 

\ 
l. 

.. 

.... 
.. 

, 
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(B) Technique. and COlt. of Abate.ent 

Technique A4 

Sübstitute ooal averaling 1_ .ulfur for coal averacin. 

3~ 8ulfur: 

R.sults are su.aarized in Table 6-40. 

TABLE 6-40 
. n • 

COST OP ABAtEJŒNT - (SOURCE 4, bCHNIQUE A4) 

Total Reduction of Emissions (Tons) 

Total Coat of Abat •• ent ($) 

Cost of Abate.ent per Unit sax (./Ton) 

" 

451,otSO 

10,686,375 

24 

·Notel From Table C-2, Appendix Ct the priee dlfferential 
between coal averaging 1~ Bulfur and coal averaging 
3~ Bulfur l,9o_ITon • 

.. 

1 -
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Technique B4 

Switch from the combustion of coal in utilities' 

boilers to that of heavy fuel oil. 

Results are summarized in Table 6-41. \ 
TABLE 6-41 

COST OF ABATEMENT - (SOURCE 4, TECHNIQUE B4) 

. , 

Total Reduction of Emissions (Tons) 
Coal Required per Boller (Tons) 
Heavy Fuel Oil Required per Boiler (Gallons)­
Total Coal Required (Tons) 
Total Heavy Fuel Oil Required (Gallons) 
Total Cost Qf Coa1 ($) 
Total Cost of Heavy Fuel Oil ($) 
Exees8 Cost of Heavy Fuel Oil Over Coal ($) 
Annual Cost of Conversion par Boller ($) 
Total Cost of Conversion ($) 
To~al Codt of Abat.ment ($) 
Cost of Abatement par Unit SOx ($/Ton) 

313,094 
160,45' 

19,768,525 
11,873,750 

1,462,870,850 
75,992,000 
87,772,251 
11,780,251 

10,500 
777,000 

12,557,251 
40 

Notel Prom Table B-4, Appendix B, the utilitie. priee of eoa1 
and heavy fuel oil 18 $6.4/ton and 6t/callon respeetlTe1y. 

f ' 
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Technique C4 

Switch Ir •• the co.bu.tion ot co.1 in uti1iti~s' 
boilers to that of Subatitute'Natura1 Gas (SNG). 

~ 
Results are suamarised ln Table 6-42. 

TABLE 6-42 

COST OF ABATEMENT - (SOURCE 4, TECHNIQUE C4) .. 
Total Reduction of Emissions (Ton~ 
Coa1 Required per BolIer (Tons) 
SNG Required per Boiler (MBTU) 
Total Coa1 Required (Tons) 
Total SNG Required (MBTU) 

. Total Cost o~ Coa1 ($) 
Total Cost ot SNG ($) 
!xceBa Cost o~ SNG Over Coal ($> 

, 

Annual Cost o~ Conversion per Boiler ($) 
Total Cost ot Conversion ($) 
Total Cost of Abate.ent ($) 
Cost of Abate.ent par Unit sax (./Ton) 

616,500 
160,456 

),600,000 
Il,813,150 

266,400,000 
75,992,000 

239,760,000 
16),768,000 

4,000 
296,000 

164,064,000 
242 

N9tel Pro. Table B-4, Appendix B, the utilitl.s of coal and 
SNG 18, $6~4/Ton and $O.90/NBTU re.pec~lYe~y. 

-------- - ---! 

.. \ ....... t..~:, ......... 
.1 ........ ... 
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1 
Substitute heavy fuel oil avera«in& l~ 8ulfur for heavy 

fuel 011 averaglng 2.5. aulfur. 

Reaulta are aumaarized in Table 6-4). 

TABLE 6-43 

COST OF ABATEMENT - (SOURC! 4. TECHNIQUB D4) 

~ 
l-. __ ---.. ~~ ~al Reduction' of Emissions (,Tona) 
~ Total Cost of Abate.ent ($) 

.53,068 
9 • .588,291 

180 

, _ .. 

, '. 

Cost of Abate.ent per Unit SOx ($/Ton) 

Note •. From Table C-2, Appendix C. the priee di~ferential 
between heaYy tuel oil averaginc~l~ aulfur and heavy 
fuel 011 averagina 2.5~ 8ulfur i. 2.?'/Gallon or,lS_/MBTU. 

• 

\ 
'r 

. , 
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\" 

4fechniQue !4 

Substitut. heavy fuel oi1 avera!ing O.25~ 8ulfur for 

h.avy fuel oi1 averagi~2. 5~ su1fur. 

Resulta are ~ummarized in Table 6-44. 

t 
TABLE 6-44 

COST OP ABATEMENT - (SOURCE 4. TECHNIQUE E4) 

Total Reduction of Emissions (Tons) 
Total Cost of Abatement ($) 

79.601 
17.258.924 

216 Cost of Abat.ment per Unit Sox ($/Ton) 

Note 1 From Table C-2. Appendix C. the priee differenttal 
betwe.n heavy fuel oi1 averaging O.25~ and heavy fuel 
oil averaging 2.5_ is 4.8i/Ga110n or' 27_/MBTU. 

• 
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Technique '4 

Switch rro. the co.bu.tion of heavy fuel oil in ut~itie.' 

boilers to that of Substitute Natural Ga. (SNG). 

Results are suaaarizea in Table 6-45. 
"1" 

TABLE 6-4J 
, 

1 

COST 0' ABATEMENT - (SOURCE 4, TECHNIQUE F4) 

Total Reduction of Emissions (Tone) 
Heavy Fuel Oil Required par Boiler (Gallons) 
SNG Required per Boiler (MBTU) 
Total Heavy Fuel Oil Required (Gallons) 
Total SNG Required (MBTU) 
Total Cost of Heavy Fuel Oil ($) 
Total Cost of SNG ($) 
Excess Cost of SNG aver Oil ($) 
Annual Cost of Conversion per Boiler, ($) 
Total Cost of Conversion ($) \ , 
Total Cost of Abatement ($) 
Coat of Abatement per Unit SOx ($/Ton) 

88,446 
19,768,525 
),.551,220 

355, 8:n ,-50 
6),921,940 
2l,J50,000 
57,529,746 
36,179,746 

1,800 
32,400 

)6,212,146 
410 

Notes Fro. Table B-4, Appendix B, the priee ot heayY tuel 
oil and of SHG to utilitie. is 6.0_/Gallon and $0.90/"'1'0 
respectiTely. 

" 

• 

II 
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!echnique Gif. 

In.tall .y.te.. which re.OTe sax fro. power plant 

(100 MW and oTer) atack case •• 

Re.ult. are suamari.ed in Table 6-46. 

TABLE 6-46 

-
COST OF ABATEIENT - (SOURC! 4, TECHNIQUE G,) 

t 

Total Reduction of Baissions (Tons) 

'l'ota1 Cost of Abat ••• nt ($) 

Cost of Abate.ent per Unit sax ($/!en) 

390,122 

17,165,)68 

44 

,Notel The aS8umptions under1ylng the.e calcu1ationl are 
spelled out in Appendix E • 

• 
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INDUSTRIAL PRO CESSES 

The year 1970 was chosen as a base in atteœpting to 

estimate the costs of controlling sulfur oxides emissions from 

industrial processes. The reason ie that there exista a survey 

of emissions for that year. 1 A sum.ary of emissions of sulfur 

oxides from industrial processes, taken from that survey has 

already been preaented (see Table 4-), Chapter IV). Here, an 

attempt will be made to estimate emissions independently using 

different procedures. It should not be surpriaing if these 

should turn out to be different (generally higher) than those 

in the existing surveYI for the survey esti.ates emissions 

with given existing levels of control. The procedure ueed 

here is to estimate emissions which would occur with no 

controls. 2 In spite of this expected difference, it le 

preferable to use the same base year, in order to have a sort 

of check for the estimates produced here. 

The procedure of estimating emissions with no controls 

and t~en attempting to esti.ate the costs of control is not 

inconsistent with the emission tax sche.e, aince •• ittera 

would be rebated the tax paid for sulfur oxides recovered. 

This mean~, however, that the costa of eontrolling given , 
a.ounts~of ~lfur oxides include the coats of the control 

already under,\~~. 

1 

2 

of Air Poll tant 0, 
ana a, January, 

The tXQ,ption i. th. natural cas proee.sing induetry where 
a re atl •• Iy hl,h level of control 18 nece.sary a8 part of 
the production proc •••• 
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For each industrlal process examined, a brie! introduc­

tion will review data and procasaes pertinent to emi8sions in 

order to put their control ln proper perspective. 

In the case o! Most industries considered her. (more 

preclsely, sources 5 to 11), the procedure used to estlmate 

the cost of abatement is that of the Model Plant. This pro­

cedure Is used in a study undertaken for th. U.S. nepartment 

of Health, Education, and Welfare. 1 It consists of estimating 

the cost of abatement of a plant of average capacity and 

characteristics. This cost is then multiplied by the ratio of 

the t~al industry capaclty to the capacity of the model plant. 

This technique is vslid if the industry plant size distribution 

is symmetrical about the ·mean or if the cost of abat.ment i8 a 

linear function of the size of the plant. No attempt was made 

here to verify whether these conditions are always satisfied 

in the industries considered. 

1 
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CONTROL OF EMISSIONS FROM PRIMARY ALUMINUM SMELTING 
(SOURCÊ 3) 

Aluminum is produeed by a three-stage proeess. First, 

bauxite ore is mined, purified, dried, and millad. See~nd, 

pure alumina Is produeed rrom bauxite by the Bayer proeess. 

Sine. it takes about 2 tons of bauxite to produee one ton 

of alumina, there ia a tendency to produee alumina in plants 

situated near bauxite mines. Third, alumina ls redueed to 

metallle aluminum by the Hall-Herault process, whieh consists 

of disaolving the alumina in eleetrolytie cells charged with 

molten eryolite and other fluoride salts, and recovering it as 

metal. This reduction from alumina to aluminum requires large 

amounts of eleetricity and, henee, smelting plants are usually 

loeated near power plants. This last stage aecounts for about 

2/3 of the cost per ton of produeing prlmary aluminum. 1 

Bauxite, though found in North America, ia found in 

deposits which do not warrant its mining. Canada imports both 

alumina and bauxite. In 1970, total Canadian production of 

priMary aluminum was 1,071,718 tons (about 12~ of the world 

total).2 

1 Charles River A8eociatee Ino., "Alu.inua- in Environmental 
Protection Ag.ney, t • Economic a act of Pollution. A 
Suamary of Recent stu e8, as ngton. U.S. overn.ent 
Prlntlng OffIce, March, 1972), p. 171. BauXite is esti.a ted 
to r~pr8.ent only 5 to 10 percent of the cost of aluainu.. 

2 0, (Ottawa 1 Depart.ent of 
72). p. 94. 
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Air pollution !roa alu.inua smlltera consiata of 
o 

hydrogen !luoride and Bulfur dioxide gases and of particulates 

(containing about 20~ fluorine). 1 

The characteristics of the model plant are summarized 

in Table 6-47. The available estimate of costa o! abatement 

d.~with techniques for the simultaneous abate.ent of all 

three major pollutants fro. this source. Theretore, they will 

b. dealt slmultaneously here and costa of abate.ent will be 

expressed in teras of dollars per ton of pollutant. The con­

trol ayste., the expected pollutant reduction ef!iciencies, 

and the cost of control are also shown in Tabl. 6-47. 

The Canadian production and capacity consi.ted in 1970 

of eleven model plants. 2 Therefore, estimated .missions (with 

no control) are 60,676 tons of pollutants. 

Given this, Table 6-48 suaaarizes the results of 

implementing the control system • 

. '1 National E.isaiona Standards StUdy, p. E)8. 

2 Thar •• ar. aix aluainua a.eltera in Canada in 1970. Table 
F-l, Appendix F, lists th.ir lOdation, own.rship, and 
capacity. 
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TABLE 6-47 

MODEL PLANT CHAftACTERISTICS AND COST OF ABATEMENT 
PRlMARY ALUMINUM SMELTING 

Annual Output (Tons) ~ 

Production Rate (Tona/Day) 
Annual Hours of Operation 
Annual Emissions wi th No Control (Ton.) 

Hydrog,n Sulflde 
Particulates 
Sul fur Dioxide 
Total. 

Gas Volumes (Scfm.) 
Prebak,d Electrolytlc Cell 
Potrooll 
Anode Plant Furnace 

Emissions Control System 
8 Multicyclones (Sefm., each) 
l Electrostatic Precipi tator (Scfm.) 
8 Three-stage F10ating Bad Cell Scrubbers 

(Sc!m., each) 
2 Scrubbers (Scfm., elch) 
l Two-stage Floating Bed Cell Scrubber 

Reduction of Emissions Efficiency 
Hydrogen fluorlde 
Partloula tes. 
Sulfur Dioxide 

Total Annual Cost of Abat ••• nt 
10" ($) 

High ($) 
• 

100,000 
274 

8,750 

1,046 
2,960 
1,510 
5,516 

822,000 

2,000,000 
25,000 

10),000 
822,000 

10),000 
1.000.000 

99~ 

98~ 

97~ 

1.0)2.000 
1,626.000 

Source. National lai •• lon Standard, StudY. pp. 138-140. 

e \ 
, ,. 

-", 
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tAlLE 6-48 

COST OP APATBDNt - (SOQRCE ,) 

Total Reduction of !ai.liona (Tops) 

'rotal Coat ot Abat ••• nt ($) 10. 

Hlgh 

Coat ot Abate •• nt per Unit ($/Ton) 10. 
HiCh 

" 

58,000 

11,)52,000 

17.886,000 

192 

JO) 

Not.. Kati_ate tro. tllUl' •• civen in ,ft. National Standards 
SUU, p. :840 • ... 

t 

• 

. " 

J 
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CONTROL OF EMISSIONS FROM PRIMARY COPPER AND NICKEL SMELTING 
(SOURCE 6) 

Copper and nickel are produced basically in the aue 

Mannar and, frequently, ln the same smelters. Therefore, their 

production will be considared as a single source of emissions 

of sulfur oxides. 

Copper and nickel are produced rrom low~grade sulfide 

ores. These are concentrated by gravit y and flotation and 
('./ 

then are roasted in multiple ~arth furnacea prior to being 

charged in the s.elter. The charge is then converted to primary 

metal and refined. 

In 1970, Canadian production of primary copper was 

673,747 tons, or about 10 percent of the world total, production 

of primary nickel was )08,042 tons, or about 45 percent of the 

world total. 1 

Air pollution from eopper-nickel smeltera consists 

mainly of amissions of sulfur oxidas. About 80 percent of 
2 potential emissions of particulates are alraady ,recovered. 

According to Table 4-), Chapter IV, the priaary copper-nickel 

industry was the source of 4,421,000 tons of sulfur oxid.s 

eaiasiona in 1970. As diecussed balow, it is probable that 

thi. 8stlmate is high. But, aven if the lower esti.ate .ade 

balow w.re tha accurate one, this indultry i. still the largest 

single source of sulfur oxid8. e.iasions in Canada. 

1 

2 

Canelian Minerala Yaarbook. 1970, p. 200. Thi. yielded a 
coa naa productIon 01 the two .etals of 981,789 ton •• 

A N,tionwide Eai •• iona InTentory, p. 47. 

, 

) 
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A number of proeesses are capable of reducing emissions 

of sulfur oxid8S from sma1tera. Though at least one proclss 

that reduces the gases to elamental sulfur has recentIy been 

put into operation,l the most common and Most widely tested 

technologically are processes which yie1d sulfuric acld as a 

byprOduct. 2 

The characteristicB of the model plant are suamarized 

in Table 6-49. Given the Canadian production of copper and 

nickel, the Canadian capacity is equivalent to about thirteen 

model plants (assuaing plant utilization not to be too far 

from 100 percent).) Therefore, emissions of SOx from copper-

nickel smelters are estimated to be ),00),000 tons in 1970. 

This contraste with the estimate of 4,421,000 tons given in 

Table 4-), Cha~ter IV. As mentioned, it is quite possible that 

this estimate ls high. W.A. Gow, for example, using different 

assumptions, (i.e., estimating emissions by making assumptions 

about the sulfur content of ores processed), has estimatad that, 

based on the 1968-69 production, annual •• issions of sulfur 

oxides from a1l saelters (i.e., including Iron, lead, and zinc, 

besides copper and nickel) would be 1,424,000 tons of sulfur or 

1 W.D. Hunter and J.P. Wright, ·S02 Converted·to Sulfur in 
Stackgas C1eanup Route,· Che.icaI Engineering, LXXIX, (October 
2, 1972) " pp. 50-51. 

2 

) A8 shown in Table F-2, Appendix F, there .ere aeven •• eltera 
in Canada in 1910. They operated at about 99_ of rated 
cap.city. See, Canadian Mineral. Yearbook~ p. 199. 
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about ),000,000 tons of sultur oxides (with no control).l Becauae 

this estiaate is baaed on the lo.er 1968-69 produotion and because 

it aecounte only for the 8ultur contained in ore. (and not, tor 

example, for that contained in the fuel u.ed to treat th. ore), 
2 it may be low. Since the estimate produeed here is somewhera 

in betw •• n the other two, it is quite probable that it 1, 

reasonably accurate. 

The abatement system consists of combining the gases trom 

the roaster and converters and conveylng the. to a contact sul­

furie acid plant. The gales from toe reverberatory furnace would 

be vented to a limestone slurry to scrub out the sulfur oxides. 3 

An overall efficiency of 9l.3~ ls alsumed for this control system. 4 

This meane that sultur oxide. would be reduc\d from 231,000 jons 
~ . 

ta 19,173 tons per year per model plant. The results of,applying 

thil technique are summarized in Table 6-50. 

1 W.A. Gow, "Xsti.ate. of sulfur~esent in Sulfide Conoentrate. 
Treated by Canadian Smeltera," (Miaeographed, January 15, 
1970). 

2 The co.bined produotion of,copper and nickel waB 195.000 tons 
higher in 1970 than in 1969. 

3 National lai.sion Stan4ard Study, pp. 141-&42. 

,. 1l!.1t., p. E42. 

.. ! 
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TABLE 6-49 
1 

MODBL PLANT CHARlCTERIS!ICS 
PRlMARY COPPBR AND NICKEL SIELTIN& 

Annual Output (Tons) 
J 

Production Rata (Tons/Day) 
, 

Nu.ber o~ Roaatara 
Number o~ Re"a:rberatorr Furnac •• 
NUllber o~ ConvertIr. ) 

Annual !aiesiona of Sulfur Oxid •• (Tons) 
Roaster 
Reverberatory Furnace 
Convertera 
Total. 

SOx in Offgas After Air Dilution 
Roaster (Te.p. • 5500 p) 

Reverberatory Furnace (T.mp •• 550o~) 
Converter (Te.p. - 640op) 

75,900 
2JO 

1 

1 

2 

121,400 

16,200 

9;,400 
2)1,000 

8. O~ Vol. 
O. 9~ Vol. 
J. 8~ Vol. 

Source 1 National gais.ion Standards Study, p. E-41 • 
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t, 
'l'ABL§ 6-50 

COST OP ABATEM!NT - (SOURCE 6) 

1"1 

Total Redu~tion of Eaissions (Tons) 

Total Cost of Abateaent ($) 
Low 
High 

o 
41,847,000 

Cost of Abate.ent per Unit sax .(./Ton) 
Low o 

15 High 

Note. 

• 

Estiaated rro. fi&Ures given in N,tional !mission 
Standards ~UdY, p. E42. The dit erence between the 
low and hl cost is due to the sale of 8ulfuric acl~. 
If the acid can be sold profitab1y, ita value cover. ' 
the annual cost of abate •• nt. The ultiaate cost to 
th. individual .melter, then, depends ~n the local 
aarket for·.ulfuric aeid. 

• 
, 
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7. ONTROL OF EMISSIONS FROI PRl y LEAn SMELTING 

Priaary lead ia produced_ rom the reduetion of or •• 

which vary eonsiderably In~d content. The MOSt important 

ore iB galena, a eulflde ~f lead. L.ad ore coneentrate i. 
"-

o})tained by selectiv. flota~ of ore which eo~ains both le ad 

and zinc. The lead ore coneentrate le converted·to lead oxlde 

prior to lts reduetion to metal, a proeess ealled sint.ring. 

It le in the proeess of sintering that most emissions of su1fur 

oxides oecur. Subsequently, a mixture of sinter, iron, coke, .. 
and fluxes is charged into a blast furnaee. Air cireulated 

through the charge burns the coke to carbon monoxide and carbon 

dioxide, these gases reduce the lead oxide to molten lead metal 

whieh le recovered and, aubsequently, refined to recover such 

important byproducte as eilver, bismuth, and antill1ony. 

In 1970, Canadian pri.ary lead production was )8),208 

tons. 1 The smelting process occurred in two smeltere. The 

first owned by Co.inco Ltd., is located at Trail, B.C., and has 

an annuai capacity of 670,000 tons of charge. The second, 

ownel by the East Coast Smelting and Chemieal Co., is located 

at Belledune, N.B., and has an annual capacity of 180,000 tons. 2 

Air pollution from the smelting ot lead consista aostly 

ot emissions of sulfur oxides. About 9.5~ ot potential eai.sions 

of particulates are already recoverad.) Dust collectors are 

1 

2 

) 

Canadian Minerals Yearbook, 1970, p. 292. 

StatistioB Canada, Sae1tin! and Refinlng, 1971, (Ottawa. 
In~or.ation Canada, June, 97'), p. 1'. 
A Natlonwide Inventory ot Bai •• ions, p. 50. 
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u.ed for thi. task whoae priaary purpose ls to collect valuable 

byproduet., sueh as preeious •• tals, eontained in the du.t. 

This explains the hi«h peroentage of particulatls reoovery 

und.rtaken. 

Table 6-51 summ.rize. the characteristics of the model 

pl.~t. The Canadian capacity i. equivalent to tour model 

plants. Therefore, esti •• tes o~ sulfur oxides emissions froll 

this source (wlth no controls) are 184,000 tons per year. 

The sulfur oxide8 control sys·tell Q.onsists of conveying 

the ga.es which have already passed through th. aforementioned 

dust collectora to a contact sulfuric acid PLant. 1 The 

eff!c!ency of th!s control syste. would b~ about 93 percent. 

Table 6-52 suamarizes thé relults of applying th!s abat ••• nt 

technique. 

( 

t .. 
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TABLE 6-S1 

MODEL PLANT CHARACTEftISTICS -
PRIMARY LEAn SMELTING 

Annual Output (Tons) 
Production Rate (Tons/D.y) 
Annual Hours of Operation 
Annual Emissions of SOx with No Control 
O!!gas fro. Sintering After Air Dilution 

Temperature (oF) 
Sulfur Dioxide (Vol. ~) 

Sulfur Trioxide (Vol. ~) 

Oxygen (Vol. ~) 

Of!gas from Furnace After Air Dilution 
Temperature (oF) 
Sulfur Dioxide (Vol. ~) 

Oxygen (Vol. ~) 

9_,400 
286 

7,920 
46,000 

400 

5.00 
0.29 

12.00 

700 
0.06 
4.00 

Source. National E.ission Standards Study, pp. E44-E45. 

TABLE 6-52 

COST OF ABATEMENT - (SOURCE 7) 

Total Reduction of Emis.ions (Tons) 
Total Coat of Abate •• nt ($) 

Low 
High 

Coat of Abat ••• nt per Unit sax ($/Ton) 
10w 
Hi&h 

( 

171,120 

o 
),085,600 

o 
18 

Note. Th. dill_rence b.tw •• n the hich and th. 10. d.p.nda on 
th. aart_t for 8u1furic acid. 
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8. CQM~ROL OF EMISSIONS FROM PRIMARY ZINC SMELTING (SOURCE a) 

primary zine i8 produeed primarily !rom sul!lde ores, 

the .ost important o! which le ephalerite (ZnS). Frequently, 

these orts have to be separated !rom lead-containing ores by 

seleetive flotatlon methods. The ore is concentrated, roasted, 

and converted to zinc oxide prior to its reduction to metallic 

zinc. Another important source of zinc ia the slag from lead 

• amelting. The slag ls heated in a mixture of air and pulverized , 

cosl, this process yields zinc oxlde. A typical ore concentrate 

contains 60 percent zinc, )0 peroent sulfur, and 5 to 10 percent 

iront '~oasting takes place in a variety of vesselsl multiple 

hearth (Herreshaff) furnaces, fluid-bed roasters, flash roasters, 

and sintering furnaces. It ls this step that generates Most of 

the emission~ of sulfur oxides. Metallie zinc is produced from 

the roasted charge by retort or electrolytic procesaes or by 

fractional distillation. In 1970, Canadian production of 

(refined) primary zinc was 466,351 tons. 1 

Air pollution from zinc smelting consists primarily of 

emissions of sulfur oxides. As in the case of lesd smelting, 

about 95~ of potential particulate emissiona are recovered 

(primarily for the purpose of recovering valuable metals). 

Table 6-53 suamarizes the characteristics of the model plant. 

The sulfur oxides control system consists of conveying 

the sulfur oxides emissions from the ro.ster to a contact 
2 ; 

8ul!uric acid plant. Other offgases would be pasaed through 

1 Canadian ain.rala Yearbook, 1970, p. 580. 

2 National Emission Standards study, p. E-47. 
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tabrio tiltera as uaual and allowed-into the'At.oePhere~ Thi. 

eyste. would reduee emissions ot SOx in the ~odel plant rrom 

60,600 tons per y.ar to 4,242 tona per year, that ia, it would 

have an eftieiency ot about 93 percent. 1 \ 

The Canadian capacity consists of six model planta. 2 

This yields estimated emi •• ions of sulfur oxldes (with no controls) 

of 312,700 tons. 3 Table 6-;4 summarizes the results of imple.enting 

the control ~echnique. 

1~, p. E-48. 
f 

2 

J 

As shown in Table F-3. Appendix 7, ther ••• re live priaary 
zinc smeltera in Canada in 1970~ !h.y operated'at 86. of 
ra~d oapacity. S.e, Canaditn'linera1e l'trbook, p. 579. 

That la, 60,600 x 6 x 0.86 • )12,700. 
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TABLE 6-~) 

MODEL PLANT CHAKACTERISTICS - ZINC SMELTING 

Annual Output (Tons) 
Production Rate ~Tons/Day) 
Annual Hours of Operation 
Annual Eaissions of SOx with No Controls 

Proeess Equipaent 
Roastar 
Dryer 
Sinter Machine 

1 

Coter 
Retort 

orrgas trom Roaster Atter Air Dilution 
Temperature (oF) 
Sulfur Oxides (~ Vol. ) 
Oxygen (~ Vol.) 

Oftgas trom Sintering Atter Air Dilution 
Te.perature (op) 
Sulfur Oxides (~ Vol. ) 
Oxygen (~ Vol.) 

Soureea National Rai.sion Standards Studx, p. E47. 

11J.200 

J4J 
7.920 

60,600 

l 

1 

l 

1 

l 

600 

7.2 
10.9 

500 

• OS 
18.0 

1 

1 
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TABLE 6-.s; .. 

COST OP !BATEMENT - (SOURCE 8) 

Total Reduction of Baiaaiona (Tona) 

Total Cost ot Abatea.nt ($) 
Low 
High 

Cost of Abatement per Unit SOx ($/Ton) 
Low 
High 

287,500 

o 
8,784,000 

o 
JO 

No~el The difterence betw8en the h1gh and the 10w costa 
depend on the atate ot the local market for sulfurlc 
aeid. 

• 

• 
,/ 

• . 

.- ~ II' 
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9. CONTROL OF EMISSIONS FROM PETROLEUM REFINING {SOURCE 21 

Petroleum refining ls a technologically intrlcate 
1 

process whlch is constantiy undergolng change. As a re~ult, 
, 

each refinery ls in some ways unique with respect to its size, 

equlpment, operations, and BO on. Nevertheless, the refining 
1 

process can b. classifled into four basic stepsi separation, 

conversion, treating, and blending. Separation is accomplished 

by distillation, a proc~ss which yields "fractions," such as 

gaeoline, kerosene, fuel oil, etc.I the relative quantities of 

th.se fracti~n8 de pend largely on the composition of the crude 

011. Sin~e these quantlties may not correspond to the expected 

demand for each, portions of them are "converted" into others 

(eg. naptha to gasoline) by craking and reforming. This spiits, 

unites, or rearranges the molecules so as to obtain the desired 

products. Next, the s.parated and converted products are treated 

to remove the small quantitiea of impurities the y contain. This 

May be done by phyaical or chemical methods, the Most common of 

which ia hydrogenation. Finally, the refined base stocks are 

blended in innumerable combinat ions with each other or with 

additives in order to obtain products which Meet given specifica­

tions. 

Air pollution rrom petroleum re!ineries conslsta of 

emlssions of hydrocarbons, sulfur oxides, nitrogen oxides, carbon 

aonoxlde, and malodorous mat.rials. 1 gaisaions of particulates 

are oontrolled to a high degree in arder to recover valuahle 

catalysta. Table 6-55 sumaarlzes the oharacteristics of the 

.odel plant. 

1 The 8ulfur in the crude firet go.. into the gas stre.. as 
hydrogen 8ulflde (H2S), but thls 18 u8ually burned to sulfur 
oxide •• 
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TABLE 6-55 

MODEL PLANT CtlARACTERISTICS - PETROLEUM REFINING 

Annual Crude Input (Barrels) 
Crude Input Rate (Barrels/Day) 
Procese Gas Volume (acfm.) 
Proc.ss Gas Temperature 
Annual Emissions of SOx with No Controls (Tons) 
Annual Houre of Operation 

12,410,000 

34,000 

10,000 

Ambient 
8,000 

8,400 

Sources National Emissions Standards Study, pp. E56-E57. 

It is possible in the case of refineries, to have con­

trol systems which reduce emissions of various pollutants 

selectively. It Is possible, for example, to have a system to 

control only emissions of hydrocarbons, or of particulates, or 

of sulfur oxldes. 1 We will be concerned hers only with the last 

one. This control syst.a consists of conyeying the sulfur oxlde 

gases to a r~overy plant which converts ~e sulfur oxldes 

ta elemental sultur. 2 This plant should produce 10 tons of 

sulfur per day. Oyerall .fticiency of this control systea Is 

90~. This should reduee •• issions of sulfur o%ides rro. the 

model plant, trom 8,000 tons per year to 800 tons per year. 

1 National Emis8ion Standards Study, pp. 855-860. 

2 Ibid. 

WU" '\" 
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Th. Canadian oapaoity is equivalent to 40 mOdel,plants.) 

Thi. yi.lda an a.ti.ate ot e.i __ lons (without control.) ot 

)20,000 ton&.o~ Bultur oxide •• 

Table 6-56 euamarizee the reBults ot imple.enting th~_ 

system ot control. 

~ TABLE 6-56 

COST OF ABATEMENT (SOURCE 9) 

Total Reduction o~ Emissions (Tons) 

Total Cost of Abatement ($) 
1.ow 

High 

Cost ot Abatement per Unit SOx ($/Ton) 
1.ow 

High 

J 

288,000 

),000,000 

6,000,000 

11 
22 

1 AB shown in Table P-4, Appendix P, th.re .Ire 39 retineri •• 
in Canada in 1970. Their total capacity wa. 1,350,000 barrels 
per day. The amount ot petrol.ua which th •• e retineri •• did 
retine can be taten a. the crude oil deliv.rie. to the.. ' 
This, in 1970, averac.d 1,281,065 barrel. per day, an indication 
that they op.rat.d at clo •• to tull capacity. S.e, petrol.ua 
aetinerias in Cans,' Januarx. 19l1, (Ottawa 1 Departa.nt ot 
Energy, Ine., an •• ourc •• , .arch, 1971) • 

.. 

-" 
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10. CONTROL OF EMISSIONS FROM SULFURIC ACID MANUFACTURING 
{§OURCE l01 

Surfuric acid is one of the Most widely used c~e.icala. 

It is produced moatly by the contact prooes8. In this pr~ess, . 
sul{ur dioxide ia oataly&~d' ta sulfur trioxide. The latter is • 

absorbed by weak sulfuric acid ta form a stronger acid. The 

sulfur dioxide is either produoed by burning elemental sulfur 
• , 

or pyrites, or is contained in the offgases of auch processes 

as mineral smelting or petroleum refining. In 1970, produotion 

of (100~) sulfurie acid in Canada was 2,728,000 tons.A 

Alr pollution from sulfuric acid produetion ~nsists of 

sulfur dioxide which escapes eatalytic conversion and o~ acid 

mists emitted from the absorption tower. Aeid plants operate 

with a single absorption step which results in a conversion of 

S02 to S03 of about 97~. Table 6-57 summarizes the mQdel plant 

characteristics. 

The Canadian sulfuric acid industry la equivalent to 
2 20 ~odel plants. This yields an e~imate of emissions (without 

controls) of 125,000 tons of sulfur oxides. 

1 0, 
(Ottawal 

2 This nuaber of model plants seems capable of producing more 
than the actual production of sulfuric acid. The number s •••• 
reasonable, however, givan the fact that a plant of this oapacity 
usually produces an average of 126,000 tons of H2S04 per year. 
S •• , The COlt of Cle~ Air, Pirst Report of the Secretary of 
Healt~, EducatIon, an 'elfar. to th. Congrass'of the United 
States, (Washington. O.S. Government Printing Office, 1969), 
p. 37. As shawn in Table F-5, Appendix F thera were 23 
plants which produced sulfurlc acid in 19~O in Canada • . 
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TABLE 6-51] " 

MODEL PLANT CHARACTERISTICS - SULFURIC ACID 
: 

Annual Output (Tons) 
Production Rate (Tons/Day) 
Annual Hours of Operation 
Gas Volume (acta) 
Gas Stream Temperature (oF) 
Em~ssions of SOx with No Controls 

Total Annuai ~ost of Abatement ($) 

(Tons/Yr.) 

180,000 
663 

8,750 
40,000 

150 
6,250 

10w 76,400 
High 161,000-

Source a National Emission Standards Study, pp. E73-E74. 

~h.e..- c.o.ptrol systea consists of adding a further 

second~ry absorption etep.l The equlpment involved consists of 

two heat exehangers, an a\>sorptio,n tower, del1iaters, pump, pump 

tank, an~ aeid coolere. The priaary absorption step, by reaoviftg 

some of the sulfur trioxide, wauld improve the oxygen to S02 ratio, 

thereby increasing the conversion rroll 97~ to 99.S~. The 

secondary absorption is required to complete the rtcovery of ., 

1 National lai.,lonl Standard, Sludy, p. B1.... s.. al'~o, l!!. 
!,o~omii8 ot Cl.~ ~lr, Anoual Report o~ the Adainiatrator 
ohenvlronae~a Proteçtion ~ency. (W.ehingtonl U.S. 
Governm.nt PrintiriJ O~~ice. "rch, 1972), pp. 4-158 to 
4-169. 

.. 
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. 1 

SO) as acid. 1 lb ,.,., 

The adü~tion wou1d reduce o.missi~ns-o! Bu1fur 
, t 

oxides in the mode1 plant !roa 6,25~ tons to 590 tons per~ , ~­

year. Table 6-58 summa~izes -the resu1ts of imp1ementing th~ 
eontx:01 system. 

TABLE 6-58 

• 
COST OF !BATEMENT - (SOURCE 10) 

• 1 

Total Reduction of Emissions (Tons) 

Total ~ost of Abatement (~) 

. -14>w 
, Hlgh 

1 

Cost of" Abatement per Unit.Sax ($I.Ton) 
" Low 

High 

• 

-~ 

( 

Il),000 

1,528,000 
),220,000 

13 
27 

1 The" technologicail. aSj)ects are discussed in 'T. J. Browder, 
-"dern Su1furic Acid Technology- in Su1f~ and S02 

\~ 

Deye1opments, fNew York. Aaerican InstItut. of Che.iea1 
Englneers, 1971), pp. 91~96. See a1so, I. Shah, -Re.ovin« 
S02 and Acid Mlet with Venturi Scrubbers,- Ibid., pp. 97-102, 
and G.W. TUc~er and J.R~·Burleigh, ·S02 !ai.sIon Control 
ft.OIl Acid Plan;., - lbtd.;_\ pp. 10)-109. 

'--- '. -... 

" 
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11. CONTROL OP EMISSIONS FROI METALLURGICAL COKE IANUrACTURING 
(SOURCE ll) 

Coke ie a s.lid produc.d by heating coal in th. abs.nce 

t'of air, a procass called da.tru~tiy. dietillation. Coke is the 

major fuel used in blast furnace. to produce Iron and steel. 

'" There are two processes for producing coket the Bahive and 

the Byproduct processes. In th. former no attempt ie made to 

recuperat. and uae gases released during the distillation or 
coal, ln th. latter, lt i8. Virtually aIl cok. ie produced in, 

Canada by the Byproduct process. 1 
In 1970, coke production in 

Canada was 5.7 .illion tons. 2 This required the carbonization 

... of 6.9 .illion tons of coal. J 

Several pollutants are emitted during the proeesB of 

coke production. This process conaiate of four basic staps, 

each of which i8 the soure. of charaoteristlo •• lssions. These 

stepa area (a) ooal charging, (b) oven pU8hing, (0) coke 

quenchlng, and (d) un4.rfiring. 4 Ooa1 chargin, r'8ults in the 

•• iesion of carbonaceous s.oke, tar aiat, dust, and organic ,.88S. 

1 A Nation.ide InTentory of Air Pollutant !ai •• l,ns. p. 43. 

2 Canadian _in'ral. Y'arbook, p. 183. 

• 

• 

1 
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Fin. particulate. and smoke are e.itte4 in the ôv.n puahine 

atep. Particu1at •• are a180 e.ltted a. a r.ault of cok. 

quenching. Under!irlng consiete ot extracting and burnlng 

the ga •• a released during th. coking proc.s. ln order to provi4. 

he.t for the coke ovens. The sulfur in the coal 18 released in 

the coke ovena as hydrogen sulfide (H2S), but ie oxidized to 502 

ln the process of under!lring. Some of this S02 ia e.itted. 

Table 6-59 8ummarizes the model plant characterlatlcs. 

TABLE 6-59 

MODEL,PLANT CHARACTERISTICS - CO~ MANUPAC!URING 
(BYPRODUCT PROCESS) 

Annual Production (Tons) 
Production Rate (Tons/Day) 
Annual Hours of Operation 

980,000 

Gas Volume (Underfiring) (cfa) 
Gas Te.peratur. (Under!lrlng) (OF) 

Annual Eai~ions with N~ Controls (Tons) 
Partlc~ate8 (trom coa1 oharging) 
Partlculates (trom quench te.er) 
Sultur Oxides (trom unù.rfiring) 

Annual Cost ot SOx Control Syst •• 

2,800 
8,400 

)0,000 

70 

700 

200 

7,850 

Low 37,300 
High . 60,000 

Souree, National !!l.,ion. Sjan4ar'. Si9'I, pp. 120-121. 
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The Canadian coke manufaeturin« industry ie equivalent to five 

model plants. 1 Therefore, with no control, eatimated emissions 
2 of aulfur oxides are )2,250 tons • 

• 

There ia no technically satiefactory way of controlling 

emissions from coal charging or oven pushing, though emissions 

are reduced a litt le by steam jets. Systems for controlling 

emissions from the quench tower and from underfiring do existe 

We are concerned here with a system to control amissions of 

sulfur oxides rrom the latter step. 

The contro~ system consists of (a) stea. nozzles in 

ascension pipesl (0) baffles arrangements plus spray nozzles, 

and (c) a 10 ton per day elemental sulfur recovery unit.) This 

system has a control etficiency of 90~. This means that eaissions 

of sulfur oxides from the model plant will be reduced trom 7,850 

to 785 tons per year. 

Table 6-60 summarizes the costs of implementing such a 

control system. 

1 As shown in Table F-6, Appendix F, there were aeven coke 
prOduction plants in Canada in 1970. 

2 Note that this eati_ate i8 lo.er than that reproduced in 
Table 4-), Chapter IV. It see.s that th ... tter esti_ate is 
high. An independent estimate can be obtained by considering 
that coke production has been found to result in the emissions 
of 10.02 lbs. of sulfur oxides per ton of coal used. See, 
Environaental Protection A«ency, CO_iil.tion of gaislion 
Factor., Table 7-2. Sine. 6.9 .111 on tons of coal were 
used in 1970, by this estiaate emissions of sulfur oxide. 
were )4,500 tons. 

~ 

) National Eail.ions Standards StudY, p. E2l. 
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Z,ULI 6-60 

COS! or AlAtllINT - (SORROI 11) 

!.ta1 Reduction of Baiaaiona (!ona) 

Total Coat of Abat ••• nt ($) 
Low 
Righ 

, 
Coat of Abat ••• nt p.r Unit sax (./Ton) 

Low 
Righ 

\. -
28,J2.5 

186,500 
JOO,OOO 

7 
Il 

, 

-----
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12. CONTROL OF EMISSIONS FROM NATURAL GAS PROCESSING (SOURCE 12) 

Virtually the sole constituent of natural gas, a8 it le 

sold to consumers, ie Methane (CH4), though it aay also contaln 

sœall quantitlee of ethane (C2H6) and propane (C)HS). However, 

raw natural gas, as it exists in underground reservoirs, containe 

several other conetitutents in proportions which May vary con­

siderably from field to field. For various reasons, these 

constituents are removed prior to marketing the gas. It ls 

their removal which is designated 8S natural gas processing. 

The proce~sing begins with the removal of the liquid 

hydrocarbons and water which condense in the reservoir or at 

the wellhead. This is done by means of equipment called 

separators. The separation ie achieved basically through gravlty. 

The hydrocarbons are recovered as byproducts. They range from 

propane to octane to crûde oil. 1 The gas coming out of the 

separators containe hydrogen sulfids (H2S) and carbon dioxide 

(C02). For ditferent reasons, both gases are removed. Hydrogen 

sulfide is both toxic and corrosive. The hydrogen sulfide con­

tent of raw natural gas can be as high as 95~ by weight. 2 Carbon 

1 The group of hydrocarbons which includes hexane, heptane, and 
octane ie also ref.rrad to as natural gasoline or naphta. It 
i8 a valuable byproduct. In fact, frequently, gas whieh has 
already been processed ls reintroduced into the reservoirs in 
order to maintain pre .. ure th.rein and increase the recovery 
of hydrocarbons. In some fields, as auch as two thirds of 
processed gas ia returned to the reservoira for this purpose. 
See, Canadian MineraIs Yearbook, p. )47. 

2 P.R. Cote, Canadian Eleaental Sulfur from Sour Natural Gas, 
(Ottawa. Department of Energy, MInes, and Resourbes, 1972), 
p. 12. 

\ 
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dioxide, if present in sufficient quantlty to dilute the flammable 

hydrocarbons, lowera the heat value of the natural gas. 

The gas containlng both the H2S and C02 Is pa.sed through 

a solution which containa any one ot the tollowingl dlethanola­

mine, monoethanolamine, hot potassium carbonate, or sulfinol. 1 

The solution absorbs the H2S and C02' The "sweetenad" gas Is 

drlad and sent to the pipelines. The solution containing the 

H2S and COZ, on the other hand. Is sent to a stripper tower where 

it is heated. The two gases ara llberatad and the solution ls 

regenerated for reuse. If the quantity of H2S in the liberated 

gas ls judged worth recoverlng. the gases are sent to a sulfur 
\ 

recovery plant. Otherwise they are burned and the H2S ls 

oxidlzed to and emitted as SOx. These emisslons constitute 

part of the total emissions of SOx from the natural gaa procesa-

ing industry. The main factors which affect the decision as to 

whether to recover the sulfur or not are the size of the procesa­

ing plant and the concentration or H2S in the raw gas feed. 

occur 

a of sulfur oxidea trom the natural gas industry 

plants equipped with sulfur recovery unite, 
! 

The recovery procesa ia basically the Claus procas. 

only in detall. 2 The H2S i. 

atmosphere of low oxygen to S02, which itselr reacta 

unburned H2S ta produce aulfur Tapor. Thi. vapor 

~'t p. 1). 

2 Ibid., p. 12. 
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is condensed and stored &s elther a liquld or, Most otten, .s 

a solide The Claus proceaa, which usually has two or thr •• 
• 

stages, t~ic.lly removes about 95~ of the sulfur contained in 

the gas. 1 The remaining 5~ ia emitted as SOx (together with the 

In 1970, the Canadian natural gas production was 

2,276,578 million cublc teet. 2 In that year, there were 172 

gas processlng plants.) Of these, only J8 had sulfur recovery 

units. 4 These plants produced 3.7 million tons of sulfur. 5 

Assuming a 95~ recovery rate these 38 plants were th. Bource of 

the emission of 370,000 tons of sultur oxides. 6 If this esti.ate 

and that of Table 4-3, Chapter IV, are both accurate, the rest 
.1 

ot the natural gas processing plants were the source of 2ZJ,OOO 

tons of SOx emissions. 

1 Ibid., p. 3I. 

2 Canadian Minerals Yearbook, p. 345. 

3 Januar l, 

4 Ibid. See a180, Cote, Canadian El.aental Sultur ••• , p. 9. 

5 

6 

Canadian Minerale Yearbook, p. 514. Table F-7, Appendix F, 
lists the location, ownership, and capacity of these )8 plants. 

That Is, J.7 x 106 x 0.05 x 2 • 370,000. 
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Now, not Bufficient information ie available to astimate 

the cost of abatement from plants which at the moment do not 

recover any sulfure Therefore, the 8stimatee of the costa of 

abatement made here will be confined to the abatement of emissions 

from the pla.nts which already recover sulfure Table F-7 

summarizes data pertaining to these plants. 

Several procesees are capable of reducing sul/ur oxide 

emissions from these plants, inclucting processes developed with 

the main aim of' reducing emissions from power plants. 1 AlI of 

these processes are basically of the "add-on" type J that is, 

they do not require modification of the presently used Claus 

reeovery units. They would use as feed the gas escaping trom 

Claus units. 2 Typical investment coste of inereasing sulfur 

recovery from gas processing plants from the present 95~ average 

to an average of 99% by these methods have been estimated. J 

1 

2 

J 

These are discussed ln Appendix E. One process, the SCOT pro­
cess developed by Shell, ia claimed to be capable of elimina ting 
emlssions of sulfur oxides completely. See, "Coping with 
Pollution is Tough for the CPI," Canadian Chernieal Processing, 
LVII (March, 1973), pp. 27-30. 

See, C.B. Barry, "Reduce Claus Sulfur Emissions," HidrocarbOn 
Processins;, LI (April, 1972), pp. 102-106. Increas ng the 
recovery of sulfur entails some operating eosts as weIl. But 
these would be covered by the sale of the additional sulfur 
recovered. See, P.R. Cote, Canadian Elemental Su!fur. p. 31. 
Therefore, operating costs are IgnDred here. 

Barry, "Reduee Claus Sulfur Emissions," p. 105. 
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They vary directly with the sulfur feed rate at the plant. 

Sinee aulfur feed ràtes vary from plant to plant. a range of 

control costs was estimated here. 1 The 12! cost was estlmated 

on the assumption that aIl plants have a feed rate or 100 long 

tons of aulfur p~r day. The h1&h cost was estimated on the 

assumption that aIl planta have a sulfur feed rate of ~.OOO 

long tons per day. The low coat was estimated ta be $700,000 

per plant 1 the high cost was estlmated to be $.5,000,000 per 

~lant.2 For the )8 plants, therefore, the investment cost 

would bel Low - $26;600,0001 High - $190,000,000. The 

annualized cost of thls investment) was calculated to bel 

Low - $4,))0.000, High - $)0.900,000. 

Table 6-61 summarizes the costs of implementing this 

system of abatement. , 

1 An approximate meamure o~ the feed rate ia the daily sultur 
capacity of the plant as listed in the last coluan of 
Table F-7, Appendix F. "-

2 These coste were eatlmated trom the graphieal funetions 
provlded by Barry, op. cit. 

J The annua1 coat of the investaent lias calculated by the 
Capital Recovery Method. See, G.Â. Taylor, Managerial and 
EDjineerinf Econo_., (Ne. York. D. Van Nostrand, 1966), 
pp. 141-16. A 10 rate of return and a 10 ye~ recovery 
period was used • 

, 
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'l'AILE 6-61 

COST Of AB6tIKENT - (SOYRCE 12) 

Total Reduction of Emissions (TDns) 
. 

Total Cost of Abatellent', ($) 

Low 
High 

,. 

Cost of Abatement par Unit SOx ($/Ton) 
Low 
High 

..... . ' 

296,000 

4,330 ,000 

30,900,000 

.f 

15 
100 

" 

, 
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13. CONTROL OF EMISSIONS FROM PULP AND PAPER MANUFAOTURING ' 
(SOURCE 13) 

The manufacture of paper and related products can be 

separated lnto two stages, the production of pulp fram wood and 

that o~ paper and other products from pulpe Ordinarlly, the latter 

stage is the source of little air pollution. Therefore, attention 

is devoted here exclusively to the pulping process. 

Wood pulp ls produced elther mechanically or chemically. 

Physical means are »aed to produce pulp by mechanical proceases. 

Groundwood, defibrated, and exploded pulpe are the main types of 

pulp produced in this way. In the chemical processes, wood com­

pounds other than cellulose, such as lignin, are dissolved by 

ch.mical reagents, allowlng the recovery of the cellulose. It 

ie only the chernical processes that give rise to significant 

quantities of emlssions of sulfur oxides. The Most important 

of these processes, in terms of quantity of pulp produced, are 

the sulfate (Kraft) and the sulfite processes. Table 6-62 shows 

the 1970 production of woo~ pulp by type in Canada. Further 

attention will be given here only to the sulfate and sulfite 

processes. 

{a} Sulfate (Kraft) Process 

In the sulfate (Kraft) process, wood chips are cooked 

in a digester in a solution composed of sodium hydroxide (caustic 

soda) and sodium sulfide. This solution ls referred to as 

"whIte liquor." It dissolves the lignin which bonda cellulose 

fibers. Steam is u.ad t6 maintain the te.perature and pressure 

in the digester at the required level during the cooking perio4. 
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TABLE 6-62 

PRODUCTION OF WOOD PULP - CANAPA. 1970 

,,' QUANTITY 
TYPE (TONS) 

Sulfite 2,81S,261 
Sulfate (Kraft) 6,707,091 
Semi-chemical )25,624 
Gt'oundwood 7,649,851 
Exploded or Defibrated 285,855 
Other . 524,1'° 

Total 18,)07,852 

Source, statistics Canada, Pul~ and Paper Mille 1270, 
(Ottawa, Information Canada, August, 1~72), p. 1). 

At the end of ~his period, the mixture ls transferred to a tank 

where the pulp la washed free of the spent (black) liquor. The 

black liquor contains about l5~ solide. The proportion of solids 

ie made to increase qp to 65~ in a multiple-effect evaporator. 

This strong black liquor is then burned in a recovery furnace 

where a molten smelt is produced. This smelt containe chemicals 

which are recovered for reuse. The smelt ia sent from the 

recovery furnace to a tank where it is dissolved in water and 

fixed with slaked lime. This r~generate8 the white liquor, 

which is reused, and leavee a residue, calcium carbonate, whlch 

i8 burned in a lime kiln to produee 11me whieh is also reused. 

Em~88ions of air pollutants occur at all the stage~8 
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tollowsl 
Q 

nigester - R2S, SOx, mercaptan, dimethyl $ulfide, dlmethyl 

disultide. 

ETaporator - Mercaptan, dimethyl sultide, dimethyl disulfide. 

Recovery Furnace - Particulates, SOx,H2S. 

Lime Kiln - H2S, SOx, mercaptan, dimethyl sulfide, dimethyl 

disulfides, partic~lates. 

Eaissions of SOx are small except from the recovery , 
furnace. 1 Emissions trom the latter are considerable but they 

, 

are still a minor part of total emissions. Table 6-6) shows 

typical emissions from the re~~ace ot,a 500 tons/day 

sulfate pulp mille In Canada\ in 1970,~ emissions of sulfur 

oxides from sulfate pulp mills were esti.ated to be 16,000 

tons. 2 

The relative importance of emissions of sulfur oxides 

is sven lower than can be interred by comparisons of weight of 

pollutants released. This ie because sult~ oxides are much , 

less harmful than hydrogen sulfide and the organic sulfur 

compounds. These are quite poisonous as well as extremely 

malodorous, as anybody who ever went near a sulfate pulp mill 

c~ atteste Therefore, it would be unrealistic to postulate 

emission control systems which aimed at controlling SOx amiasions 

selectively. Any SO~ control system would have to r~rm an 

integtkt-part of a control system which would have as its primary 

1 

2 

National Emission. Standards study, p. D2J. 
S.e Table 4-3, Chapter IV. 
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aim the 
~ 

control of the other, more obnoxious, pol1utants. For 

tnis reason, no attempt will he made here to estimate the cost 

of abatement of emiB~ions of SOx from thle Bo~ce. 

TYPICAL EMISSIONS FROM RECOVE~Y FURNACE 
(500 TONS/D~Y PULP MILL) 

POLLUTANT 

Sodium Salts 

Hydrogen Sul!ide 

Mercaptan 

DymethyL Sulfide 

Stllfur Oxides 

Total 

QUANTITY 
(LB./TON OF PU1P) 

150 - 200 
" 

25 - 28 

8 - 40 

3 - 7.5, 

25 - 40 

211 - 315.5 

QUANTITY 
(LB./DAY) 

75,000-- 100,000 

12,5bo - 14,000 

4-,000 - 20,000 

1,500 - ),750 

12,500 - 20,000 

105,500 - 157,750 

Source. 1.S. Shaw, "Pulp Plant Pollution Control," Ch'emical 
EngineerinK Prouess, LXIV (Sep't~mbert 1968:), p. 68 • ... 

"(b -) Sul!i te Process 

In the sulfite process, wood chips ~re cooked in an .. 
acid-base 1iquor in a digester. This dissolves the 1ignin. The 

cooki~g, liquor is a mixture of a bisu1!lte solution and excess 

sul!urous acid. This solution le pro.uced oy reacting.S02 with 

one of tCNr bases (alUlloniUlll, ca"lcium, .agnesium, or sOdium) in 

an absorber. The S02 le produced by'burning el •• enta1 su1!~~ 

• 

/ 

• 

1 
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or pyrites. The cooking liquor ls usua1ly pumped .into a 

digester cold and then la heated with stearn. As the temperature 

risee, lt becomes necessary to vent the dlgester, allowlng gases 
1 

which are rieh ln Bu1fur dioxide to escape. These ean be co1leeted 

in aecumulators and be reused. Becauee the ehemical reactions 

In~olved in the separation of the pulp fibers from the llgnin 

are different from those in the Kraft process, sulfite cooklng 

does not yield,vo1atile yedueed 8ulfur compounds 8uch as methyl 

mercaptan and dimethyl sulflde. 

Upon comp1etion of the cooklng cycle, th, pu1p 18 "blown R 

lnto a dump tank and 18 washed. This operation resu1ts in the 

release of sul fur dioxide and other volatile material. .uch 

of the 8ulfur dioxide, however, can be recovered in an absorption 

tower. The spent liquor, on the other hand, Is sent to m~ltiple­

effect evaporators to strengthen lt and, subsequently, le' burned 

in a recovery furnace in order to recover the S02. 

Though 8ulfur oxides can be recover_d at every stage of 

the pulping proeess, eai8sions do occur st every stage because 

recovery le never, or rarely, com~lete. Table 6-64, shows the 

main stages from whieh emissionB origlnate. 

Given a Canadian production of 2,B15,261 tons of sulfite 

pulp in 1970, total emi8Bions of sulfur oxides from this source 

are eB~mated to be 148,000 tons. Of these, 20,000 tons originated 

fro. the absorption towar, 124,000 tons fro. the b10w pit and dump 

tank. and 4,000 from milcellaneoue sources. l 
~ 

1 The author was unable to obtaln a 1ist of the .111. whieh pro­
duced Bulfit. pulp in Canada in 1970. Table F-B, Appendix Ft 
.hows the ownershlp and location ot the 35 ail11 whloh produ~ed 
some grade or other of sulfite pulp ln 1961. It li a •• umed that 
thère .a. no chance between 1961 and 1970. 
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TA.BLE 6-64 

/ , 
TIPICAL E.ISSlbNS OF SOA l'ROM SULFITE PULi JULIA 

(POUNDS/TQN OF PULP) 

PULPING STAGE RANGE "-.. -AVE RAGE 

Digester Di.charge 20-1S0 8S' 
Ablorption Tower 10-20 15 
Miace llaneous 5 5 

A 

Total \ lOS 

Source. A Nation.ide Inventory of Air Po11utant Eailaion8. 
P·P. 63-66. 

" 

. '. .. 

• 

" 

• 

• • 
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-Techniques and Cost of Abatement 

Absorption Tower (Control Technique At)) 

Most mille have a single absorption tower. Ite e.lssions 

control efficiency ia about 90 percent. 1 The control system 

consists of adding a second tower. Data on the efficiency of 

this system is not available. It 19 assumed, therefore, that 

the second tower has the aame efficiency as the first. That is, 

it will prevent the amission of 90~ of the sulfur oxides which 

escape from the firet tower. If so, the emlssions of SOx from 

the absorption tower complex would be reduced from an average 

of 15 lbs. per ton of pulp to 1.5 lbs. Hence, total reduction 

of emissions of SOx from this source wou1d be 18,000 tons (based 

on the 1970 sulfite pulp production).~ 

The cost of this control system varies wlth the capacity 

of the mille The annualized cost varies from $2,600 for a )00 

tons/day mi Il to $6,500 for a 1,200 tons/day mill. 3 ." 

It ls aeeumed that each of the 35 mille requires a second 

absorption tawer. Since data on mill capacity could not be obtained, 

a range of costa was calculated. The Low coat is the cost of 

installing the tower on the 8s8umption that aIl mille have a 

300 tons/day capacity. The High cost ls the cost of inatalling 

1 

2 

) 

E.q. Kendrick.on et al., Control of Atmol~heric !ai •• ione in 
the Wood PUlpin& Induetr~, (GaIn.ville, P a. 1 EnvIron.ental 
Engineering, March, 1970 , Vol. 2, pp. 5-151. 

That II, 20,000 x .9 • 18,000. 

Kender1ckeon, et Il., Conjrol 'f Atao.pherlc· Bai.aiona"., 
pp. 5-152. 
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the tower on the assumption that all mille have a 1,200 tons/day 

capacity. Table 6-65 suamarizee the cost of installing such a 

system of abatement. 

TABLE 6-65 

COST OF ABATMMENT - (SOURCE 1), TECHNIQUE Al) 

Total Reduction of Emissions (Tons) 
Total Cost of Abatement ($) 

~w 

High 
Cost of Abatement per Unit SOx ($/Ton) 

Low 
High 

Blow Pit and Dump Tank (Technique B1J~ 

, 

18,000 

91,000 
227,000 

• 

5 
1) 

The control system consists of replacing exiating *ultiple 

wooden blow etacks with an SOx recovery system which includesl 

(a) a condenser with cyclone and absorption towers and (b) a 

packed tower. l The efficiency of this system le 95~. Henc., 

based on the 1970 Canadian sulfite pulp prod~tion, the total. 
~ 

reduction of S~ would be 118,000 tons. 
• 

The capital coat of inatalling auch control .yste .. vary 

fro. $48,000 for ~ 200 tone/day ~ill-to $95,000 for an 800 

1 ~., p. , 

! ' 

0 
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l' 

tonS/dayai11. 1 But the và1ue of the S02 reeovered, whieh can 

be reused, more than otfsete the annua1ized cost of thi. invest­

aent. 2 Hence, the coet of control 18 a8sumed here to be zero. 

Table 6-66 summarizes this resu1t. 

1 

2 

r TABLE 6-66 

COST O~, ABATEMENT - (SOURCE 13. TECHNIQUE B1)) 

Total Reduction of Eaissions (Tons) 
• 

Total Cost of Abatement ($) 
Cost of Abat~ment pér Unit SOx ($/Ton) 

.D.14. • p. 5-15-

D..U. 

" 

.. 
... '\" 

118,000 
o 
o 

" 

1 

~I 
" 
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SUMMARY OF EMPIRICAL FINDINGS 

Table 6-67 summarizes the emissions of sulfur oxides in 

Canada from the thirteen sources considered here with no controls. 1 

Table 6-68 summarizes the total and marginal (average) 

costs of abatement of emissions from the thirteen sources by 

various techniques as found in this chapter. Where a single 

technique Is pO$tulated for abating emisslons from a given source, 

the Low and High costa are designated as Lx and Hx respectively, 
~ 

where x indicates- the source of emissions. This 18 done in order 

ta have a code for the construction of Table 6-69. Table 6-69 

shows the range of emissions reductions which would result under 

various tax leveis. Column 1 lists selected tax leveis. Column 

2, labelled "Effective Techniques," shows the tech~ques which 

an emitter has an inducement to use, because the annualized cast 

of doing so i9 equal to or lower than the taxe The maximum and 

mini~um are constructed as follows. When a technique becomes 

eff~ctive it is used to show the maximum reduction of emissions 

which would resuit from using that technique. If at a higher tax 

level a substitute technique becomes effective which results in a 

grpater reduction of emissions (but at a higher cost), the 

difference in the reduction in emission and ln the cost of abate-

ment ls reported. If at the higher tax levei a technique whlch 

Is not a substitute to any other, but which Is "additive," becomes 

effective, the effects of using ,(hiB technique ara, put 'in the 

1 Recall that emisBions from the coabustion of fuels (sources l 
to 4) are baBed on the 1969 consumption of fuel. Industrial 
emissions (sources 5 to IJ) are based on the year 1970. 
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"minimum." ~otes to Table 6-69 shows ln detail how each technique 

le used to determine the range emissions reduction and the cost 

of abatement. 

TABLE 6-67 

ESTIMATED EMISSIONS OF SOx FROM THIRTEEN SOURCES 
WITrl ~O CO~TR01S - CANADA 

EMISSIONS 
SOURCE DESCRIPTIO~ OF SOURCE (TONS) 

. 
1 Residential and Farrn Fuel Consumption 221,258 

2 Commerci al Fuel Consumption (Boilers) 324,560 
) Industrial Fuel Consumption (BolIers) 45),9)0 
4 Fuel Consumption by Power Plants (Utilitiee 773,)61 

5 Primary Alumlnum Smeltlng 58,000 

6 Prlmary Sopper and Nickel Smelting ),00),000 

7 primary Lead Smelting 184,000 

8 primary Zinc Smelting )12,700 

9 Petroleum Refinerles . 320,000 
10 Sulfuric Acid 125,000 
Il Metallurgieal Coke )2,250 
12 Natural Gas processing ()8 Plants) )70,000 . 
1) .sul fi te f'ulp Mills 148,000 

Total 6,326,059 

Notel Notice that total emissions under existing controls, as 
shown in Table 4-1, Chapter IV, exeeed total emlssions 
with no controls as estimated here. Recall, however, 
that the former include emissions from sources excluded 
in the latter. Examples are emissions from transportation 
(175,000 tons), natural gas plants which have no existing 
controis (22),000 tons), and non-ut~lity power plants. 
Moreover, as shown above. lt la quit. probable that 
Table 4-1, Chapter IV. includes excessive estimates of 
emissions from copper and nickel smelting. 
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TABLE 6-68 

TEfH~IQUES AND COSTS OF ABATEMENT - SUMMARY 

• 

SOURCE TECHNIQUE REDUCTION COST OF COST OF ABATEMENT 
OR RA~GE OF ABATEMENT PER UNIT SOx 

EMISSIONS ($ ) ($/TON ) 
(TONS) 

(1 ) (2J ' (3) (4) (5 ) 
1 .A1 )2,602 5,960,695 18) 

\''-) BI 48,90) 10,729,252 219 

Cl 92,314- 31,981,716 )4-6 

Dl 54,337 38,165,920 702 

El 14),600 144,452 ,880 1,006 , 

Fl 54,337 104,014,640 1,914 

G1 14),600 808,241,460 5,628 

2 A2 22,166 524,700 24 

B2 12,971 4,990,476 )85 
\ 

C2 27,965 12,1#0,041 455 

DZ 31.250 5,461,443 164 

E2 19,739 6,854,791 347 

FZ 156, )6-) 28,178,494 180 

G2 234,544 .... 50,721,290 216 

H2 260,605 85,212,615 )27 

) A) 1)4,)0) ,,180,167 24 

B3 80,075 1),935,356 174 

CJ 169,855 65,149,026 384 

D3 201,4..55 70,187,372 )48 

EJ 7,787 2,698.510 )47 

FJ 12,113 5,318,772 4)9 



SOURCE TECHNIQUE 
OR RANGE 

Tl) (2 J 

) G) 
Il 

H) 
~ 

1) 

4 A4 

B4 

C4 

D4 

E4 

F4 

G4 

5 L5 

H5 

6 L6 

H6 

7 L7 

H7 

8 L8 

H8 
9 ~ L9 

H9 

10 LlO. 

HI0 
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TABLE 6-68 
( contlnued) 

REDUCTION COST OF 
OF ABATEMENT 

EMISSIONS ($) 
(TONS) 
( '3 ) (4 ) 

144,217 20,026,7)6 

216,)26 46,848,314 

240,)62 129,091,014 

451,000 10,686,375 

313,094 12,557,251 

676,500 164,064,000 , 
53,068 9,588,291 

79,601 17,258,924 

88,446 36,212,146 

390,122 17,165,368 

58,000 Il,352,000 

58,000 17,886,000 

2,753,751 ° 
2,753,751 41,847,000 

171,120 0 

171,120 ),085,600 

287,500 0 

287,500 8,784,000 

288,000 3,000,000 

288,000 6,000,000 

11),000 1,528,000 

11),000 ),220,000 
\ 

COST OF ABATEMENT 
PER UNIT SOx 

($/TON ) 

l5) 

180 

216 

537 

24 

40 

242 

180 

216 

410 

44 

192 

303 

0 

15 

0 

18 

0 

)0 

11 

22 

13 

27 
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(1) 

Il 

12 

13 

J 

1 
e' 

TECHNIQUE 
OR RANGE 

(2) 

L11 
H11 
L12 
H12 

A13 (Low) 

A13 (High ) 

B1) 

t 
1 

1 
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T4BH 6-8 
(con nued) 

REDUCTION COST OF 
OF ABATEMENT 

EMISSIONS ($) 
(TONS) 

(3 ) (4 ) 

28,325 186,500 

28,325 300,000 

296,000 
.. 

4,330,000 

296,000 30,900,000 

18,000 91,000 

1i,000 227,000 

118,000 0 

• 

.. 

• 

COST OF ABAT~MENT 
PER UNIT SOx 

($/TON ) 

(5 ) 
\. 
7 

Il 

15 

100 

5 

13 

0 

. 
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TABLE 6-69 

LEVELS OP SOx EMISSION REDUCTION ASSOCIATED WITH SELECTED EMISSION TAI LEVELS 

. MIN l M U M 

TAX EFFECTIVE REDUCTION CUMULATIVE CUMULATIVE 
(SITON SOx) TECHNIQUES OF REDUCTION COST OF 

EMISSIONS OF EMI:SSIONS ABATEMENT 
(TONS) (TONS) ($) 

{1 J (2 J " _LU lLJ.) l5) 

0 - 0 0 0 

_i 
10 L6,~·L8tB13 ),330,371 ),))0,371 0 

20 H6,H7,Hll,Â13 (High) 46,325 3,376,696 527,000 

)0 H8·~,HI0 688,500 4,065,196 18,5)1,000 

40 B4 )1),094 4,)78,290 )1,088,251 

50 G4 390,122 4,455,)18 35,696,)68 

100 H12 296,000 4,751,318 66,596,)68 

200 B) 80,075 4,831,393 80,531,724 

)00 ( - - -
400 B2,H5 70,97) 4,902,366 103,408,200 

.. 500 C2 14,992 4,917,358 111,157,765 

------- '--_. ----

e 

NOTES. 

1 

lb) 
1 

A-

B 

1 
1 

1 . 
1 

D 

1 

H • 

l'V 
-...:J 
l'V 
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. 

'l'U E FFE 9'f"IVE 
($/TON sax) TECHNIQUES 

s .. 
~ 

Jl) (7 ) 

a L6,~,L8,B1) 

la L11 , Al 3 ( Low) '-

20 ~,L10,L12 

• 3g Â2,Â)'Â4 , 

40 -
50 -
100 -
200 Al,D2,P2,G3,D4,L5 

38b - H),B1'C4,E4,G2 

400 Cl,E2,H2,D3,EJ 
500 F)'~4 , 

l.r ~ 

'; 

TABLE 6-69 
(continued) 

"" 

Il Â X l JI U Il 

REDUCTION ~UMULATIVE 
OF REDUCTION 

EMISSIONS OF EMISSIONS 
(TONS) (TONS) 

(8) -{ 9) 

) . 
),))0,371 ),3l0,371 

46,325 -),376, 696 

697,000 4,073,696 

607,496 4,681,165 

- -
- -
- -

455,334 5,136,499 

418,624 5,555,12) 

213,053 5,768,176 

1),171 5,781,)47 

.. 

CUMULATIVE 
COST OF 

ABATEMENT 
(~) 

1fOJ 

° 
277,500 

9,135,500 

'2),526,742 

-
-
-

104,069,701 

)19,250,890 

451,284,444 

47),857,928 

e 

NOTES 

(11 ) 

C 

C 

E 

F 

G 

l 

l\) 

--v 
\.0,) 
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Notes 1 

A - Given a low cost of abatement of zero for sources 6,~, 8, 
and 1) (Technique Bl)), any positive tax (eg. $lO/~on SOx) 
should induce sources to effectively control emisslons. 

B - Since techniques H6 and H7 are substitutes for techniques L6 
and L7 r~pectively, only techniques Hll and Al) (High) add 
to the cumulative minimum reduction of emission and cost of 
abatement. 

C - Techniques B4 and G4 are substitutes for technique A4. But 
they result a lower quantity of emissions reduetion than the 
latter. Hence, the maximum abatement is not increased. 

D - Technique G4 is a substitute for 
a greater quantity of emissions. 
quantity of emissions abated and 
reported. 

technique B4' But it reduces 
Only the difference in the 

costs of abatement are 

E - Technique D2 is a substitute for technique A2' ~Therefore, 
only the difference in emissions abated and costs of abatement 
is included in the maximum. 

F - Techniqu~s Bl' G2' H), C4' and i4 are 
Al' F2' G), A4, and D4 respectiveJy. 
ences in quantity of emissions abated 
are included in the maximum. 

substitutes for technique 
Therefore, only dif~er­
and cos~ of abatement 

G - Technique H2 is a substitute lor techniques F2 and G2. 
Technique C) is a substitute for technique A). But technique 
DJ ia a substitute for techniques A) and C1' Only differences 
in emissions reduced and costa of aoatement between techniques 
H2 and G2 and between D) and A) are included in the maximum • 

. 
H - ~echniq~e C2 is a substitute for technique B2' Only differ­

ences in quantities of emissions abated and costs of abate­
ment are included in the mlnimwm. 

l - Techniques ~J and F4 are substitutes for techniques 81 and 
E4 respectively. Only differences in emissions abatea and 
costs of abatement are 1ncluded in the maximum • 

• 
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How could we interpret the results summarized in Table 

6-69. 

To begin with, it la necessary to explain why even with 

a zero tax (that i9, under existing conditions) we could expect 

the abatement of a ~ximum of J,JJO,J7~ tons of SOx per year. 

It must be remembered that sorne of this abatement is, in fact, 
) ~ 

taking plaoe. Recall that emissions estima~d here aEe those 

which would occur~with no contraIs. Sorne industries, however, 
• ... 1 

do recover SOx, ma~nly to transform these gases into valuablè 

byproductf~ such as SUlruri~J~d and elemental sulfur. However, 
, ~ . . ~ . if the estimates of emls~10ns wlth no contrais provided her~ and 

those of emissions with existing contrais shown in Table~-l, 

Chapter IV, are bath approximately accurate, there Is still 
..... 

much scope for abaternent 9~ emissionsat.Ào additional cost ta 

.the polluters. 

Why would sllch pbatement not Dft carried out if it dôea not 

cost anything? The followlng are pos~ible explanations.~ While 

It la true that annualized costs are Zi~O, it Vs not true that 

investm~nt costs are zero. Firms May not want ta spend funds on 
; 

pollution abatement equipment even though they will event~ally 

recover them. Moreover, they will recover their_investMsnt ~ 

only if they sell the byproducts of recovering SOx, uaually 
, 

sulfurlc acid or el.mental sulfure But they,may feel uncertain 

about the demand for these byproducts. Sulfur.~c aeid ia a 

product which cannot be transported eeonomieal~ver long 

distances. and loca~ aartete May be .aturated. The .a~~et for 

8ulfur ha. b •• n volatile in the recent pa8t fI:d there are in4ieations 

.. 
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of a market glut. 1 This combinat!on of circumstances May aake ... 

firms reluctant to undergo the required investment coata. It 

is reaBonable to conclude, however, ~hat this reluctance will 

disappear if they are faced with the alternative of disbursing 

substantial sums in emission taxes. The "minimum" portion of the 
<II 

first row of Table 6-69 shows the abatement that would result, 

based on the assumption that a tax of $lO/ton of SOx would be 

sufficient to provide such an incentive. 

The rest of the table la not difficult to interpret. 

For example, the "maximum" portior of ~he second row shows that 

the imposition of a $lO/ton would render techniques Lll and 

Al) (Low) effective. This wou1d render economical the abatement 

of an additional 46,)25 tons of SOx. The cumulative maxiaum 

increases accordingly. On the other hand, if the true costs 

of reducing SOx from sources 11 and 1) exceed $10, then a tax 

of more than $lO/ton (e.g. $20) would be required to make the , 

appropriate techniques affective. The contribution of these 

techniques to abatement increases the cumulative "minimum" 

(third row) because with a tax of $20;ton ~he techniques !Y!1 

be èffective. The rest of the table i8 constructed in siailar 

manner. The detai1s, whèn not obvious, are apelled out in the 

~ Notes to the table. 

1 S •• , for examp1e, Canadlan .iner,l! Yearbook, pp~ 51)-521. - ' ~--- \ 

; 



,CHArTER VII 

SUMMARY,AND CONCLUSIONS 

This study has attempted to demonstrate a number of 

propositions regarding the econoaics of air pollution control. 

First, it attempted to provide a synthesis and an appraisal of 

the economic nature of air pollution and its control. Second, 

based on that analys1e, it atteapted to evaluate alternative 

control policies. Third, it selected and argued in favour of 

the use of one of these policies, namely, the use of emission 
1 

taxes designed to achieve predetermined standards of air quality. 
t 

This policy was seen to be part1cularly appropriate to control 

emissions of sulfur oxides. The econoaics ot applying that 

policy to the control of this type of pollutant were worked 

out. FinaIly, there was an attempt to estimate, within a range, 

the levei of em1ssion taxes necessary to achieve 81ven reductions 

of emissions of Bulfur oxides in Canada. This ehapter atteapts 

to reiterate the broad outlines of the i8sue8 involved and to 

suggest some areas where the work don. har. neada improTement 

and extensions. 

The problem o~ environmental pollution ean be analyzed ' 

from seTe raI economie pointa of view. Most freq~entiy, .conomi~a 
, 

regard occurrencea of pollution as instances of ex\ernal dia-

economie.. Thia ia e.rt.inl~ the case. In fact, the ao.'t 

important Single developaent arising trom thia recognition ia 

the re.lisation of ho. pervaaive ext.rnaliti~ really are ln the 

8cono.y. Indeed, a8 the model o~ material. balance de.on.trate., 
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externalities are Inherent ln Most economlc actlvlty. 

The externality concept, however, iB a vJry complex one. 

It is also a concept that le~ds itself to a varlet y of lnterpr~-
~ 

tations. As a result, it has heen used in so Many ways that 

ita analytlcal poteney has been somewhat weakened. 

Theré have be\n several attempts in the last deeade or 

so to classify and elarlfy the meaning of externalities. The 

materials ~lance model, for example,by emphasi~ing their 

pervasiveness, suggests that they should he viewad in a general 

eq~ilibriurn framework rath&r than ln a partial equllibrium one 

as they hav~ been treated traditionally. Unfortunately, the 

Implementation of polieles aqggested by the analysis of 

externalitiea in a general' equiIlbrlum setting ia much more 

difficult because it requires much more information (data) 

than Is and ia likely to be available in the near future. The 

- , most promising development in this area is the 'use of input-output 

techniques. Even in ~e partial equilibrium setting, however, 

the attempt to elasslfy externalities has shown the variety 

and the eomplexity of the ways in which they occur. Externalities 

can be Pareto-relevant or Pareto-irrelevant. unidireetlonal or 

reciprocal, separable or non-separable, or combinations of these. 

Depending on whether they are of one type or another, they May 

or may not have alloeative signifieanee. or they May call for 

dlfferent corrective policies. 

One consequence of thi! stat. of affairs ia to cast 

doubt on the appropriateness of the solution to the problem whieh, 

since Pigou, has us~ally been advocated by economieta. This 18 

1 
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the use of corrective taxes (or, in the case of external 

economies, sUbsidies). Sorne authors have shown that the taxation 

solution leads to an improvement in welfare only if externalities 

are of a certain type and not of others. If externalitles are 

reciprocal and/or non-separable, for example, the tax (subsidy) • 

solution may be either Impractical or inappropriate. The suit­

ability of the alternative solutions suggested will be discussed 

in a different context below. 

Aside from the appropriateness of the use of corrective . -' \ 

taxes as such, however, there is another important issue con-

nected with their use. This concerns the relative efficiency 
\ 

of different types of taxes. Traditionally, by corrective taxes, 

economists have meant output (or consumption) taxes. But the 

nature of pollution control Is such that these may be, from the 

efficiency point of ·vlew, the least desirable type of taxes 

among the possible alternatives. The reason Is that these taxes 

provide an incentlve ta reduce the external diseconomy in only 

o~e wayl by reducing output (or consumption). In the case where 

t~e externality is due ta the use of a specifie input, however, 

i t may be preferable to -.x the input rather than the..!, output, 
\. 

since the input tax will lead ~o the elirnination of the 

externality (by uSing less of'the polluting input) with a smaller 

decrease in output. Moreover, in some cases, it rnay be prefer-, 

able, becaus8 it i8 cheapar, to reduce output aven less or not 
. 

at all, and reduce polluti~n through,tha installation of 

devices'whiœh capture pollutants or through modifications of 

the production procesa. Neither output (or eonsumption) nor 
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input taxes .ould provlde an incentive to polluters to use auch 

abatement techniques. Taxes that would provide such an 

incentlve are emissions (aIso called effluent charges) and 
~ damage taxes. The former would be a function of the quantity of 

emissions and the latter of the damage such emissions would cause. 

As discussed in thia study, the only type of tax which 

la fully adequate, from the efficiency point of view, is a tax 

equal to the marginal damage of pollution. Such a tax would pro­

vide an incentive to reduce the external diseconomy by precisely 

the optimal amount (i.e., up to the point where the marginal 

damage would equal the amount of the tax) and to reduce that 
• 

diseconomy by uaing the Most efficient (i.e., cheapest) technique. 

Therefore, the optimal reduction in the diseconomy would be 

accompanied by the minimum possible reductlon in output (or 

consumption). But the attempt to levy such a tax implies the 

caleulation of the damage function of pollution. Now, no auch 

damage function ha~been estimated yet. Nor ls it likely to 

be estimated in the near future, eapecially on a pollutant-by-C 

pollutant basis. It is difflcult enough to obtain reliable 

estimatea (in Money terms) of damages to such "objectiTe" entl~ieB 

as materials, structure a, crops, animals, and human health 
~ 

(measured by the costs of medical carel at the levela of pol-

lution .e do experience. It is much more difficult ta estimete 

what thia damage would be at dlfferent hypothetical levels of 

pollution. Yet, data in thi. for. are nece8 •• ry if .arginal 

damage ia to be estiaated~ idd to thil the even gre.ter 

difficulty of •••• 18ing the "BubjectiTe" dam.ge of pollution, 
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8uch aB the discomfort and pain experlenced from pOllution-

caused diaeases and early death, and the offense to aeethetic 

sense. These damages would be difficult to estlmate even by 

individuals who were willing to try anœ were willing to reveal 

their true extent. If one considers, in addition, that 

individuals may have an inoentive 'ta overstate or u~derstate, 

depending on /# circumstances, this type of damage, the task 

beco~es a_~IY impossible one. ~ 
Because of the difficulty, perhaps the impossibility, 

of assessing a truly optimal tax, this study has argued in 

favour of th. use of emission taxes. It Is possible to levy 
~ ,J 

a tax suc~/that the total level of emisaions of given pollutants 

~s reduo&d to such an exteQt that a generally acceptable standard 
'\ 

o\~ air quaI! ty, in terme Qf concentrations of poilutants, la 

achl'éved. The ,orde, of magni tude of such a tax can be deter­

mined. Presumably,' consensus 'as to what the standard should 

be would be achieved through public ,debate, irlVolving, amQng 

others, the acientific community, and through the politlcal , . 
process. To the economist, thia solution, though definltely 

second 'best, ia acceptable because i t permi ts the achievement . ' 

of the given standard ln the Dlost effici~nt manne~. At the 
. 

momént, with the avallable information, this ia the Most that 

can be achi eved,' 
~ 

The use of taxation a8 a control pOlicy has not been 

unanimous Ulong economiats. ÂB discusa.d in ~ atudy, 1 t 1. 

possible to view environmental pollution as ~ instanc. of 
'" 

market tailure. The concept ot market tallure èneompa •••• that 

• • 
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of externalities but ia more comprehensive and general • .. 
Environmental pollution and its control. for example. shara ln 

the nature not only of .x~rnaliti.8 but also of public g~~ 
(and 'bads') and of jolryt supply. These are also causes ~ 

market fallure. From the use of this more comprehensive con-
1 

cept, it is possible to probe deepar into the causes of environ-

mental pollutIon and, from an examinatlon of these causes, infer 

possible alternative control or corrective pollcies. 

The single.most important suggestion that can be derived 

from the use of the concept ls that a situation of market 

fallure of the type 'involved in environmental pollution will 

lead to a more expliclt delineation of property rlghtsl in turn, 

the assignment of property rights will induce polluters and 

pollutees to bargain in such a way as to reduce pollution by an 

optimum amountl in the process, both groups gain. The superi-

ority of this approach is ~ostulated on grounds that it aay 
not always be optimal from the point of Tiew of society as a 

whole to haTe ~e polluters reduce the external diaeconomies 
J 

they are imposing on others, since that reduction rnay decr.ase 

the welfare of the pollutera by a greater amount than it will 

lncrease that of the poIlu tees. Th. suceesa of bargaining can 

be se en as a test that the reduction ia warranted. 

A~ far as it goes, the logic of this argument i. 

iapeccable. It :t'ai'la to be convincing,' however, becaus. it 

doe. not reflect accurately the r.al circum.tance. pertaining 

to .ost·8ituat~ona·involTing enT,ironaental pollution, e.pecially 

air pollution. It wa. argued in thi. atudy that the arguaent 
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Is valld in situations involving a small number of parties, 

aach of whom has equal, or approximately equal, bargaining 

strength. In Most occurrences of air pollution, however, the 

number of individuala affected ia large and there ls a disparity 

in bargaining power, usually favouring polluters. The number 

of po~luters usually ls smaller th an the number o~ pollutees. 

Therefore, the former will find it less difficult to organlze 

into a bargaining group, or aven a lObbying group to articulata 

their case, than the latter. Also, the costa of bargainlng 

will be lower for the sma11er group. On the other hand, the 

fact that the number of pollutees ia large and that exclusion 

from the benefits of pollution control ls not possible will 

encourage individuala to be free ridera. Moreover, it could he 

argued that human beings have an Inherent right to reasonably 

clean air and that the polluters just do not have the right to 

maintain thelr own welfare at the expenae of that right. 

In short, private bargaining, facilltated by a clearer 

delineatlon of property rights, cannot be relied upon to provide 

satisfactory solutions. The basic reason la that the 

theoretical ~oundation. upon whieh this rallance la based do 

not refleet the realitles of moat situations involving air 

pollution. From the praetical point of view, government inter-

vention through taxation la, g.nerally spaaking, a more effective 

poliey. 

This atudy touched on the.'use ot ben.fit-eost analysie 

in pollution control. This type of analysia i. ooncerned 

priaarily with the a ••••••• nt of the "worthin ••• " and other 
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economlc aspects of government-financed projects. Therefor., 

lt can ba very useful in the evaluation of government-initiated 

pollution control projects such as water purification plants, 

garbage recycling plants, and so on. But there Is not much 

scope for government-financed air pollution control projects, 

except ln government-operated enterprises, 8uch as municipal 

ineinerators and utllities. And, even these can he considered 

wlthln the framework of the general analysis. A more promising , 

variation of benefit-cost analysls Is cost-effectiveness analysis. 

This technique can he used to evaluate the relative cost of 

achieving.a given objective by alternative methods. However, 

because Its use in air pollution control requires a large amount 

of data, its use has been fairly limited. 

An alternative method of analyzing air pollution was 

suggested in this study. This method adapted the simple concepts 

of demand and supply to simulate a market for the use of alr. 

This entailed an examination of the economic roles of the good 

or resouree air. It was shown that one of the two eategories 

of uses of air, the waste-disposal one, is eompetitive with the 

other one, the sustenanee one - but not vice versa. Therefore, 

an inerease in the uae of air for waste-disposal purpos •• aboye 

eo •• eritieal rat. will di.inish ai~ quality. This establishe. 

the scarcity ot air in an econo_io .ense. Hence, the use of 
• 

air, eontrary to traditional praetice, ahou~d co .. andoa po.~tive 
~ 

priee. Yet, the impo88ibility of parcelling and appropriating 
/ 

air prevents the market from charging such a ~ric.. Neverthe18Ss, 
\ 

th. theoretically optimal prioe of air use wa • •• tabliahed. À 
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• case was ~ade for èharging sueh a priee only to users of' air for 

waste-disposal purposes. This was viewed as evidence that th~ 

right to the resource, air, should be assigned to potential 

pollutees rather than to polluters. 

Since a true market for air cannot be implemented, it 

was recognized that, in practiee, the priee would have to be 

" impoaed in the form of a tax. The analysis, therefore, lB only 

an alternative route for arriving at the same conclusions 

derived from the more traditional theory. It would be equally 

'--

difficult, for example, to establish in practice what the optimum 

priee should be as to establiBh what the optimum tax should be. 

Therefore, the (second) bast attainable alternative would be to 

set priees of air use that would lead to the attainment of some 

given standard. ~ Most of the study, therefore, was developed 

using the traditional frameworR and ~rminology. 

Environmental pollution'and its control obviously have 

distributive impliaàtions, as weIl as allocative ones. Yet, 

only a "rudimentary analysis of these distributive aspects exi~ts. 

The discusf\on in this study was\limited to an exposition of 'the , 
fe. ideas contained therein. 

The argument for giving weight to distributive consider­

ations in the implementation of pollution control polieies Is 

part and parcel of the general argument for ~ncom. redistribution.­

But thera ia the additional fact that it la quite l.gitimate for 
. 

80ciety to use pollut!on control as an instrument of redistribution 

tO" the exclusion of more traditional ones, such as the redistri-

bution of .onay inco_e. That ia, society may &gr •• to redistribute 
1 
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income only if income is redistributed in the form of benefits 

from pOllution control or of an allevlation of the burden of 

control costa. This could be done, for example, by ael~ting 

pollution control measures which favour low income groups to a 
1 

greater extent than they do high income ones. Or, as1de from 
--

the repartition of the banefits, it could be done by controlling 

pOllution through pollcles whlch let the higher income groups 

shoulder a larger part of the costs of control. 31nc8 low income 

groups generally live in urban cores which are more severely 

polluted, any oTerall reduction in pollution, such that some 

unLform standard of air quality is satisfled, would probably 

redistribute welfare in favour of these groups. If emiasion 

taxes are used to control air pollution, however, the shouldering 

of the coste will depend on the pattern of coneumption of different 

income groups. It can he expected that emission taxes will 

increase the pr\ces of goods in proportion to the potential 

emissione which accompany thelr production. Therefore, the income 

" groups whieh will sho~lder more of the costa of pollution con­

~e those that ~onsume more of those goods. In other words, 

emission taxes will be shifted on the consumera of the products. 

A fruitful area of researeh, which could not be carried out 

here, is the assesa.ent of the incidence of suoh potential taxes. 

An attempt was made to eatimate the order of aagnitude 

of an emission tax which woald lead to the reduetion of 8missions 

of one important type of poIlu tant, sulfur oxides. It was shown 

that aulfur oxidea ooour in Canadian urban ar.as in concentrations 

which 8xc88d the standards whieh haTe been e.tablished ln many 
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localiti.s. AIso, based on a selection of the rather 

impressioniatic data available, tt was inferred that these 

concentrations a~e responsibla for considerable damage to 

materials, human health, and so on. Again, it must be raiterated 

that, for reasons explained earlier, no truly satisfactory 

estimate of the p6tential benefits, or damage avoided, deriving 

from givan reduction. of emisaions la possible or was attempted. 
1 

\ The calculation of a tax on the emissions of sulfur 

oxides necessary to aohieve given reductions of emissions ia 

comparatively easy because most emissions of sulfur oxides 

originate from stationary sources. Emissions from mobile sources, 

such as motor vehicles, are more difficult to deal with because 

the range of methods by which they can be reduced encompasses 

alternatives which imply radical changes in the economic life­

style of present-day society. Reduction of pollution, in fact, 

mây be only one of several factors which may calI for those 

changes. 

Emissions of suLfur oxides originata from two types of 

sources. The first, oharacterized by a large number of small 

and a few large individual sources,rconsists of emissions trom 

the oombustion of fossi1 fuels. 1 The methods by which th.se 

emis8ions cou Id be reduced are fuel substitution (either of 

natura1ly-occurring lower-aulfur fuel or of de.ulfurized fuel), 

fUII-aw1tch1ng, or the capture of pollutants after co.buation. 

1 Emia.ion. fro. this source aooount for abOut 22~ of a11 
•• i •• 10n. ot .ultur ox1dl. in Canada. 

1 

\ 
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An emtssion tax would provide incentive to use any (pr~sumably 

the cheapest, when possible) of the~ methods whenever the cost 

of doing so would be lower than the taxe The other type of source 

is a few eaaily identifiable industries. It was shawn that only 

nine industries account for about 75~ of all emission, of sulfur 

oxides in Canada. It ia a relatively easy matter ta examine the 

techniques which can be used in these industries to reduce 

emissions. Again, an émission tax would \nduce emltters to 

implement these techniques when doing so is cheaper th an pay~ng 

the taxe 
. 

• One complication did arise. There la no guarantee tha t 

any specifie technique, even if it la, generally speaking, the 

cheapest, can be always put into effect to reduce emissions from 

any indiTidual source. For example, swltchlng from the use of 

coal ta that of natural gas May be the cheapest and mos~ convenient 

abatement technique for a large ~wer plant, but natural gas ~y 

not be available in the particula area where the plant'ls 

situated. Tt was not possible, as a result, ta calculate specifie 

taxes which would lead to given reductions in the overall amount 

of sulfur o~ides emissions. Rather, a range of taxes nec&8sary 

to aehieTe these reductions was astimated. Alternatively, the 

figures eould be read as the range of reduetion or emissions 

taat could result from the imposition'of a given taxe 
o Sinee the reBults are based on Imperfeet information, 

they should be takan as being indipa'tiva r,ther than definitiTe • 
. 

An atte.pt by polieymakers to i.plement luch a s~heae 

o should involTe at least the following iaprove.ents upon the 

.. 
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1 
work done here • 

• 
1. An effort be made to improve the quality of the 

data. To begin with, much ot the data used here had to be 

transpoaed from American data without assurance that the trans­

position is ~lways valid. Use of actual Canadian data would be 
; 

preterable. People who would carry out research on behalf of 

the policymakers could be empowered with the means to obtain 

(from emitters, firms which sell pollution control equipment, 

etc.) informat~on which was not available to the author. 

In addition, of course, more up-to-date information 

regarding such things as fuel priees, byproduct priees, and costa 

of control would he required. These are aIl areas where changes 

are taking place at a fast {ace. 
'~, 

2. In the atudy, it has been assumad that the same emission 
III 

standards should apply to the whole of the country. Hence, the 

same emisaion tax would apply everywhere. This May not be 

desirable from the economic point of view, not t~ mention the 

const! tutional ditficul tiea which could arise' in a federal 

country auch as Canada. Society.-y not care very much about 

emissions which take place in sparsely populated areas and May 
1 

be concerned to a larger extent about emissions in urban areas, 

where the potential damage ot given p~lutant concentrations is 

greater. Then, taxes should be higher in are •• where a higher ~ ......., 
standard Is deslre4. Of course, to tlnd out the magnitude ot 

th •• e taxe., a detailed iny.ntory of eal.sions in luah are.a 1. 

requlred • 
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J- Efforts should be made to estimate the margl~al damage 

function of emisslons. This would enable policymakers to impose 
J 

a Bet of taxes Bueh that the reduetlon of emissions would 

approximate the optimal one. Unfortunately, little work has 

been done to estimate the marginal damage function, especially 

on a pollutant-by-pollutant basls. The little wotk that has 

been done has been limited to estimates of the total costs of 

air pollution. n 
(, 

4. I~ it can be shown that emlssion taxes are appropria~ 

and effective means of reducing emis.ions of other pollutants, 

and that the order of magnitude of ~uch taxes ean be determined, 

then a tax on the emieeions of sulfur oxides will have to be 

part of a package. Thar. will be trade-offs between reducing 

more of one pollutant and less of another (and the corresponding 

damage) or Tice versa. TheBe trade-offs will have to be deter­

mined and an appropriate paekage of tax •• will have to be set. 
< 

In the Interim, however, taxation or individual pollutants,Buch 

as sulfur oxides, cotrld be used. 



- 291 -

§IBLtogRAfHY 

l, BOOKS 

Baumol, W.J. Welfare Economies and the Th.ir~ of the State. 
2nd edition. London. Bell and Sons, 9 9. 

Buchanan, J.M. Fiacal Theory and Political Economi' Chapel 
Hill. UniversIty of North Caro1lna Press, 19 o. 

Dales, J.H. Pollution. pro~erty. and Prices. Toronto. 
University of Toronto ress, 1968. 

Jarrett, H., ad. 
Baltimore. 

Kneese, A. V., Ayres, R. V., and D' Arge, R. C. Economics and '~the 
Environment. Washington, Resources for the Fûture, 1970. 

, and Bower, B.T. Managin, •• ter Quality, Econoaics, 
-----=T-e-ch~n-o~logy, and Institutions. Baltimore. Th, J@iÊHopkIns, 

1968. -

____ -=~~~, eds. Environmental Quality Analysis. Baltiaorea 
The JOME Hopkins Press, !9?~. 

McKean, R.N. Public Spending. N~w York, MeGraw-Hill, 1968. 

ntroductor s. 
House, 

____ ~--~ __ • Benefit and Cost Analys!s. London. Allen and 
Unwln, 1971. 

Olson, M. The Lo«ic of Collective Action. Cambridge, Massl 
Harvard UnIversIty Press, 1963. 

Pigou, A.C. The Iconollics of Weltare. 4th ed., London. 
Macmillan ana Co., 1950. 

stern, A.C., ed. Air Pollution. 2nd ed. Ne. York. Acad •• te 
Press, 1968. J Vols. 

Taylor, G.~. ~"eritl t6d 'Aline.rinl Icono!y. 
D. Van Nottrana. 19 • 

Ne. York. 

Victor, P. Pollution 1 IconoaJ t;d Inviron.ent. 
George Allen and un_ln, 1 1 . 

London. 

• 



- 292 -

II. PERIODICAL ARTICLES 

Aalund, L. "Hydrodesulfurizatlon Technology Takes On The 
Sul~ur Challenge," Oil and Gas Journal, LXX (S.pteaber 11, 
1972), 79. 

Alheritiere, D. "Les Problemes Constitutionels de la Lutte 
Contre la Pollution de l'lepace Atmospherique .u Canada," 
The Canadian Bar R.view, L (n.cember, 1972), 561-579. 

Audibert, F., and Havergne, J.C. "Upgrading Resldues by the 
IFP Process," Che.ical Engineering Progress, LXVII (August, 
1971), 71-?~. 

Ayres, R.V., and Kneese, A.V. "Production, Consumption, and 
~ Externalltles," Amerioan Eoonomic Review, LIX (June, 1969), 

282-297. 

Barry, C.B. "Reduce Claus Sul!ur Em1ssions," ijydrocarbon 
ProcesBing, LI (April, 1972), 102-106. 

Bassett, L.R., ~d BorcW8rding, T.E. "Externalities and Output 
Taxes," Southern Economic Journal, XXXVI (April, 1970), 
462-464. 

Bates, D.V., et al. "Air Pollution and Chronic Bronchitis," 
Archives of !nvironmental Health, XIV (June, 1967), 220-224. 

Bator, F.M. "The Simple Analytics of Welfare Maxiaisation," 
Aaeriean Economie Review, XLVII(March, 1957), 22-59. 

____ ~~~. "The Anatoay of Mark.t Failure," Quarterl! Journal 
ot Economics, LXXII (August, 1958), 351-379. 

Baumol, W.J. "Taxation and the Contro~ot Ext.rnalities," 
Aaerioan Bcono.ie R.vi.w, LXII (June, 1972), )07-)22. 

____ ~--~._, and Oates, W.B. "The Use 01 Standards and Prices 
for the Prot.ction of the Environaent," S •• dl.h Journal ot 
Bcono.icl, LXXIII (March, 1971), 42-54. 

B.njamin, M •• t al. "A. General ne.cription of COBaereial Wood 
Pulping and Bleachine Proces.e.," JOurnal or the AlE 
Pollution Control A •• oc~atlon, XII (Marëh, 1969), 155-161. 

Breeler, S.A., and Ire land , J.D. "Substitut. Natura1 Gae. 
Proc •••••• Equip •• nt. and Cost.," Ch •• ieal Inlineerinl, 
LXXIX (D.c •• b.r 16, 1972), 94-108. 

Brown, r.H.S. "The Prospect. for AltematiT. 
tion of Eleetrie Power. A Co.pr.benei •• 
XXXVIII (May, 1961), 2)-28. 

( 
..thods ot Gen.ra­
ReTi •• ," Co.buetion, 



, 

- 293 -

, 
'l 

Buchanan, J.M. "Joint Supply, Externality, and Optlaality," 
Economic!, XXXIII (NoT •• ber, 1966), 404-415. . 

, 
______ ~_. ·Cooperation and Confliet in Publie Goods Inter-

actIon,· Western Economie Journa,l, V (March, 1967), lO~-121. 

____ ~ ___ • "A Behavioral Theory o~ Pollution," Western Economie 
Journal, VI (Dece.ber, 1968), )47-358. 

____ ~~_. "External Disecono.ies, Corrective Taxes, and 
Market Structure," Aaeriean Economie Review, LIX (Mareh, 
1969), 174-177. 

____ ~~~. and Stubblebine, W.C. "Externality,· Eeonomiea, 
XXIX (November, 1962), 371-384. 

Calabrasi, G. "Transaction Costs, Resource Allocation and 
Liability Rule. - A Coament,· Journal of 1Iw and Economies, 
XI (April, 1968), 67-73. 

Coase, R.H. "The Problem of Social Cost,· Journal of Law and 
Economics, III (Oetober, 1960), 1-44. 

"Coping with Pollution i8 Tough for CPI,· Canadian Chemical 
Procesaing, LVII (March, 1973), 27-30. 

Cortelyou, C.G. ·Commereial Processes for 502 Removal," 
Chemieal Engineering Procress, LXV (Septeaber, 1969), 
69-?? • 

Caver, A.E. et al. "Kellog's Coal Gasifieation Proeess," 
Chemical Engineering Progress, LIX (March, 1973), )1-36. 

Davis, J.C. "502 Removal Still Prototype,· Chemieal Encine.ring, 
LXXIX (June 12, 1972), 53-56. 

Davis, O.A., and Whinaton, ,. "Externalities, Welfare, and 
the Theory of Games," Journal of Po1itical Beono.y, LXX 
(June, 1962), 241-262 • 

• 
De Alessi, L. "Iaplieatio~ of Property Rights of Govemment 

Invest.ent Choicea,· ~erioan Reona.ie Review, LIX ("rch, 
1969), 13-24. 

De.metz, H. ·SO •• Aspecta of Prop.rt~ Right.,· Journ.l of Law 
and leono.le5, II (OOtober, 1966), 61-70. . 

• "Tow.rd a Theory of Property Rilhta," Aaerlean 
------~lre-o-n-Q.iC R.yi •• , LVII (I&y, 1967), 341-373. 

____ ~--_. "Inforaation and Effieienoya Another Viewpaint,· 
Journal of Law and Baono.ie., XII (April, 196,), 1-22. 



~- - --~------------~-------------------------

- 294 -

Fraser, R.D. "Externalities and Corrective Taxes. A Coament," 
Canadian Journal of Eoonomie., 1 (May, 1968), 473-475. 

Freeman, Myriek A. III, and Haveman, R.H. "Residual Charge. 
for Pollution Control. A Pollcy Evaluation,· Science, 
CLXXVII (July 28, 1972), 322-)29. 

Gordon, Scott H. "The Economie Theory of Common Property 
Resource. The Fi_hery," Journal of Politlcal Eeonomy, 
LXII (April, 1954), 124-142. 

Hazelb~n, J.P., and Tennyson, R.N. ·SNG Refinery configuratibns," 
Chemical Engineering PrOgreS8, LXlX {July, 1973), 97-101. 

Head, J.G. "Public Goods and Public POliey," Public Finance, 
XVII, No. ) (1962), 191-220. 

Hegarty, W.P., and Moody, B.E. "Evaluating the Bi-Gas SNG 
Process," Che.ieal Engin,ering Progre •• , LXIX, (March, 1913), 
37-42. 

Heubler, J. et al. "Pipeline Gas trom Crude Oil," Cheaical 
EngineerIng Progres8, LXIX (May, 1913), .91-93. 

H.M.M. "S02 Re.oval Technology Entera Growth Phase," Environ­
mental Science and Technology, VI (August, 1972),~~. 

Hunter, W.D., and Wright, J.P. "S02 Converted to Sulfur in 1 
Stackgaa Cleanup Route,· Chemical Engineering, LXXIX 
(Oetober 2, 1972), 50-51. 

J.P.H. "SNG. The Process Options,· Chamical Engine.ring, 
LXXIX (April 17, 1972), 64-66. 

Kneesa, A. V'. "Environllental Pollution 1 EconomicB and Policy," 
Aaerican Economie Revi.w, Papers and Proge.dings, XLI 
(May, 1§?1), 15J-166. 

Knight, F.H. "Some Pallaeles in the Interpretation ot Social 
Cost," ~uarterlY Journal of Econo.lcs, XXXV~I (August, 
1924), 82-606. 

Kohn, R.E. "Linear Programmin& Model for Air Pollution Control. 
A Pilot Study of the st. Louis Air.had," Journal o~ the Air 
Pollution Control A •• oci,tion, XX (Pebruary, 1§1o), 7B-82. 

Lave, L.B., and Se.kin,'E.P. "Air Pollution and HUilan He.lth," 
Science, CLXIX (August 21, 1910), 723-733. 

Leontief, W. "Environ.ental Repercu8aionl and the Beono.ie 
Structure. An Input-Output Appro.ch,~ Revie. ot Bcono.ie. 
and Stati.tics, LII (Augu.t, 1970), 262-~11. 



• 
Maas, A. "Benefit-Coat Analysie. Ite Relevance to Public 

Invest.ent Decisions," ~uarterlZ Journal of Rcono.ics, 
LXXX' (May, 1966), 208-2 6. 

Maunee, W., and RUbin, R.S. "The H-Oil Route for Hydro­
procesaing," Che.leal !nglneerlng Progress, LXVII (August, 
1971), 81-85. 

McKéan, R.N., and Minasian, J.R. "On Aehieving Pareto 
Opti.ality Regardless of Cost," Western Economie Journal, 
VII (December, 1969), 14-2). 

Meredith, H.H. "Desulfurization of Caribbean Fuel," Journal 
of the Air Po~lution Control Association, XVII (Nove.ber, 
1967), 719-723. 

Mishan, E.J. "Reflections on Recent Developaents in the Concept 
of External Effeete," The Canadian Journal ot Economies and 
Politieal Science, xxxi (February, 1965), 1-J~. , 

____ -: ____ .. "Pareto Optimallty an~ the Law," Oxford Economie 
Papers, X IX (November, 1967), 247 -280. 

• "The Relationship Between Joint Products, Collective 
----~Go--o~d-s, and External Effeets," Journal of Politioal Èeonomy, 

LXXVII (May/June, 1969), )29-)48. 

• "The Postwar Literature on Externalitlel. An ----.,..-Interpretative Essay," Journal of Eeono.ic Literature. 
IX (March, 1971), 1-28. .. 

Moore, J.A., and FerguBon, H. "Squeezing More Megawatts From 
Fewer BTUa," Power, exIl (February, 1968), 76-98. 

Moritz, K.H. et al. "The GO-firing and RESID-flring Proce.see," 
Chemical EngIneering Progress, LXVII (August, 1971), 6)-70. 

Morrow, N.L., and Brief, R.S. "Air S •• pling and Analysi8," 
Chemieal Engineering. Deekbook Issue, LXXIX (May 8, 1972), 
125-132. 

"New Process Out for S02 Removal," Oil and Gas Journal, LXXI 
(June 15, 1973), 59. 

Niekanan, W. "Non-market Declsion Making, Th. peeuliar 
Economies ot Bureaueraey," Amerlcan Economie Re.ie., LVIII 
(May, 1968), 29.3-)0.5. 

Oakland, W.H. "Joint Goods," Economiea, XXXVI (August, 1969), 
25.3-268. 

Paradie, S.G. et al. "Ieomax Proc ••• for Re.iduum and Whol. 
Crude," Chemlea1 !ngin •• ring Progre •• , LXVII (August, 1971), 
57-62. .. 

, 



- 296 -

Plott, C.R. "Externalities and Correetive Taxes,· Economica, 
XXXIII (February, 1966), 84-87. 

Prest, A. R., and Turvey, R. "Cost-Benet'i t Analysi.. A Survey," 
Economie Journal, LXXV (Dece.ber, 1965), 68)-735. 

Putman, B., and Manderson, M. "Iron Pyrites trom High Sulfur 
Coal," Che.ical §ngineering Progrese, LXIV (Sept"ber, 1968), 
60-65. 

Rldker, R.G., and Henning, J.A. "The Oeterainant. ot' Residential 
Property Values," Review of Economies and Statiatic., XLIX 
(May, 1967), 246-257. 

ROBS, S.S., and White, L.S. "International Pollution Control t " 
Chemical Engineering, De.kbook Issue, LXXIX (May 8, 1972), 
137-141. 

Rothenberg, J. "The EeonomieB of Congestion and Pollution. An 
Integrated View," Aaeriean Eeono.ie Revie., Papers and 
Proceedings, LXI (May, 1970), 114-121. 

Samuelson, P.A. "The Pure Theory of Public Expenditure," 
Review 9f Economies and Statisticl, XXXVI (November, 1954), 
387-389. 

• "Diagrammatic Exposition of' a Theory of Public 
----~!rx-p-e-nditure," Reviewof' EconomioB and Statisties, XXXVII 

(November, 1955J, 347-336. 

Scitovsky, T. -Two Concepts of External Economies," Journal 
of Political Economy, LXII (April, 1954), 14)-151. 

Shaw, I.S. "Pulp Plant Pollution Control," Chemical Engineering 
Progress, LXIV (S.pt'.ber, 1968), 66-77. 

Shearer., H. A. "The COED Proeess plus Char Gasif"ication," 
Che.ical Engineering Procress. LXIX CMarch, 1973), 4)-49. 

Squires, A.M. "Air Pollution. The Control of S02 f'rom Power 
Stacke, Part l - The Re.oval of Sultur from Fuels," 
Che.ioal Engineering, LXXIV (Nove.ber, 1967), 260-268. 

Turvey, R. "On Div.rgenoie. betw •• n Sooial Coat and Privat. 
f7 Cost," Iconollica, XXX (August, 1963), )09-312. 

Viner, J. "Cost Curve. and Supply Curv.s," Zeitschritt fur 
National Qkonoaie, III (Septeaber, 1931), 23-46. 

Watkine, C.H. "Oesulfurise Kuwait Reduced Crude," Hldrocarbon 
Proee.eing, LII (May, 197)), 89-92. 



1 

- 297 -
/ 

( 
1 

Watkine, C.H., and Czajkow.ki, C.J. "HYdro-desulfurization of 
Ga. Oil.,· Ch •• ical Engineerine Pr0lre •• , LXVII (AUgU8t, 
1971), 75-80. 

Wendere, J.T. "Profit Maxl.izat1on, Pollution Abatement, and 
Corrective Taxes," Journal of Economic Issues, VI (Septe.ber, 
1972), 137-140. 

Zerbe, R.O. "Theor.tlcal Efficiency in Pollution Control," 
Western Economie Journal, VIII (December, 1970), 364-376. 

III. GOVERNMENT PUBLICATIONS 

, 
A. Canada 

• 
CIty of Montreal, Depart.ent ot Hea1 th, la Pollution de L' Air 

r1~. Sulfureux et leB PartIcules Aero ôrte ••• 

Cote, P. R. Canadian Elemental Sulfur troll Sour Natural GaB. 
Mineral Bulletin Mft 121. Ottawa 1 MIneral Resources 
Branch, Depart.ent of Energy, Minee, and Resources, 1972. 

Davie, J. Canada'e Ener~ ProlDecte. Royal Comai.eion on 
Canada 's EconomIe Prospects. Ottawa 1 Queen 'a Printer, \ 
1957. 

Department of Energy, Mines, and Resources, Mineral Re80ur~s 
Braneh, Canadian Mineral Yearbook, 1970. Ottawa, 1972. j 

!2Z1. 

nd l , 
~~~--~~----~~~~-r __ ~~~-YT-~~~~ 

1. 

Departaent of Industry, Trad_, and Coam.ree. canadian 
Che.ical Reeteter, 1911. ottawa 1 InformatIon êanada, 1971. 

Dibbs, H. P. Methode for the Re.oval of Su1fuT Dioxide fro. 
Waste Ga.ea. ~epart.ent of EnerlY, .rnes, and fie.ouree., 
MInee '!ranch. InfoI'llation Circular 1C272. ottawa 1 

Information Canada, NOT •• ber, 1971. 
, , 



J 

---~--' Catalogue 

----",,--. SUllJIlar 

- 29R -

Bills for Domestic 
~---r~~~o. Catalogue 

ruary, 1971. 

1nven-
Ilent. 

March, 1971. 

36-204. 

ot Air Pollutant Emissions. 
Ottawa, January, 19 3. 

friedrich, F.O., and Mitchell, E.R. First Addendum to Mines 
Branch Information Circular 1C2111 Air Pollution in Canada 
trom Puel CombustIon. Ottawa. Oepartment of Energy, Mines, 
and ResourcelJ, May, 1970. 

Mitchell, E.R. Inventories of National and 1ndividual Air 
Pollution. InformatIon Circular IC269. ottawa. Depart­
ment of Energy, Mines, and Resources, Mines Resourc.s 
Branch, 1971. 

National Energy Board. Ener~ SUPïlY and Oemand in Canada. 
1966-1990. Ottawa. In ormat on Canada, 1971. 

Air Quality Monitoring 
• 

in 
nformation 

1972. 

____ -.~ __ • Energy Stati,tics. Service Bulletin, Vol. 6, No. 
50. Ottawa. InformatIon Canada, October, 1971. 

____ ~~_. Gas Utilitie., 1969. Catalogue 57-205. 
InformatIon Canada, IprIl, 1973. 

Ottawa. 

___ ~~~. Manufacturer. o-r Industrial Ch •• ie.l. O. 
Catalogue - 19. Ottawa. Intormat on Canada, January, 
1973. 

J 



• 

- 299 -

Statistice Canada. Prices and Price Indexea, AUgust, 1972. 
Catalogue 62-002. Ottawa. InformatIon Canada, October, 
1972. 

• pulp and Paper Mills 1~70. Catalogue )6-204. Ottawa. 
----~I~n~f~o-rmatlon Canada. August, t9?t. 
____ ~~-. Smeltlng and Refining, 1971. Catalogue 41-214. 

Ottawa. InformatIon Canada, June, 1973. t 
Viaman, J. The Coal Washer~ Design - The EeM.R. Proeasi. 

Teehnical BulletIn TB 141. Ottawa. Department of Energy, 
Mines, and Resourees, Minee Branch, Sept •• ber, 1971. 

B. United states 

Arthur D. Little, Inc. A stu2x of proc.aa Costa and Economie. 
of Pyrite Coal UtilIzatlon. CambrIdge, Mass. Prepared 
for the Department of H.alth, Education, and Welfare, 
Contract No. PH86-27-258, March, 1968. 

Arthur G. McKee & Co. Systems Study for Control of Eaissions,·- . 
Primary Non-Farrous s.eltlnf I,dustrf' San FrancIsco, Ca. 
Preparsa for the NatIonal A ro11ut on Control Administra~ 
tion, Public Health Service, Depart •• nt of Health, Education,~ 
and •• lfare, Contract No. 86-65-85, May, 1969. ) Vols. 

Barnes, T.M. EVAluation of Proçess Alternatives to lmprov. 
Control of AIr PollutIon trom Produêtlon of Coke. FInal 
Report prepared for the Department of Health, Education, 
and Weltare, National Air Pollution Control Administration. 
Columbus, Ohiot Battelle Me~orial Institute, January )1, 

• 1970. . 

Depart.ent of H.alth, Education, and Welrare, Public H~alth 
Serviee. tir gualit~ Criteria for Sulfur OXid... National 
Air Pollut on Control Alâlnlstratlon PuSlIcatIon No.' AP-SO. 
Washington. U.S. Gov.ma.nt Prlnting Office, 1969. 

• Control Technique. for Sulfg[ OKi4e Air Pollutanta. 
----~N~.~t~l-o~1 AIr PollutIon Control Adâintatratlon PUblIeation 

No. APl 52. Washington. U.S. Gov.m.ent PriQtln~ Oftice, 
1969. 

\ 



- )00 -

Depart •• nt of Health, Education, and Wellare, Public Health 
Service. National Emi •• ion Standards Stydy. R.~ort 
Appendix. A ~eport to the Congress ot the United States 
by th. Seer.tary of Health, Education, and Welfar.. ~eh, 
1970. J V9 1s • 

Ehrenfeld. J.R. et al. Syst •• atic Study of Air Pollution from 
, Intermediate-Slze FossIl-FUel CombustIon Egulpment. 

Preparea 10r the En.lronmental ~rot.etlon Ageney, Contraet 
No. CPA 22-69-85. Cambridg., Mass.s Wolden Researoh 
Corporstion, JulYt 1971. 

Environmental Protection Ageney, Offic. of ~lr Prograss, 
Compilation of Air Pollut.nt Emission Factors. Publication 
No. AP-42. WashIngton. U.S. Govemsent Prlnting Office, 
F.bruary, 1972. 

Enyironmental Qualit,. The Third Annual Report of the Couneil 
and Envlronmental Quality. Washington. U.S. Government 
Printing Office, 1912, 

Ernst & Ernst. A Cost-Ef!ectivene8. studl o~ Air Pollution 
in the National CapItal Area. Report preparea tor the 
U.S. Depart •• nt ot Hea1th, Education, and We1fare" 
National Air Pollution Control Administration, Contract 
No. PH 86-68-37. Washington. Ernst & Ernst, January, 1969. 

• The Fuel of Fifty Citi.s. Report prepared for 
-----=n-.-pa--rtment of Health, ~dûcatlon; and Welfare, National 

Air Pollution Control Administration. Washingtona Ernst 
& Ernst, November, '1968. 

H.ndrlckeon, E.R. et al. Control of Atmospheric !missione in 
the Wood Pulplng Industry. FInal Report prepared for the 
Department 01 Health, Education. and Wellare, National 
Air Pollution Control Administration, Contraet No. CPA 
22-69-18. Gainsville, Fla. 1 Environ.ental Engineering, 
Inc., March 15, 1970. J Vols. 

Hittman A8s0ciatea, Inc. Cost NO.0lraphs of Selected Sultur 
Dioxlde Abatement Methode. Prepared for the EnvIron.ental 
ProtectIon Ag.ney, oftlce of Air Prograas, Contraot No. 
EHSD-7l-4). Columbia, Md., Hittman As.ociates, Inc., 
January. 1972. 



- )01 -

Le Sourd, D.A. et al. ComErehensive Study or Sïeeiried Air 
Pollution Sources to Ass.ss the !conomIc Ë tects ot AIr 
Quallty Standards. FInal Report prepared tor Environmental 
ProteetIon Ageney, Air Pollution Control Office, Contract 
No. CPA 70-60. Research Triangle Park, N.C. 1 Researeh 
Triangle Institute, December. 1970. 

M.W. Kellog Co. Evaluation of S02 - Control Proe.sses. 
Final Report Submltted ta Envlronmental Protection Agency, 
Offi~e of Air programs, Contract No. CPA 70-68. Piscataway, 
N.J .• M.W. Kellog Co., Oetober 15, 1971. 

stern, A.C., ed. 

The Cost of Clean Air. First Report of the Secretàry of Health, 
EducatIon, and We1fare to the Congress of the United states. 
Washingtonr U.S. Government Printing Office, 1969. 

\ 

The Econpmics of Clean Air. Annua1 Report of the Administrator 
01 the Envlronmental Protection Agèncy. Washington, U.S. 
Government Printing Offie., March, 1972. 

The Economie Impact of Pollution Control. A Suamary of Recent 
Studles. Prepared for the Counclt on Environmental Quallty, 
and !nvironmental Protection Ag.ney. Washington. U.S. 
Gov.rnment Printlng Office, March, 1972. 

TRW Systems Group. Air Pollutant Eaissions Factors. Prepared 
for the Oepartment of Health, EducatIon, and Welfare, 
National Air Pollution Control Administration, Contraet 
No. CPA 22-69-119. MeLean, Va., TRQ Systems Group, 
April, 1970. 

• Air Pollutant Emission Factor.. Supplement. 
------P-r-.-p-ar.d for the ÔepartmeRt of R.a1th, EducatIon, and 

Welfare, National Air ~ollution Control Administration, 
Contraet No. CPA 22-69-119. MeLean, Va.1 TRW Systems 
Group. AU~,st, 1970. 

d. 

u.s. 



'. 

- )02 -

IV, ESSAYS IN COLLECTIONS 

Browder, T.J. "Modern Sulfurio Aeid Teehnology," in Sultur and 
802 Developments. New York. Ameriean Institute ot Chemiea1 
Englneers, 1971, 91-96. 

Buchanan, J.M. "Positive Economies, Wellare Economies, and 
Politieal Eeonomy," in his Fiacal Theory and Po+itioal 
EeonollY. Chapel Hill, N. C.. UnIversIty of North 
Carollna Press, 1960, 105-124. 

Burl.igh, J.R. "S02 Emission Control from Aeid Plants," in 
Sultur and S02 Develop.enta. New York. Ameriean Institut. 
of Che.lca1 Englneers, 1971, 10)-109. 

" Al UDIinum, Il 

,( 

Engdahl, R.B. "Stationary Combustion Sources," in A.C. Stern, 
ed., Air Pollution, 2nd ed. Vol. 1. New York. Academie 
Press, 1968, J-34. 

Fr.eman, A. Myriek III. "Distribution ot Environaental Quality,· 
in A.V. Kneese, and B.T. Bower, eds., Environ.eptal Quality 
!4;1~8i.. Balti.ore. The Johns Hopkins Press, 1972, 

- 78. 
Kn •• se, A.V., and D'Arge, R.C. ·pervasive External Obsts and 

the Re.ponse ot Society," in U.S. Congre •• , Joint Economie 
Com.i tte., 'l'he '§al1ai. and Evaluation ot Publ~C ExE.ndl­
tYres~ The PBBI.tem. Vot. 1. WashIngton. .s. GoYern­
.ent PrIntIng Ott ce, 1969. 87-115. 

Lave, L.B. "Air Pollution Daaage. so •• Dittieultles in 
Esti .. ating Value of Abat •• ent,· in A.V, Kn.eae, and i.T. 
Bower, e4 •• , Environaental ~11t~ ti!lYSie. Balti.ore, 
Th. Johns HopkIns Presa, 19 • 21 - • 

• iahan, R.J. -1088 ot Lire and L1mb,· in hi. ~netit and Coat 
Analysia. London 1 Allen and Unwin, 197~ 153-174. 



- )0) -

Shah, I. ·Re.oving S02 and Acid .iet with Venturi Scrubber.,· 
in Sulfur and SOZ Develop.ente. New York. Aaerican 
Instltute or Chelllca! Engineers, 1971, 97-102." 

U.S. 
Eval 
Was • 

Turvey, R. Jarrett, 
Baltimore. Growin 

.eisbrod, B.A. ·Collective Action and the Distribution of Income. 
A Conceptual Approach,· in U.S. Congres8, Joint Economic 
Committee, The Analxais and Evaluation of Public Expendi­
turesl The ~BB s!stem. Washlngt~n. U.S. Gôvernment 
Prlnting OffIce, 969, 177-197. 

VI OTHER SOURCES 

Frank R. Volvoda and Associates. An Analysis of Cost Factors 
Associated with Oil-Fired HeatIn, Systems. MI.eographed, 
1969. 

Gow, W.A. Eeti_ates of Sulfur Present in Sultide Concentrates 
Treated In Canadian §melterB. MImeographed, January 15, 
19'>0. 

Hedlin Menzies & As.oeiates. 
of Pollution in Canada. 

~!tial studl of the Dimension 
Mlaeographed, July, 1969. 

Private COlllJllunieation with D. Dexter, Stati.tics. Canada. 

Private Co .. unieation with B. Duthie, Stàti.ticB Canada. 

Private eo .. unication with D. Morgan, National Energy Board. 

Private Co .. unieation with E.R. Mitchell, Departaent of snergy, 
Min •• , and Re.ources. 

Sulfur and S02 Dev.ao~ent.. New York, Aaerican In.t1tu~e of 
Che.lca! EncIne.r., 1971. 

\ 



r 

• 

49 

- )04 -• 
APPENDIX A 

UNITS OF MEASUREMENT. STOICHIOMETRIC PROPORTIONS, 
AND ENERGY CONVERSION FACTORS 

The following unite of measurement, stoichiometric 
proportions, and energy conversion factors underly the oalcu-

", lations in the texte ! 

UNITS OF MEASUREMENT 

COAL - Short Ton 
FUEL OIL - Barrel 

= 2000 lbs. 
= )5 Canadian gallons. 
= 42 Amer"an gallons. 

Gallon = (10 x Specifie Gravit y) lbs. 
= 1000 cubic feet at 760 mm Hg. NATURAL GAS - Mcf. 

ELECTRICITY - Kwh. = Kilowatt - hour, 
SULFUR OXIDES - Short Ton = 2000 lbs. 

STOICHIOMET~IC PROPORTIONS 

SULFUR DIOXIDE (S02) 64/)2 = 2 

!ULFUR TRIOXIDE (50)) - 80/)2, II: 2.5 

These proportions show th~t a lb. of sulfur which would 
burn to S02 or to SO) completely would produce 2 lbs. of S02 
or 2.5 lbs. of 50). 

ENERGY CONVERSION FACTORS 

Table A-l summarizes th. energy conversion factors u •• d. 
The energy of fuels is expres.ed in British Thermal Unit. (BTU) 
or a mu~tiple. million BTUs (MBTU). A BTU i8 the energy required 
~to raile the te~eratur. of one lb. of water by one.degre. 
Farenheit. 

.. 

" 

" 
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TABLE A-l 

ENERGY CONVERSION FACTORS 

"" ~UNIT 
. 

FUEL 
, ENERGY CONVERSION 

FACTOR (MBTU) 

Anthracite Coal Ton 25.4000 
Imported Bituminous Coal Ton 25.8000 
Canadian Bituminous Coal Ton 25.2000 
Kerosene ~arrel 5.6770 
Light Fuel Oil Barrel 5.8275 
Heavy Fuel Oil , Barrel 6.2874 
Natural Gas """ .... Mc!. 1. 0700/1. 0000 

.' Manufactured Gas Mcf. .... 0.550 
< 

E1ectricity 1000 Kwh. 3.4120 

. 
Sources 1 

" 

\ • 

• 
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APPENDIX B 

" 

PRIeES OF FUELS 

Whenever fuel switching or fuel substitution are con­

sldered as possible techniques of abatement of e~s8ions trom 

the combustion of fuels, it is necessary to compare the (say, 

annual) coste of different fuels. Therefore, the priees of 

fuels must be known. Untortunately, such inform~tion ia not 

alwaya atraight-forward. The information that can be more 

readily obtained is the retail priee of fuels. But, ~he moet 

important consumera of these fuels, such aa commercial, 

institutional, industrial, and power plant us ers rarely pay 

these priees. Usually, the priee of the fuel varies aeeording 

to the type of user. M~eover, the priee of fuels variee with 
~ i 

the area and other factors, including, ln some casee, sulfur· 

content. Since aIl of these variables would be quite difficult 

to handle, an attempt ls made here to estimate average priees 

to each type of user of each fuel, reeognizing that eueh priee 

ie an average of not one but of all sorte of things • 

.. 
Table B-l lists the retail priee of c081 in selected 

areas in 1968 (the latest year for which, according to 

StatisticB Canada, the figures are available). 

Presuaably. small buyers'of coal pay th.Be pric.s. 

However, in 1969, twenty induatry groups purchased 4,08),547 

tons of bitu.inous coal (of whioh 1,678,514 tone was do ••• tic 
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and 2,405,0)) tons was imported cosl).1 The total cast of 

this' coal ta these twent~ induetry groups was $49,271,000. 

Hencer the average cast per ton ta these industries was $12 

per ton. It is a8sumed here that this is the average priee 

for industrial coal in 1969. 

Since it was not possible ta estimate the average 

priee of c081 ta commercial-institutional users, it was assumed 

that they pay the same priee as industrial users, that is, $12 

per ton. 

On the other hand, in 1969, power plants purchased a 

total of Il,87),750 tons of coal at a total cast of $76,)68,754. 2 

This works out ta an average cast per ton of $6.40. 

LIGHT FUEL OIL (RESIDENTIAL) 

Table B-2 shows the retail priees of light fuel ail in 

twelve Canadian cities in August 1972. The average retail 

priee of light fuel ail in Canada in 1969 was estimsted ta be 

the unweighed average of these priees deflated by the increase 

in the priee index of light fuel ail between December, 1969, 

and August, 1972. This index wasl December, 1969 = 11~.0, 
1 ~-, 

'. ) 
August, 1972 = 1)).4. This yielded an estimated price of 

1 Statistics Canada, Energy Statistics, Service Bulletin, Vol. 
6, No. 50, ('Ottawa 1 InformatIon Canada, October, 1971), pp • .5-6. 

2 Statistics 
(Ottawa. Information Canada, June, 197 

) Statistie8 Canada, Priees and price Indexee 
{Ottawa. Information Canada, etober, 19 

Vol. II, 

2, 
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TABLE B-1 

AVERAGE RETAIL PRICES OF COAL - CANAPAj1968 

LOCATION TYPE OF COAL PRICE ($/TON) 

st. John's Domestic Bituminous (Screened) 16.00 
Halifax Domestic Bituminous (Screened) 17.40 
St. John Domestic Bituminous (Screened) 17.74 • Toronto U.S. Bituminous (Stoker) 16.79 
Toronto U.S. Bituminous (Slack) Il. 89 
Montreal U. S. Bituminous (Slack) 1).09 
Montreal Domestic Bituminous (Slack) 1).79 

Sources Private communication with B. Duthie, Statistics 
Canada. 

19.6i/gal. It was assumed that this is the price which residen­

tial users paid for light fuel oil. 

HEAVY FUEL OIL (RESIDENTIAL) 

The on1y information which the author could obtain con­

cerning the retail price of heavy fuel oil was the average price 

of this fuel containing 1.75~ to 2~ su1fur in Montreal and in 

Toronto in January, 1971. These prices were 10.)~/gal. and 

12. Ji/gal. , respectively.l The average retail price of heavy 

fuel ail in Canada in 1969 was estimated ta be the unweighed 
Il 

, average of these two priees, deflated by the inereaBe in the 

priee index of heavy fuel ail between Dece.ber, 1969Jand January, 

1971. This index wasl Deèember, 1969 = 100.9, January, 1971 = 
,. 

1 Private co .. unication with D. Morgan, National Bnergy Board. 
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1 119.2. Th1s y1aldad an asti.atad avorage J'.ta11 priee of 

heavy fuel ail in 1969 of 9.5~/gal. It was assumed that 

resldential usera paid this priee. 

-,.. 

TABLE B-2 

AVERAGE RETAIL PRICES OF LIGHT FUEL OIL 
CANADA, AUGUST,127 2 

1 
CITY PRICE (~/GAL.) 

St. John's 27.9 
Halifax 22.7 
Saint John 22.1 

, 

Quebee 2).4 -- , 

Montreal 22.9 
Ottawa 24.0 
Toronto 22.9 
Thundlr Bay 24.2 
Winnipeg 19.9 
Regina 19.8 
Edmonton 20.2 
Vancouver 2).3 

Average 22.8 

Source 1 Private communication .ith 
D. Dexter, Statistics Canada. 

1 Statistics Canada, Pric •• and Pric. Ind.! •• , p. )6. 

.. . 
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LIGHT FUEL aIL (POWER PLANTS) 
; 

In 1969, power plants purchased 19,91),624 gallons of 
1 light fue,l oil at total cast of $2,573,044. This works out 

ta an average cast of 13i/gal. It was aesumed that thls is 

the priee paid by power plants. 

HEAVY 

heavy 

ta an 

priee 

FUEL aIL (POWER PLANTS) 

In 19b9, power plants , 
fuel oil at a total cost 

average cast of 6~/gal. 

paid by power plants. 

purchased )67,667,~50 gallons of 
2 of $23,09) ,481. This works out 

It was assumed that this ls the 

LIGHT AND HEAVY FUEL OIL (INDUSTRIAL) 

In 1969, twenty industry groupe purehased 1,963,000 

millions of gallons of heavy.and light fuel o~l at a total cast 

of $164,247,000. 3 This works ~ut ta an average eost of 8.4~/gal. 

No breakdown between light and heavy fuél oil was given. There­

fore, the average priee of each of these fuels had to be esti-

mated. 

Power plante, as shown ~bove, spent $22,666,525 for 

387,580,674 gallons of light and heavy fuel ail. This works 

out to an av~age of 6.6~/gal. It was assumed that the priee 

ratios of light and heavy fuel oil tQ fuel ail of both kinds 

was the same for Industrlal as for power plantg. These ratios 

/ 
1 Statistics Canada, Electric Power StatiaticB, p. 36. 

2 .illJ!. 

J Statiati,c8 Canada, En.rp Stati.tics, p. 11 • 

• 
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we~a 

Light fuel 011 - 1)/6.6 • 2.0 • 

. Heavy fuel 011 - 6/6.6 = 0.9 

FOllpwing this procedure, it was estimated that the 

pric~ paid by indus trial custo.ars for fuel oil was the fol­

lowinga 

Light fuel oil - 8.4 x 2.0 = 16.8~/gal. 
Heavy fuel oil 8.4 x 0.9 = 7.6~/gal. 

HEAVY AND LIGHT FUEL OIL (CO~CIAL) 

Sinee there was no way to estimate the priee which 

commercial oustomers paid for heavy and' 11gh~ fuel oil, it was 

assumed that these priees were the ,ame priees paid ~y Industrial 

customersl that is, 1~.8i/gal. for light fuel oi1 and 7.6i/ga1. 

tor heavy fuel oil. 

NATURAL GAS 

The average priee of natural gas was taken to be the 

average revenue from total sales of natural gas to eaeh type of 

customer. In 1969, thls average wasl 

1 

2 

Resident!al eus~o.ers - $1.04/lbf. 1 

Commercial custo.ers 2 - $O.71t1tct. 

Statiati6s Canada, Gaa Utiliti;8! 1969, (Ottawal Inforaation 
Canada, April, 1973), p, lJ. h s publication inelude. gal 
80ld to power plants under ~he catelory -induatrial,R There­
torl, the priee paid tor natural , •• br indu.trial and power 
planta wal estiaated independently ( •• e b.low). 

Ibid. 
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Industrial customers - $0.43/MCf. 1 

Power Plants - $0.20/MCf. 2 

SUBSTITUT! NATURAL GAS (SNG) 

It was assumed in the text and it is assumed here that 

industries and power plants are taking all of the natural gas 

which can now be supplied to them. Therefore, barring seme 

unforeseen discovery of large new reserves of natural gas, 

large increases in the use of gas through fuel switching will 

have to take place by supplying these users with manufactured 

gas. The Most promising source of this gaa, in terms of 

technology and economics, is the gasification of coal. Several 

processes are capable of producing pipeline quality gas (inter 

alia, containi?g only traces of sulfur), by gasifying eoal. 3 

1 

2 

3 

The indus trial price of natural gas was taken to be the aver­
age eost of natural gas to twenty industry groups. See, 
Statisties Canada, !nergy Statisties, p. 13. 

The a~erage priee paid by power plants was taken to be the 
average cost of natural gas to power plants. See, Statistics 
Canada, Eleetrie Power Statisties, p. 36. 

See, for example, A.E. Cover et al., "Kellogg's Coal Gasifi­
cation Proeess," Che.ieal Engineering frogress, LII (March, 
19(3), pp. 31-)6. W.P. Hegarty and B.E. Moody, "Evaluating 
the Bi-Gas SNG Proeess," Che.ieal Engineering Procress, LII 
(Mareh, 19(3), pp. 37-42. 'H.A. Shearer, "The COED Proeess 
~lus Char Gasifle.tion," Che.ieal Enfineerin! pro~ess, LIX 
(March, 19(3), pp. ~3-49. S.A. Bres er and .0. reland, 
"Substitute Natural Gasl Procesaes, Equipment and Costa,· 
Che-icI1 Bngineering, LXXIX (Daee.ber 16, 19(2), pp. 94-108. 
J.H •• "SNGI The ProcaSB Options," Ch.mical Bngineerinl, 
LXXIX (April 17, 19(2), pp. 64-66. 
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This gas is frequently referred to as Substitute Natural Gas 

(SNG).l The estimated price at which such gas would sell varies 
2 from $0.66 to $1.64 per MBTU. In the light of these estimates 

and the price differentials which are observed w~h respect to 
'-.,.. 

other fuels between power p~ants and industries, it peems 

reasonable to assume that industries will pay a priee of 

$l.lO/MBTU ·for this gas and power plants a price of $O.90/MBTU.) 

ELECTRICITY 

As with other f~els, the price of electricity varies 

across the country and, in the same area, it varies according 

to the type of eus tomer and the amount of electrlcity used per 

perlod of time. Usually, rates vary in a step function manner. 

These rates are not readily available and, therefore, the aver- ~ 

a~e price of electricity must be estlmated. For our purposes, 

WB will need estimate only the priee of electricity paid by 
. 

residential customers. 

1 It is estimated that large scale production of SNG will com­
mence by 1980 in the United Statas. See, U.S. Senate, 
Committee on Publie Works, Some Environmental Implications 
of National Fuels POlicies, (Washington. U.S. Government 
printing Office, 1970), p. 11. 

2 See publications in footnote ) on previous page. 

3 Prices approximately in this range have also been for.cast 
for SNG pr6dween from crude oi1. See, J. Heubler et al., 
·Pipeline Gas from Crude Oil," Che.ical B~in •• rin, Procress, 
LIX (May, 1973), pp. 91-93, and J.P. Hale~on and R.N. 'ennyson, 
·SNG Refinery Configurations," CheaiOll Engin •• ring Progrsss, 
LIX (July, 1973), pp. 97-101. 
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It was judged that an adequate estimate of the priee 

of the additiona1 e1ectrieity required to switch from fuel oi1 

to eleetrlcity for purposes of residentla1 space heating wou1d 

be the increase in the average e1ectrielty bill dlvided by the 

ad~itio~a1 electricity used. The cost per Kwh of e1ectricity 

in Canada ln 1969 was taken to be the unweighedtaverage of 

using 5000 Kwh per month ln twe1ve Canadian elties. This aver­

&ge month1y bill, the actual 1969 average month1y domestic con­

sumption of electricity, and the cost of electricity per Kwh 

are summarized in Table B-). Most residential customers in 

these (a~d other) clties used an average amount of electricity 

which was between 400 and 700 Kwh. Since switching to e1ectric 

space heating wou1d have added on an estimated 3050 Kwh per 

month (as estimated in the text), then 5000 Kwh per month is a 

close enough approxima~ion of the e1ectricity consumption by 
• 

the residentia1 user for the purpose of estimating the rates 

he would have to paye 

Table B-4 summarizes the priees of fuels by type of 

user in Canada, in 1969, as estimated in this Appendix. These 

are the priees which are used i~ the text to calculate the cost 

of fuel switching as a technique of abatement. 

,~ ., ' 

\ 
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TABLE B-) 

COST OP BLECTRICITY - CANADA. 1969 

CITY AVERAGE MONTHLY MON'FHLY BILL COST PER Kwh 
CONSUMPTION BASED ON .5000 Ci/Kwh) 

(Kwh) Kwh. ($) 

st. John's 618 67.77 1. 35 
Halifax 499 70.50 1.41 
Saint John 315 69 . .50 1. 38 
Montreal 538 .5.5.62 1.11 
Quebee 600 .55.62 1.11 
Hamilton 530 .50.00 1.10 
Ottawa 734 81. 86 . ],.63 
Toronto 486 54.40 1.09 
Winnipeg 931 42.47 0.84 
Regina 440 73.38 1.46 
Edmonton • 391 52.00 1.04 
Vancouver 394 .57.23 1.14 

Average 1. 22 

Soure'. Dominion Bureau of Statiatics, Eleetriclty Bills for 
Domsatic. commarci~11 And S.all Power ServIce, 
(ottawa. Queen's r nter, 19?1). 

. 
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TABLE B-~ 

PRICES OF FUBLS BI USER - CANADA. 1962 

tl 1 1 

, 

FUEL RESIDENTIAL COMMERCUL INDUSTRIAL POWER 
PLANTS 

Coa1 ($/Ton) - 12.0 12.0 6.4 
Llght-Pue1 011 Ci/Gal) 19.6 16.8 16.8 13.0 
Heavy Pue1 011 (,t!/Gal) 9.5 7.6 7.6' 6.0 
Natural Gas ($/Mcf) 1. 04- 0.71 0.43 0.2 
Substltute Natural • Gas ($/MBTU) - 1.10 0.90 - -
Electrlclty (,t!/Kwh) 1.22 - - -

'-' 

.' 

.. 
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APPENDIX C 

ÇOST OF FUEL DESULFURIZATION 
4 

One technique for reduclng e~lsslone of &u1fur 0~ld8s 

is fuel aubstitution. Whenever naturally occurring lo~-su1fur 

fuels are nct avai1ab1e to carry out the substitution, it May 

he possible to produce Buch low-sulfur fuels by removing some 

of the su1fur from high-sulfur fuels. • 

This Appendix attempts ta aesess the costs of desu1-

furizing d fuel oil. It la aSBu.ed that a11 of thes~ 

paBsed on to the fuel buyer and that, therefore, 

the priee differentiala which the fuel buyer .ust pay.l 

Theae priee differentlale will be ueed in the text to calculate 

the costa of abatement through f'ue1 substi tution. 

Several etudies indicate that the su1fur content of coa1 

can be reduced to about 1 per cent. 2 It seeme that a realistic 

1 The tact that it is probable that the desuîfurized fuel will 
have a slightly higher energy content and, thertfore, reduce 
sOMewhat the cost ta the fuel buyer will be disregarded h're. 

2 

.. 
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measure of doing Ba lB about 90i per ton of coal. 1 This figure 

la a1so approxlmately equal to the pra.lum whlch us ers can be 

expected to pay for naturally occurrlng coal containing one 

par cent 8u1fur or 1eB8. 2 

HEAVY FUEL aIL 

A8 aBBumed in the text, heavy fuel oil now cohtainB an 

average of about 2.5% Bulfur. The technical literature suggeBts 

that available teehnology, such as hydrodesulfurization (HDS), 

ls capable of reducing this Bulfur content considerably.J A 

1 

2 

See publications in the previouB footnote. ViBman, for 
example, estimateB the cast of the cleanlng proceBs ta vary 
from 76i to $1.00 per ton depending on the Bize of the clean­
ing plant. See, alBo, D.A. LeSourd et al., Comprehensive 
Study of Specified Air Pollution sour~es ta ASBess the Economie 
Effects of AIr ~ualItl Standards, (Re earch Triangle Park. 
Research Trlang e Ins itute, December, 1970), pp. 14-16. 

See, for example, Arthur D. Little, Inc., A Studf of ProeesB 
Costs and Economics of Pyrite Coal utilizatlon, CambrIdge, 
Mass.1 Arthur D. Little, Inc., March, 1968). 

J See, U.S', Department of Health, Education, and Welfare, Pub­
lic Health Service, Control Techniques for Sulfur Oxide Air 
Pollutants, (W~Bhington, U.S. Government Prln\lng Office, 
1969), pp. 40-48. A.M. Squires, ~Air Pollution. The Control 
of S02 from Power St~cks. Part 1 - The Removal of Sulfur 
from Fuels," Chemie!l Enfineering, LXXIV (November 6, 1967), 
pp. 260-268. H.H. Merêd th, 'Desulfurization of Caribbean 
Fuel," Journal of the Air Pollution Control Association, XVII 
(November, 1967), pp. 719-723. S.G. ParadIs et al., "Isomax 
Process for Residuum and Who1e Crude," Chemlcal Engineering 
Prosress, LXVII (August, 1971), pp. 57-62. K.H. MorItz et al., 
"The GO-firing and RESID-firing Proeasees," Chemieal Englheer­
ing progress, LXVII (August, 1971),~pp. 63-70. F. Audl ert 
and J.C. Havergne, "Upgrading Residues by the IFP ProcesB," 
Che.ical Engineer~ pr0:JeS8, LXVII (August, 1971), pp. 71-74. 
C.H. watkIns and C.~. Cza kowSki, "Hydro-desulfurization of 
Gas ail," Chemical Engineering progress, LXVII (August, 1971), 
pp. 75-~0. W. Maunee and R.S. Rubin, NThe H-Oil Route for 
Hydroprocessing'"à Che.ical Engineering Procresa, LXVII (Aug­
ust, 1971), pp. 1-85. 
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eummary of the Most promieing of the varioue processes of 

desu~furizatlon, the sulrur content of the proceseed product, 

and recent estimates of the coste entailed by theee processes 

has been reported by L. Aalund, Refining Editor of the Oil and 

Gas Journal. 1 These are reproduced in Table C-l (columns 2, 

), and 4). Column 5 was estimated from column 4, given the , 
, 

energy conversion factors (see Appendix A). 

From these figures and from others reported in the 
2 technical literature, it seems reasonable ta assume that the 

coetà of desulfurization of heavy fuel oil will bel 

(i) to l~ sulfur 

(ii) to 0.25% sulfur 

LIGHT FUEL aIL 

15i/MBTU, 

27i/MBTU. 

As assumed in the text, light fuel oil has an average 

sulfur content of 0.7%. From the figures in Table C-l, it 

seems reasonable to assume that the coet of reducing the sulfur 

content to 0.25~ will be 8i/MaTU. 

Table C-2 eummarizee the costs of desulfurizing fuels 
~ 

as eetimated in this appendix, both in terms of physical and of 

energy unite. Theee coste are uaed in the text to estimate 

the cost of abatement of emissions of sulfur oxidee through 

1 L. Aalund, -Hyàrodesulfurization Technology Tak~s on the 
Sulfur Challenge,· Oil AJd Gas JO~al, LXX (September 11, 
1972), p. 79. The Bame SBue of ~s Journal containe short 
articles by the developers of the proces8es, Chevron, ESBO, 
Gulf, Standard ail, et~., explaining the nature of the 
proc.saes. 

2 See pUblications in the footnote above. 
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TABLE C-l 
; 

COST OF FUEL aIL DESULFURIZA~ION 

SOURCE OF SULFUR IN COST - COST 
CRunE OIL PROCESS PRODUCT (~) (CENTS/BARREL) (CENTS/IBTU) ,. 

(1 ) (2 ) ('3 ) {q. J (5) 

Kuwait Direct Reslduum HDS 1.0 @lO 15-17 
Iuwait SOlvent Deaspha1ting 1.1 86-96 14-15 
Kuwalt Indirect Vacuum Gas Oil HDS 2.6 ;-47 7 

" V.nezuela Indir.ct Vacuum Gas Oil HDS 1.5 37-41 6-7 
(uwalt Whole Crude Desulfurization 0.6 1)5-150 21-24 
Ktnfalt Direct Residuua HDS 0.5 125-140 20-22 
Venezu.la Direct Reslduum HDS 0.6 115-1)0 18-21 
Kuwalt Delal'ad Coting" 0.25 180-220 29-;; 
Iuwait Fle~lcoklng 0.25 140-170 22-27 
Venezuela Plexicoking 0.22 125-150 20-24 

-

Source. L. Aalund, -Hydrodesulfurization Technology Takes On The Sulfur Challenge,-
011 and Ga. Journal, LXX (September 11~~972), p. 79. 

1." 

\...J 
N 
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tuel BubBtitution. 1 

TABLE C-2 • 

COST OF DESULPURIZATION OP PUELS 

FUEL SULFUR COST COST 
REMAINING (~) (i/PHYSICAL UNIT) (.é'/MBTU) 

Coal 1.0 90/ton 3.5 
Light Fuel Oil 0.25 1. J/galltm 8 -
Heavy Fuel 011 1.0 2. 7/gallon , 1.5 

Heavy Fuel Oil 0.25 4.8/gallon 27 

1 Alter the above was written, the author bame across another 
esti.ate of the cost of desulfurlzation p:r fuel 011, base'd 
on the lateet developments in technologyi. The estimatad coste 
werel 

(i) 1_ sulfur' - 86.7i/barrel br 14.9~/MBTU, 
(ii) O. J" sulfur - 117. 9~/barrel 'or 20.é/MBTU. 

These eatiaatas were judged ~utficiently close to the ones 
already assuaed that no chang.s were •• 4. in th. calculations. 
See, C.H. Watkins, -De.ulfurize Kuwait Reduoed Crude.­
HYdrgcarbon Proe\ •• ln&~ LII (May, 1973), pp. 89-92. 
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APPENDIX D 

COST OF CONVERSION OF COMBUSTION EQUIPMENT 

In addition to the possible additional cost of alter­

native fuels, the cost of switching fuels includes the annuali­

zed cost of converting combustion equipment or of installing 

new equipment. This Appendix attempts to assess thls cost. 

The costs to the various types of fuel users are used in the 

text to estimate the cost of abatement. 

RESIDENTIAL FURNACES 

It ie no eaey matter to estimate the cost of converting 

residential heating systems for the simple reason that figures 

are difficult to obtain. To make the task easier, it is 

aesumed that eomebody ewitching from an oil heating system to 

one ueing an alternative fuel would incur the full coet of 

installing the new system. Even with thie assumption, it ie 

difficult to make comparisons of great exactitude. Heating 

systems, aside from capacity, differ in a number of details 

and, therefore, in cost. Moreover, the author was unable to 

find a source of publiehed costs for this type ot equipment. 

So, he set out to obtain the information by telephoning 

directly a number ot contractors which install theae heating 

systems. 1 From their answere, the author believes that the 

data in Table D-l reflect relatively weIl the typical ~OBt of 

1 Of those who supplied the information, 8 were in Montreal, 
6 in Toronto, and 2 in Kingston, Ontario. 
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heating systems which use different types of fuels, for a J­

bedroom home. 1 

, TABLE D-l 

COST OP RESIDENTIAL SPACE HEATING SYSTEMS BY FUEL 

COST OF 
ANNUAL COSTa FUEL INSTALLATION 

Gas $750 $ 8,2 
Electricity $800 '$ 818 

Oil-Warm Air $800 $ 8~ 
Oil-Hot Water $1450 $160 

a. The annua1 cost was obtained by the Capital 
Recovery Method, assuming a lO~ rate of re­
turn and a 25 years recovery period, For a 
description of the use of this metbod, see 
G,A. Taylor, Mana~erial and Engineering 
ECOnoDlY, (New Yor 1 D. Van Nostrand Co. , 
19Ô4) • 

Table D-2 summarizes the annua1 costs of converting 

a typica1 commercial, industrial, and power plant boiler from 

one fuel to another. 

1 A three-bedrooDl home was chosen as repre~entlng the average 
Canadian home because it le the Dlost comaon in Canada and 
it is a Bort of average of the nuaber 'of bedroo •• in Canadian 
homes. See, Dominion Bureau of Stati.tics, Hous.hold Fae1li­
t! •• and E3uipaént, MaY. 1969, (Ottawa. Queen's PrInter, 
1970), p. • . 
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TABLE D-2 
o 

ANNUM COSTS OP BOlLER CONVBRSION 

(INCLUDING OPERATION AND MAINTENANCE) , 

CLASS OF U :;ER 
TYPE OF CONVERSION Power 

Plants Industrial CODlDlarc ial 

Coal to heavy oil $10,500 $4,000 $2,000 
Coal to gas 4,000 ),400 700 
Coal to gae and light fuel 
oil on an interruptible 
basis 9,500 4,000 1,700 

Heavy fuel oil to gas and 
fuel oil on an interrupt-
lble basle 2,750 2,400 900 

Heavy fuel 011 ta gas 1,800 1,200 850 

Source. Ernst & Ernst, The Fuel of Flfty Cltlee, (Washington. 
Ernst & Ernst, Nove.ber, 1968), p. vI-S. 

------- ------- - ---- --' --------------------------
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APPENDIX E 

REMOVAL OP SULPUR OXIDES FROM POWER PLANT STACK GASES 

There are a large number of processes at various stages 

of deve10pment potentia11y capable of removing su1fur oxides from 

power plant stack gases. 1 None of them i8 in widespread com-

mercisl use at the moment, though a number of them are or are 

scheduled to be in operation. Table E-l gives a selected 1ist 

of auch power plants. 

TABLE E-1 

SULFUR OXIDES REMOVAL SYSTEMS IN 
SELECTED THERMAL POWER PLANTS 

CAPACITY START-UP FUEL 
(MW' DATE 

Union Electric Co. 
(St. Louis) 140 1968 3% S Coal 

Kansas Power and 
Light Co. 4)0 1971 3.5~ S Coal 

Kansas City Power &: 
Light Co. ~20 1972 5.2% S Coal 

Northern States Power 
Co. 1360 1976 0.8% S Coal 

Ohio Edison 
, 

1800 1974 Coal 

Boston Edison 150 1972 2.5~ S Oil 

Illinois Power 100 1972 J.5~ S Coal 

ABATEMENT 
PROCESS 

Limestone 

Limestone 

Limestone 

Limestone 

Limestone 

Magnesium 
Oxide 

C-at. .. Qx. 

Source. HM.M, "S02 Removal Technology Enters Growth Phase," 
Environ.ental Scienoe and Technology, VI (August, 1972), 
pp. ~88-691. 

1 H.P. revie.ad the technologioal nature 
Se. hi. .,~od. for the R'.~ll 

"., {Ottawa. .lne. Branch, 
~~~~~~~~~~~~~n~e~B~a~n~~e8ouro.8, Nove.ber, 1971}. 

, 
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\ The M. W. Ke llog {;o. has evalua ted twe 1 ve of' the most 

promising processes for the Air Pollution Control Office of the 

U.S. Environmental Protection Agency, both in terms of technolo­

gieal and of economic feasibility.l These processes are the 

followingl Limestone - Dry Injection, Limestone - Wet Serubblng, 

CAT - OX, Molten Carbonate, Potassium Formate, Ammonia Serubbing 

(Base), Ammonia Scrubbing (Steam Stripping), Ammonia Scrubbing 

(Thermal Decomposition), TYCO Modifled Chamberl Magnesium Oxide, 

Zinc Oxide, Citrate. Of these, the limestone and ammonia 

Bcrubbing (base) proceBses do no t yield byproducts. The others 

yield sulfur, aulfuric acid, and/or nitrlc acid. There seems 

to be sorne agreement that the dr~limestone process 18 the Most 

Buitable for amaller power plants (up te 350 MW), whlle the wet 

limestone lB the most promiaing for larger power plants (say, 

400 MW and over). 

The number of factors which affect the cost of removing 

Bulfur oxides l'rom power plants is large and the relationships 

between the various factors are complexe Important factors are 

the Bize or capacity of the power plant, the sulfur content of 

the fuel it uses, the type of fuel, the plant load factor, the 

gaa flow rate, the percentage of sulfur recovered, and, for 

processes which yield byproducts, the pric. of byproducts. Given 

the etill somewhat experi.ental etate of the technology, estimates 

of costa have been made only with respect to hypothetical power 

plants basad on a number of assumptions regarding the aforementioned 

1 M. W. Kellog Co., Evaluation of 302 - Control Proc8sses, 
(Piscataway, N.J •• M.W. Kellog Co., October 15, 1971j. 
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factors. Table &-2 lists c08t~ of control for selected pro-
1 

cesses based on given aSBumptionB (some of which are not shown) 

aB calculated by Hitman Associates. 1 Table &-) lists additional 

estimates of th% costs of removing sulfur oxides from power 

plant stack gaaea. It ia obvioua that it is no eaay matter to 

propose a single average figure. Hedlin Menzies & Associates 
2 suggest an average figure or $1.50 per ton of coal input. This 

works out to an average of $44/ton of SOx abated, assuming a 

conservative 60% of sulfur recovered. This figure seems quite 

reasonable in the light of the evidence given here and it is 

the figure aS8ulIled in the calculations in the t'ext. The same 

figure ls also assumed for emissions arising from the combustion 

of heavy fuel oil by power plants. 

It is clear that this type of abatement technique is 

cheaper, inter alia, the larger the size of the power plant. 

Hence, it is quite possible that it may prove economical, com­

pared to other techniques, only for larger power planta~ It is 

assumed here that this technique can economically be applied 

only to power plants of 100 MW and over. In Canada, of 154 

thermal power plants in operation in 1969 (both utilities and 

industrial) only 2) had a capacity of 100 MW or more.) Theae, 

1 

2 

3 

The figures for the 1000 MW power plants are the same as 
thoBe given in the M.W. Kellog study. 

Hèdlin Menzles & Associates, Initial StUdJ of the Di •• n'lIn 
ot Pollution in Canada, (Toronto, July, 1 69), pp. 8-9 .. ' 

Dominion Bureau of StatisticB, Electrio Power Stati.tics, 
Vol. III, (Ottawa. Information Canada, March, 1971), pp. 
65-93. 
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howeT.r.\acoounted for 8S~ of all i~talle4 oapacity. Por laot 

ot better ~,.tillate •• i t 1. a •• uaed ".re and in the text that 

th •• e plante al.o consuae 85~ of ~. fuel ant. henee, are 

r •• poD.lbl. for es~ ot the eai •• iona ot .ulfur ox1d.. troa 

th.r .. l power plant •• 

, 

• 
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PUN! 
CAP.A.Clft 

(0) 

17.5 
JSO 
JSo 
350 
-'00 

700 
r 1000 

1000 . 
1000 

__ QO 

700 
1000 

• 1000 

1000 

' . 

TABLE E-2 

COSTS OP RE.OVAL OF SULPUR OXIDES l'ROM HYPOTHETICAL 
POWER PLANT STACK GASES 

~ 

SULPUR PER CENT CONTROL GROSS COS'!' 
CONTEN'!' OF SULFUR PROCESS OP ABATEMENT 
OF FUEL RECOYERY ($/ton SOx) 

(~) 

3 • .5 .50 Dry Li •• stone 68 
5 50 .. .. 48 
J.5 50 .. .. 56 

-"" 2 50, .. • 78 
3.5 90 W.t Li •• stone 35 

J.' 90 .. .. 34-
5 93 .. .. 26 
J.5 90 .. .. JJ 
2 82.5 .. .. 48 
J.5 95 llagneslW1l O:xld. 68 
J.S 95 .. .. 59 ., 96.5 .. .. 43 
3.5 95 .. .. 56 
2 91 .. .. 86 

• 
~ 

NE'!' COS1' 
OP ABATEIlEWf 

(./Ton SOx) 

-
-
-
-
-
-
-
-
-
50 
;0 ~ 

24 

)6 

67 . 
----

\...J 
N 

'" 
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PLAN! .iULPUR PER CENT 
CAPACITY CON'1'ENT OF SULFUR 

(MW ) OP FUEL RBCOVERY 
(~) 

~OO -, J.5 - 90 
700 J.5 90 

~ooo 5 93 
1000 ).5 90 
1000 2 82.5 

400 J.5 87.5 
700 3.5 0 87.5 

1000 5 91 
1000 3.5 87.5 
1000 2 78 

400 ).5 95 
700 3.5 95 

1000 .5 96.5 
1000 3.5 c 95 
1000 2 9.1 

e ~,f\ 

( 

TABLE E-2 

(continued) 

CONTROL 
PRO CESS 

CAT-QX 
.. .. 
.. .. 
.. .. 

1 .. .. 
Moditied Chaaber 

.. .. 

.. .. 

.. .. 

.. .. 
.olten Carbonate .. .. 

.. .. 

.. .. 

.. .. 

. 

.... 

GROSS COST NET COST 
OF ABATEM.EN'f OF ABA 'l'DEN! 

($/!on SOx) ($/Ton SOx) 

, 

94 82 
87 75 
55 44 
79 67 -

14~ 1JJ -

87 70 
75 S9 
47 J2 

, 69 52 
134 114 

94 85 
81 72 • 
57 48 
74 65 

117 108 
~--_._-~ 

.-$ource. Hitman As.ociat •• , Inc., Cost Nomograîhs of Se1ected Sulfur Dioxide 
Abateaent M.thode, (COlumbia, Md.1 H tman Assoc1ates, Inc., January, 
1972), pp. BB-B1). \ 

e 

w 
w 
o 
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PLANT 
CAPACI'l'Y 
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TABLE E-) 

ADDITIONAL COSTS OF MIOYAL 01 SULlUB OllAlS 
PROM POWER PLANT ST.CK GAëlS 

SULP'OR ~ OF CONT~OL COST OP 
CONTE.N'f SULPUR PRO CESS .ABA'l'BIlENT 

'. 

(JIW) OP PUEL RECOVER! PtR UNI! SOx 
(.) (./Ton) 

1000 ).5 50 I}ry 
" 

Li.eatone 24 ~ 

1000 ).5 35 .. 40 .. .. 45-40 
1000 ).5 55-60 .. .. 29-27 

800 3.0 91 Wet Li.estone 18 
1)00 ).5 95 Potaaaiua Sulphit. 12 
750 ' 2.7 90 Maneane •• Oxide 10 
)00 1.5 90 R.in.futt 47 
8~ ) 90 CA'l'-OX 32-20 
800 ) 9S Molten Cnbonate 22 

1200 ).5 90 Stone " Webater 25 • - 3.0 90 .. .. 42 

- ).0 90+ Malll.aiua Oxide 45 
1)00 3.5 90+ Pot.s.iua Poraate 20-)0 

3 

Sourc.. B.tiaat •• tro. a aurvey of th. technioa1 lit.rature 
provid.d in a privat. co .. ùnication by E.R •• itohel1, 
Departaent of Energy, .inea, and Reaource •• 

\ 

,) 

• 

. . 

,-

• 
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APPINPII P 

!AJOR INDUSTRIAL SOURCIS OP SULPtlR OXIDBS 

Thi. Appendix 1i.t. the looation, own.r.hip, and other 
.". 

relaTant data pertaininl to the indu. trial .ouroe. of .ultur 

oxide .. oon.idered in thi •• tudy. 

TABLE 1-1 

ALtJJlINOJI SeLlER CAPACITY - CANADA. 1970 

PLANT CAPACln 
OWNERSHIP LOCATION (TONS/YR .. ) . 

Alean \ Arvida, Que. 4)5,000 

.. . Bealolharnoi., Que. 45,000 

.. Ile "l1ene, Que • 1)0,000 . .. Shawinican, Que • '0,000 . 
Il ~iti .. t, B.C. JOO,OOO 1 , , 

Ca~. Reynolds • etal Co. Baie Co.eau, Que • 175,000 
• 

Total \ 1,175,000 -

Source. Ctna4ian lineral. Yeg ~k. 1970, (Ottawa. nepart­
.ent of Energy, Min •• , ~ Re.ourees, 1972), p. 99 • 

.. .. 

/ 

1 
1 

) 
,( 
\ 
\ 

,) 
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TABL! F-2 

COPPER-NICKEL §I!LTIR CAPACITI - CANADA. 1970 

OWNERSHIP PLANT PRODUCT CAPACITY 
LOCATION ( 'l'ONS/YR. ) 

\ PalbonbridC· Nickel 

\ Mines Ltd. Falconbrid,e, Ont. Copper-Nickel 6,So,OOO 
r..An8 Copper Mines 

Li'. Murdockville, Que. Copper 370,000 

~n Bay Mlnlng Sael tlng Co. Flin Flon, Man. Copper 575,000 
CO Conieton, Ont. Copper-Nickel 800,000 

INCO Copper Cliff, Ont. Copper-Nickel 4,000,000 

/ INCO Tho.peon, Man. Niokel 600,000 
Noranda Min •• Ltd. Jforanda, Que. Copper 1,70a,OOO 

Note. Capacity i. expressed in ter •• of ore charce. This 
• expIalna the l.r~e difference b.tw.en capacity and 

production. 
1 

Bource •• 

• 
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'l'ABLE F-J 

ZINC SMEL!ING CAPACITY - CANADA. 1970 
~ 

OWNERSHIP LOCATION 
\ 

Canadian Eleetrolytie Zinc Ltd. Valleyfi.ld, Qu •• 
Co.inco Ltd. Tra!l, B. C. 
Ea.t Coast S.eltinc & Ch •• ieal 

Co. Ltd. B.ll.dun., N.B. 
Hudson Bay Mining & S •• lting 

Co. Ltd. Flin FIon, lIan. 

She~brooke .etallurgieal Co. Lt4. Port bit1and, Ont. 

SoureeBI Canadian Miner:l. I.arbook. 1970, p. 586. 
lorks In Canad_, pp. 12-15. 

CAPACITY 
(TONS/YR. ) 

140,000 
263,000 

"2,000 

79,000 
105,000 

629,000 

I,tallure!eal 
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TABLE F-4 

PETROLEUM REFINING CAPACITY - CANADA, 1970 

OWNERSHIP 

Golden Eagle Canada Ltd. 
Iaperial ail Enterpriaes 

Ltd. 1 

Texaco Canada Ltd. 
Irving Refining Ltd. 
BP Retinery Canada Ltd. 
Gult ail Canada Ltd. 
Iaperial ail Enterprises 

Ltd. 
Petrotina Canada Ltd. 

Shell Canada Ltd. 
Texaco Canada Ltd. 
BP Retinery Can~da Ltd. 
GuI! Oil Canada Ltd. 
Imperial ail Enterpris86 

Ltd. 

Regen~efining (Canada) 
Ltd. 

Shell C Ltd. 
Shell Canada Ltd. 
Sun ail Co. Ltd. 
Iaperial 011 Enterpri.e. 

Ltd. 
Shell Canada L~d. 
Consumera Cooperative 

Refinerie. Ltd. 
Gult 011 Canada Ltd. 
Iaperial ail Enterpri ••• 

Ltd. 

Northern Petrol.ua Corp. 

LOCATION 

Holyroad, N1'ld. 

DartJllouth, N.S. 
Halifax, N.S. 
Saint JOhn, N.B. 
Ville D'Anjou, Que. 
Montreal East, Que. 

Montreal East, Que. 
Pointe-aux-Trembles, 

Que. 
~ontreal East, 
1 ~real E"t, 

Oakville. Ont. 
Clarkson, Ont. 

Sarnia, Ont. 

Que. 
Que. 

Port Credit, Ont. 
Oakville, Ont. 
Corunna, Ont. 
Sarnia, Ont. 
Winnipeg, Man. 

St. Bonitace, Man. 

Re«ina, Saslt. 
Mooe. Jaw, Saak. 

Regina, Sask. 

Kaaeoek, Saak. 

CAPACITY 
(BARRELS/DAY) 

14,000 

64,)00 
16,000 

45,000 
75,000 

67,500 

106,000 

6),000 
100,000 

66,000 

38,000 
55,400 

126,800 

40,000 
40,000 

56,000 
3),000 
22.000 

26.500 

21.500 
10,350 

32,200 

1,200 



• 

OWNERSHlP 

Gulf 011 Canada Ltd. 
Gulf 011 Canada Ltd. 
Husky 011 Ltd. 
laper!al 011 Enterprl.es 

Ltd. 

laperial Oil Enterpria •• 
Ltd. 

Shell Canada Ltd. 

Texaco Canada Ltd. 
Gulf 011 Canada Ltd. 
Gulf 011 Canada Ltd. 
laperlal Oil Enterpria •• 

Ltd. 

Pacirie Petrol.ume Ltd. 
Shell Canada Ltd. 
Chevron Canada Ltd. 
Union George Co. of Canada 

Ltd. 
laperial 011 Ltd. 

Total 

Source • 

- JJ6 -

TABLE p-4 

(continued) 

LOCATION 

Edaonton, Alta. 
Calgary, Alta. 
Lloyd.inster, Alta. 

Edmonton, Alta. 

Calgary, Alta. 
Bowden, Alta. 
E~, Alta. 
Port JIoc\dy, B.e. 
Kuloops, B. C. 

Iaco, B. C. 

Taylor, B. C. 
Burnaby, B.e. 
Burnaby, B.C. 

Prince George, B.C. 
Noraan Wells,N.W.T. 

CAPAClK 
( B.A.RRELS/1)AY ) 

72,000 
6,750 
8,500 

39,900 

20,000 

5,000 
20,000 

30,000 

5,900 

33,000 
10,400 

20,500 
18,000 

8,000 

2,800 

1,350,000 
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TABLE F-,5 

SULFURIC ACIP PLANTS - CANADA, 1970 

OWNERSHIP 

A11i,d Cheaical Canada Ltd. 
A1uminua Co. of Canada Ltd. 
Border Chemical Co. Ltd. 
Canadian Electroytic Zinc Ltd. 
Canadian Industries Ltd. 

.. .. .. 

.. .. .. 
Canadian Titaniua Pigmenta 

Ltd. 
Coinco Ltd. 

.. .. 
Cyanamid of Canada Ltd. 
Dupont of Canada Ltd. 
East Coast Saelting and 

Cheaical Co. Ltd. 
Gulf Oil Canada Ltd. 
Imperial Oil Ltd. 
Inland Chemieals Canada Ltd. 

.. .. .. 
North.est Nitro-Chemieals 

Ltd. 

.. 

LOCATION 

Valleyfield, Que. 
ArTida, Que. 
Transcona, Man. 

Valleyfieltt, Que. 
1 

Beloeil, Que. 
Copper Cliff, Ont • 
Hamilton, Ont • 

Varennes, Que. 
Kimberley, B. C. 
Trail, B.C • 
Niagara Falla, O~t. 
North Bay, Ont. 

Belledune, N. B. 

Shawinigan, Que. 
Redwat,r, Alta. 
Fort Saskatchewan, Alta. 
Prince Georg .. " B.C • 

.edicine Hat, B.C. 
Stephenville, Nfld. Sea Mining Corp. Ltd. 

Sherbrooke Metallurgieal 
Co. Ltd. 

Sulco Che.icala Ltd. 
We.tern Cooperative 

Fertilizers Ltd. 

Dunnsville, Ont. 
~ Elalira, Ont. 

Al1ied Che.ical Canada Ltd. 
Cal«ary, Alta. 
Copper Cliff, Ont. 

Source. Depart.ent ot Induatry, Trad., and C .... rc. C~41an 
Ch •• ieal Relieter, 1971, (Ottawa. ttntoraatl.~~ana\li. 
1971) • 
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'l'ABLE F-6 

COKE PRODUCTION PLANTS - CANADA. 1970 

OWNERSHIP 

Aleo.a Steel Corp. 
Ltd. 

Steel Co. of Canada 
Ltd. 

Do.inion Foundries 
and Steel Ltd. 

Cap. Breton Develop­
aent Corp. 

Gas Metropolitan, 
InCl 

Manitoba & Sa8katche­
wan Coal Co. ·Ltd. 

Kaiser Resources Ltd. 

Total 

LOCATION 

Sault Ste. Marie, 
Ont. 

Hamilton, Ont. 

Haailtoljl, Ont. 

Sidney, N.S. 

Ville LaSalle. Que. 

Bienfait, Sa.k. 
Natal, B.C. • 

C~ACITY 
(lÔOO TONS 
PER IR. ) 

2,700 

2,670 

1,400 

900 

626 

110 
245 

4,6)1 

Source 1 Canadian Minerals Yearbook, 1970, p. 184 • 

• 

PRODUCTION 
(1000 TONS) 

1,619 

1,874 

960 

586 

266 

N.A • 
190 
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TABLE F-7 

NA,TURAL GAS PROCESSING PLANTS - CANADA. 1970 

H2S IN RAW GAS SULFUR 
RAW GAS CAPACITY CAFACITY 

OWNERSHIP LOCATION (~) (MMCF/DAY) (LONG TONS 
PER DAY) 

Shell Canada Jumping Pound, 
Alta. J ... 5 250 240 .. .. Innis!ail, Alta • 14 15 115 .. .. Waterton, Alta • 18-25 468 1,650 .. .. S illone t te, Al ta. - 15 90 .. .. Burnt Ti.ber, rJ 

Alta. - 54 190 
Gulf Oil Canada Turner Valley, 

Alta. 4 45 )5 .. .. .. Pincher Creek, 
Alta. 10 204 675 .. .. .. Nevis, Alta. )-7 91 198 .. .. .. Rimbey, Alta. 1-) 422 )28 .. .. .. Strachan, Al ta. - 250 8)0 

Imperial Oil Redwater, Al ta. ) 22 21 .. .. Quirk Creek,Alta. - 90 225 
Jefferson Lake Taylor Flats, 

Petrole B.C. ) - )25 .. .. Savannah Creek, 
Alta. 1) - J75 

Texas Gulf Sulfur Okotoks, Alta. )) )0 4)0 .. .. .. Windfall, Alta. 16 -- 1,875 
Chevron Standard Nevis, Al ta. 7 79 204 
Petrogas Pro- Cros.field, 
cessing Alta. JI 315 1,970 

Home Oil Carstairs,Alta. l )J4 ) 42 
Canadian Fins Oil 1fildcats Hills, 

Alta. 4 112 1)7 
Steelllan Gas Steelaan, Sask.. l J8 12 
Hudson Bay 011 
. ad Gal Edlon, A.lta. 3 377 J{)4. 
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TABLE F-? 
(continued) 

OWNERSHIP 

Hudson Bay Oil 
&nd Gas 

.. .. 

.. .. 

.. .. 

.. .. 

.. .. 

.. .. 

Tenneco Oil &: 
MineraIs 

Banf! Oil Ltd. 

Atlantic Rich­
field 

LOCATION 

Lona Pine Creek, 
Alta. 

Caroline, Alta. 
Kaybob South,Al~ 

.. .. .. 
Sylvan Lake,Alta. 
Sturgeon Lake, 
Alta. 

Brazaau River, 
Alta. 

Nordegg, Alta. 
Rainbow Lake, 
Alta. 

Gold Creak, 
Alta. 

Aaerade Hess Corp. Olda, A.lta. 
Mobil Oil Canada Wiaborne,Alta. 
Canadian Superior 

Oil 
Canadian Delhi 

Oil 
Amoeo Canada 

PetrGleull 

.. .. 

Sources 1 

Haraathon­
Elkton, Alta. 

, ~inn.hik-Buck 
~ Lake, Alta. 

East Cross!ield, 
Al ta. J 

Bigatone, Alta. 

H2S IN RAW GAS SULFUR 
RAW GAS CAPACITY CAPACITY 

(~O ~"CP/DAY) (LONG TONS 
PER DAY) 

8-17 

2-17 

Il 
14 

53 

34 

19 

51 
4.5 

212 

170 
59 

12 

104 

66 

38 

60 
100 

60 

42 

l1te 

101 

48 

176 
26 

1,044 
1,004 

Il 

50 

50 

25 

70 

100 

600 
244 

805 

18 

1,480 

320 
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TABLE F-8 

SULFItE PyLP MILL§ - CANADA. 1967 

OWNERSHIP 

Abitibi St. Anne Paper Co. 
Anglo-Canadian Pulp & Paper 

Mill. Ltd. 
Canadian International Paper 

Co. 
.. .. .. 
.. .. .. 
.. .. .. 

Coneolidated Bathurst Ltd. .. .. .. 
.. .. .. 

Domtar Newsprint Ltd. 
.. .. .. 
.. .. .. 

Eddy E.B. Co. 
Gaspesia Pulp & Paper Co. Ltd. 
The MoLaren, Jaaes. Co. Ltd. 
Price Co. Ltd. 

.. .. .. 
Quebeo North Shore Paper do. 
St. Rayaond Paper Ltd. 
Abitibi Paper Co. .. .. .. 

.. .. .. 
Abitibi Provincial Paper Ltd. 
Canadlan International Paper 

Co. 
Doatar Pine Papera Ltd. 

Deatar Pulp & Paper Ltd. 
Great Lak •• Paper Co. Ltd • 

LOCATION 

Beaupre, Que. 

Quebeo, Que. 

Gatineau, Que. 
La Tuque, Que • 
Te.iskaming, Que • 
Trois Rivierea, Que • 
Grand-Mere, Que. 
Port Alfred, Que • 
Shawinigan, Que • 
Dolbeau, Que. 
Donnaoona, Que • 
Trois Rivieres, Que • 
Hull, Que. 
Chandler, Que. 
Masson, Que. 
Kenogami, Que. 
Alma, Que • 
Baie Co.eau, Que. 
ne.biens, Que. 
Port William, Ont. 
Port Arthur, Ont • 

Sault Ste. Marie, Ont • 
Port Arthur, Ont. 

Hawkeabury, Ont. 
Cornwall, Ont. 

St. Catherine., Ont. 
Port Wil11a., Ont. 
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TABL! 1-8 

(continueeS ) 

OWNERSHIP 

Ontarlo-Minne.ot. Pulp & Paper 
Co. Ltd. 

Ontario Paper Cd. LteS. , 
Spruee "11& Power & Paper 

Co. Ltd. 
Abitibi Manitoba Paper Ltd. 
Çoluabfa Cellulo.e Co. Ltd. 
Crown Zellerbach danada Ltd. 

MacMillan, Bloedel Ltd. 
Rayonier Canada Ltd. 

LOCATION 

Kenora, Ont. 
TMrold, Ont. 

Kapu.ka.ina, Ont. 
Pine Falls, lan. 
Prince Rupert, B.C. 
Ocean Pall., B.C. 
Powell Ri.er, B.C. 
Wooc1fire. B. C. 

Source. Doainion Bureau of Stati.tics, Pulp and Paper Mill., 
!2!L, (Ottawa. Queen'. Printer, Septeaber, 1969J. 
pp. 15-16 • 

.. 

• 

o 

" 


