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The Economics of Land Zoning

Abdgract

Land-ure restrictione ame frequently applied to separate pollufing from non-
pelluting activitien. In eontrast to the adeting literature, we inerporabe spatial
and intertamparal aapects of the problem simultanecusly and determine the border
af the snnes andogennualy. The reemlta, based cn & feo-stage optimizaiion mekhod
showr that non-spatially diffecemtiated Pigouvian taxes on the final amisgionn are
abla tn eatablish the socially ophimal oubeoma Second-hest inatruments alone such
an A mpatially differantiate] fax on inputs or outputs are oot able to suppart the
ronially optimal aubenme and need to e complemented by land-soning or land-uee
taxen. Wa cnmpare the afficiency of different rpatial mvironmental paolicies such as
land-ume taxes or land zeming. The necemary changes remined to transform A spar
tially optimal , yaf shakic, aovirnnmeantal palicy info an interbempeorally and spatially
optimal envimnmental policy are presanted and discossed.

Koy words: land-use taxes, zoning. land alloeation, waber pollutinn, aptimal ool
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1 Introduction

Economiala hava long allamplad Lo axplain Lhe value of axisling apalial slruelura and Lha
davelopownl pallecn of & eily of region. Eeonomic Lhaory hag idanlilled markal Dilures,
Auch s exlarnnlilie, which call Lor Lhe inlarwanlion of Aulhoeilics Al Lhe local, repional
ot nalional level in Lhe form of land-use eonlrol (Anas, Arnoll and Sall | 1998} Thia
is molivaled by heompalible laod wses (o0 g, ooisa, odor, Leallie, or eonlaminalion of
bd ied ol walar}; presarvalion of opan apaea (a. g parks and preanballa} and Lhe nolion
Lhal land-ownara® propearly Laxed ahould eowr Lhe eoal of poblie goods provided in Lhaie
Aren (OFSullivan, 1993} The oal eoounon Lol Lo achiews Lheaa ands is Land-use soning
which has hean [requanlly applied Lo sapaeals polluting feom pon-poldluling ael vilie.
Ineor poraling apres in ssonomie analyaia nol ooly inleod ues Leanapor LaLion eoal bul alsoe
Lha process of difusion or disparsion of Lha pollulanl. As & resull monelary damage
tnay decrerss wilh distanes frorn Lhe soures of Lhe pollulion, or Lhe volnarabilily of Lha

abvitonanl may dillar Crom one localion Lo anolbar.

In Lhe axialing libaralura, weone Ace oflan axopganoudy delarmined . Howawar, eeonomic
Abalysia [oeuses on Lhe aconomic sonsequences of A givan fal of soning policies on vari-
ahlen of inlavesl, & g proparly value, pollulion of walie eongelion. Wilh Lo apalial
pollution, Lha separalion of Lwo eonllieling land uses s Laken A9 givan, and A singla wona
Lor anch Lypa of land use i assumwed. To secownl Lor pollulion exlarnalilie, apalially
dilfaranlinled Uigouvian Laxes wara propoded Al an aquivalenl rale of Lhe maegingl dam-
Age [pom amisaions Al Lhe localion (Tialanbarg 1995}, (Hochman and Ofak, 1979} and
(Hoehran, Pines and Zilbaeman , 1977} Exopanous soning bowevar  axplaing nailhar Lha
wonling proees ilaall nor Lhe oplimal localion and siza of Lhae wona Endopanous soning
Lakaa Lheaa rapwels inlo aceounl by analyxing Lha influanes of various pressura groufs o
Lhe ouleome of Lhe eoning proess (Pogodsingki and Seas, 1994} and (Eppla, Romar and
Filimon, 1988}, Howewar, Lha seeond aspecl of andoganous soning Lbe oplimal loealion
And aiwa of Lha wona, hag resalwid lillla allanlion in Lhe libaralore wilh eepael Lo pollo Lion

eotLeal .



Wilhin an endopenous soning [ramework, Tomasi and YWaise [ 1994} damonsirala Lhal
apalial dilfaranlinbed Pigouvian Laced on amissions aa ganarally nol sulicianl L anaura
Lhal reompalilivaequilibeivm ia Paraloaliciant. Thes pead o ba somplameantad by laed-
usa realricliong. Hoehman and Raussar (1997} eonlrm Lhe erse for mol Liple wone ("Doonasi
Aand Weise, 1934} whara Lha nurabar and bordar of sotes wara dalaribed andopanously.

As wilh Lha papars by Tomasi and YWeise (1994} and Hochoan and Ravssar | 1997},
Lhia papar considers land-use peslriclions as an andopancus inalromant Dor eonlrolling
pollulion. Hiwewar, wa Laka inlo aceounl Lhal pollulanks oy aceuenulaa ovar Lioea. a.
£, e g, acldie depositiors in form of acld rain rembing from tha amlasiona of
50 and N0, or Lha conlaminalion of walar wilh nileala or phoaphorus. This axlansion
ia molivaled by Lba [ael Lhal aven an oplitnsl spalial alleealion of land and oplimal wa
of inpuls aupporl A loag-run aquilibriom only by ehanes; Lhus, policies addeeming Lham
band Lo be desipned wilhin & apalial inbarlamporal roework. YWa nol only analyes land
usa policied in Lha eonlaxl of land soning bul alao alaborals on land -use Laxes Aa A oca
allicianl inalrumanl Lo achiove Lha oplimal alleealion of land. Dvapila Lhis, pailhar land
usa Laxed nor land woning alone is sullleianl Lo elablish & socially oplimal ouleoma. A
bon-apaLlially dilarentialed Piguvian Lax on Obal amissions i Lhe only single inalrumeanl
Liv achiows & aocially oplimal ouleoma. Second-heal inalrunwnla, aueh g Laxes on inpuol
o ouLpul, hesd L ba eomplamenlad by land usa Laxes or land weoning Lo achiaws aoaocially
oplimal ouleoma. Ouoly il Lha marginal Inal amissions aly eondlanl wilh changes in inpol
of oulpul, apalialy difarantialed Pigouvian Laxed on inpul or oulpul aca alieianl and
baed ol ba eomplamanted by & land eonleol poliey.

A wary edaanlial pacl of Lhis paper eonaiala of Lha powval Appreord in preganling & Lwo-aLaga
aolulion Lok apalisl-intarlampoenl oplimal eosleol problem The nowelly 8 oblaining a
Lewis-alage aalulion, Allowing Lo darive Lhe qualilalive characlarialicn of Lha solulion hal-
Lar and more ansily, Lhan a single-alaga solulion. The Dral slaga sonsisla of Lhe oplisal
apalial aloealion, and Lhe seeond alage 8 eompriged of Lha inbarbaoporal oplimisalion
ol Lhe aolulion froon Lhe Oeal alage. The Lwo slages ara linked by Lha eoounon abad ow
pirica, allowing a relalionship Lo form balwean oplimal shoel-run and long-ron inpul de-



mand and A land demand funelion. Moal imporlanlly, iL allows Lhe neeesaary changes
beeded Lo Leanalorm & apalially oplimal | yel slalie, asvivonmenlal poliey analyaia Lo an
inlarLampioraly and apalially oplimal anviconoeanlal poliey.

2 Land Allocation over Space and Time

2.1 Conceptusl Framework

Wa assuma Lhal Lhe repion amargss on A line glarling Al poinl § which eorreponds Lo
Lhe urban eanlar, and Larminales AL poinl @, Lhe repion’s bordar. Tha anlive eeonomie
Lrananelion of Lhe region Lakes plaes al Lhe orban eaolar whara Lhe apalial axlangion hag
eollapaed oo A poinl heeausa il 9 eonsidarabla amall ralalive Lo Lha repion’s aren. The land
in Lhe repion bas one polanlial aeonomie uae: a8 & localion bor dilfarant ind paleinl ael vilie.
Wa Aasubwa Lhal labor aupply ia perleclly alralic, and Lhal Lha difarenl ind uabrinl pelivilies
operala ih R eopalilive gyalam, whare Lhe mackal ahaee i9 relalively amall 3o Lhal
peoducl and [aelbor pries ava givan axopanoualy. The ind ualrial aelivilie, bowaver, chusae
pollulanls Lo aceurnulala in qurlwes walar (eordl, lake, or river} and for ground walar,
lending o Dnal amisaions &l Lhe ueban eanlar. We eoncanleala on Onal aissions inabaad
ol amisgiong AL Lhe soures bechusa soow of Lhe amisaions of Oroe will ba loal [ataoched,
decomposed , wlalilised } halore Lhay tarch Lha aran of eonearn. The priorily of eonsunwrs
livingrin Lhw eily eoovparead Lhose living oulside Lha eily 18 based oo owr assumgpilion Lhal e
mora condumars live in Lhacily Lhan in Lha region. Hanea, wa coneanlrala on eondumar in
Lha eily. Tha lall and eanler pacl of Figuea 1 illusieale Lwo posaibile geogeaphical achames
whara Lha urban eanlar and Lhe harehy surlaes walars map on Lha sLaeling poinl (i =10}
and Lha region’s horder maps on Lbhe Larminal poinl (r2 = 3} of Lhe obe-dimensional space
line of Lha right, pact of Figuea 17

Fipgura 1

L

For Mhetratlve pirpress, epace 1 pregentad In twe dimemslone In Flpire 1, whereaz the mexdel analyrsd
In thls paper 1z haszsd oo & coe-dimemslnmal spase model
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Crivan Lhig ailualion, we dalarmina Lhe oplinal alleealion of difaranl ind uslries over spaca
and Limwe Do Lhis and, wa assume Lhal & repgional planner will macimise Lba presanl
diseounled nal banalls of dilfaranl induslries and Lka inlo pesounl Lhe mobalary ogses

pedulling feom Lha eonlaminalion of aurlaes walar and ground walar.

2.2 The Repgional Decision Maodel

T kaapy Lha regional decision modal aimpla and Lraclabla, wa eonean Lealba, wilhoul lsa of
penaralily, on Lha eraa whaes Lhava araonly Lwo indoaleies. For axampla, ona can eondidar
Lhe mining indualey, Lanning indualey, prpear onilla, foil-geowing indoaley, vinbeullora,
of agricullura. Ench indusley prodoees a bomopganaous oulpul beaed on Lha produclion
funelion [zt e} e %), ¢ = L2 whare 250t e}, ¢ = 1.2 indiealas indualey i waelor of
inpula amployed Al calandar Limea § AL lsealion e Ye assuma Lhal f{-} 8 Lwica diacan-
Liahla in e and 25, € = 1,2, and ia siriclly eobneawa ino2p, ¢ = 1,2 wilh fi, > 0,i= 1,2,
whara A sutmeripl wilh reapael Lo & variable indiealss Lha paelial derivalive of Lha [une-
Lint. Tha loealion variable ez hag & diseel impacl oo Lha oulpul, The mwal obivious eraea
is givan by agricullues or vinieullura. The paramelar %, ¢ = 1,2 rapeesants an index
of Lhe inpul produelivity. 1L 8 assuened Lhal & bighar indax of produelivily, ambiodied
in A pvwra advanesd Lechnology, ineura & highar Dxad eal? danoled by &, ¢ = 1.2, Tha
ahara of land amployed by induslry € ¢ = 1,2 AL localion 2 and Lima ! is denolad by Lha
non-negalive Learm, &t e}, = 1,2, with %5 d(l 2} < 1. The oulpul and inpul priees
AL localion r aradanolad by g} and ey}, § = 1,2, respeclivaly. Tha priees pg(e} and
wig(ra}, £ = 1,2 only diller oo g (0} and e (0}, € = 1,2 by Lha Leanapor Lalion el Givan
Lhig sslup, Lhe maximizalion of pel banalla, oo Lhe Lwo indualries loealed wilhin Lha
rural indualrial region, eorreaponds Lo Lha maximisalion o Lhe quasiranl Al Lhe regional
lewal. The regional planner’s decision probilan (7}, 8 Lharelora, givan by Lha Tollowing

2

{ne way o Intarprat, the asmmptlon of exogencucly deternined anmmllzed Seed mosts s 0 Intarpret,
thess as remtal erata of the fxed caphal Inpite |



maximisalion problam:

5 4
mae [ o ™ [ Sl [l et 80 b - ot ot

aufka) o) rr
— yna[ (£} udt (4

aubjecl Lo

ds(i} _
TR = 28} — La(i}

I
3(0} = 0 zilt,m} > 0, At} 2 0,4=12, and 1-3 &(La} =0,
i—1

whara z(1} denoles Lha apereepals pollulion peanaraled in Lha region and i pgvan by
=1} = J'n“ Z‘g_j Al ea e g (1 ez} ee; ) (e} e, Analopous Lo Lhe preoduelion unelios,
wa inlrodueas Lha funelion @z (t, e}, 4}, ¢ = 1,2 which presanta Lha nal amissiong of
A pollulanl inby Lhe body of waler al Lhe weban eanlear. The nal amissiong Lake ol
aecounl Lha Orms’ amissions of A pollulant, Lopgathar wilh Lhair Tala, whila Lha pollulanl
Leavals inlo Lha urban eanlar vin walar. YWe assumma Lhal (-} ia Lwies dillavenlinble in e
abd 5, ¢ = 1,2, and i aleielly eonwex in @i = 1,2 wilh ¢, > 0,4 = 1,2, Tha inew-
pooraLion of A disparaion [unelion, whieh eonsidars Lha [ala and Lranaport of Lha pollulanl
wilhin Lhe region, seame Lo be more appropriale. Howawer | 5 manlionad balora, we am-
phadies Lha aeonomie analyaia of Lhe palalionahip balwean eily and sagion. Tha pae o lar
4. % = 1.2 presanla an indax which enpluras Lha amounsl of Onal amisgions s relalion L
Lhe amounl of npula amployed (T inalanes, A land clawillenlion syalam calacling Lha
walar eonlaminalion polanlial of asch loealion}. Tha [unelion g{e} denoles A danaily
funelion, wilh pepecl Lo Lha localion 2 wilh f: fleg}dre = 1. In Lha erse whara ez s
inlarpraled ma distanea, ez} ia unilormly disteibuled; in Lha chse whara 2 alands Do aail
qualily, g2} rellacla Lha dialeibulion of soil qualily owar Lha region. Preamalar » indicale
Lha ancial diseounl rala, lunelion s(£} ia Lhe amvounl of Lha pollulast in Lha body of walar,

and [unelion safs(f}} eaplure Lha monalary damages reaulling fom Lhae eonlaminalion



of Lha hody of walar® Finally, wa indieala Lhal 2" deanotes Lha regional planner’s and of
Lha planning horison, and £ danoles Lhe nalueal decay of Lha pollutanl in Lhe walar.

Liilising Ponleyagin'a Maximom Prineiple, tha Hamillonian & of Lhe regional plannar’s

dacision problam ia givan by

5 4
# o= [ e 0 8 - k- ket Jglohda (1)

i—1

a
—may -3 [ ’ 2 Aty et o o g} dor U @
T [aciliLala Lhe inlarpralalion of Lha eodlala variahla A, il has bean mollipliad by minog
oba. Lo Lhis way 4 has & piosilive valus, Do aimplily Lha bolalion, Lha argumanla § and e
ol Lhe varinblas/Tuneliong o, d, A gy g, 8 = 1,2 will ba auppreeaed, woless il is pequived
Lor an unambiguous nolalion. "Caking inloaceounl Lha eonalrainta on Lhe eonleol variahle
leads Lo Lhe Lagrangian £ given by £ = H + 37 (G + wdd +x(1 - 7 &) whera
&9, %, ¢+ = 1.2 danola Lagranga mollipliars. A aolulion of problam ()} has Lo salialy

i

We asmime that, the conimers' wilty fnnctlon 12 gmadinear with reepect, to traded grods and sdar-
nalty Thue, the optlmal lewel of extarnalty 1z Independent, of the commmers' sxpemdlfires, and 1t 1=
prasihle to derlve a utllty fimetien which depemds coly eo the ademmallty a(f] [Mas-Celsll, Hhinston
and Green, 1995). To dirues the resilta of sir mexcdel 1n a practical eetilng, we propee that, the derlwed
utilty fimetlon be mpregented by the damage functhen wme(a(t]). Addiflonally, we asmme that, there 1=
ne ot b puble fonle, awd hmp-sm transfers are awallable to redlatritnte hoome e that, Plegcuvlan
tawes are wot distorticoary [Sandme, 1995, The asnmpticns made, whh megpact, to the qadliseadty
of the wtllty fimetlen, the exletemwes of ceatlees publy fimde, and the prevlously defled Anal emleston
i thn Inetesd nf & dleperalen fimetlon, help fo kesp the orxdel dmple. B alkn allows s to aeneentrats

eur analyls oo the optimal land alleeation and ta lmpleatlen for raglomal fenvlrenm ental polides takg
anrerint of epane and tlmea.



Lha Iollowing neceaary eondilions:

Lo = ﬁi(ﬁfmfﬁrﬂ; A} — g — }-*;ﬁ:r.(i‘i,r:;’:ﬁ}):.r ( S0 #=0,4=12 ) )

= >0 i=1712

£ = (pof (e, %) — ke — et — Mz, Jg +o— x =10, §=1,2 (4)
DO st 9= 3+ 8 - a0} (5
% —x(1} — Ea(t} a0} = sn. (6}

Tha roalylical solulion of weceaary eondiliona (3} - (6} i8 eomplicalad ; Lharalora, wa poo-
pde & Lwo-aLage approach Lo aolvae Lhis oplional eonled problam. Moreowar | Lha diseusaion

ol neceminry condilions (3} - (6} 3 simpliled and discussed in lalar aeclion 8.

3 Two-5tage Approach for the Optimal Control Prob-

lem

T'o oblain an analylical solulion e problam () owes aaily, we beaak il aparl. 1o Lha
Oral alaga wa aolva Lha oplital apalial allecalion by delarmining Lha oplional value of
ilrap dg(ra}, £ = 1.2 ower Lha anlive ranga of e, giwn A reslriclion on Lhe value of =, 1
., Lha amounl of Lha Inal amissiong of & pollulast. Tha valus Tunelion of Lhe apalial
AllsenLion probilam ¥z (e}, 87 (2}, £}, avalualed Al Lha opliowal value, raleels Lhe valua
of Lhe aolulion for Lhe spalial allocalion problam of Lhe Oral slags, pivan & praspecled
vilua of Lhe Ooal arnigaions 2 In Lha seeond alage, wa solw Lhe inderiesgare! allocalion
peoblam of Lha alraad y-oplimized aloealion problam. For Lhis purposa, we amploy 17( -}
A9 A [unelion of Lhe parameler . Basieally, Lha righl-hand side valua of the Dral-slaga
pedlrielion hecomea Lhe decision variahle in Lha seeond alage. The aimollaneons aolulion
ol Lha Lwo aLagea yialda Lhe oplimal rajeclories of 2z(f e}, &L e} 8}, ¢ = 1.2, and Lha

Aaacialad eoalala variabla in Lhe seeond alapga.

Tha Lwo-alaga approadt lor an oplitnal eosleol problan ean, in msanes, ba charmelarsoad



by Lha [nel Lhal Lha decision probilam oeeurs al Lha mierolaval, whila Lhis decision allecla a
Alale variable Al Lhe suaerolavel. For Lhis parlieolare rarson, Lhe alabe and emlala vaciable
in problam (7} depand ooly on 2, bol bol ob e Howawar, galling up Lhe problam in
aingle alage eould laad Lo necsanry eondilions which ave diffieull Lo solve. Tharelove,
wa peopoda Lo aplil Lha problam inbo an inlerlwined spalial and islarbampocal alloealion
problam.

3.1 The Optimal Land Allocation over Space

In Lha Oral slaga Lhe aolulion of Lha regional plannar's decision probilam is givan by Lha
valua funelion dellbed As:

A G
V= max | 2 o) [Pt} flasled, o 83 - b — weloleslenl| sleeddee (1)
aubjecl Lo

f 3 k(b W) do

i—]

a
zi{e} > 0, Ao} > 04=12, and 1-3 &}z
i—]

Aa healora, Lbe Arpgumanl ez of Lhe variable fluneliong 2q dg e e, g, ¢ = 1,2 and Lha
Lagranga mullipliae g, Lo ba introdueed lalar, will be suppeessed Lo aimplily Lha nolALion,

unless il 8 required for an unambipious woLALb .

Tha Lagangian for Lha apalial alloealion problan (21} ia pgivn by

= [ Ert (pistesn. 83 - s ~warJgaru(s- [ 3 diples x o) 1)

i—]

!i

+ 3 (e b} + x(1 —Eri-}-

i—1 i—1



A aalulion of problem (71} has Lo salialy Lha [ollowing nessanry eondilions

La = ﬁi(ﬁfﬂ- (s, 0% i} — g — Hﬁ«.n.lixg,r:;’r;})g ( = #=0i=17 ) 5

=k zi»0,t=1,2

Ly = (Pirii’irﬂi.ﬂi}—*i—“kfi—ﬁﬁb[firﬂi’?i})ﬂ +i-x=0, i=12 (8}
5 4

2= |73 Mahies(a) o wgled da =0, (10}
i—1

Tha Lagranga mollipliar uis inlarprabad as Lhe shadow eoal of Lhe prespecillad Lawal of
Lhe Onal emissions = oo Lhe anlive pegion, 1o, Lha rangs of ez, fborn O Lo 3. Thus,
ji, b eonlesal Lo variables 25 and b 8 conalanl owr e besrusa il 9 avalualed nol AL &
parLicular 2 hul owar Lhe anlive panga. The hecssary eondilion (8} indienle Lhal Lha
vilua of Lhe marginal produel, wilh reapecl L 2, equals Lbe aum of Lha maeginal el of
i, = 1,2, and Lha margingl eoal of pollution. The nexl nesssary eondilion, squalion
(3}, ahowa Lhal Lhe localion should be asigned o Lha indualrial pelivily wilh the high el
quasiranl Lhroughoul Lhe anlive region* In othar words, Lha indusitry with Lha highae
quasiranl has Lhe highar induslrial hid rant funelion. The maximal quasivanl for indugley
&, LI howewsr, changen owar o2 Lhua, Lha opliowally loealed indosley varies Lhrouphoul
Lha repion.

T analywa changes in 117, aqualion (3} s difarantinled wilh respael oo By olilising

aqualion (9} and Lha [acl Lhal u is eonalanl over iz, obe obiLing

13, = phlehs (ws,0m: 83 — wlordes] +[pelend fals, 0. 83 — sl 0| 20 (1)
[Lranaporlalion Efael] [HiLa Efacl)

Equalion (11} ahowa Lhal Lbe quasiranl Dor anch ind ualey changes owar Spaes a8 A el of
Lwo [elora: (1} Lhe marginal Leangporl el (Lbe Larma in Lha Oral aquare brackels} and

&

In thiz paper the toarm quasirent, refere 1o the enclally eptimal qmasivant,



(2} Lha valua of Lhe marginal prodoel of Lhae sile minog Lhe margingl pollulion eoal of Lha
fAile [Lhe Laroe in Lhe second squara brackala}. Sinea g(e} < 0 and efje} = 0 6= 1.2,
Lhe Lranaporlalion eoal will Always inerease wilh % The sign of the second Larm in
aquara hrackala eannol be delarmined withoul fuelher specilying Lha darivalives of [
Abd gy, L[ woa Lisok b Lha Lanbing indualey o paper milla, L seans parqonabila Lo assuma
Lhal fa =0, i. &, Lha produoetion is localion-ingansilive. Howaver, looking AL r AS An
index of acil qualily supgeals Lhal Lhe produclion ia loealion-sensilive, fo > 0. A8 Lha
indualry opacaled [wrihar away (oo Lhe wrban sanlar, of R Lha aoil qualily iberaraes,
oAl likaly i, < 0. Tharalora, in Lha easa of loealion-insanailive produelion, and secalling
LhaL u is eonslanl ower ez, Lha Leanaporlalion eodl will ineranss wilh ez, while Lha eoal of
pollution will decransa. Thos, depanding on Lhe magniluda of Lhese dinmelrie allecla, Lha
quasivanl of Lha indualry may decransa or ineransa wilh e Lo Lha ersa of loealion-ganailiva
peoduclion and soil qualily, Lha nal banallls of & changs in loealion e peRilive duoa Lo
Lha mwal likaly ensa Lhal @, < 0.

L' Lo how wa have ool dallned Lhe complale propearties of Lhae [unelions [} and 8-}
In parlicular, wa did bol ordar Lha ralalive produetion and pollulion inlansilie of Lha
Lwo induglries. Tharalora, many land-use pallarns may avolws. Do alruelora Lha problam,
wa maaume Lhal Lhara are pollulion-inlensive and pollulion-exlansive indoaleiea. In Lha
cada of pollulion-inlanaive prodoclion, which eaplore Lbe ersa of localion-inganailive and
loealinn-sangilive producelion, we aaumea Lhal Lbhe Leanaporlalion alkel i dominaled by
Lhe aile alect. Lo Lhis ense, Lha social quasirent s opwaed aloping wilth & changa in e,
a @, U7 »>0,i=1,2 The avolving land-use pallarn ean be ealablished by evalualing
Lha inequaliLy L3O} % 153(0} and 1133} % 13(@). o Lthe enss whare Lhe ordar of Lha
inequalily of L3(rs} and L3(e} i reversed | onee avaloaled Al e = 0 and AL 2 = &, wa
know Lhal Lthe aocial quasirant funeliona inlarseel.® Thus, we haw ealablished Lhal iL i

It comll be asnmied that, laber 1 pedfectly moblls threnghont, the riml Industrial reglon Implyng
that, nifex] =0, £ =12, or t could be asnmed that, laber 12 net, the dominant, tradeshle Inpir, such that,
HJ,!_[;!:] =mi) i=112

The onmhber of creedmes of the qmpadirenta determ ines endegencisly the opilmal mimber of omwes within
the reglen. For empllelty of the sxprosttlon, we coly congkler the cage where the guasivents of the o
Inchigtrlal artleitles Intereact coes. Howewer, fnr an analytleal treatment, of thie qpestinn whhin a stath
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oplital Lo divarsily Lha land vuse. The awilehing poinl in land-use is givan by ro* whara
13 (e2*} = 113(r2*} halda. In Lhe crse whare Lha aocial quasiranl funelion diss ool inlaraeel,
wa 300 Lhal il 8 oplitaal pol b diversily Lhe labd use An exarapla of diversillealion ia
givan in Figura 2. Tha high Onal amissions of indualry one lard | eloga Lo Lhe ueban eanlar,
Lir & higher aocial quadivanl of indualty Lwoo AL localion e =G, howawr, Lba ordar of Lha
inequalily of 1[I} and 15[} 8 reaversed.

Figura 2 alao illusieales Lhe ensa wheare Qbal amissions are a0 high Lhal Lha quasirania Loe
holh aclivilies (L0} and (L3} eloss Lo Lhe ety Are nagalive. Thus, & bular eona balwean
Lha vrban eanlar and Lhe indosleinl seclor, oo iz = 0 L r2 = e, 19 aalablished . This
hular wona dapiels Lha eraa of locally unwanlad land vse (LULLY.

In Lhe easa where bolh industrie ave pollulion exlangive, we assome Lhal Lthe aile aleel
(pollulion} i dominaled by Lha Leanaporlalion alecl lor Lha loealion-insansili ve and san-
gilive produelion, a. g, L7 <0, 6= 1,2 This silualion eaineide wilh Lha alandard ersa
in localion Lheoty whara Lha quasivanl decranses wilh distanes oo Lha wrban canlar. A
in Lhe previous parageaph, the avalualion of Lhe order of ibequality 13 and LI &L Lha
lealinns 2 =10 and r2 = @ Allows delarminalion of whalhar a ono land-use pallarn, or A
divarsilled land-usa pallacn, awlwa, An axampla of diverailed land-use pallacs i9 givan
in Figura 3. 1L alao dapicls Lha case whara Lha Leanaporlalion allecl is so aleong Lhal Lha
ancial quadivenls for bhoth indusiries 12 and 103, Lurn hegalive bayond localion . This
filualion landa Lo distanlly unwanled leod wse (DULLY Ior Lha wona g Lo G

| Figura 3|

Finally, wa eonaidar Lha chse whare ona indualry B8 pollulion inlendive and Lhe olbar
is pollulion axtanaive. This elamilealion ineorporaled Lha erse of loealion-ingansiliva
and sanfilive produelion. The opliowe aloealion of land g delermined | ones again by
avalualing Lha ordar of 113 and L3 AL localions o =0 and @ = 7@ An axample of Lhis
framework, gee a recent, paper by (Hochman and Bansser, 1997,
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filualion @ pgvan in Fipora 4, whare Lhe aocial quasirenl for indosley one 8 wpwaed
aloping and | Lo indualey Lwo, dowowaed aloping. Figura 4 alao idlustrales Lhe case whara
indualry ona ia pollulion inlansiw, 10* And indualey Lo ia pollulion axlangive wilk ey
high Leanaporlalion el L. As & reaull, the socinl quasivent foe bolh induslries may be
bapaliv balwean gy abnd o, laading Lo Lhe cass of regiobnl unwanbed land uae [RLLLY.

Tha decigion varinble, d;, ¢ = 1,2, can only Laks on inbarior value of ila domain i (9}
vAaniahed owvar A podilive inLarval of apace [y, eeg) of pogilive langlh . Hanea, Lha avalualion
of aqualion (11}, which ia Lhe darivalive of aqualion (3} wilh repecl Lo e, allows dalar-
mnibalion of whalhar Lhara axiala & aolulion whara bolh indusalrial pelivilies eoaxisl al Lha
aatma localion. Aeeording Lo (11}, Lhe margingl Leanaporlalion eodl bas Lo eaneal oul Lha
tnarginal pal benella of Lha sile alkel owar aoow podilive inlarval of aprea, Lo s ppoel
Ab inlarior solulion of 4. 1L seama unlikaly Lhal Lhia will bha Lhe ease Tor some podiliva
inlarval of apmes [y, rzg); howawer | iL eannol be diseardad Ltheoralically. Only in Lhe ersa of
loealinn-sangilive prodoclion wilh eonalanl Lrrnaporlalion eodl (margioal Leanaporlalion
e0ala Are waro} can an inlbarioe aodulion ba ruled oul Lheoralically, aines Lhe marginal nal

benalll of Lha sile alecl s sleielly poailive owr Lha anlics ranga of .

3.2 Optimal Spatisl Enwironmentsal Policy

Tha dilfaranl indpaleie will nol Laka inlo aceounl Lhe pollulion of walar, Do eoceecl Lhis
napaliw prodoelion axlarnalily, A marckal inlarvanlion ia required. Howewar, Pigouvian
Laxed on Lha amissions of pollulanis wara idenliled ae insulieianl b pravious lilacaluea
(Handaraon, 1977} and (Hochman and Ofak, 1979, Tomasi and Waise (1994) . as wall as
Hochman and Olak (1979), demonalrabed Lhal eorreel apnlinl Lax musl equal Lha apalial
Rggprragala of marginal damages eonlribiuled by anch localion. For Lhis pueposs, Hochman
and Ofak {1978} introduesd A dispamion funelion” whieh links Lha amount of Ltha pollulanl

AL localion ez Lo Lha amigsions of Lha pollutanl by & parlieular indoaley sl lsealion ey
T

In the paper by Thmas and Weke [1994), this eqmatlon 1z called a transitlon squation.
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Haowaver, in Lhis papar Lhe damages eaused by pollulion oeewr axelpsively in Lha eily and
bl wilhin Lha pepion whara Lha induslries ara localed. Tharalore, wa ooly nead Lo keap
Lemck of Lhe loealion whara Lha pollulion 8 panaraled.

Propoatiion 1 The aplitnal non-spalially differenbicied Mgotutien leg rp on he fmal
emisgons of o peritenler indualry loenled af o @ eonsenl I £ given by , = 4 and
eslehlivhes the sweinlly aplenel alloeclion af land end he soeinlly aplitnel wliliniion of
fruinda

Proof: Facing Lhe induslty wilh Lha Pigouviab Lax m, on [bal amisions, givan by o,
lands Lo an oplimal privale behavior by induslrey, whieh soineides wilh Lha oplimal social
bebhavior of induslry. This ean ba wirilled diveelly by looking sl equalions (8} and (3}

Uropoailion 1 shows Lhal non-spalially difaranlinled Vigouvian L on Doal amissions
ara sullisianl Lo supporl Lhe oplimal social ouleome and need nol be eomplamwanled by
ah pddilional inalrurmant , eoerecling Lhe meekal ouleoe oo Lip of Lhe Pigouvian Laxe.
In Lhe chrsa whara il I8 nol posaible Lo obaserwa Lbe individusl immigions of aech ind ua-
Lry localad al A particular localion, Lhe sepional plannar hag Lo resorl Lo seeond-baal

inalruraenla, auch A9 A Lax obn ibpul or oulpul.

Propoatilon 2 The speliclly oplénel differeniinled inpel loe T3}, ¢ = 1.2 f0 miven by
Tilez} =
jutae, (27 02 45}, & = 1,2, and Lhe spalinlly aplisal differesdicled aulpal lee (e}, i = 1,2
to gven by Ta(e} = e, (2702w} S 0} s B, 1= 1,2

Proof: Aa sean [rom equalion (8}, Lha ibpul L 7}, ¢ = 1,2 alablishe Lhe apalially
oplial dilfarantinlad inpul ehoiea, ;, ¢ = L2, of Lha induslry localed AL Localion o,
colbeiding wilh Lbhe oplimal ehoies of Lha regional planvar. Similaely, Lha spalial oplioouem

of Lhe oulpul Lax ean ba warillad.

Haowaver, b inpul Lax pequires Lhal Lha regional plannar eannol only obsarva Lha Lolal

amounl of inpuol in Lhe ragon, bul shafhe ean alao dislinguiah belwean Lha inpol which ia
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ampiloyed AL apeh Localion i, Olharwise, Lhe regional plannar will be unabla Lo sapacala
tnarkala and levy Lha aamea inpul wilh difarenl Laxes. Provided Lhal Lha regional plan nee
cabhol #preala Lha inpul markal bul ean saparala Lba oulpul markal, shafhe may inpoaa
Ab oulpul Lax, & Lax ob [, which induess Lha indusley Lo chooss Lhe oplitnal amousl
ol 2,4 = 1.2, [rom & repgional parspeclive.  Howewar, bailber Lha inpol Lax bor Lha
oulpul Lax ig suliciant Lo achiave A repgional oplimum, sinea Lhesa Laxes alahlish only
Lha Dral-edar eondition (B}, bul nol aquation (). Tharalora, Lha ehifan Lax heads Lo ba
compilamanled by an inalruranl which elablisbes Lha allician L allosealion of land fom Lha
regional plannar’s parapeclive As requited in equalion (3}, The oplimal alleeation of land
can ba rehiaved ailbar by woning or by Lha inposilion of A land-use Lax.

Propcatiloen 3 Proavided el the quastrenls af (mo indualrinl aelivilies are ol idenliral
over & paditwe lenglh of speee, bolh zoning repulelions end lend-wee leces ere ahle lo
edehlioh he efficdent alloralion af fand from the repional planner's peropesitoe inl differ
wilh teapenl Lo Lheir disleibulionel effeels.

Proof: Tha oplinnal bordar of Lha sone, danobad by r*, s delermined by equalion (3}
IL ean ba anforeed par decees Law by aulhorilies who bave juriadiclion ower Lhe pegion.
Inaland of an ordinanes, Lhe regional alboriliea eould alao impose & apalially diffaranti-
Aled land-use Lax o given by oglee} = ib(e? e ), ¢ = 1,2, 1o Lhis way Lhe decisiona of
Lha indusiey and Lha repional plannar, wilth reapeel Lo Lhe alloealion of Lhe land, ara both
hasad on hecsaary eondilion (9.

Kailthar land-use Laxed nor weoning alone aee aulicianl o supporl & Paralbo-alicianl oul-
cotma. Bolh pequira an pecomnpanying Lax Loalablish Lha oplioal inbangily of Lhe indoaley
which in Lurn, required kbowladpge of Lhe [uneliong [ and §. Howavar, holh inglrunwnla
dillar with peapecl Lo Lbair distribulionsl alecl. faning do nol ioapose eml ob indosley,
wharans land-usae Laxes do, by Iollowing Lbe pollubars’ pay prineipla. Tharalora, soning i
proli Lically mora viabla than land-use Laxes unles Lhay ave innplamanlad Lhrough Lerdanbla
prarnila which ara inilinlly disteiboled [ees of chaeps.
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A ahown in Lhe papar by "Tomasi and Yaise (1994} il s posible Lo idanlily eondilions
whara A Lax ob inpul or oulpol 8 sullleianl Lo achiows Lha repional oplisom wilhoul &

wotling ordinaneas or Lha impodilion of A land-uss Lax.

Propoatilen 4 If the fmal etnision funelion fo ftenr 0 fupel or splpel, hen an fipnl
inw or aulpel [ee, resperiively fo suflictend o ohinin the aplimal alloealion aver spacennd

n6 ratdng erdinance or lond-uee lee £ regbdeed

Proof: For an inpul Lax 75,4 = 1,2 Lo salialy Lhe Qeal-ordar eondilions (8} and (%), Lha
Lollowing aqualiong have Lo hold

AR e in), §= 1,2 (12

Til#s o} 4 = pi{i 0 6}, =12 (13}

Caleulaling Lha dearivalive in equalion |17} yiaelds g;"zi+-r; = Ay, =12 A solulion Lo
Lhis equalion ia givan by i} = by, (25,02}, wilh % =0, i=1,2 Thainlagralionol Lha
aolulion owver 25, ¢ = 1,2 eonllrma Lhal equalion (13} will alao ba aalisled. Hanea, wa can
coteluda Lhal Lhe Doal amiggion Tunelion ialineae in Lha ibpul, givan by iz e} = %I{.
A gitnple axampla of Lhe inpul Lax ean ba givan by T = g e, whara ¢y 19 eonalanl and
i =rarrei, £ = 1,2 Exaeclly along Lhe aame ling of argumeanta, Lha validily of propodilion
4, wilh respect Lo Lha linaarily of Lha oulpul in Lhe Doal amigaion funelion and Lha oulpol

Lax, can ba varillad.

Uropogilion 4 Lurna Allanlion Lo Lha apeeial silualion whare marpgnal Dnal amissions ara
conalanl, wilh reapecl Lo Lhe inpul or oulpul, and only dapand on spaes. Thoa, baaides
Lha influanes of apace, Onal amissionsg are delarminad only by Lhe aperagale of inpuls or
oulpula in Lhe pegion. Similar seaolls wara oblained by Tomsea and Yeise (1994} and
Hochman and Raosser (1997} howewar, Lhair peaolla wars in Larons of Lhe linereily of
Lhe amimiong in Lhe Lrangilion equalion and dispersion funelion, reapeclivaly. Yal, Lha
applicalion of an inpul o oulpul Lax, dedpila whalhar or nol land-use pelricliong hawa

Lir ba inposed, requires Lhal markals ean ba saparaled apalinlly by levying Lhe aaowe
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inpul o oulpul with difaranl Laxes aceording Lo Lha localion whare Lha inpol s used o
whara Lha oulpul is produeed. When il ia nol possible Lo sepeeals markala, Lhe pegional
plannar eould uae A wbiloroe inpul o oulpul Lax for Lha anlive pagion. Thoa, Lha alicianey
of Lhe inpul or oulpul Lhx decrarses by Lhe axlanl Lhe Lax varies owar Lha region, L oa.,
Lhe tngnilode of e, alove, aibes u is eonalanl ower 2 The magnilude iLsall 5 an
ampirieal quastion. The los of alicianey may be compansaled by Lha reduelion of Lha
implarnan Lalion and adminialealion eodl of Lha unifoem L, sompaced Lo Lhe apalially
dilfaranlinled Lax. Howewar, Lha oplitnal land allocalion ean ba aehisved | indapandant of
Lha Lypa of Lhe Lax, by sither land soning or the imposilion of A land-usa Lax ®

Aa warillad by equalion (8}, Lhe oplimal inpul use will ba raduesd wilh Lha inleoduelion
ol any of Lha abowe proposed Laxes. The oplimal allocalion of Lha land | howaver, dianpe
only wilh Lha inlroduetion of a Lax i (e} and Ui(e}, € § = 1,2, ¢ 2 7 inlarsecl, ailhar
beloce o Allar Lha inleod welion of A Lax. 1o Lhe erse whare Lhe quasivanla of Lwo ind ualeies
di nol iblarsecl, Lha impodilion of & Lax haa no influanes on Lbe oplional laod alloealion

aimply beeausa il 9 alraad y oplially alloeaiad.

3.3 The Optimal Land Allocation over Space and Time

Valua [unetion ¥ feam Lha Qeal slage ia bow apiloyed in Lhe second sLage of Lha segional
plannar's decigion problem Lha inlarlanaporal oplimal allocalion of land. L i3 givan by

max [ (V) - e "di+n T, (2
aubjeel Lo
a(i} = a(2} - Lalt}, (0} = sn, i} e Z,

R

Alhrigh the reghnal planner canmet, cheerve the actual vahees of all apgnments of the landhiss tax,
ghe/he knowe thelr nptimal vahies and, therefors, a land-mes tax 1g st afficlent.
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whara o dol ovar A variable danolas Lhe oparalor d%. Tha righl-hand sida valua of Lha Oreal
Alaga preoblam = heoomes Lha decision variabla in Lhe sesond alage. 1L alill denoles Lha Onal
amisinona of Lhe anlire ragion inlo Lha body of walar, bowawr, il now depands on 8 Tha
Laroninal value funelion ia givan by ws(2'1}.2 Thesel Z presants Lhe interval [0, 5], wharae
Lha upper livail of Lha sal eoreeaponds Lo Lha bhigheal possible oal amissions, Arvpgomant £
of all Lha dynamic variables is droppad Lo simplily nolalions whenavar posaible, wilhoul
inkeod neing an ambiguous nolalion. Hanea, Lha Hamil lonian in Lhe sesond suag F randa
R H = V(z} — w2} — y(z — L£a}. Nola again Lhal & begalive aign in ool of Lhe eoalala
B

variahle 4 has bean inlroduesd Lo facilitale il inlarprelalion. The neessaary eondilions’

Lor an inlerioe aolulion § < 2 < £ o problam (72} are giean by

Ha=Va-9 =0 = s} =it (14
i =i+ He = v + L+ ' (3]} (15}
A=z, LT (16}

whara wa mada use of Lhe dynamie anvalop Lhaoram Lo oblain Lhe resull of aqualion (14}

Tha Leanaveraalily eondilion requive Lhal

${L}=w'(a (2]} (17}

Hanen, Lhe paclicular aolulion of diffarantial equalion (L5} yialds

h{t} = ! (a2 Ppel7 1 T2 J’: Tm'iﬂiﬂ} dr, (18}

which aLalag Lhal shadow eoala Al Lime £ eorveapond Lo Lha inlepral of Lhe marginal damaga
[rotn Lio £ Lo Lhe and of Lhe plansing hoeboon, whara Lhe margina damags Al Limea o

is digeounled wilh Lha aoeial dissounl rale and Lhe nalural decay rale by Lhe remaining

Mo order 1o avedd doubls countlng the tamiinal vale functien k& coly Inehieded 1n the ntertemporal

alleeatlen b, ot 1n the epatial alleseatlon preblem.
Lo

See theoreme 1 and 3 ' Jelemtad and Gydemter [1987).
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Lime (' — £}

3.4 Impact of Alternative Policiez in the Long-Hun

Finally, wa would lika Lo eonsidar Lha erse ¥' — oo Lo aludy Lha enmparalive sLalies
of Lhe long-rus aolulion Lo problamn (72} Tharalora, wa reconsider problam (72} wilh
1" — o, And wa Asauow Lhal Lhara axials A slandy-alale value limg |, 201} = 8. Nasmqary
eotidilion |14} ramaing valid, bul equalions (15} and (16} now dallne Lhe slaady sLale, and
il reads as # =4 = 0. From aqualion (14}, we obilain, by Lhe using Lhe implicil funelion
Lheoram, Lhal % = o1 <, whara wa mada use of Lha el Lhal V., < 0, a3 damonalrated
in Lhe appandix.

Tha Leanavarsalily eondilion requires Lhal lig o492} 8 bounded (Capulo, 1932} A
linearizalion of Lhe eanonical ayslam of difarantial aqualions around Lhe glaady-alala
values of ¥ and » remulla in

(ﬂ:’):(*‘-:f —m’*(s})(w—wﬂﬂ)_ "
A " —£ H— gy
rHE (s

w ¢

dalarminanl ia aqual Lo —E(v 4+ £} 4 '";—{:']' < 0, ona ean eoneluda Lhal Lha roola ara raal

Sinea Lha Lrace of Lha Jacohian maLrix J = ( ) i equal Loy > Qand Lhe

and haw oppisila signa. Hanea, Lhe abanad y-alale agquilibrivm ean ba charnelarisad loeally
by A arddla poinl.

Addilionally, Lhe anlrien of J Allow one Lo deaw Lhe phass disgram in Ltha (3,4} apes.
Figura § showa Lha aslabla path landing Lo Lhe slendy alale s upward aloping whila Lha
undalable palh is dowboward aloping. Hanes, along Lha oplimal palh, Lhe shadow eoal and
Lhe amwunl of Lha pollulanl in Lha walar ara podilivaly eorealaled. Tharalors, Aty walar
peloralion poliey, whare 25 > 2™ can ha characlarivad by decransing ahadow eoal and
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deeransing amounl of Lha pollulanl in Lhe walar.
Figura 4

Water resteration policy

By Figura § and aqualion (14}, wa eonelode Lhal uit} bas Lo deerarsa along Lha oplioal
palh. Thia partieular link alliws ua Lo dalarming thaoplimal spalial land demand unelion
and oplitnal apalial inpul demand funelion along Lha oplial Lisea palh, Lhoa, deriviog Lha
oplimal relalionship belwean ahorl-run and long-ron land and inpul demand Tunelions.
In parlieular, Lhis link allws ua Lo ralale Lhe oplimal apalinl waler sealoralion policy
wilh Lha oplLioaal inlarlamnpoeal walar realoralion policy 1L ean be shown Lhal 2 and 2
decranss wilh an inerarda in uo For indlanes, Lhia would ba the erse il & spalially or
bos-apalially difarenliabed | yal alalic, Lax ware impwoaad. Howewar, & long-rop opliosl
walar reslacalion poliey requires Lhal u decrarses over Liow, laading Lo An incranas of
produclion inlanily along Lhe oplimal path. Tharalora, an inlarlamporally and apalially
oplitmal walar reslocalion poliey, ok 2p > 2™ can b charpelarizad by ehoofing Lha lavala
of inpuls inilially balow Lhair alead y-alale values. A9 Lime preses, Lhe lavels of inpula
inerense unlil Lhaie slendy-alale values ara raached. The nlarlemporally and apalially
oplimal walar realoralion poliey ean ba parlinlly implamanted by impoing Lases Lo red uca
Lhe inpuls as diseussed in seclion 3.2, Lo Lhia and, pu(t} hea L be repleeed by 42} in
dallning Lhe dillaranl Laxes. The equivalanes of u and ¢ is givan by squalion 14

Tha ramaining parl of an opliosl walar realoralion policy, Lha oplimal allssalion of laod,
will alao changra ovar Lima. A dectaras of shadow eoal along Lha oplimal palh resulla in an
ineranss in Lha qursivant Tor bolh indualeies. In Lhe erse whara Lha quasivanla of dilfaranl
indualries inlargecl, Lhis inerange will alao lead Lo A dilfarant oplimal allocalion of land.
Tha change in Lha oplional land-uae pallarn depeands on Lhe ehange in magnilode and o
Lhe dilfararcs of Lha alopa of Lhe quasivanl [unelions Al avery Localion rz. Tha Lollowing
axampla, shown in Fipure 6, illuslrales Lha influanea of Lhesa Lwo eomponanta. Assuma
Lhal Lhe quasitent for indusiry one change Mo L2 Lo L5 and for indusiey Lwo, from

1} Lo 1. Henes, Lha borderling balwean Lha Lwo induslrie, praviously Al e, moves Lo
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re* and indosiey Lwo owowes elosar Lo Lha urban eanlar. Lo ganaral Larma, Ior quasiranl
funeLions whare AL laasl ona hea & poailive alope we can soneluda Lhal (1} Lhe horderlins
ahilla Lowarda Lbe ueban eanlar i€ Lhe inerasse in Lha quadivanl ia morea peonoubesd in Lha
indualry wheara Lha alope of Lha qurairanl ia highar (Lha eraa ilualraled in Figora 6}, and
(2} Lha horderling shills away [roon Lhe wrban eanlar i Lhe ineranse in Lbhe quasivanl ia
mora pronounead in Lhe indualey, whara Lbe alopa of Lhe quasirenl is lowar. In Lha casa
whara Lha quasivanl Tunelions bolh have negalive alope Lhe peaulla have Lo ba rawarsed.
Tha horderling ahilla Lowaeds Lhe urban eanbar i Lha ineranss in Lha quadiranl s owora
pronounesd in Lha indusley whare Lha alopa of Lhe quasiranl is lowear (in absolule Larms},
and (2} Lha borderling shilla away oo Lhe wrban canlar i Lha ineranse in Lha quaaivanl ia
mora pronounesd in Lha indoaley, whara Lhe alopa of Lhe quasiranl is highar {in ahaolula

Larma}.

[Figue 6|

In Lha easa whara quasivenla of Lhe dilfarant indualries dio nol inLarseel Along Lhe anlive
oplital palh Lhe oplioal land-uses pallarn doss bol ehange Al ALl Howewar, Lha quasivanl
of Lhe dilfaranl induslries mighl inlarsecl along somea parl of Lhe oplimal palh, laading
Liv & changga in Lhe oplimal land-use pallacn dueing Lhis Lite and eonslaney olber wisa.
Tha implamantalion of Lha inlarleamporally and apalially oplimal alloealion of land can
b mehioved wilhar by woning repulalions or by land-use Laxes. Lo Lhe loog-run, land-
uss Lhaxad aean Lo be move alicienl sines Lhay provide ineanlives for R & 1 nelivilies
Lo peduse pallulion. Mareowar, il seama polilieally viable Lo adjusl Lhem Dollowing Lha
oplital inlarlamporal palh eompared Lo land soning eegulalions.

4 Summary and Conclusions

Thia papar analyws Lha aocially oplioeal spalial siroelues of & pegion Laking inlo ae-
eounl pollulion ganarabad by Lwo distinel Lypes of indoalries. In parlicular, wa delarmina
Lhe opLimal loealion and sise of Lwo dilfarant eoned & policy Lo eonlrol surfaes walar

Abd pround walar pollulion. The peoblam 9 aolved wilhin A apalisl and inlarlampsral
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[ramewnrk based on A Lwo-alaga approrch. In Lha Dral alagea, Lhae socially oplimal apalial
AllwenLion of land ia detarmined . In Lha sseond alage Lha alrandy socially oplinal apalial
AllserLingn ia oplimized owar Lita. This asquenlial prosed ues graally anhanes Lhe analyl-
ienl Lrrelrbilily of Lhaaolulion, allowing for Lhe qualilaliwe charaelarislien of Lhaaolulion

Lo b pora ansily deriwad.

Tha reaulla of Lhe Deal alaga ahow Lhal Lha aocially oplimal allocalion owe apaes 8 dalar-
mined by Lhe Lranaporlalion el and Lha anvironmanlal damages reaolling eom pollolion
AL A parlicular loealion. Tha Leanaporlalion ool laads Lo A decrarsa in Lhe socially op-
Litnal quasienl of land wilh dislanes Do Lhe wrban sanbar. Thia alecl, howawar, oy
be ovarcompanaaled by an ineransa in Lhe soeially oplimal quasirant wilth diglanes Crom
Lhe wrban eanler, due Lo Lhe decrenss in damags caused by pollulion. Condilions ace
wlahlishad whare land is abandonad Al Lhe e and of Lhe eepion (IULLTY, whara Lbhara ia
A prean bell in the middle of Lha repion (BLULLY, o whara Lhara ia & bular alreip balwean
Lha wrban eanler and induglrial aclivilie (LILL} Do auppocl Lhe socinlly oplioeal oul-
eoma, hon-Apalially dilaran linled Laxes on Lha Inal amissions ara proposad g a deal-baal
poliey inalruemant. Whan individual Anal amissions eannol ba oteaeved | sacond-basl in-
alrumanla, aueh pa apalially difarantiabed inpul or oulpul e, ara proposad . Lo eonleasl
Loy Piggouvian Laxed on Qnal emisaions, Lhesa Laxes haws Lo ba eomplemantad by land -use
policien, auch m land woning or A land-use Lax, which ava holbh abla Lo alablish Lha ao-
cialy oplimal alloealion of land. Howaver, land-use Laxes aeam Lo be A moba promising
inalrurmanl in Lhe long run sines Lhay provida ineanlivea Lo redoes pollulion and ean ba
Rdjusled owar Litne. b Lha erse where maegingl Obal amnigaions, wilh reapaecl Lo Lha inpol
of ouLlpul aea eonalanl o eddilional Land-use poliey i requived. Spelially dilfaranlinbed
inpul or oulpul Laes aea sullieianl Lo supporl the socinlly oplimal ouleoma. Howawer,
despila whalthar or nol Lhesa Laxes nead Lo be complamanted by land-use policies, Lhay
poquira Lhal Lhe inpol or oulpol mackel ba sapacaled apalially. Whan il is pol posibla Lo
aaparala markala, Laxed can ha designad unilormly ovar apaes. Comparad Lo & apalially
diflaranLinled Lax, resncialed Loss of alieiancy may ba eompansaled in Lolal, or AL Llansl in
patl, by Lower adoinislralion and eonlrol eodl of A wnilosm L.
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Socially oplimal inlarlamporal pollulion ia dalarmined in Lha seeond aLage of Lha oplinisa-
Lion prroblam. Tharalora, changes in Lha shadow pries of A pollulanl ovar Linwe dalarmines
Lha ehanges in Lha socially oplimal alloeslion of laod and oliliealion of inpula osae Lo,
Thua, Lha ahadow priea ol Lhe pollulant elablisbes Lhalink balwean Lha ghoel and losg-ron
land demaand and inpul derend Toselions. Morewer, Lha oplimal inbarLamporal changas
ol Lhe shadow pries delarmines Lha requiread changes naeessary Lo Leanalorm A apalially,
yel alalie, oplinwal walar pealoralion poliey inbo ab inlarlamporcally and apalialy oplioal

whaLat pﬂliﬂ_]r.
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Figura 3 The quasiranl/hid renl [unelion as A funelion of @ whara holh induslries ara
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Figura 4: Tha quadiranl fhid rasl funelion ag & fubelion of e whare indoaley ona i3 pollu-
Lint inlandive and indualry Lwo i pollulion axlangive



Figura §: Tha phrae disgeam in Lhe (&, 45} apaes
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Figura §: Changes in Lha land-use pallarn for indoaley one and Lwo eeulling (vom A
decransa in Lhe shadow pries along Lhe oplimal palh
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